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The term “theranostic” was coined in 2002 by Funkhouser1

and is defined as a material that combines the modalities of
therapy and diagnostic imaging. Thus, theranostics deliver
therapeutic drugs and diagnostic imaging agents at the same
time within the same dose. Before initiating treatment of various
diseases such as cancer, it is essential to carry out diag-
nostic imaging to understand the cellular phenotype(s) and het-
erogeneity of the tumor.2�4 In contrast to the development and
use of separate materials for these two objectives, theranostics
combine these features into one “package”, which has the poten-
tial to overcome undesirable differences in biodistribution and
selectivity that currently exist between distinct imaging and ther-
apeutic agents. The ultimate goal of the theranostic field is to gain
the ability to image and monitor the diseased tissue, delivery
kinetics, and drug efficacy with the long-term hope of gaining the
ability to tune the therapy and dose with heretofore unattainable
control. Individualizing medicine, as opposed to adopting a ‘one
size fits all’ approach, can move the field of nanomedicine for-
ward toward an era of more effective and personalized treatment
approaches.5

The most promising aspects of utilizing nanoparticles as
therapeutics, diagnostics, and theranostics are their potential to
localize (or be targeted) in a specific manner to the site of disease
and reduce or eliminate the possible numerous untoward side
effects. The nanometric size of these materials precludes them
from being readily cleared through the kidneys, thereby extend-
ing circulation in the blood pool depending on their surface
functionalization characteristics.6 Also, when considering novel
cancer treatments, blood vessels in many tumor types are ir-
regular in shape, dilated, leaky, and can present fenestrations in

endothelial cells. Due to the altered anatomy of tumor vessels,
nanosized particles can easily extravasate from the blood pool
into tumor tissues and be retained due to poor lymphatic
drainage. This phenomenon of selective accumulation of nano-
sized particles near tumor tissues is termed the enhanced perme-
ability and retention (or EPR) effect.7,8 Additionally, nanoparti-
cles have high surface area-to-volume ratios, yielding high loading
capacities. Thus, nanoparticles can be loaded with therapeutic
drugs and imaging agents; they may also be surface functional-
ized with targeting ligands and cloaking agents like poly(ethylene
glycol) (PEG). Introduction of targeting ligands may help to inc-
rease the target-to-background contrast in imaging and improve
the local concentration of the therapeutic at the target of interest,
with the goal of reducing systemic toxicity.

In this review, we present an overview of some of the ther-
anostic strategies developed for different types of cancer treatments,
such as nucleic acid therapy, chemotherapy, hyperthermia treatment
(photothermal ablation), photodynamic therapy, and radiation ther-
apy. This review discusses syntheses and developmental studies of the
novel multifunctional materials employed in this work, including
linear and branched polymers, dendrimers, micelles, inorganic nano-
particles, and protein conjugates. In addition to their therapeutic uses,
these materials have been functionalized with imaging agents to
promote one or more diagnostic imaging techniques, such as
magnetic resonance imaging, nuclear imaging (PET/SPECT/CT),
and/or fluorescence imaging/optical imaging.
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ABSTRACT: Employing theranostic nanoparticles, which com-
bine both therapeutic and diagnostic capabilities in one dose, has
promise to propel the biomedical field toward personalized
medicine. This review presents an overview of different theranos-
tic strategies developed for the diagnosis and treatment of disease,
with an emphasis on cancer. Herein, therapeutic strategies such as
nucleic acid delivery, chemotherapy, hyperthermia (photo-
thermal ablation), photodynamic, and radiation therapy are
combined with one or more imaging functionalities for both in vitro and in vivo studies. Different imaging probes, such as MRI
contrast agents (T1 andT2 agents), fluorescentmarkers (organic dyes and inorganic quantumdots), and nuclear imaging agents (PET/
SPECT agents), can be decorated onto therapeutic agents or therapeutic delivery vehicles in order to facilitate their imaging and, in so
doing, gain information about the trafficking pathway, kinetics of delivery, and therapeutic efficacy; several such strategies are outlined.
The creative approaches being developed for these classes of therapies and imaging modalities are discussed, and the recent
developments in this field along with examples of technologies that hold promise for the future of cancer medicine are
highlighted.
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Nucleic acid therapy holds promise in the treatment of both
acquired and inherited diseases like Alzheimer’s disease, cancer,
adenosine deaminase deficiency, and cystic fibrosis. In addition
to traditional “gene therapy”, in which a defective copy of a gene
is replaced with a functional (therapeutic one), other forms of
nucleic acids exist as current and potential therapeutics, such as
plasmids, antisense oligonucleotides, ribozymes, DNAzymes,
aptamers, and small interfering RNA (siRNA). These polynu-
cleotides can alter gene expression at the transcriptional or post-
transcriptional level and may be effective to treat cancer,
cardiovascular, inflammatory, and some forms of infectious
diseases. The success of polynucleotide therapeutic modalities
relies on their efficient delivery to the site of disease. Nucleic
acids are large, negatively charged molecules that are highly
susceptible to enzymatic degradation; they are not easily inter-
nalized by cells that contain a negatively charged plasma mem-
brane. Injection of naked nucleic acids directly to the diseased
areas (such as skeletal muscles, liver, thyroid, heart muscle,
urological organs, skin, and tumor) via a physical method—such
as electroporation, a “gene gun”, or ultrasound—can be an
effective mode of delivery.9 However, systemic injection of naked
DNA is largely ineffective due to the minimal amount of intact
polynucleotide reaching the final intracellular destination. Direct
injection of naked DNA holds limited promise toward efficient
delivery, especially to the targets that are anatomically inacces-
sible (e.g., solid tumors).

Over the past several decades, tremendous effort has been put
forth to design and develop delivery methods to produce highly
efficient and efficacious delivery vehicles. These methods involve
both viral and nonviral delivery vehicles. Virus-based therapeutic
delivery involves the inactivation of viral genes that cause disease
and incorporation of a copy of the therapeutic gene of interest—
as RNA for retroviral and lentiviral vectors or as DNA for
adenoviral or adeno-associated viral vectors.10 Viral vectors can
achieve high transfection efficiency and integration of the target
gene into the chromosomal DNA of the recipient cell(s). Several
clinical trials11,12 with viral vectors have raised concerns due to
undesirable interference with the host genome and the potential
to elicit a severe immune response. To this end, in recent years,
many researchers have focused on the development of new
synthetic, nonviral vehicles, which have the potential to be
nontoxic and less immunostimulatory, and can be more versatile
for modification and carrying different types of drug payloads.
Nonviral vehicles based on synthetic polymers, dendrimers,
liposomes, cell-penetrating peptides, and inorganic nanoparticles
have been developed and studied in detail.9,13,14 These types of
vehicles also possess the advantageous ability to be easily
modified for theranostic purposes.

To design highly efficient gene delivery vectors, identification
of the rate-limiting steps involved in the path of the delivery
vehicle from its site of administration to the target of interest is
crucial for success. Understanding trafficking of a nucleic acid
from extracellular matrix, through the cell, and into the nucleus
has traditionally been done by labeling the nucleic acid with one
or more fluorescent dyes and monitoring colocalization signals
with a fluorescent-labeled organelle at different time points.
For example, Godbey et al.15 investigated the intracellular traf-
ficking of poly(ethyleneimine) (PEI) and PEI-DNA complexes
(polyplexes) to the nucleus with the help of confocal laser
scanning microscopy. PEI and DNA were labeled with Oregon
Green 488 and rhodamine, respectively, and the yellow signal
resulting from colocalization of green (PEI) and red (DNA) was

monitored to understand trafficking of PEI-DNA complexes.
They also studied trafficking of PEI and DNA individually by
monitoring green and red fluorescence signals, respectively.
They investigated the PEI-DNA polyplexes after endocytosis as
well, revealing that PEI enters the nucleus along with the DNA.
One of the major limitations of this approach for visualization
(that is, separate labeling of polymer and DNA with fluorescent
dyes and monitoring colocalization signal with fluorescent
spectroscopy) is inherently low spatial resolution associated with
the confocal microscopy technique. Fluorescence signals from
each fluorophore may overlap in spite of the polymer and
DNA not actually being associated with each other; that is, this
approach is unable to provide potentially valuable details, such as
more precise, real-time information about association�dissociation
of the polymer from the polynucleotide.16,17

Recent studies in which both the delivery vehicle and DNA
were labeled with organic dyes have allowed the use of more
sophisticated imaging techniques, such as time-lapsemicroscopy,
fluorescence resonance energy transfer (FRET),18,19 and fluor-
escence correlation spectroscopy (FCS).20 These approaches
hold promise to provide more precise information regarding
polyplex trafficking and dissociation and toward development of
theranostic systems. For example, Lucas et al.17 used dual-color
fluorescence fluctuation spectroscopy (FFS) to monitor com-
plexes comprising Cy5-labeled poly(L-lysine) (PLL) and pegy-
lated poly[2-(dimethylamino)ethyl]methacrylate-co-aminoethyl
methacrylate (pEG-pDMAEMA-co-AEMA, abbreviated as pDM-
AEMA) and rhodamine-labeled oligonucleotide (ON). FFS pos-
sesses high spatial and temporal resolution, which permits an
enhanced ability to differentiate between associated and disso-
ciated polyplexes. The authors’ use of FFS led to novel and
interesting findings, such as the observation that high molecular
weight pDMAEMA (1700 kDa) dissociates from ON within the
cytoplasm without entering the nucleus, whereas low molecular
weight PLL (30 kDa) releases ON after nuclear entry.

Despite successes such as this, there remain several limitations
associated with the use of fluorescent dyes for labeling the
polymeric vehicle—such as photobleaching, fast fluorescence
decay, and nonuniform labeling of the polymer.21 Further, some
research has also indicated that labeling the polymer with a
fluorescent label can change its physiochemical properties. For
example, Remaut et al.22 have shown with the help of fluores-
cence correlational spectroscopy (FCS) that diblock PEI-PEG
polymers lose their ability to bind to nucleic acids when labeled
with a fluorescent dye, such as Cy5. For these reasons, other
labeling strategies are being widely investigated to further
improve understanding of delivery vehicle trafficking.

One set of well-studied alternative labeling agents are quan-
tum dots (QDs). Advantages of QDs over fluorescent dyes
include their high extinction coefficients, strong control over
optical properties, and reduced susceptibility to photobleaching.21,23

Many QDs form FRET pairs with fluorescent organic dyes and
are useful for monitoring polyplex trafficking in vitro. FRET is a
highly sensitive technique that provides information about intra-
cellular interactions on the nanometer scale. Upon its excitation,
the emission of one fluorescent species serves to excite a second
species. Given the short distance over which the emission can
propagate, detection of emission from the second species serves
as a strong indicator of the close proximity (that is, molecular
interaction) between the two indicators. When these two in-
dicators are attached to separate molecules, a positive FRET
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signal (emission of the second indicator) is evidence of physical
association of these two molecules at the time of signaling.

As an example, Ho et al.16 demonstrated that the intracellular
dissociation of polymer�pDNA complexes can bemonitored via
QD-FRET (Figure 1). In this study, streptavidin-functionalized,
Cy5-labeled chitosan was conjugated to QD-labeled pDNA via
biotin�streptavidin binding. QD-FRET analysis was performed
using electron and confocal microscopy at 24, 48, and 72 h post-
transfection in HEK293 cells to study unpackaging of chitosan�
pDNA complexes. Their investigation indicated that at 24 h after
transfection, polyplexes were localized in the perinuclear region,
whereas at 72 h post-transfection, polyplexes were dissociated
and DNA was located in the nucleus without any signal from
chitosan (Cy5).

Commonly used techniques to visualize RNA interference
(RNAi) experiments are cotransfection of siRNA with a
fluorescent reporter gene (to monitor degree of reporter gene
knockdown) and/or covalent end-modification of the sense
strand on the siRNA to attach a fluorophore. Although above-
mentioned strategies have some utility, these techniques are
limited in that they are best suited for highly silenced genes and
ignore moderately silenced genes, which might be of interest in
some cases. Further, current transfection methods are incapable
of discriminating among multiple siRNA molecules delivered
simultaneously. Additionally, QDs do not photobleach and have
longer fluorescence lifetimes compared to organic dyes. As an
example, Bhatia and co-workers24,25 synthesized near-infrared
(NIR) QDs (emission max 655 or 705 nm) functionalized with

Figure 1. (a) Condensation of DNA and chitosan polymer to form compact nanocomplexes. Association of DNA and polymer was indicated by
sensitized FRET signal from Cy5 upon excitation of QD-labeled DNA. (b) Confocal images showed localization of intact chitosan�DNA complexes
(indicated by sensitized FRET signal from Cy5 in yellow/orange color) in the perinuclear region at 24 h, while the onset of DNA release (red) and its
trafficking to the nucleus (blue) was observed at 48 and 72 h post-transfection (absence of Cy5 signal).
Figure reprinted from Ho, Y.-P., Chen, H. H., Leong, K. W., Wang, T.-H. (2006) Evaluating the intracellular stability and unpacking of DNA
nanocomplexes by quantum dots-FRET, J. Controlled Release 116, 83-89 with permission, Copyright Elsevier (2006).

Figure 2. (a) Schematic representation of siRNA containing QD nanoparticles decorated with PEG and a targeting peptide. (b) Significantly greater
EGFP knockdown was observed for the QD/siRNA complexes containing the reducible disulfide (sulfo-LC-SPDP) linker versus the nonreducible
(sulfo-SMCC) linker.
Figure reprinted from Derfus, A. M., Chen, A. A., Min, D.-H., Ruoslahti, E., Bhatia, S. N. (2007) Targeted quantum dot conjugates for siRNA delivery.
Bioconjugate Chem. 18, 1391-1396 with permission from the American Chemical Society (ACS).
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PEG and amino groups and attached with an siRNA (designed to
knock down expression of enhanced green fluorescent protein
(EGFP)) and a cell-targetingmoiety (tumor-homing F3 peptide;
Figure 2) via reducible disulfide (sulfo-LC-SPDP) or nonredu-
cible (sulfo-SMCC) linkers. The F3-peptide and siRNA were
attached to the surface of the QD via reducible or nonreducible
linkers and their effect on cell internalization and gene knock-
downwas compared. The resultingmolecule was transfected into
cultured cells with Lipofectamine 2000, a commercially available
transfection reagent, and the EGFP expression was monitored by
measuring the fluorescence intensity using flow cytometry.The
use of reducible versus nonreducible cross-linker for the F3
peptide did not affect the cell internalization. However, the use of
reducible disulfide linker (sulfo-LC-SPDP) for siRNA showed
significantly higher gene knockdown, possibly due to a change in
interaction of siRNA with the RNA induced silencing complex
through release of the siRNA from the particle surface.

In another example, Tan et al.26 developed a “self-tracking”
siRNA delivery vehicle based upon chitosan-coated quantum
dots (green fluorescent CdSe/ZnS) as a core. The negatively
charged QD was coated with positively charged chitosan via
electrostatic attraction and the surface of chitosan was complexed
with negatively charged siRNA against human epidermal growth
factor receptor 2 (HER2) to promote delivery of the nanopar-
ticles to breast cancer cells (SKBR3 cells) in which HER2 is up-
regulated; a variation of these nanoparticles was also coated with
an anti-HER2 antibody (via standard EDC/NHS chemistry).
Cellular uptake studies were performed and confocal microscopy
on both SKBR3 and MCF-7 (HER2 under-expressed) cell lines
to validate the targeting efficacy of theHER2-targetingmoiety on
the nanoparticles in cellular uptake and target gene knockdown
(Figure 3). TheQDwas encapsulated to probe the delivery of the
siRNA�carrier system.

Prigodich et al.27 have developed nanoconjugates that can
both detect and regulate intracellular mRNA levels via monitor-
ing an increase in fluorescence of a “flare” that is released upon
successful binding of a therapeutic oligonucleotide to its target
mRNA(Figure 4a).Nanoconjugates containing gold nanoparticles
were functionalized with a therapeutic antisense oligonucleotide

(a chimera of DNA and a linked nucleic acid (LNA)) which binds
to a specific region of an mRNA suppressing expression of
survivin, a well-known gene for cancer diagnosis and treatment.
An additional complementary short oligonucleotide labeled with
Cy5 was conjugated onto the nanoflare that is released upon
binding to the target mRNA, thereby increasing the Cy5 fluo-
rescence intensity. The mRNA detection technique is rapid
(reaches completion in 10 min) and sensitive for single-base
pair mismatch recognition. These nanoflares deplete mRNA
levels in sequence- and dosage-dependent manners and, conse-
quently, hold promise toward mRNA-directed theranostics
(Figure 4b).

Our group has developed a new set of theranostic polymers for
the combined delivery of nucleic acids and magnetic resonance
imaging (MRI) contrast agents. 28 The macromolecule struc-
tures contain a lanthanide-binding domain (diethylenetriamine-
pentacetic acid or DTPA) and an oligoethyleneamine (PEI-like)
domain that contain secondary amines, which are protonated at
physiological pH and promote binding and compaction of
nucleic acids into polyplexes (Figure 5a). The flexibility in this
platform is that the lanthanide-binding domain can be chelated to
either gadolinium (Gd), aMRI contrast agent for sub-micrometer
to millimeter scale imaging or luminescent europium (Eu) for
visualization on the nanometer tomicrometer scale, which can be
imaged with fluorescence microscopy. These polymeric delivery
vehicles integrate both therapeutic delivery and diagnostic imaging
functionalities into one system. Plasmid DNA (pDNA) transfec-
tion studies performed on polyplexes formed with these delivery
beacons reveal that the Gd3+-containing analogues show high
image contrast (compared to untransfected cells) and Eu3+ ana-
logues can be imaged with fluorescent microscopy inside the cell
(Figure 5b,c). These polyplexes formed with these polymer
beacons showed high cell internalization efficiency and a low
toxicity profile, and they hold promise to individually monitor
both the nucleic acid and the polymer vehicle during the delivery
process. The use of a lanthanide metal, which luminesces (f-f
transition) instead of fluoresces, as opposed to other common
fluorescent markers (i.e., fluorescent dyes) eliminates concerns
related to photobleaching and nonuniform labeling. Also, the

Figure 3. (a) Laser confocal microscopy images of SKBR3 cells showing HER2 siRNA-containing chitosan�QD nanoparticles (cyan) with (A) and
without (C) anti-HER2 antibody labeling (green). Corresponding bright field microscopy images are shown in (B) and (D). (b) Cellular uptake of
chitosan-QD-siRNA nanoparticles labeled with HER2-targeting antibody in SKBR3 and MCF-7 cell lines. “1” denotes control cell populations, “2”
denotes cells exposed to HER2-targeted chitosan-QD-siRNA nanoparticles, and “3” denotes cells exposed to nontargeted chitosan-QD-siRNA
nanoparticles. The role of HER2 targeting is revealed by the enhanced uptake of “2” by SKBR3 cells (vs MCF-7).
Figure adapted from Tan, W. B., Jiang, S., Zhang, Y. (2007) Quantum-dot based nanoparticles for targeted silencing of HER2/neu gene via RNA
interference, Biomaterials 28, 1565-1571 with permission, Copyright Elsevier (2007).
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long luminescence lifetime (on the order of milliseconds)
characteristic of the lanthanides enables easy removal of back-
ground fluorescence via time-delayed measurements. Thus,
FRET is a powerful technique for studying nanometer-scale
molecular interactions. This phenomenon is called lumines-
cence (or lanthanide-based) resonance energy transfer (LRET)
and it offers several advantages over FRET.29 Moreover,
these lanthanides are known to form LRET pairs with some

fluorescent dyes, such as tetramethyl rhodamine (TMR), Cy5,
and some APC (allophycocyanin) dyes, which may be beneficial
to monitor kinetics of polyplex association�dissociation via
LRET. Current efforts are directed toward studying the effect
of an increase in amine stoichiometry on transfection effi-
ciency and toxicity and monitoring complex unpackaging
via LRET with terbium- (Tb3+-) containing analogues of these
polymers.

Figure 4. (a) Schematic of antisense oligonucleotide delivering gold nanoconjugates. (b) RT-PCR mRNA knockdown results for control and
therapeutic (survivin) oligonucleotide delivery into HeLa cells normalized to untreated cells. Dosage-dependent knockdown was observed for survivin
and no significant knockdown for controls at high therapeutic dosage.
Figure adapted from Prigodich, A. E., Seferos, D. S., Massich, M. D., Giljohann, D. A., Lane, B. C., Mirkin, C. A. (2009) Nanoflares for mRNA regulation
and detection. ACS Nano 3, 2147-2152 with permission from ACS.

Figure 5. (a) Chemical structure of lanthanide- and oligoethyleneamine-containing theranostic polymers for nucleic acid delivery. (b) Deconvoluted
confocal microscopy images of HeLa cells transfected with polyplexes containing Eu3+-chelated polymer (red) and fluorescein isothiocyanate- (FITC�)
labeled pDNA (green), and their overlay with DIC (differential interference contrast), shows accumulation of polyplexes in the perinuclear region and in
cytoplasm. (c) Magnetic resonance (MR) images of cells transfected with two different Gd-containing polymers, (ii) and (iii), compared to untreated
HeLa cells (i).
Figure adapted from Bryson, J. M., Fichter, K. M., Chu, W.-J., Lee, J.-H., Li, J., Madsen, L. A., McLendon, P. M., Reineke, T. M. (2009) Polymer beacons
for luminescence and magnetic resonance imaging of DNA delivery. Proc. Natl. Acad. Sci. U.S.A. 106, 16913�16918, Copyright (2009) National
Academy of Sciences, U.S.A.
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Several interesting examples of in vivo administration of
theranostics containing nucleic acid therapies have been reported
previously; these materials are useful for the study of pharmaco-
kinetic and biodistribution profiles of both the medicinal agent
and the vehicle in vivo. Similar to the in vitro imaging discussed
above, several labeling agents can be conjugated to the delivery
vehicle and used for in vivo diagnostic imaging. Imaging agents
such as NIR quantum dots (optical imaging), magnetic resonance
contrast agents (MR imaging), and PET/SPECT (positron emis-
sion tomography/single photo emission computerized tomography)
agents can be incorporated into the delivery system. Each of
these imaging modalities has its advantages and disadvantages.
For example, while MRI has good spatial resolution (10�
100 μm), it is hampered by low sensitivity (micromolar quan-
tities of paramagnetic agent must be used to see significant
change in signal). Nuclear imaging techniques such as PET and
SPECT imaging possess high sensitivity but are limited by low
spatial resolution. Additionally, generating radionuclides in the
cyclotron is expensive and exposure to ionizing radiation can be
harmful in the long term.

In the case of MRI, to obtain high image contrast, significant
accumulation of the contrast agents at the target site is necessary.
This can be achieved by functionalizing contrast agents with
suitable ligands that target various cell receptors, such as trans-
ferin receptor, folate receptor, and human/epidermal growth
factor receptor 2, upregulated on the surface of various cancer
cells. Both T1 (positive) and T2 (negative) contrast agents can be
employed within theranostic materials. For in vitro imaging, iron
oxide based nanoparticles (T2 contrast agents) have been used
and are discussed herein. Additionally, these particles can be

functionalized with targeting ligands like human holo-transferin
that are covalently attached to the dextran-coated monocry-
stalline iron oxide (Tf-MION) or cross-linked iron oxide (Tf-
CFIO) and can easily be taken up by cells via receptor-mediated
endocytosis.30�32

Park et al.33 developed magnetic iron oxide-based nanoarchitec-
tures that allow assessment of polyplex dissociation via tracking of
changes in T2 relaxation rates. Poly(ethyleneimine) (branched PEI,
MW10kDa) that can bind toDNAvia electrostatic interactionswas
covalently conjugated to ultrasmall superparamagnetic iron oxide
(USPIO) to form higher-order structures (size ∼100 nm). A “T2

relaxation switch” (Figure 6a) was proposed as a tool formonitoring
packaging and unpackaging of the polyplexes. When complexed
with DNA, the nanoparticle carriers show longer T2 relaxation
times; conversely, upon dissociation, they reduce back to original
values (Figure 6b). Increases or decreases in T2 relaxation times
upon formation or dissociation of polyplexes, respectively, can be
attributed to changes in particle size, surface functional groups, and/
or surface area available for water exchange from native USPIO.
Salt (sodium chloride)-induced polyplex dissociation was studied
via three different methods: (i) YOYO dye exclusion, (ii) turbidity
measurement, and (iii) decrease in T2 relaxation time. Plasmid-
containing USPIO-PEI nanoparticles were less toxic to HeLa cells
than PEI only (for 10 kDa and 25 kDa molecular weights at the
same net PEI concentration) and showed higher luciferase gene
expression (at N/P 15) than PEI alone.

Dubertret et al.34 demonstrated that QDs encapsulated into
phospholipid-block copolymermicelles (Figure 7) can be used as
fluorescent probes for in vitro and in vivo imaging. ZnS-coated
Cd�Se QDs encapsulated in the hydrophobic cavity of micelles

Figure 6. (a) Proposed mechanism of a “T2 relaxation switch”. (b) T2 relaxation times upon formation of polyplexes and their subsequent dissociation
upon addition of salt.
Figure adapted fromPark, I.-K., Ng, C.-P.,Wang, J., Chu, B., Yuan, C., Zhang, S., Pun, S. H. (2008)Determination of nanoparticle vehicle unpackaging by
MR imaging of a T2 magnetic relaxation switch. Biomaterials 29, 724-732 with permission, Copyright Elsevier (2008).
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formed with poly(ethylene glycol)-phosphatidylethanolamine
(PEG-PE) and phosphatidylcholine (PC) were functionalized
with primary amines to allow covalent binding to thiol-function-
alized DNA. In vivo studies performed in Xenopus embryos
revealed that these QD-micelles were able to label all types of
embryonic cells without any aggregation, including somites,
neurons, axonal tracks, ectoderm, neural crest, and endoderm.
Additionally, QDs were found to be stable against photobleach-
ing for as long as 80min, a time at which rhodamine green dextran
dye was completely photobleached. Toxicity studies indicated
no abnormalities in the embryo at typical concentration (<5 �
109 QDs/cell)—they showed unaltered phenotype and normal
health.

Medarova et al.35 synthesized dextran-coated superparamag-
netic nanoparticles (MN) covalently attached to siRNA targeting
green fluorescent protein (siGFP; five per particle), an NIR-
emitting dye, Cy5.5 (NIRF; three per particle), and a membrane

translocation peptide, myristolyated polyarginine peptide
(MPAP; four per particle) to facilitate trafficking of nanoparticles
inside the cytoplasm of target cells (Figure 8a). Cellular uptake of
MN-NIRF-siGFP in 9 L-glioma cells (that stably expressed green
fluorescent protein (GFP)) wasmonitored by fluorescencemicro-
scopy. These results were compared with red fluorescent protein
(RFP)-expressing 9 L-glioma cells to test the specificity of siRNA
target toward GFP; target mRNA levels were compared via
quantitative RT-PCR. In vivo studies in tumor-bearing mice
bilaterally implanted with 9 L-GFP- and 9 L-RFP-expressing
glioma cells showed significant mRNA knockdown in 9 L-GFP
tumors compared to saline only andmismatch controls (Figure 8b).
After success of these proof-of-concept studies with GFP, MN-
NIRF-MPAP-siSurvivin was developed to target survivin, a
member of the inhibitor of apoptosis protein (IAP) family. MN-
NIRF-MPAP-siSurvivin was injected into nudemice bearing sub-
cutaneous human colorectal carcinoma tumors (LS174T) over a

Figure 7. (i) Schematic of formation of a QD-micelle and its conjugation to single-stranded DNA (ssDNA). (ii) Fluorescence microscopy images of
QD-micelles in different embryonic cells including: (F) axon (arrow) and somites at tadpole stage 40; (G) QDs localized in nucleus during midblastula
stages; (H) neural crest cells; and (I) gut of an injected embryo. Scale bars: (F) and (G) 30 μm; (H) and (I) 0.5 mm.
Figure adapted from Dubertret, B., Skourides, P., Norris, D. J., Noireaux, V., Brivanlou, A. H., Libchaber, A. (2002) In vivo imaging of quantum dots
encapsulated in phospholipid micelles. Science 298, 1759-1762 with permission from American Association for Advancement of Science.

Figure 8. (a) Schematic of dextran-coated magnetic iron oxide nanoparticles containing siGFP, a NIR dye, Cy5, and amembrane translocation peptide,
MPAP. Quantitative RT-PCR data of target mRNA levels in tumors of mice treated with MN-NIRF-siGFP (b) or MN-NIRF-siSurvivin (c) compared
with controls.
Figure adapted fromMedarova, Z., Pham, W., Farrar, C., Petkova, V., and Moore, A. (2007) In vivo imaging of siRNA delivery and silencing in tumors.
Nat. Med. 13, 372-377 with permission from Nature Publishing Group.
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2-week period and quantified by RT-PCR (Figure 8c)—strong
reduction in survivin mRNA levels was observed. Additionally,
in vivo studies with these particles indicated low cytotoxicity and a
lack of immunostimulatory response (as monitored by aspartate
aminotransferase (AST) and alanine aminotransferase (ALT)
levels).

Davis and co-workers36,37 have developed a series of linear
cyclodextrin-containing polycations (CDPs) for in vivo delivery
of nucleic acids. Their studies in mice have indicated, upon sys-
temic injection, significant uptake (of polyplexes containing cyc-
lodextrin polycations and siRNA against EWS-FLI1 gene to treat
Ewing sarcoma) in the tumor microenvironment can be achieved
due to the EPR effect; however, to maximize cellular internaliza-
tion and specificity, the presence of a targeting ligand on the nano-
particles is crucial. Bartlett et al.38 investigated the biodistribution
and pharmacokinetics of polyplexes created by complexing CDP
with siRNA via positron emission tomography (PET), computed
tomography (CT), and bioluminescence imaging (BLI). The
CDP delivery vehicles were conjugated to 1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetraacetic acid (DOTA), a chelator for
[64Cu], to introduce micro-PET/CT imaging functionality.
In vivo biodistribution studies using micro-PET/CT in mice
indicated that transferrin (Tf)-targeted and nontargeted nanopar-
ticles have similar biodistribution and pharmacokinetic profiles
(Figure 9). However, tissue analysis by bioluminescent imaging
indicated that the targeted nanoparticles achieved greater target
gene knockdown and thus had greater siRNA efficacy.

In a separate set of studies, Schneider et al.39 studied intracel-
lular trafficking of DNA/lipid complexes (lipoplexes) in rat
smooth muscle cells (A10) via FRET. DNA and lipids were
labeled with Cy3 and Cy5, respectively, and analyzed via flow
cytometry, confocal microscopy, and fluorimetric techniques to
calculate the donor- (Ed) and acceptor-based (Ea) efficiencies of
energy transfer (Figure 10). Different optical settings (donor
excitationwavelengths) were used for flow cytometry (excitation =
488 nm) and microscopy (excitation = 523 nm) to study the

kinetics of lipoplex dissociation. Analysis of the efficiency of
donor- and acceptor-based energy transfer studied at different
time points (3, 5, 9, and 24 h) indicated that most of the DNA
was released from the lipoplexes by 24 h post-transfection. These
findings and techniques are crucial to understand the intracellular
trafficking and mechanism of vehicle unpackaging, and their
studies have highlighted the value of FRET to facilitate informa-
tion acquisition with high spatial resolution inside the cell.

Several kinds of drug delivery vehicles have been developed
over the years, such as polymeric micelles, block copolymers,
liposomes, inorganic iron oxide nanoparticles coated with a bio-
compatible polymer, and quantum dot conjugates. These vehicles
have been used to deliver a variety of hydrophobic/hydrophilic
anticancer drugs such as paclitaxel, doxorubicin, methotrexate, and
camptothecin. In addition to inclusion of these drugs, the delivery
vehicles can be decorated with various imaging agents to simul-
taneously monitor the therapeutic delivery.

With the increasing concerns of nephrogenic system fibrosis
due to gadolinium-based blood pool agents in patients with renal
disease or with recent liver transplant,40 several approaches41,42

have been recently taken to substitute gadolinium with manga-
nese (Mn). For example, Pan et al.41 developed a fibrin-targeting
“nanobialys”-based contrast agent and drug delivery vehicle
containing a porphyrin which chelates Mn. “Nanobialys” are
toroidal-shaped, nearly monodisperse reverse micellar structures
formed from amphiphilic branched polyethyleneimine (PEI) in
anhydrous chloroformwith a core containing a porphyrin�Mn(III)
complex, which is a T1 contrast agent for MRI (Figure 11a).
Amphiphilic PEI was modified by reaction of amines with
hydrophobic linoleic acid (55% of primary amines were reacted)
via EDC coupling. The core of the micelles was loaded with a
hydrophobic (camptothecin) or hydrophilic (doxorubicin) che-
motherapeutic drug, and the drug release profile was studied
in vitro for 3 days (Figure 11c). The MR imaging of fibrin
(Figure 11b) was performed with fibrin-rich clots supported on
silk sutures in phosphate-buffered saline (PBS) with the help of
sealed polystyrene test tubes. The MR imaging results for

Figure 9. Fused micro-PET/CT images of transferrin-targeted (Tf)
and nontargeted (PEG) nanoparticles injected into tumor-bearing mice
and monitored at different time points (1, 10, and 60 min) after
injection.
Figure adapted from Bartlett, D. W., Su, H., Hildebrandt, I. J., Weber, W.
A., Davis, M. E. (2007) Impact of tumor-specific targeting on the
biodistribution and efficacy of siRNA nanoparticles measured by multi-
modality in vivo imaging. Proc. Natl. Acad. Sci. U.S.A. 104, 15549�15554.
Copyright (2007) National Academy of Sciences, U.S.A

Figure 10. FRET efficiencies for donor (Ed) and acceptor (Ea)
calculated based on three different measuring techniques: fluorimetry
(solid bars), flow cytometry (hatched bars), and fluorescence micro-
scopy (open bars) showed comparable results. The excitation wave-
lengths used for flow cytometry and fluorescence microscopy were 488
and 523 nm, respectively, and emission signals were monitored at
670 nm and above 650 nm, respectively.
Figure adapted from Schneider, S., Lenz, D., Holzer, M., Palme, K.,
Suess, R. (2010) Intracellular FRET analysis of lipid/DNA complexes
using flow cytometry and fluorescence imaging techniques. J. Controlled
Release 145, 289-296 with permission, Copyright Elsevier (2010).
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targeted ligand-containing nanobialys (containing a fibrin-spe-
cific monoclonal antibody) were compared to nanobialys with-
out any targeting ligand or without any metal inside as controls
and demonstrated the role of the targeting agent in achieving
contrast enhancement.

Shin et al.42 developed manganese oxide-based hollow nano-
particles (HMONs) as dual (T1 and T2) MRI contrast and drug
delivery agents. HMONs were synthesized by stabilization of
manganese oxide nanoparticles with oleate, encapsulation with
poly(ethylene glycol)-phospholipid, and selective removal of the
manganese oxide core in acidic phthalate buffer solution (pH =
4.6) to dope it with doxorubicin (DOX). Cell culture studies
indicated that theseHMONswere efficiently taken up by cultured
cancer cells and induced cell death. High T1 and T2 image
contrast was obtained upon MR imaging of transfected cells as
well as the brain of a mouse injected with HMONs (Figure 12).

It has been shown that, at very low concentrations, circulating
iron can impart T1 contrast to MR imaging; however, at con-
centrations that are commonly used for T2-weighted imaging, T2

contrast is the predominant effect.43 Encapsulation of iron oxide
within a hydrophobic matrix can abate the T2 effect and, thereby,
improve T1 contrast; hence, this can enable one to develop
positive contrast agents that are devoid of the gadolinium cation.
Senpan et al.43 developed vascular-targeted colloidal iron oxide
nanocolloids for the detection of atherosclerotic ruptured pla-
ques and antiangiogenic plaque therapy. These nanoparticles can
be loaded with an antiangiogenic mycotoxin drug, fumagillin
(Figure 13a). Colloidal iron oxide nanocolloids with phospho-
lipids containing a partially cross-linked hydrophobic core and
a low concentration of pure magnetite iron oxide particles
(0.5% w/v) show high T1 relaxivity (7 [Fe] mM�1 s�1) com-
pared to those with a mixed core (Fe2O3�Fe3O4 mixture,

Figure 11. (a) Schematic of formation of nanobialys. (b) T1-weighted MR images of Mn(III)-containing, fibrin-targeting nanobialys (right) com-
pared with metal-free and nontargeted controls (left and center, respectively). (c) Drug (CPT or DOX) release from the nanobialys was monitored for
3 days.
Figure adapted from Pan, D., Caruthers, S. D., Hu, G., Senpan, A., Scott, M. J., Gaffney, P. J., Wickline, S. A., Lanza, G. M. (2008) Ligand-directed
nanobialys as theranostic agent for drug delivery andmanganese-basedmagnetic resonance imaging of vascular targets. J. Am. Chem. Soc. 130, 9186-9187.
with permission from ACS.
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1.3 [Fe] mM�1 s�1) and show potential as an alternative to
gadolinium-containing agents (Figure 13b).

Calcium phosphate-based delivery vehicles can be effective for
the delivery of hydrophobic, insoluble drugs such as ceramide
and camptothecin. Calcium phosphate nanoparticles are rela-
tively insoluble at physiological pH (pH = 7.4) but have
improved solubility in acidic pH environments (pH = 6.5).
Upon endocytosis, calcium phosphate will release the drug only
in acidic compartments of the cell (endosomes and lysosomes),
thus reducing the off-target toxicity in systemic administration.
Researchers44,45 have used this pH-tunable solubility to develop
calcium phosphate-based vehicles for controlled, pH-triggered
drug delivery. Kester et al. developed colloidally stable, amine
carboxylate- and poly(ethylene glycol)-functionalized calcium
phosphate nanoparticles (CPNPs) for delivery of ceramide (Cer6
and Cer10) and a fluorescent dye, rhodamine-water tracer (Rh-
WT), to melanoma and breast adenocarcinoma cells.45 Upon
encapsulation into CPNPs, lifetimes and quantum properties
of fluorescent dyes are believed to be improved.46,47 Nanopar-
ticles lacking any drug within were nontoxic (Figure 14) at low

concentrations, and drug encapsulation induced apoptosis in
neural, melanoma, and breast adenocarcinoma cells measured by
MTS assay.

Barth et al. further modified CPNP with PEG groups and one
of two different antibodies targeting the gastrin (gastrin-10-PEG-
CPNP) and transferrin receptor (antiCD71-Avidin-CPNP),
respectively.44 These materials were created to study the in vivo
biodistribution of CPNPs in murine models containing pan-
creatic (orthotopic) and breast (subcutaneous) cancer tumors.
In vivo imaging using NIR microscopy (indocyanine green, ICG)
on athymic female mice bearing tumor xenografts indicated
greater tumor accumulation of targeted nanoparticles than non-
targeted ones and penetration through the blood-brain barrier
(Figure 15).

Langer and co-workers48,49 developed poly(ethylene oxide)
(PEO)-modified poly(β-amino ester) (PbAE)-based materials
as novel, pH-responsive, nontoxic, and biodegradable nanopar-
ticle drug carriers. Solid unprotonated PbAEs (Figure 16a) are
insoluble at physiological pH; however, the solubility increases
upon protonation of the amines along the backbone. Below

Figure 12. (a) Schematic of formation of HMON. (b) T1- and T2-weightedmagnetic resonance images of DOX-loadedHMONs incubated withMCF-
7 (human breast adenocarcinoma) cells at different concentrations and compared to untreated cells. A concentration-dependent increase in image
contrast was observed.
Figure adapted from Shin, J., Anisur, R. M., Ko, M. K., Im, G. H., Lee, J. H., Lee, I. S. (2009) Hollow manganese oxide nanoparticles as multifunctional
agents for magnetic resonance imaging and drug delivery. Angew. Chem., Int. Ed. 48, 321�324. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.

Figure 13. (a) Schematic of formation of fumagillin-loaded CIONwith a targeting ligand on the surface. (b) T1-weightedMR imaging for colloidal iron
oxide nanocolloids with (top row) and without (bottom row) surfactant cross-linking and with different extents of magnetite loading (0.5%, 1.0%, or
3.0% w/v). CIONs with the lowest magnetite loading evaluated showed the greatest image contrast.
Figure reprinted from Senpan, A., Caruthers, S. D., Rhee, I., Mauro, N. A., Pan, D., Hu, G., Scott, M. J., Fuhrhop, R. W., Gaffney, P. J., Wickline, S. A.,
Lanza, G. M. (2009) Conquering the Dark Side: Colloidal Iron Oxide Nanoparticles. ACS Nano 3, 3917-3926 with permission from ACS.
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pH 6.5, PbAEs release their payload of chemotherapeutic drug,
such as paclitaxel. In vivo biodistribution of encapsulated
polymeric nanoparticles was studied in nude mice via radi-
olabeling using 111Indium oxine (Figure 16b). When tumor-
bearing (human ovarian adenocarcinoma)mice were evaluated
5 h after intravenous administration, 23-fold and 8.7-fold
increases in tumor accumulation (compared to an aqueous
solution of paclitaxel) were observed for paclitaxel-loaded
PEO-PbAE nanoparticles and PEO-poly(caprolactam) (PCL)
nanoparticles, respectively.

In another approach to theranostics, magnetoplasmonic nano-
particle assemblies (MPAs) combine both the magnetic and
optical properties of metal nanoparticles and can be imaged with
both magnetic resonance imaging and photoacoustic imaging.
The general method for synthesizing these nanoparticles is by
gradual reduction of gold nanoparticles in the presence of
magnetic metal particles. The field of MPAs has been primarily
restricted to hyperthermia or photothermal ablation treatment in
cancer therapy thus far, and there have been few examples of
incorporation of anticancer drugs within these nanoparticles.
Chen et al.50 synthesized magnetoplasmonic particles with a
magnetic iron oxide (Fe3O4) core by coprecipitation—the core
was coated with a porous, water-dispersible silica layer and then
functionalized with gold nanoparticles, forming corona-like
structures via surface amine functionality. This corona-like mor-
phology was studied in MPAs containing curcumin, an antic-
ancer drug (Figure 17a), using transmission electron microscopy
(TEM) (Figure 17c); the particle size was determined to
be ∼400 nm and ∼600 nm for MPA-curcumin and MPA-
PEG-curcumin, respectively. The T2 relaxation time of human
leukemia cells (HL-60) transfected with MPA particles loaded
with curcumin was lower than that of untransfected cells, as
expected. Further, results of an MTT assay to examine thera-
peutic efficiency revealed that, while MPA-PEG-curcumin out-
performs MPA-curcumin, both are potent inducers of apoptosis
in HL-60 cells (Figure 17b).

Several research groups have introduced multimodal imaging
functionalities into drug delivery vehicles. For example, Xie
et al.51 adapted a novel approach of treating iron oxide nano-
particles (IONPs) with dopamine to make them moderately
hydrophilic, thereby allowing them to be doped into human
serum albumin (HSA) matrices in a way very similar to that used
for drug loading. Using this technique, IONPs were surface
functionalized with Cy5.5 (fluorescence imaging) and [64Cu]
(PET imaging) via NHS ester-NH2 coupling (Figure 18a). For
in vivo and ex vivo imaging, animal models were prepared by
subcutaneously injecting glioblastoma cells (U87MG) into the

Figure 14. Cell images of cultured melanoma cells (UACC 903) exposed to Rh-WT-CPNPs with (B) or without (A) anticancer drug (Cer10). Cell
nuclei stained with DAPI (blue). Cer10-containig CPNPs, unlike control CPNPs, induced melanoma cell death.
Figure adapted from Kester, M., Heakal, Y., Fox, T., Sharma, A., Robertson, G. P., Morgan, T. T., Altinoglu, E. I., Tabakovic, A., Parette, M. R., Rouse, S.,
Ruiz-Velasco, V., and Adair, J. H. (2008) Calcium phosphate nanocomposite particles for in vitro imaging and encapsulated chemotherapeutic drug
delivery to cancer cells. Nano Lett. 8, 4116-4121with permission from ACS.

Figure 15. Human BxPC-3 pancreatic cancer cells were xenografted
orthotopically in athymic nude mice. Biodistribution of indocyanine
green (ICG) loaded PEG-CPNPs decorated with one of two different
gastrin targeting groups (gastrin-10 (ii) and pentagastrin (iii)) was
assessed in vivo using NIR imaging and compared to untargeted ICG
loaded-PEG-CPNPs. Both nontargeted (i) and pentagastrin-targeted
CPNPs showed some tumor accumulation; however, significantly higher
accumulation was observed with gastrin-10-targeted PEG-CPNPs.
Figure adapted fromBarth, B.M., Sharma, R., Altinoglu, E. I., Morgan, T.
T., Shanmugavelandy, S. S., Kaiser, J. M., McGovern, C., Matters, G. L.,
Smith, J. P., Kester, M., Adair, J. H. (2010) Bioconjugation of calcium
phosphosilicate composite nanoparticles for selective targeting of human
breast and pancreatic cancers in vivo. ACS Nano 4, 1279-1287 with
permission from ACS.
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front flank of each mouse. Images were obtained at 1, 4, and 18 h
postinjection for PET and NIRF imaging (Figure 18b) and at 18
h postinjection for MR imaging. MR imaging studies with HSA-
IONPs indicated higher relaxivity (r2) values and longer blood
circulation half-life than a frequently used contrast agent, Feridex.

Liong et al.52 synthesized mesoporous silica nanoparticles
doped with superparamagnetic iron oxide nanocrystals and
hydrophobic anticancer drugs, such as camptothecin (CPT) or
paclitaxel (TXL), and functionalized with hydrophilic groups,
like phosphonates, onto the surface to achieve high stability in
aqueous solutions (Figure 19a). Incorporation of silica into
theranostic nanoparticles like these can impart numerous desir-
able properties—silica nanoparticles are known to be endocy-
tosed by cells, provide a mesoporous matrix capable of being
doped with other inorganic metal particles (such as gold and iron
oxide), and can be easily functionalized owing to silane linkers
present on their surface. Additionally, a fluorescent dye, fluor-
escein isothiocyanate (FITC), and R-folate receptor-targeting
folic acid groups were conjugated on the surface to promote
uptake by tumor cells. Cellular uptake studies carried out in two
types of pancreatic cancer cells, PANC-1 and BxPC3, indicated
nanoparticles were internalized within 30 min of transfection. By
comparison with drug-free nanoparticle controls, which were
nontoxic, the toxicity of these nanoparticles was attributed to its
drug payload (Figure 19b).

In order to achieve a high therapeutic concentration at the site
of interest and to reduce off-target effects, several researchers
have developed targeted theranostic agents to address specific
receptors or proteins that are overexpressed in cancer targets,
as has been mentioned above. In another example of this, Gao
and co-workers53,54 have developed targeted polymeric micellar
architectures for drug delivery and magnetic resonance imaging.
The core�shell morphology helps to introduce different

hydrophobic functionalities (therapeutic and imaging) into the
core, and the hydrophilic shell improves the stability in aqueous
system and prevents aggregation. Polymeric micellar structures
based on amphiphilic block copolymers maleimide-terminated poly-
(ethylene glycol)-block-poly(D,L-lactide) copolymer (MAL-PEG-
PLA) and methoxy-terminated poly(ethylene glycol)-block-poly-
(D,L-lactide) copolymer (MPEG-PLA) were developed and loaded
with doxorubicin (DOX) and superparamagnetic iron oxide
(SPIO). Functionalization of these polymeric micelles was
performed with Rvβ3 integrin receptor-targeting cRGD peptide
via thiol-maleimide reaction, and different extents of cRGD
loading (0% vs 16%) were achieved through control of the
amount of MPEG-PLA introduced into the system. Incorpora-
tion of the targeting group on polymeric micelles showed a
concomitant change in cell uptake,MR image contrast (Figure 20a),
and DOX-induced cytotoxicity (Figure 20b). Cellular uptake
studies performed using flow cytometry and confocal laser scan-
ning microscopy indicated that uptake of targeted particles was
about 2.5 times higher than that of nontargeted analogues.

In a separate study, these polymeric micelles were modified
with a lung cancer-targeting peptide (LCP) that binds specifically
to Rvβ6 receptors overexpressed on lung cancer cells. The
specificity of LCP for Rvβ6-expressing H2009 cells (lung cancer
cells) was evaluated by comparative exposure to Rvβ6-negative
H460 cells and by using micelles containing a scrambled peptide
(SP, a peptide with the same amino acid composition as LCP but
scrambled sequence) in H2009 cells using [3H] radioactivity
measurements, confocal microscopy (Figure 21), and MRI.

The folate receptor is another surface molecule overexpressed
onmany cancer cells (such as lung, breast, and cervical cancer cells);
consequently, numerous groups have imparted folate-receptor
targeting in their theranostic nanoparticles. Santra et al.55 devel-
oped a novel synthetic method to prepare biodegradable and

Figure 16. (a) Chemical structure of poly(β-amino ester) (PbAE). (b) Biodistribution of PEO-modified PbAE based nanoparticles loaded with
gamma-emitter indium [111In] oxine was examined in non-tumor-bearing mice at indicated time points (1, 6, 12, and 24 h postadministration) by
comparing the percentage of recovered radioactivity within indicated organs.
Figures reprinted from Shenoy, D., Little, S.; Langer, R.; Amiji, M. (2005) Poly(ethylene oxide)-modified poly(beta -amino ester) nanoparticles as a pH-
sensitive system for tumor-targeted delivery of hydrophobic drugs. 1. In vitro evaluations.Mol. Pharm. 2, 357�366; and Shenoy, D., Little, S., Langer, R.,
Amiji, M. (2005) Poly(ethylene oxide)-modified poly(beta -amino ester) nanoparticles as a pH-sensitive system for tumor-targeted delivery of
hydrophobic drugs: Part 2. In vivo distribution and tumor localization studies. Pharm. Res. 22, 2107-2114. with permission from ACS and Springer.
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Figure 17. (a) Schematic of magnetoplasmonic nanoparticles containing magnetic iron oxide for anticancer drug delivery. (b) An MTT assay
performed on human leukemia (HL-60) cells at various time points after treatment with curcumin-loaded MPA and MPA-PEG revealed significant,
time-dependent induction of apoptosis for both preparations. (c) Transmission electron micrographs (TEMs) of HL-60 cells that were untreated (A),
transfected with pure curcumin (B), or transfected with curcumin-loaded MPA-PEG (C). (D) This image is a magnified image of the circled portion of
image (C). A change in cell morphology was observed upon treatment with curcumin-loaded MPA-PEG particles.
Figure adapted from Chen, W., Xu, N., Xu, L., Wang, L., Li, Z., Ma, W., Zhu, Y., Xu, C., and Kotov, N. A. (2010) Multifunctional magnetoplasmonic
nanoparticle assemblies for cancer therapy and diagnostics (theranostics). Macromol. Rapid Commun. 31, 228�236. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.

Figure 18. (a) Schematic of HSA-IONPs. (b) NIRF (bottom) and PET (top) images of a mouse containing a subcutaneous glioblastoma tumor taken
1, 4, and 18 h postinjection of HSA-IONPs. Significant tumor accumulation was observed via both imaging techniques, as indicated by an arrow.
Figure adapted from Xie, J., Chen, K., Huang, J., Lee, S., Wang, J., Gao, J., Li, X., and Chen, X. (2010) PET/NIRF/MRI triple functional iron oxide
nanoparticles. Biomaterials 31, 3016-3022 with permission. Copyright Elsevier (2010).
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biocompatible poly(acrylic acid)-iron oxide nanoparticles (PAA-
IONPs). PAA-IONPs were functionalized with NIR dyes, DiR
and DiL, and an anticancer drug, Taxol, by a solvent-diffusion
method, then “click” chemistry was used to introduce a folate-
receptor targeting ligand. Cytotoxicity and target specificity of
folate-functionalized IONP were examined in lung carcinoma
cells (A549, overexpress folate receptor) and cardiomyocytes
(H9c2, do not overexpress folate receptor) via a MTT assay. The
results from the MTT assay indicated almost 100% survival, for
both A549 and H9c2 cells, when exposed to control Taxol-free
PAA-IONPs. However, upon Taxol encapsulation in these PAA-
IONPs, cell survival for A549 reduced to 20% after 3 h incuba-
tion, whereas cell viability for H9c2 cells remained unchanged.
These results indicate specificity of PAA-IONPs toward tumor
cells that overexpress folate receptor. Drug/dye release was only
observed in acidic pH or in the presence of esterase, a degradative
enzyme.

In another example of targeting of the folate receptor,
Kohler et al.56 covalently functionalized superparamagnetic
iron oxide (SPIO) nanoparticles with an anticancer drug,
methotrexate (MTX). MTX was incorporated via a peptide
linkage that is reducible under acidic pH, thereby releasing
the drug into the cell upon reaching the acidic environment of
the endosome/lysosome. MTX is a reduced form of folic acid
that inhibits dihydrofolate reductase, thereby stopping the
folic acid cycle and inducing cellular toxicity. The delivery
efficacy and cytotoxicity of MTX-loaded SPIO nanoparticles
vs free MTX was tested in human cervical cancer cells (HeLa)
and breast cancer cells (MCF-7). The endocytosis of these
particles was confirmed to be folate-receptor-mediated, as
determined by use of an acidic condition (to mimic lysosomes)
and TEM.

Das et al.57 synthesized N-phosphonomethyl iminodiacetic
acid (PMIDA)-functionalized ultrasmall iron oxide nanoparticles

Figure 19. (a) Schematic of multifunctional iron oxide nanoparticles. (b) Cell growth inhibition assay results indicating relative therapeutic efficiency of
CPT- or TXL-loaded nanoparticles in two different pancreatic cancer cell lines (PANC-1 and BxPC-3). Drug-free control nanoparticles were found to be
nontoxic.
Figure reprinted from Liong, M., Lu, J., Kovochich, M., Xia, T., Ruehm, S. G., Nel, A. E., Tamanoi, F., and Zink, J. I. (2008) Multifunctional inorganic
nanoparticles for imaging, targeting, and drug delivery. ACS Nano 2, 889-896 with permission from ACS.

Figure 20. (a) Significant T2-weighted image contrast was achieved for SLK endothelial tumor cells transfected with cRGD-containing micelles (16%
cRGD density) compared to nontargeted (0% cRGD density) micellar analogues. (b) An increase in DOX induced-cytotoxicity in SLK cells was
achieved upon incorporation of cRGD within the micellar nanoparticles.
Figure adapted fromNasongkla, N., Bey, E., Ren, J., Ai, H., Khemtong, C., Guthi Jagadeesh, S., Chin, S.-F., Sherry, A. D., BoothmanDavid, A., andGao, J.
(2006) Multifunctional polymeric micelles as cancer-targeted, MRI-ultrasensitive drug delivery systems. Nano Lett. 6, 2427-2430 with permission from
ACS.
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(USPIO) equipped with (i) rhodamine B isothiocyanate (RITC)
for optical imaging, (ii) a chemotherapeutic drug, methotrexate
(MTX), and (iii) folic acid (FA) for targeting the folic acid
receptor. They initially synthesized amine-functionalized iron
oxide nanoparticles via a two-step process. First, the USPIOs
were synthesized by an alkali-mediated chemical coprecipitation
process in the presence of PMIDA containing one phosphonic
and two carboxylic groups. This process creates stable nanopar-
ticles with high interparticle repulsion due to negatively charged
carboxylic and phosphonate groups on the surface. An amine-
functionalized surface was then generated by reacting the term-
inal carboxylic acids with diamine (EDBE) in the presence of
EDC and NHS. This amine functionality was further utilized
to introduce MTX, RITC, and FA onto the particle to make
USPIO-PMIDA-EDBE-RITC-FA. These authors were the first
to functionalize an iron oxide surface with phosphonate groups
(as opposed to solely using carboxylate groups, which is more
common). The benefit of using phosphonate groups—instead of
or in addition to carboxylate group—is that the phosphonate
bond increases thermal stability and reduces susceptibility to
enzymatic degradation. These targeted USPIO-PMIDA-EDBE-
RITC-FA particles showed significantly higher cell uptake and
MTX-induced cytotoxicity for folate receptor-expressing cancer
(HeLa) cells than in nonfolate receptor-expressing (MG-63)
cells.

In a final example of iron oxide-containing theranostic nano-
particles, Kim et al.58 have developed a facile synthetic route
(Figure 22a) with good control over size to synthesize mono-
disperse, discretemesoporous silicamaterials (smaller than 100 nm)
containing a single Fe3O4 nanocrystal as a core (Fe3O4@mSiO2).
Fluorescent dyes, rhodamine (R) or fluorescein (F) isothiocya-
nate, were covalently attached to the silica surface and doxor-
ubicin (DOX) was encapsulated within the silica matrix. Next,
the surface of the rhodamine-containing nanoparticles was
functionalized with PEG groups (Fe3O4@mSiO2(R)-PEG) to

minimize nonspecific interactions and lengthen the blood circula-
tion half-life. DOX-induced cytotoxicity was studied by transfect-
ing SK-BR-3 cells with DOX-loaded Fe3O4@mSiO2(R)-PEG
nanoparticles. In vivo studies were performed by subcutaneously
injecting MCF-7 cells pretreated with Fe3O4@mSiO2(R)-PEG
particles into the dorsal shoulder of nude mice. The MCF-7 cells
containing Fe3O4@mSiO2(R)-PEG particles were easily detect-
able as dark spots on T2-weighted MR images and elicited signi-
ficant rhodamine fluorescence when examined by fluorescence
imaging (Figure 22b).

Quantum dots (QDs) are semiconductor materials with
cadmium�selenium (Cd�Se) or cadmium�tellurium (Cd�Te)
cores. As mentioned earlier, some of the major advantages of
using QDs over fluorescent dyes are high extinction coefficients,
control over optical properties, and reduced susceptibility to
photobleaching. In addition, many QDs are known to form
FRET pairs with fluorescent dyes, which allow them to be
effectively used to understand intracellular trafficking and un-
packaging of particles that contain them.14,59�61

Bagalkot et al.62 have developed multifunctional nanoparticles
for drug delivery based upon QDs that are capable of detecting

Figure 21. Evaluation of the cellular uptake of LCP-functionalized,
doxorubicin (Doxo)-loaded multifunctional micelles (LCP20-MFM) in
Rvβ6-positive H2009 cells (top panels) and Rvβ6-negative H460 cells
(bottom panels) by fluorescence microscopy. Free Doxo (left panels)
and MFM functionalized with a scrambled peptide (SP20-MFM, right
panels) were used for comparison with LCP20-MFM (center panels).
The cell membrane was stained with Alexa Fluor 350 and pseudocolored
with green; Doxo fluorescence is indicated in red.
Figure adapted from Guthi, J. S., Yang, S.-G., Huang, G., Li, S.,
Khemtong, C., Kessinger, C. W., Peyton, M., Minna, J. D., Brown, K.
C., and Gao, J. (2010) MRI-visible micellar nanomedicine for targeted
drug delivery to lung cancer cells.Mol. Pharm. 7, 32-40 with permission
from ACS.

Figure 22. (a) Schematic for synthesis of Fe3O4@mSiO2-PEG. (b) In
vivo T2-weighted MR imaging (top) and fluorescence microscopy
imaging (bottom) of MCF-7 cells transfected with Fe3O4@mSiO2-
PEG, either unlabeled or labeled with rhodamine.
Figure adapted from Kim, J., Kim, H. S., Lee, N., Kim, T., Kim, H., Yu,
T., Song, I. C., Moon, W. K., and Hyeon, T. (2008) Multifunctional
uniform nanoparticles composed of a magnetite nanocrystal core and a
mesoporous silica shell for magnetic resonance and fluorescence
imaging and for drug delivery. Angew. Chem. Int. Ed. 47, 8438�8441.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.
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and treating cancer. They have created a novel, QD-targeting
aptamer�doxorubicin conjugate (QD-Apt(Dox)) (Figure 23)
that effectively targets prostate cancer cells via incorporation of an
RNA aptamer (A10), which binds prostate-specific membrane
antigen (PSMA). QD-Apt (Dox) systems were synthesized by first
conjugating amine-terminated A10 aptamer with carboxylic group-
functionalized QDs via EDC coupling and NHS activation chem-
istry. Once the aptamer is immobilized on the QD surface, Dox was
introduced and conjugated by CG-sequence intercalation within the
PSMA-targeting aptamer. The release of Dox from the delivery
vehicle was detected from the conjugate via bimolecular FRET (Bi-
FRET, Figure 23a,b). When the QD-Apt (Dox) conjugate is intact,
both the QD and Dox fluorescence are in the “OFF” state—QD
fluorescence is quenched by Dox, and Dox fluorescence is simulta-
neously quenched due to intercalation within the A10 aptamer.
However, upon the dissociation of the conjugate/complex to release
drug, thefluorescence is turned “ON”; hence, this systemcan beused
to monitor intracellular vehicle unpackaging to release its cargo. The
specificity of the A10 aptamer for PSMA was tested via MTT assay
and confocal microscopy by transfecting QD-aptamer (Dox) con-
jugates into LNCaP (PSMA+) and PC3 (PSMA-) prostate adeno-
carcinoma cells. Minimal cytotoxicity resulting fromQD-Apt(Dox))
was observed for PC3 cells compared to LNCaP cells, whereas
comparable toxicity was achieved in these two cells for free Dox.
These results together indicate successful targeting of these QD-
containing theranostics to PSMA via inclusion of the A10 aptamer.

In photodynamic therapy (PDT), a photosensitizer-contain-
ing drug is delivered to the tumor cell that, upon light activation,
generates “killer” singlet oxygen and free radicals (reactive
oxygen species (ROS)) that induce apoptosis. PDT is currently
being explored as a novel cancer treatment strategy. Three im-
portant things for the success of PDT are (i) minimized systemic
toxicity, (ii) adequate oxygen permeability and drug (or O2)
diffusion in the diseased region, and (iii) sufficient concentration
of photosensitizer in the region of interest (must have a high
singlet oxygen quantum yield). These requirements are neces-
sary to minimize the thermal damage due to photoirradiation and
to avoid unwanted toxicity to neighboring healthy cells.

Porphyrin derivatives are the most commonly used photo-
sensitizers in PDT. When irradiated with the required wave-
length, the porphyrin produces cytotoxic singlet oxygen
species via reaction of excited-state porphyrin with nearby
molecular oxygen. In PDT, off-target toxicity can be prevented
because generating the cytotoxic species only occurs at the site
of illumination, which allows the therapy to be localized. This
localized accumulation of the drug can further be enhanced by
conjugation with targeting moieties and/or encapsulation in
nanoparticles to increase concentration at the target site.
Attachment of targeting groups can help to reduce one of
the major limitations associated with PDT—increased patient
photosensitivity due to prolonged accumulation of the drug
within the skin.

Figure 23. (a) Schematic of QD-Apt(Dox) conjugate in fluorescence “ON” state before conjugation to Dox, which leads to conversion to the “OFF”
state due to Bi-FRET between two donor�acceptor (quencher) pairs. (b) Schematic of the proposed mechanism to monitor intracellular trafficking
using Bi-FRET in QD-Apt (Dox) conjugates.
Figure adapted from Bagalkot, V., Zhang, L., Levy-Nissenbaum, E., Jon, S., Kantoff, P. W., Langer, R., and Farokhzad, O. C. (2007) Quantum dot-
aptamer conjugates for synchronous cancer imaging, therapy, and sensing of drug delivery based on bifluorescence resonance energy transfer.Nano Lett.
7, 3065-3070 with permission from ACS.

Figure 24. (a) Results fromMTS assay of the viability of humanmacrophage (U937) cells upon transfection with indicated species and irradiation with
a 646 nm laser for 1 h. “MNP” = magnetic nanoparticles (lack TPC and Alexa Fluor 750). “MFNP” = magnetofluorescent nanoparticles (lack TPC,
contain Alexa Fluor 750). “TNP” = theranostic nanoparticles (contain TPC and Alex Fluor 750). “Control” = untransfected. “TNP Dark” = exposed to
TNP but not irradiated. Unlike all other treatments, TNPs induced near-complete cytotoxicity upon irradiation. (b) Fluorescence microscopy images of
murine macrophage (RAW 264.7) cells incubated with TNPs (green) for 3 h reveal intracellular accumulation of TNPs.
Figure adapted fromMcCarthy, J. R., Jaffer, F. A., andWeissleder, R. (2006) Amacrophage-targeted theranostic nanoparticle for biomedical applications.
Small 2, 983�987. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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McCarthy et al.63 developed macrophage-targeted theranostic
nanoparticles (TNPs) for PDT application to cardiovascular
diseases such as atherosclerosis and in-stent restenosis. Dextran-
coated superparamagnetic iron oxide nanoparticles targeting the
dextran receptor, SIGNR1, onmacrophageswere synthesized64�68

and functionalized with a photosensitizer, 5-(4-carboxyphenyl)-
10,15,20-triphenyl-2,3-dihydroxychlorin (TPC), and a fluores-
cent dye, Alexa Fluor 750, through covalent bonding with amine
groups present on the surface of iron oxide particles. Cell uptake
and light-induced phototoxicity studies carried out in a murine
macrophage (RAW 264.7) cell line transfected with TNPs
(0.1 mg Fe per mL) indicated only 35% cell survival after 1 h
irradiation with a 646 nm laser. No toxicity was observed for
TNPs without any photosensitizer loaded. TNPs (0.2 mg Fe
per mL) caused as high as 100% cell death (Figure 24) after
irradiation with a 646 nm laser for 1 h in human macrophage
(U937) cells.

Kopelman et al.69 have developed an extracellular PDT drug
for imaging and treatment of brain tumors. This agent incorpo-
rates a photosensitizer, PHOTOFRIN (a complex mixture of
porphyrin oligomers), into a polyacrylamide (PAA) core along
with MRI contrast agents; it is further functionalized with PEG
groups and the RGD targeting peptide on the surface of these
nanoparticles (Figure 25a). Some of the major advantages of

encapsulating PHOTOFRIN within a nanoparticle are that it
(i) reduces the direct exposure of the drug to the physiological
milieu, (ii) reduces cutaneous photosensitivity post-treatment,
and (iii) significantly reduces the wait time (from 24 to 1 h)
between intravenous injection of the drug and subsequent laser
irradiation. The value of including a targeting ligand was demon-
strated when RGD peptide-bearing nanoparticles showed higher
accumulation in Rvβ3-expressing cancer cells (MDA-435) than
Rvβ3-negative MCF-7 cells. In vivo pharmacokinetic behavior,
studied in rats bearing 9 L gliosarcoma by diffusional MRI,
indicated a 50-fold increase in circulation half-life of nanoparti-
cles after PEGylation and a significant increase in the diffusion
coefficient of the water surrounding tumor cells, indicating a
decrease in rate of tumor growth and shrinkage of tumor mass
(Figure 25b). The efficiency of PHOTOFRIN to generate killer
singlet oxygen species and cause tumor cell death was also mea-
sured using a chemical test employing anthracene-9,10-dipro-
pionic acid, disodium salt (ADPA)—in the presence of singlet
oxygen species, the fluorescence of ADPA decays with time.
Induction of cell death was also assessed by fluorescence micro-
scopy on 9 L gliomas transfected with PAA nanoparticles
containing PHOTOFRIN in varying amounts (Figure 25c).
Overall, the nanoparticles were able to effectively kill brain
tumors engrafted inside rats within 5 min of light exposure.

Figure 25. (a) Schematic of PAA-based multifunctional nanoparticles for photodynamic therapy. (b) In vitro cell kill test on 9 L glioma cells that were
untreated (top) or transfected with 1050 μg/mL of PAA particles containing PHOTOFRIN (bottom). Live cells are stained with calcein
acetoxymethylester (green) and dead cells with propidium iodide (red). (c) Diffusional MR imaging of rat 9 L gliosarcoma model treated with PAA
nanoparticles containing PHOTOFRIN and irradiated with a laser for PDT. Treatment produced massive regional necrosis, demonstrated by large
“bright” regions in the images, which resulted in shrinkage of the tumor mass. Regrowth occurred at 12 days post-treatment.
Figure adapted from Kopelman, R., Koo, Y-E. L., Philbert, M., Moffat, B. A., Reddy, R. G., McConville, P., Hall, D. E., Chenevert, T. L., Bhojani, M. S.,
Buck, S.M., Rehemtulla, A., and Ross, B. D. (2005)Multifunctional nanoparticle platforms for in vivoMRI enhancement and photodynamic therapy of a
rat brain cancer. J. Magn. Magn. Mater. 293, 404-410 with permission, Copyright Elsevier (2005).
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Studies have shown that PDT can be promising for treatment
of malignant brain tumors, for whichmore than 80% of the tumor
growth recurs after therapy. Being a localized therapy, PDT has
the potential to be very beneficial in this scenario.70�74 A dose-
dependent increase in survival rate of glioblastoma patients has
also been shown, further suggesting that the future of this therapy
is bright.

Reddy et al.75 have synthesized PHOTOFRIN- and super-
paramagnetic iron oxide-encapsulated uniform poly(acrylamide)
(PAA) nanoparticles (∼40 nm) decorated with PEG groups and
a vascular homing and cell-penetrating F3 peptide on the surface
which targets brain cancer cells (Figure 26a). Laser irradiation
(630 nm) for 5 min induced up to 90% cell death 4 h after
transfection (Figure 26b). In vivo administration to 9 L glioma-
bearing rats revealed that inclusion of PEG and targeting groups
onto the surface increased the tumor half-life (from 39 to 123 min)
andT2-weighted image contrast compared to nontargeted analogues.

Another approach to introduce theranostic functionalities into
a nanosystem is to covalently attach a palladium (Pd)-porphyrin
chelate to mesoporous silica nanoparticles (MSNs) which are
readily taken up by cells. Some of the important properties of
MSNs are large surface area (∼1000 m2/g), uniform pore size
(∼3 nm), particle size (in the range ∼70�100 nm), ease of
functionalization, large payload capacity, high cellular uptake,
and low cytotoxicity. Because of these properties, MSNs have
several advantages over normal silica nanoparticles and, thus, are
used in a wide array of applications, including chemical catalysis,
drug delivery, controlled release of therapeutics, and cell labeling.
Pd-porphyrin has a long phosphorescence lifetime and has been
used for in vivo oxygen sensing and imaging.76,77 Cheng et al.78

synthesized (Figure 27a,b) phosphorescent Pd-meso-tetra
(4-carboxyphenyl) porphyrin (PdTPP) covalently embedded in
MSNs (MSN-PdTPP) as theranostic agents for the imaging and
treatment of breast cancer. The energy required for phosphor-
escence imaging is only 10�4�10�5 times that required for
conventional PDT. Also, the concentration of singlet oxygen
species generated during oxygen sensing/imaging is much lower
compared to that during conventional PDT and, thus, by

changing the energy of photoirradiation, the functionalities of
MSN-PdTPP can be “switched” between a phosphorescence probe
for oxygen sensing/imaging (diagnostics) and a photosensitizer for
PDT (therapy). Breast cancer cells (MDA-MB-231) transfected
with 25 μg MSN-PdTPP for 2 h at 37 �C, followed by photo-
irradiation (532 nm wavelength with energy 1.2 J/cm2), showed a
significant change in cell morphology and large extent of cell death
indicated by high propidium iodide fluorescence (Figure 27c).

PDT is an FDA-approved first-line treatment for age-related
macular degeneration and is routinely used for obstructive
esophageal cancer and some forms of lung cancer.79�81 One of
the approaches for cancer treatment includes therapies that block
or interrupt a specific cellular pathway or proteins involved in cell
proliferation. One of these proteins is theKi-67 protein (pKi-67),
which is upregulated in highly proliferating cells during all active
cell cycles (G1, S, and G2, as well as mitosis). Rahmanzadeh
et al.82 used a noncationic liposome-based vehicle for delivering
fluorescently labeled (fluorescein isothiocyanate, FITC) antibo-
dies, namely, TuBB-9 and MIB-1, that recognize Ki-67 protein in
two different states. Twenty four hours after transfection in
ovarian cancer cells (OVCAR-5), TuBB-9-FITC- and MIB-1-
FITC-containing liposome particles (particle size ∼180 nm)
were found to be localized in the nucleolar regions (Figure 28a).
Irradiation with a 488 nm laser (5 J/cm2 laser power) resulted in
a significant decrease in cell viability for cells incubated with
TuBB-9-FITC-labeled liposomes, but not MIB-1-FITC-labeled
liposomes (Figure 28b). As expected, no significant toxicity was
observed for various controls, including liposome-treated cells
that were not irradiated as well as irradiated cells treated with
TuBB-9-FITC alone (without the liposomal carrier).

Hyperthermia, also called photothermal ablation, is a physical
treatment for cancer involving the killing of cancer cells in the
presence of heat. Hyperthermia leads to apoptotic cell death
caused by heating of surrounding tissues or cells to a temperature
of 42�46 �C; above 46 �C, photothermal ablation causes
undesirable necrosis of the surrounding cells.83,84 With no
chemical payload to deliver, hyperthermia is less prone to toxic
side effects that often accompany chemotherapeutic agents.

Figure 26. (a) Schematic of targeted PAAnanoparticles for PDT and diffusionalMR imaging. (b)Cell viability studies performed onMDA-43 cells with
PHOTOFRIN- and iron oxide-encapsulated nanoparticles lacking (“Non-F3 NP”) or containing (“F3 NP”) the F3 targeting ligand. Only the
combination of F3-containing nanoparticles incubated for 4 h and laser irradiation significantly reduced the percentage of live cells.
Figure adapted and reprinted with permission from American Association for Cancer Research: Reddy, G. R., Bhojani, M. S., McConville, P., Moody, J.,
Moffat, B. A., Hall, D. E., Kim, G., Koo, Y.-E. L., Woolliscroft, M. J., Sugai, J. V., Johnson, T. D., Philbert, M. A., Kopelman, R., Rehemtulla, A., and Ross, B.
D. (2006) Vascular targeted nanoparticles for imaging and treatment of brain tumors. Clin. Cancer Res. 12, 6677-6686.
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Gold nanoparticles are more commonly used for hyperther-
mia than other heavy metals (such as silver or cobalt) due to the
unique interaction of gold with light, which results in surface
plasmon resonance (SPR). In the presence of oscillating electro-
magnetic radiations at a particular resonance frequency, free
electrons in gold undergo collective coherent oscillations (SPR
oscillations) which can decay via heat emission.85,86 Changing
the size, shape, and refractive index (RI) of the material changes
its SPR frequency. Ideally, this frequency is tuned in the near-
infrared (NIR) region. At NIR wavelengths, the absorption of
innate biological fluorochromes and water is low,87 and thus, the
light can penetrate deeper into tissues without causing damage to
surrounding healthy cells.

To combine imaging and therapy in the case of gold-contain-
ing nanoparticles, architectures with iron oxide cores and gold
shells have been explored widely. Gold nanoparticles with iron
oxide cores, such as magnetite (Fe2O4) or maghemite (γ-Fe2O4),
can be imaged using MRI. The layer of gold surrounding the
magnetic iron oxide particles helps to stabilize them from in vivo
aggregation and reduces their toxicity. The desired NIR absorp-
tion frequency for gold nanoparticles can be achieved by coating
them with silica, which has a high dielectric constant and,
thus, helps to lower the absorption frequency toward NIR
wavelengths.85 Iron oxide particles impart a high T2 relaxivity
(good negative contrast for MRI) and, in the presence of a

magnetic field, can be localized to the site of interest. This
therapeutic targeting strategy is known as magnetic field-directed
hyperthermia.88

As an example of magnetic field-directed hyperthermia, re-
searchers have developed human epidermal growth receptor 2
(HER2)-targeted gold nanoparticles for breast cancer treatment.
Kim et al.89 designed magnetic gold nanoshells (Mag-GNS)
consisting of a magnetic iron oxide (Fe2O4) and silica core
surrounded by a 15 nm gold shell. For breast cancer targeting,
Mag-GNS functionalized with an antibody targeting HER-2/neu
receptor (AbHER2/neu), a cell surface molecule that is over-
expressed on breast cancer cells. SKBR3 breast cancer cells
and lung cancer cells (H520 cells, which do not overexpress
HER2/neu) were treated with AbHER2/neu�containing Mag-
GNS for 2 h at 37 �C. Upon subsequent exposure to a
femtosecond-long laser (800 nm) pulse, Mag-GNS-transfected
SKBR3 cells exhibited significant cell death. T2-weighted MR
images of transfected SKBR3 cells and H520 cells showed higher
image contrast for targeted particles than untransfected cells
(Figure 29), with SKBR3 cells exhibiting enhanced contrast
relative to H520 cells, as expected.

In a related study, Lim et al.90 synthesized core�shell-type
structures in which 9�11 nm magnetic iron oxide cores were
covered with 2�3 nm hollow gold nanoshells (HGNS); the
resulting materials (Fe3O4@Au) were surface-functionalized

Figure 27. (a) Schematic of the mechanism of PDT with MSN-PdTPP. (b) Chemical structure of PdTPP covalently attached to MSN. (c) Propidium
iodide (PI) staining of MDA-MB-231 cells treated with 25 μg of MSN-PdTPP at 37 �C for 2 h and then irradiated with a 532 nm laser. The left panels
show the change in morphology of the cells before (top) and after (bottom) treatment, respectively. The right panels show red propidium iodide
fluorescence (indicating dead cells) before (top) and after (bottom) treatment, respectively.
Figure adapted from Cheng, S.-H., Lee, C.-H., Yang, C.-S., Tseng, F.-G., Mou, C.-Y., and Lo, L.-W. (2009) Mesoporous silica nanoparticles
functionalized with an oxygen-sensing probe for cell photodynamic therapy: Potential cancer theranostics. J. Mater. Chem. 19, 1252�1257. Reproduced
by permission of The Royal Society of Chemistry.



1898 dx.doi.org/10.1021/bc200151q |Bioconjugate Chem. 2011, 22, 1879–1903

Bioconjugate Chemistry REVIEW

with anti-HER2 monoclonal antibodies (Figure 30a). The spe-
cificity of the antibody attached on the surface of HGNS
(Fe2O3@Au) was tested in SKBR3 (HER2-positive) and MCF-
7 (HER2-negative) cancer cells by further labeling these particles

with tetramethyl rhodamine isothiocyanate (TRITC); TRITC
fluorescence was only seen in SKBR3 cells, implicating HER2
engagement in the uptake of these nanoparticles. Photothermal
therapy performed on treated SKBR3 cells with an 808 nm laser

Figure 28. (a) Schematic and fluorescence micrograph of intracellular (nucleolar) localization of pKi-67-targeting liposomes. (b) MTT cell toxicity
assay performed on ovarian cancer (OVCAR-5) cells incubated with TuBB-9-FITC-labeled liposomes (L-TuBB-9-FITC) indicated that more than 75%
cells experienced death upon light irradiation (denoted 5J); minimal cell death was observed to upon treatment with various controls.
Figure adapted from Rahmanzadeh, R., Rai, P., Gerdes, J., and Hasan, T. (2010) Targeted light-inactivation of the ki-67 protein using theranostic
liposomes leads to death of proliferating cells. Proc. SPIE 7576, 757602/757601-757602/757605 with permission from SPIE.

Figure 29. (a) Schematic of synthesis of magnetic gold-nanoshells (Mag-GNS); (b) T2-weighted MR imaging of Mag-GNS-AbHER2/neu-transfected
SKBR3 and H520 cells, compared to untransfected SKBR3 cells (“Control”). (c) Change in morphology of SKBR3 cells upon transfection with Mag-
GNS-AbHER2/neu and subsequent irradiation with a femtosecond-pulse laser (800 nm for 10 s); dead cells were stained with trypan blue.
Figure adapted from Kim, J., Park, S., Lee Ji, E., Jin Seung, M., Lee Jung, H., Lee In, S., Yang, I., Kim, J.-S., Kim Seong, K., Cho, M.-H., and Hyeon, T.
(2006) Designed fabrication of multifunctional magnetic gold nanoshells and their application to magnetic resonance imaging and photothermal
therapy. Angew. Chem. Int. Ed. 45, 7754�7758. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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resulted in cell death within 3 min of exposure without causing
any damage to unexposed cells (Figure 30b).

Hybridization of MnFe2O4 with gold nanoparticles can help
to combine MR imaging and hyperthermia treatment for cancer
therapy. Recently, it has been shown that clustering of magnetic
nanoparticles increases their MR properties.91�93 Magnetic con-
trast agents consisting of magnetic kernels of manganese and iron
oxide clusters were used to improve image contrast. Lee et al.94

developed quadruple-layered theranostic agents (Figure 31a) for
hyperthermia treatment by embedding a number of magnetic
kernels in a silica layer, followed by coating with a layer of gold
nanoparticles, and then finally incorporating a PEG layer and a
targeting antibody, Erbitux (ERB), which binds to epidermal
growth factor receptor (EGFR) that is overexpressed on certain
cancer cells. T2-weighted MR imaging of these multifunctional
magnetic gold nanocomposites (MGNCs), performed on a 1.5 T
magnetic scanner, indicated a dose-dependent increase in relax-
ivity upon increase in MGNC concentration. The specificity of
the ERB antibody for EGFR-expressing tumor cells was tested via
MTT assay by adding ERB- vs irrelevant antibody (IRR)-
functionalized MGNCs to A431 (overexpress EGFR) and
MCF7 (low EGFR expression) cells, followed by irradiation
with a NIR laser (Figure 31b).

In 1957, Gilchrist and co-workers88 first introduced the
concept of magnetic fluid hyperthermia (MFH), whereby mag-
netic particles, in the presence of a magnetic field, produce heat
by hysteresis loss and, thus, can be used for hyperthermia
treatment. Comes Franchini et al.95 employed this technique
to develop (Figure 32) bovine serum albumin (BSA)- and
poly(lactic-co-glycolic acid) (PLGA)-coated magnetic nanocar-
riers containing a cobalt�iron oxide (PLGA-BSA-CoFe2O4)
core. In the presence of a high-frequency magnetic field (168
kHz, 21 kA/m), these particles can heat the surrounding cells up

to 48 �C. At these conditions, an impressive 82% cell death is
induced within 1 h of treatment. It is proposed that introducing
structural anisotropy (such as via cobalt) into the iron oxide mag-
netic nanoparticles increases their hyperthermia efficiency and
possibly also their magnetic contrast property. In vivo studies on
the brain and liver of rats indicated that these PLGA-BSA-CoFe2O4

particles show higher image contrast compared to a commercial
contrast agent, Endorem.

Radiation therapy uses high-energy radiations, such as X-rays,
γ rays, and charged particles, to kill target cancer cells.96

Figure 30. (a) Schematic of the synthesis of hollow gold nanoshells
(HGNS) functionalized with iron oxide, aHER2-targeting antibody, and
poly(ethylene glycol) (PEG). (b) SKBR3 cells incubated with the
targeted HGNS (Fe2O3@Au) and stained with calcein-AM (green).
Irradiation with an 808 nm laser resulted in a significant decrease in
survival of treated cells.
Figure adapted from Lim, Y. T., Cho, M. Y., Kim, J. K., Hwangbo, S., and
Chung, B. H. (2007) Plasmonic magnetic nanostructure for bimodal
imaging and photonic-based therapy of cancer cells. ChemBioChem 8,
2204�2209. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.

Figure 31. (a) Schematic of the quadruple-layered structure of mag-
netic-gold nanocomposites (MGNCs) targeting EGFR. (b) MTT assay
shows the relative cell viability of A431 and MCF7 cells treated with
ERB-MGNCs and IRR-MGNCs and irradiated with a NIR laser for 5
min. The combination of ERB-MGNCs in A431 cells resulted in the
greatest observed reduction in cell viability.
Figure adapted from Lee, J., Yang, J., Ko, H., Oh, S. J., Kang, J., Son, J.-H.,
Lee, K., Lee, S.-W., Yoon, H.-G., Suh, J.-S., Huh, Y.-M., and Haam, S.
(2008) Multifunctional magnetic gold nanocomposites: Human epithe-
lial cancer detection via magnetic resonance imaging and localized
synchronous therapy. Adv. Funct. Mater. 18, 258�264. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

Figure 32. Schematic representation morphology of PLGA-BSA-Co-
Fe2O4 nanoparticles for hyperthermia therapy.
Figure adapted from Comes Franchini, M., Baldi, G., Bonacchi, D.,
Gentili, D., Giudetti, G., Lascialfari, A., Corti, M., Marmorato, P., Ponti,
J., Micotti, E., Guerrini, U., Sironi, L., Gelosa, P., Ravagli, C., and Ricci, A.
(2010) Bovine serum albumin-based magnetic nanocarrier for MRI
diagnosis and hyperthermic therapy: A potential theranostic approach
against cancer. Small 6, 366�370.Copyright Wiley-VCH Verlag GmbH
& Co. KGaA. Reproduced with permission.
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Radiation can be received externally or internally, the latter
occurring via a dosage of radioactive materials which emit radi-
ation upon their decay. This high-energy ionizing radiation causes
irreversible damage to DNA, thereby inducing cell death. Another
mechanism involved may be generation of free radicals, which
can also cause apoptosis of the cells. If employed without
any cell surface targeting groups, radiation therapy does not have
any specificity toward cancer cells over normal cells. Radiation
therapy can be administered as a stand-alone therapy or in
combination with other types of cancer treatment, such as chem-
otherapy or surgical intervention.

Due to increasing concerns associated with albumin-based
radiopharmaceuticals (HIV, hepatitis C), Saatchi et al.97 devel-
oped an alternative approach based on biodegradable poly-
(L-lactide) (PLL) microspheres. PLL microspheres (size 0.5�2
μm) were functionalized with a microSPECT/CT contrast
agent, [99mTc], and decorated with PEG via a double-emulsion
solvent evaporation technique. These PEGylated PLL micro-
spheres showed significant accumulation in the liver and the
reticuloendothelial system (RES), likely due to macrophage clea-
rance of these large microspheres. When chelated to β-emitting
radionuclides such as [90Y], these microspheres can be utilized
for radioembolization therapy of liver tumors, uterine fibroids,
meningiomas, and arteriovenous malformations, as well as local
treatments of leftover and recurring disease.

Radiation therapy can also be performed by delivering radio-
nuclide-functionalized radiopeptides to the tumor cells. Radio-
peptides are attractive options in the field of cancer therapeutics
because they have rapid clearance, rapid tissue penetration, target
accessibility, low antigenicity, and ease of synthesis. For patients
with inoperable or metastasized tumors, selective receptor-
targeting radiopeptides can be a useful therapy. Radiopeptides
labeled with γ- or positron-emitting radionuclides can easily be
visualized with diagnostic imaging techniques, like positron
emission tomography (PET), or single-photon emission com-
puted tomography (SPECT). These radiopeptides can be la-
beled with γ-emitters like indium-111 [111In] or [99mTc] for
SPECT imaging and/or positron emitters such as gallium-68
[68Ga] or fluorine-18 [18F] for PET imaging. In addition, when
labeled with β-emitting species (such as yttrium-90 [90Y] and
lutetium-177 [177Lu]), they can effectively eradicate the targeted
tumor cells.98

Last, radiopeptides that target the somatostatin receptor
(which is overexpressed on the surface of a majority of neuroen-
docrine tumors) show promise for both imaging and therapy
of tumors in which other therapies are ineffective. Somato-
statin analogues containing FDA-approved DTPA-octreotide
(DTPA = diethylene triamine pentaacetic acid), DOTA-octreotide
(DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid),

DTPA-Tyr3-octreotide/octreotate, and DOTA-Tyr3-octreotide/
octreotate have high binding affinity for the subtype 2 (sst2) of
somatostatin receptors (Figure 33).99,100

’CONCLUSIONS

The field of theranostics remains relatively young but is deve-
loping at an incredibly fast rate. Researchers have created
numerous nanoparticle-based systems that can be used for the-
rapy, as in cases of hyperthermia or radiation therapy, and/or
for delivery of chemotherapeutic drugs and diagnostic imaging
agents. Several approaches include multi-imaging modalities that
can facilitate tracking of nanoparticles both in vitro and in vivo. To
monitor the therapy and response to therapy at a cellular level,
the use of fluorescent labeling agents, such as organic fluorescent
dyes or quantum dots, can permit achievement of high-resolution
images delineating different organelles inside the cell. However,
for in vivo purposes, modalities such as PET or SPECT agents
and MRI contrast agents are preferred to overcome problems of
background fluorescence and photobleaching.

Theranostic agents can play major roles both in early stage
drug development and as clinical-stage therapeutic-containing
drug candidates. In vitro imaging agents are important during
early development, such as for modification of chemical structure
and architecture to fine-tune drug properties. However, in vivo
agents are important for advanced studies that may be promising
for clinical trials. Until now, theranostics have not reached clinical
trials; this field is, however, relatively young and issues related to
ambiguity and/or difference between the optimum concentra-
tions for the therapeutic and imaging agents are in the process of
being resolved. For example, for systems with nuclear imaging
agents, such as 2-[18F]-2-deoxyglucose (FDG), and anticancer
chemotherapeutics, such as doxorubicin, the dosages required for
success of the individual modalities are vastly (several orders of
magnitude) different. Systems with MRI agents based on gado-
linium and therapeutic drugs can face similar problems because
of the inherent low sensitivity of MRI. The minimum dosage
required for Gd-based imaging agents, such as Magnevist, is
100 mg/kg, which is typically considerably higher than the
appropriate therapeutic dose.2 These mismatches can be over-
come by exploring different combinations of diagnostic and ther-
apeutic agents, developing new drugs that are potent at lower
concentrations, and creating more advanced and sensitive ima-
ging techniques that match the dose required for therapy and
imaging. Research into theranostics that can overcome these obstacles
and be suitable for important applications remains rich, and the time
before theranostics begin clinical evaluation is likely to be short.
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The development of an efficient carrier system for delivery of
plasmid DNA (pDNA) into cells is a key technology for the

progress of research in the biological sciences andmedicine.1 In the
past few years, different technologies andmethodologies have been
developed in order to efficiently deliver nucleotides at the cellular
level.2 Examples include cell penetrating peptides,3,4 cationic
lipids,5,6 nanodevices such as biodegradable nanoparticles7 and
nanotubes,8 dendrimers,9,10 polymer-mediated delivery including
cationic polymers,11 cationic amphiphiles,12 and quantumdots,13 in
addition to more invasive techniques such as particle bombard-
ment14 and electroporation.15 Even though all these approaches are
currently available, there is still a need to improve transfection
efficiency for specific cell lines that are difficult to transfect.We have
previously reported that amino-functionalized, cross-linked poly-
styrene microspheres of highly defined sizes (200 nm to 2 μm)
are efficient delivery agents, which can be taken up by a wide range
of cell lines including adherent, suspension, primary, and stem
cells.16�18 We have achieved the effective microsphere-based
delivery of siRNA19 and proteins20 among other biological
cargos.21�23 Recently, we reported the ability of palladium-loaded
microspheres to carry out intracellular chemical reactions and their
potential use to activate drugs and probes inside cells.24 While the
mechanism of uptake is not yet established, we have recently found
that these microspheres are unlikely to enter cells through an
endocytic pathway. The application of chemical inhibitors of
endocytosis and extensive colocalization studies by microscopy
and gene-expression profiling all argue against an endocytic
mechanism. Instead, we have proposed an endocytosis-indepen-
dent uptake mechanism that results in the uncompartmentalized,

cytoplasmic localization of microspheres and their cargo.25 The
fact that these latex microspheres are easy to functionalize with
high controllability over the cargo loading, in addition to showing
no undesired cytotoxic effect, make them enormously attractive
as a novel DNA carrier/delivery system.

Here, we describe a novel conjugation approach for micro-
sphere-mediated delivery of pDNA inside cells resulting in
expression of the encoded protein. pDNA was linearized and
functionalized with 5-(3-aminoallyl)-200-deoxyuridine 500tri-
phoshate dUTP (aminoallyl-dUTP) by an established molecular
biological approach, to enable its conjugation to microspheres,
which were subsequently used to transfect various cell lineages.
To carry out this strategy, 200 nm polystyrene microspheres (1)
were functionalized as described in Scheme 1 following a
standard Fmoc solid-phase protocol, using Oxyma and N,N0-
diisopropylcarbodiimide (DIC) as coupling reagents. The car-
boxy-linker (3,30-dithiodipropionic acid), which contains a di-
sulfide bond, enabled the efficient attachment of pDNA to
microspheres to build construct (3) (Scheme 1). This is an
efficient strategy for the delivery of the pDNA from the carrier by
incorporation of cleavable bonds to enable controlled molecular
release from the particle surface.The introduction of disulfide
bonds into carrier molecules is an excellent approach to create an
interactive delivery system that exploits the redox gradient
between the extra- and intracellular compartments. Examples
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ABSTRACT: A new approach for microsphere-mediated delivery of plasmid DNA has been
developed and successfully evaluated. Basic molecular biology techniques were used to
linearize and functionalize plasmid DNA by aminomodification, enabling efficient conjuga-
tion to carboxy-functionalized microspheres. A T cell hybridoma line was successfully
transfected as determined by the efficient expression of a biologically relevant YFP fusion
protein. Moreover, our data identified microsphere-mediated delivery of plasmid DNA as a
noninvasive, nontoxic, and efficient gene delivery method with the potential to be applied to
transfection-resistant, nondividing primary cells, including naïve T cells.
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of delivery of bioactive cargos such as nucleic acid or proteins
based on the introduction of disulfide bonds into carrier mol-
ecules such as chitosan or polymeric nanocapsules have been
recently reported.26,27 The efficiency of this strategy relies on the
release of biological cargos from nanoparticles following cleavage
of cargo�nanoparticle bonds inside biological systems. The
stability associated with the disulfide bond linkage ensured that
pDNA remained coupled to the microsphere during incubation
in culture media. Upon cellular uptake, the nature of the disulfide
bond ensured that it was cleaved within the cytosol, releasing the
DNA to enable transcription and translation of the encoded

protein. Additionally, microspheres were double-pegylated with
a Fmoc monoprotected poly(ethylene glycol) spacer (Fmoc-
PEG-OH) before being carboxyfunctionalized with a cleavable
linker to give rise to microspheres (2) (Scheme 1).28 There were
two rationales to double-pegylate the microspheres: first, the
addition of these units facilitated transport across the cell
membrane by increasing bead biocompatibility, and second,
the distance between the DNA and cellular vehicle was increased,
which reduced the likelihood of unfavorable interactions.

The subsequent conjugation of linearized pDNA with car-
boxy-functionalized 200 nm polystyrene microspheres (3)
(Scheme 1) involved the conjugation of a modified nucleotide
aminoallyl-dUTP (4) to DNA (Scheme 2). Initially, pDNA
encoding a yellow fluorescent protein (YFP)-tagged protein
was linearized at a restriction endonuclease site upstream of
the promoter region and amino-functionalized through the
incorporation of a modified nucleotide to its 30-end terminal.
Specifically, aminoallyl-dUTP was incorporated into the pDNA
by terminal deoxynucleotidyltransferase (TdT), a specialized
DNA polymerase which catalyzes the addition of nucleotides
to the 30 terminus of a DNA molecule. The incorporation of an
amino-reactive group onto the DNA strand enabled the con-
jugation of the pDNA to the carboxy-functionalized microsphere
through formation of an amide bond. The aminoallyl modifica-
tion enabled downstream reactions with amine-reactive com-
pounds such as activated esters; thus, the aminoallyl-modified
pDNA could be conjugated to carboxy-functionalized micro-
spheres (3) in a single step as detailed in Scheme 2.

In order to validate beadfection as a novel technology for
introduction and expression of DNA into transfection-resistant
cell types, we selected immune cells as our model. Unlike other
lineages, such as fibroblasts or endothelial cells, which are
amenable to transfection by a variety of techniques, naïve T
lymphocytes are small, nonproliferating, metabolically inert cells
that are readily killed by most standard transfection protocols. T

Scheme 1. Microsphere Preparation for Conjugation to
Linearized pDNAa

aReagents and conditions: (i) Fmoc-PEG-OH spacer (5 equiv), Oxyma
(5 equiv), DIC (5 equiv), DMF, 2 h, 60 �C; (ii) 20% piperidine in DMF,
3 � 20 min; (iii) 3,30-Dithiodipropionic acid (5 equiv), DIC (5 equiv),
DIPEA (0.1 equiv), DMF, 2 h, 60 �C.

Scheme 2. Strategy for Conjugation of DNA to Microspheresa

aReagents and conditions: (i) TdT (20 units), 10� TdT buffer, CoCl2, 37 �C, 20 min; (ii) 1. EDC, H2O, rt, 4 h; 2. PBS pH 7.4, 18 h, rt.
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lymphocytes can be activated in vitro by incubation with specific
antigen or antibodies directed to the T cell receptor, whereupon
they increase in cell size (from approximately 5�7μMto∼12μM)
and enter into division. However, murine T lymphocytes, in
particular, remain resistant to, and easily killed by, most standard
DNA transfection methods. Development of an efficient and
noninvasive system for gene delivery into nonproliferating,
undifferentiating, or other transfection resistant immune cells
would greatly facilitate research into the basic biology of lym-
phocytes that has been employed by other disciplines for many
years. The ability to transfect naïve T lymphocytes remains a
challenge that currently is not met by the relatively few transfec-
tion technologies available, all of which are associated with high
toxicity, low efficiency, and relative lack of reproducibility.29,30

In order to test the beadfection protocol in T lymphocytes, we
initially used an immortalized T cell hybridoma line (F5.BW).
Given the relatively small size of T lymphocytes, we first evaluated

the optimum size and number ofmicrospheres that gave themost
efficient delivery using fluorescein (FITC)-labeled microspheres
following a previously described procedure16 (see Supporting
Information). After 24 h incubation, microspheres of 200 nm
were found to be taken up most readily by the F5.BW hybridoma
T cells, as the larger bead sizes were either less efficient (500 nm)
or not taken up at all (900 nm) (Figure S1A-B, Supporting
Information). Additionally, a linear increase in the efficacy of
microsphere uptake was observed, which was proportional to
the concentration of microspheres. In addition to microsphere
uptake, cell viability was monitored by exclusion of a mem-
brane-impermeable, DNA-intercalating dye, TO-PRO-3 Iodide
(TO-PRO-3). Importantly, there was no change in the pro-
portion of cells dying after incubation with the microspheres,
although there was evidence of the association of smaller micro-
spheres with dying cells (Figure S1C, Supporting Information).
Analysis of the time course of microsphere uptake was carried out

Figure 1. F5.BW hybridoma pDNA beadfection and protein expression. (A) Flow cytometric analysis of efficiency of pDNA conjugation to 200 nm
microspheres by TOPRO-3 staining. (B) YFP protein expression observed 24 h after incubation: (i) Amaxa electroporation, (ii) beadfection. (C) Flow
cytometric analysis of YFP expression in electroporated cells (Amaxa), pDNA-microsphere beadfected cells (Beadfection) and negative controls:
untreated cells (No beads) and beads without pDNA conjugated (Naked beads). (D) Confocal microscopy image of a single T cell hybridoma (F5.BW)
loaded with pDNA�microsphere conjugate 6 (DIC) expressing PEP-YFP (green). Image taken after 24 h at a 63� magnification, where nuclei are
stained with DAPI.
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(Figure S2A-B, Supporting Information), indicated that maximal
uptake of 200 nm microspheres was already achieved by 4 h.
Mean fluorescent intensity (MFI) was used as a measure of
FITC-uptake, and these values remained unchanged following
8 h of incubation and were reduced only slightly at 24 h, which
might be due to cell division and subsequent dilution of the
numbers of microspheres per cell. Imaging of cells by confocal
microscopy confirmed that the microspheres had entered the
cell, localizing within the cytoplasm, excluding the possibility that
the microspheres had simply adhered to extracellular membrane
proteins (Figure S2C, Supporting Information).

To validate the use of these microsphere-based conjugates as a
novel technology for DNA transfection of immune cells, we
addressed whether pDNA could be delivered to F5.BW hybri-
doma T cells using microspheres as the transfection agent. For
this purpose, pDNA encoding a lymphocyte-specific protein,
proline-glutamine-serine-threonine-domain enriched phospha-
tase (PEP), fused at the carboxy-terminus to yellow fluorescent
protein (PEP-YFP), was prepared as described in Scheme 1 and
conjugated to microspheres as described in Scheme 2. To assess
the efficiency of coupling of the pDNA to the microspheres, the
DNA intercalator TO-PRO-3 was incubated with the micro-
sphere suspension for 5 min after which the microspheres were
washed and analyzed by flow cytometry for the presence of DNA.
Figure1A shows that although the naked 200 nm microspheres
stained with TO-PRO-3, covalent attachment of pDNA in-
creased the MFI 10-fold, indicative of covalently coupled
pDNA.Successful gene expression was achieved upon delivery
of conjugate (6) (Scheme 2) to F5.BW hybridoma T cells as
determined by the detection of YFP fluorescence by flow
cytometry. As shown in Figure1Bii, the majority of the F5.BW
hybridoma T cells expressed the PEP-YFP protein 24 h after
transfection with pDNA conjugated microspheres (6). Coupling
themicrospheres with 7.5 μg of DNA rather than 5 μg provided a
slight increase in transfection efficiency. As a positive control, F5.
BW hybridoma T cells were transfected by the Amaxa (Lonza)
electroporation method, currently the most efficient means of
transfecting T lymphocytes.31�33 Using the same relative con-
centration of DNA (5 μg/1 � 106 cells), F5.BW hybridoma T
cells were Amaxa transfected and assessed by flow cytometry for
YFP expression 24 h later (Figure1Bi) and 48 h later (Figure S3,
Supporting Information). Notably, after 24 h beadfection led to a
more uniform expression of PEP-YFP, as seen by a shift of the
entire population of transfected F5.BW hybridoma T cells in
Figure 1Bii. By comparison, only half as many cells were YFP+

following Amaxa electroporation (Figure1C). However, protein
expression decreased dramatically after 48 h in both the Amaxa-
transfected and the beadfected cells (Figure S3). Endogenous
PEP protein has previously been characterized by Western blot
to reside wholly within the cytoplasm in T lymphocytes,34 and
transfected PEP was shown to localize within the cytoplasm in
the nonimmune cell line HeLa.35 Using confocal microscopy, we
identified that the transcribed PEP-YFP protein similarly loca-
lized within the cytoplasm of F5.BW hybridoma T cells
(Figure1D). These results show that a much higher efficiency
of transfection is achieved into hybridoma T cells when the
pDNA is delivered by beadfection rather than the traditional
method of electroporation.

The efficient delivery of pDNA and subsequent rapid protein
expression in hybridoma T cells led us to address whether naïve
T lymphocytes isolated from murine lymph nodes could uptake
microspheres. If so, this would identify a novel technique for the

introduction of DNA into nondividing primary immune cells,
which are resistant to more common transfection techniques
including lipid carriers and calcium phosphate. Surprisingly,
naïve CD8+ T lymphocytes were as efficient in the uptake of
FITC-labeled microspheres as the F5.BW hybridoma T cells
(Figure S4AB), with a similar dependency on size and concen-
tration of the microspheres. Two important considerations in the
transfection of naïve T lymphocytes are whether the DNA
delivery protocol leads to either cell death or cellular activation.
We confirmed that neither occurred, as there was very little
change in the proportion of dead cells (TO-PRO-3+, Figure
S4C) and there was no expression on the cell surface of a marker
of cellular activation, CD69 (Figure S4D). In contrast, the
positive control for activation, which were naïve T lymphocytes
stimulated with antibody to the T cell receptor (anti-CD3, Figure
S4D) did show expression of CD69. Imaging of the cells by
confocal microscopy confirmed that the microspheres had
entered the naïve T lymphocytes and localized within the
cytoplasm, as no fluorescence was observed within the nucleus
(Figure S4E). These results show an efficient internalization of
microspheres by naïve T lymphocytes, and consequently,
they support the potential of this technology to carry out
gene expression studies in this cell line and other resistant
primary cells.

In conclusion, we have described a novel strategy of transfec-
tion, based on the delivery of pDNA by conjugation to micro-
spheres. Following a simple protocol for the linearization and
functionalization of the pDNA, this amino-modified DNA was
successfully conjugated to 200 nm polystyrene microspheres
and transfected into hybridoma T cells leading to successful
expression of a biologically relevant protein fused to YFP. In
addition, the microspheres were taken up by naive T lympho-
cytes, a primary cell which is difficult to transfect, with no
associated toxicity. These data confirm the development of a
novel, noninvasive, efficient, and controlled dose transfection
methodology, specifically aimed at DNA delivery into transfec-
tion resistant cells that is not matched by currently available
technology.
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1. Preparation of Fluorescein-labeled microspheres.
 

Spacer

O

O

O

HO HO2C

H
N

O

 

Amino functionalized microspheres (1 mL; 1 equiv) were washed in DMF (3 x 1 mL) 

and suspended in DMF (1 mL). Separately, 5(6)-carboxyfluorescein (5 eq) was 

dissolved in DMF (1 mL), then oxyma (5 eq; Apollo Scientific) was added and the 

solution mixture mixed for 4 minutes at rt before the addition of DIC (5 eq; Sigma-

Aldrich) and mixed for 8-10 minutes at rt. The solution mixture was then added to 

amino microspheres and suspension mixed on the Thermomixer at 1400 rpm for 2 

hours at 60°C. 

 

2. Preparation of carboxy functionalised microspheres (3) 

 

2.1. Synthesis of Fmoc-4,7,10-trioxa-1,13-tridecanediamine succinamic acid 

(polyethylene glycol type spacer, Fmoc-PEG-OH) 
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 A solution of succinic anhydride (1 g, 10 mmol, 1 eq) dissolved in acetonitrile (25 

mL) was added drop wise over 1 hour under strong magnetic stirring to 4,7,10- trioxa-

1,13-tridecanediamine (2.2 g, 10 mmol, 1 eq) in acetonitrile (50 mL) and stirred for a 

further 3 hours. The liquid phase was decanted and discarded once the waxy product 

had settled. The product was redissolved by the addition of an acetonitrile:H2O (1:1) 

solution (100 mL) and the solution was chilled to 0°C prior to a drop wise addition of 

9-fluorenylmethoxycarbony-succinimide (Fmoc-OSu) (4.38 g, 13 mmol, 1.3 eq) in 

acetonitrile (25 mL) under vigorous magnetic stirring during which time the pH was 
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kept at 8/9 by addition of DIPEA. After 12 hours reaction at room temperature the 

solvents were removed in vacuo and the residue was dissolved in a 5% NaHCO3 

aqueous solution (100 mL) and washed with EtOAc (3 x 50 mL). 

The aqueous phase was then acidified to pH 2 with 37% HCl, extracted with ethyl 

acetate (3 x 50 mL) and the organic phases were combined, washed with brine, dried 

over MgSO4 and concentrated in vacuo to afford a yellowish oil which was dissolved 

in hexane and purified by flash chromatography column (DCM:MeOH; 10:1) to 

afford the pure final compound as a sticky colorless product (3.51 g, 6.59 mmol, 65 

%). 

HPLC (S50D, λ=220 nm): purity 100%, retention time 8.4 minutes. 

m/z (ES+) 565.5 (100%) [M+Na]+ 

1H NMR (500 MHz, CD3OD) δ (ppm): 1.71-1.78 (m, 4H), 2.46 (t, J = 6.54, 2H), 

2.62 (t, J = 7.54, 2H), 3.26-3.34 (m, 4H), 3.49-3.65 (m, 12H), 4.20 (m, 1H), 4.38- 

4.44, (m, 2H), 5.30 (bs, 1H), 6.77 (bs, 1H), 7.29 (t, J = 7.41, 2H), 7.38 (t, J = 7.39, 

2H), 7.59 (d, J = 7.48, 2H), 7.75 (d, J = 7.52, 2H). 13C NMR (500 MHz, CD3OD) δ 

(ppm): 28.52, 29.34, 30.40, 30.98, 38.22, 38.80, 47.25, 66.40, 69.23, 69.88, 66.92, 

70.02, 70.26, 70.35, 119.90, 125.02, 126.98, 127.61, 141.25, 143.95, 156.62, 172.58, 

175.21. 

 

2.2. Preparation of double PEGylated microspheres (2) 

H
N

O

PEGN
H

PEG

O

H2N

(2)

 

Amino functionalized microspheres 1 (1 mL; 1eq) were washed in DMF (3 x 1 mL) 

and suspended in DMF (1 mL). Separately, Fmoc-PEG-OH (5eq) was dissolved in 

DMF (1 mL), then DIC (5 eq) was added and the solution mixture mixed for 8-10 

minutes at rt. The solution mixture was then added to amino microspheres and DIPEA 

(0.1 eq) was added. The suspension was mixed on the Thermomixer at 1400 rpm for 2 

hours at 60°C. Fmoc deprotection was achieved by treating microspheres with 20% 

piperidine/DMF (1 mL; 3 x 20 minutes). Microspheres were obtained by 

centrifugation and subsequently washed with DMF (3 x 1 mL), MeOH (3 x 1 mL), 

deionised water (3 x 1 mL) and finally DMF (3 x 1 ml). Next, ninhydrin test was 
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performed to check the presence of primary amine. Then, the same protocol was 

repeated to give double PEGylated microspheres 2. 

 

2.3. Preparation of carboxy functionalised microspheres (3) 

PEG

O

N
H

O

H
N

H
N

HO

O

S
S

O (3)

PEG

 

Amino functionalized microspheres 2 (1 mL; 1eq) were washed in DMF (3 x 1 mL) 

and suspended in DMF (1 mL). Separately, 3,3’-Dithiodipropionic acid (Sigma-

Aldrich, 10 eq) was dissolved in DMF (1 mL), then DIC (5 eq) was added and the 

solution mixture mixed for 8-10 minutes at rt. The solution mixture was then added to 

amino microspheres and DIPEA (0.1 eq) was added.  The suspension was mixed on 

the Thermomixer at 1400 rpm for 2 hours at 60°C. Microspheres were obtained by 

centrifugation and subsequently washed with DMF (3 x 1 mL), MeOH (3 x 1 mL), 

deionised water (3 x 1 mL). 

 

3. DNA linearization and aminoallyl-dUTP incorporation 

3.1. Plasmid DNA linearization 

Gene sequences for PEP-YFP (J. Borger, University of Edinburgh) were encoded 

within the AMAXA pMax cloning vector (Lonza). Linearisation of 1µg DNA 

required 1U of restriction endonuclease and was incubated at 37°C overnight. 

Detailed protocol: A cocktail mix containing 1x digestion buffer, 1x BSA and 1U 

restriction enzyme/µg DNA in molecular biology grade water was prepared. pDNA 

(PEP-YFP) was added to the cocktail mix and incubated at 37°C for 18 hours. 

Digestion was stopped by inactivating the enzyme at 70°C for 10 min. 

 

3.2. Analytical electrophoresis gel 

Efficiency of restriction digest was analysed by agarose gel electrophoresis. Protocol: 

Agarose electrophoresis gel was performed on 1x Tris-Acetate-EDTA buffer. 

Samples were loaded at 0.5µg in 1x Blue juice loading dye where a 1 kb molecular 

weight DNA was used as ladder. Gel was visualised by UV. 
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3.3. Ethanol precipitation 

Linear DNA (lDNA) was ethanol precipitated and resuspended in TE buffer. Protocol: 

To precipitate lDNA, 1/10 volume of 3M Sodium Acetate and 3 volumes of ethanol 

were added to the DNA solution. DNA was precipitated at -20°C for 18 hours. The 

DNA was pelleted by centrifugation, ethanol aspirated to allow the DNA to air-dry 

and then be resuspended in TE buffer at 1µg/µl.  

 

3.4. Aminoallyl-dUTP incorporation 

Terminal deoxynucleotidyl transferase (New England BioLabs) addition of 2 mM 

aminoallyl-dUTP (Yorkshire Bioscience Ltd) to the 3’ end of the linear DNA was 

performed at 37°C for 20 min, with subsequent enzyme deactivation for 10 min at 

70°C. Detailed Protocol: DNA was added to a solution containing 1x TdT buffer, 

CoCl2, 10 mM aa-dUTP and 1U TdT/µg DNA and incubated at 37°C for 20 min. The 

enzyme was then inactivated by heating up to 70°C for 10min. The DNA was then 

ethanol precipitated as described above in 3.3. 

 

4. DNA-microspheres conjugation 

 

 

Carboxy functionalised microspheres (3) (0.1 mL; 1eq) were washed in molecular 

biology grade water (0.1 mL x 3 times) and suspended in 0.1 M solution of EDC in 

water (0.1 mL) and solution mixed for 4 hours at rt. After mixing, microspheres were 

collected by centrifugation and microspheres resuspended in PBS pH 7.4, then DNA 

solution (0.1 mL) was added and the solution mixture mixed at room temperature for 

18 hours to yield microspheres-DNA conjugates 6. After mixing, it was found quite 

important not to perform any washing to the lDNA-microspheres conjugates. 
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5. Biological Evaluation  

Cell culture conditions  

Cells were cultured in RPMI medium 1640 supplemented with 5% FCS, L- 

glutamine, 100 U/ml penicillin and streptomycin (GIBCO) and 50 µM β-

mercaptoethanol. F5 hybridoma T cells were additionally incubated in 500 µg/ml 

G418 for selection.  

Microsphere incubation 

Cells were seeded in a 24 well-plate at a density of 1 x 10
6 

cells per well. Once cells 

settled as a monolayer, microspheres at varying concentrations (5x10
14

, 10
15

, 2x10
15

) 

and varying sizes (200 nm, 500 nm, 900nm) were incubated incubated for 4, 8 and 24 

hours in supplemented media without b-mercaptoethanol at 37C with 5% CO2. Cells 

were harvested into PBS at each time point, washed twice and resuspended in 2% 

FCS/PBS.  T cells were stimulated with plate-bound 5 µg/ml anti-CD3 (145-2C11, 

BD Pharmingen) and 2 µg/ml anti-CD28 (37.51, BD Pharmingen) for 24 hours during 

incubation with microspheres. 

 

Flow cytometry 

Samples were collected on a flow cytometer (LSR II, BD) and analysed using FlowJo 

Version 8.8.6 software (Tree Star Inc.). At least 50,000 events per sample were 

analyzed.  T cells were stained with antibodies CD8α-PerCP (53-6.7, BD Bioscience) 

and CD69-Pe (H1.2F3, eBiosciences). Cell viability was determined by staining with 

TOP-RO-3 Iodide (Invitrogen) in PBS (1:10000). 

 

Confocal microscopy 

Cells were diluted to 10
6
/ml, aliquoted onto glass multiwell slides and incubated for 

20 min at 37°C to adhere to the glass. Cells were fixed in 4% paraformaldehyde 

(PFA) for 30 minutes.  Nuclei were stained with DAPI supplemented at 1 µg/ml in 

Prolong Anti-fade Gold (Invitrogen) mounting media. Samples were examined on the 

Leica SP5 II (Leica Microsystems) with lasers exciting at 405 and 488 with the 63× 

objective. Data was rendered and analysed using Volocity software (Improvision). 
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Supplementary Figures: 

 

 

 

 

Figure S1. Flow cytometric analysis of T cell hybridoma (F5.BW) cellular uptake of 

microspheres of controlled sizes (A-B.i) 200 nm, (A-B.ii) 500 nm, (A-B.iii) 900 nm at 

different concentrations after 24 h incubation. Toxicity was measured by staining for 

TO-PRO-3 (C). 
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 Figure S2. (A-B) Flow cytometric analysis of T cell hybridoma (F5.BW) cellular 

uptake of 200 nm microspheres at different concentrations over 4 h (i), 8 h (ii) and 24 

h (iii). (C) Confocal image of T cell hybridoma (F5.BW) loaded with 200 nm 

microspheres (green), with boxed image representing 4x magnified single cell image. 

Images taken after 24 h at a 63x magnification, where nuclei are stained with DAPI. 
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Figure S3.  Time course of F5.BW hybridoma T cell pDNA beadfection and protein 

expression.  Analysis of YFP fluorescence observed 24 h (A) and 48 h (B) after 

transfection: (i) Amaxa® electroporation, (ii) beadfection with conjugate 6. 
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Figure S4. (A-B) Flow cytometric analysis of naïve T lymphocytes cellular uptake of 

200 nm microspheres at different concentrations after 24 h incubation. (C) Toxicity 

was measured by staining for TO-PRO-3. (D) Cellular activation following 24 h 

incubation with different concentrations of 200 nm microspheres was gauged by 

upregulation of CD69 using a positive control of 5 µg/ml αCD3 stimulation. (E) 

Confocal image of naïve T lymphocyte loaded with 200 nm microspheres (green). 

Image taken after 24 h at a 63x magnification, where nuclei are stained with DAPI. 
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’ INTRODUCTION

Recent advances in molecular biology and biotechnology have
introduced highly efficient therapeutic approaches based on
specific interaction to target molecules, as shown in typical
examples of siRNA for specific gene silencing and protein
inhibitors and antibodies of various kinds for targeted therapy.
Many of their target molecules exist in intracellular spaces.
Therefore, to maximize their therapeutic effects, accurate deliv-
ery of these bioactive molecules, not only to target diseased
tissues, but also into their intracellular spaces where their target
sites exist, are highly necessary.

Various types of nanoparticles with stimuli-sensitive proper-
ties have been produced to increase local concentration of
therapeutic molecules at the target tissues. Typical examples
are temperature-sensitive liposomes, which release contents in
response to elevated temperature.1�3 These temperature-sensi-
tive liposomes encapsulating membrane-permeable anticancer
drugs, such as doxorubicin, exhibited efficient tumor growth
suppression upon mild heating of tumor sites.4,5 On the other
hand, intracellular delivery of bioactive molecules, which cannot
permeate cellular membranes, has been attempted using lipo-
somes having pH-sensitive properties: so-called pH-sensitive
liposomes.6,7 Liposomes are generally taken up by cells through
endocytosis and are trapped in endosome, which contains a
weakly acidic environment in its interior. Therefore, those with
pH-sensitive properties generate abilities to release bioactive
molecules and promote their transfer into cytosol.6�9

On the basis of the functions of these temperature-sensitive
and pH-sensitive liposomes, we attempted to develop a new type
of liposome having a combination of these functions, which
generate a membrane-destabilizing ability under conditions of
mildly acidic pH with an elevated temperature. Their ability to
respond to both pH and temperature signals might be useful for
targeting tissue-specific intracellular delivery of membrane-im-
permeable molecules, because such dual-signal-responsive lipo-
somes can destabilize and fuse with endosomes only when
entrapped in endosomes of the target tissue, which has been
mildly heated (Figure 1).

Recently, we synthesized hyperbranched poly(glycidol)s
(HPGs) having N-isopropylamide (NIPAM) and succinylate
(Suc) groups, which are, respectively, temperature-sensitive and
pH-sensitive groups.10 These polymers exhibited the dual-signal-
sensitive property; their characteristics changed from hydrophilic
to hydrophobic in response to both pH decreasing and tempera-
ture increasing.10 For the present study, we incorporated these
polymers onto stable egg yolk phosphatidylcholine (EYPC)
liposomes to produce dual-signal-responsive liposomes. The
pH-responsive and temperature-responsive properties of the
HPGs-modified liposomes and their performance as intracellular
delivery vehicles were investigated.

Received: January 19, 2011
Revised: July 14, 2011

ABSTRACT: For production of a new type of functional
liposome whose destabilization can be triggered by a combina-
tion of a temperature signal and acidic pH signal, we prepared
liposomes modified with hyperbranched poly(glycidol) deriva-
tives having N-isopropylamide and carboxyl groups. HeLa cells
incubated with the dual signal-responsive liposomes encapsu-
lating a water-soluble fluorescent dye pyranine at 28 �C
displayed punctate fluorescence of pyranine, indicating that
the liposomes were trapped in endosome. However, after
heating at 45 �C for 15 min, the same cells exhibited diffuse
fluorescence of pyranine, indicating that destabilization of the
liposomes in endosome with an acidic environment in combi-
nation with the brief heating caused efficient transfer of the contents into cytosol. The dual signal-responsive liposomes might
have usefulness for site-specific delivery of membrane-impermeable molecules, which exhibit bioactivities in the intracellular
spaces, such as siRNA and proteins.
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’EXPERIMENTAL PROCEDURES

Materials.HPGwith the polymerization degree of 40, which is
designated as HPG40, was kindly donated by Daicel Chemical
Industries, Ltd. (Osaka, Japan). Egg yolk phosphatidylcholine
(EYPC) was kindly donated by NOF Co. (Tokyo, Japan).
Pyranine, decylamine, and Triton X-100 were obtained from
Tokyo Chemical Industries Ltd. (Tokyo, Japan). p-Xylene-bis-
pyridinium bromide (DPX) and LysoTracker RedDND-99 were
purchased from Molecular Probes (Oregon, USA). Lissamine
rhodamine B-sulfonyl phosphatidylethanolamine (Rh-PE) was
purchased from Avanti Polar Lipids (Birmingham, AL, USA).
4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium
chloride (DMT-MM), isopropylamine, and N-methylpyrroli-
done were from Wako Pure Chemical Industries Ltd. (Osaka,
Japan). Succinic anhydride was obtained from Kishida Chemical
Co., Ltd. (Osaka, Japan).
Synthesis of NIPAM-Suc-HPG.NIPAM-Suc-HPGs were pre-

pared as previously reported.10 A typical procedure was as
follows. HPG40 (5.66 g) and an excessive amount of succinic
anhydride (0.24 mol) were dissolved in pyridine (60 mL) and
stirred at 65 �C for 7 h under an argon atmosphere. The polymer
was washed with diethyl ether and was purified using a Sephadex
LH-20 column with methanol to afford Suc-HPG40. The ob-
tained Suc-HPG40 (0.82 g) was dissolved in N-methylpyrro-
lidone (8 mL), and DMT-MM (4.0 mmol) and isopropylamine
(2.9 mmol) dissolved in N-methylpyrrolidone (1.2 mL) was
added to the solution. The mixed solution was stirred at room
temperature for 24 h under an argon atmosphere in the dark, and
then, decylamine (0.48 mmol) dissolved inN-methylpyrrolidone

(1 mL) was added to the solution. The mixture was stirred at
room temperature for 3 days under an argon atmosphere in the
dark. To the reaction mixture, acetic acid (3 mL) was added and
stirred for 1 h. The polymer was precipitated with water and
washed with diethyl ether. Then, the polymer was purified using
a Sephadex LH-20 column with methanol to afford NIPAM35-
Suc55-HPG. Compositions of polymers were estimated using 1H
NMR. 1H NMR spectra for Suc-HPG40 and NIPAM35-Suc55-
HPG were shown in Supporting Information Figure S1 A and B,
respectively. Integration of peaks for these spectra indicated that
essentially nohydroxyl groups remained inSuc-HPG40(FigureS1A)
and the molar ratio of NIPAM, Suc, and N-decylamide (DA)
groups was 34.9/55.3/9.8 in NIPAM35-Suc55-HPG (Figure S1 B).
Turbidity Measurements. Turbidity of NIPAM-Suc-HPGs

dissolved in 10 mM phosphate and 150 mM NaCl solution
(pH 5.0�7.4, 5 mg/mL) was measured at 700 nm using a Jasco
model V-560 spectrophotometer equipped with a Peltier-type
thermostatic cell holder coupled with an ETC-505T controller.
The heating rate of the samplewas 1.0 �Cmin�1. The cloud points
were taken as the initial break points in the resulting transmit-
tance versus temperature curves.
Preparation of Liposomes. To a dry, thin membrane of

EYPC (7 mg) and polymer (7 mg) was added 500 μL of aqueous
35 mM pyranine, 50 mM DPX, and 50 mM phosphate solution
(pH 7.4), and the mixture was sonicated for 10 min using a bath-
type sonicator. The liposome suspension was further hydrated by
freezing and thawing repeatedly, and was extruded through a
polycarbonate membrane with a pore size of 100 nm. The
liposome suspension was dialyzed against 10 mM phosphate
and 140 mM NaCl buffer (pH 7.4) at 4 �C for 2 days. Then,

Figure 1. Design of dual-signal-responsive liposomes whose destabilization can be controlled by temperature and acidic pH. Dual-signal-responsive
liposomes are expected to deliver contents into the cytosol of cells of target tissues, which are locally heated.
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liposome was ultracentrifuged twice at 55 000 rpm for 2 h to
remove free pyranine and free polymer from the pyranine-loaded
liposomes.
Pyranine Release fromLiposomes.Release of pyranine from

liposomes was measured as previously reported.8,11 Pyranine
fluorescence was quenched by DPX inside of the liposomes, but
it exhibits intense fluorescence when released from the liposome.
Polymer-modified liposomes encapsulating pyranine and DPX
were suspended in 10 mM phosphate and 140 mM NaCl buffer
of varying pHs (lipid concentration: 2.0 � 10�5 M) at varying
temperatures, and fluorescence intensity at 512 nm of the
suspension was followed with excitation at 416 nm using a
spectrofluorometer (Jasco FP-6200). The percent release of
pyranine from liposomes was defined as

releaseð%Þ ¼ ðFt � FiÞ=ðFf � FiÞ � 100

where Fi and Ft mean the initial and intermediary fluorescence
intensities of the liposome suspension, respectively. Ff is the
fluorescence intensity of the liposome suspension after addition
of Triton X-100 (final concentration: 0.1%).
Intracellular Distribution of Liposomes. The pyranine-

loaded liposomes containing Rh-PE were prepared as described
above except that DPX was not included in the pyranine solution
and Rh-PE (0.1 mol %) was included as a liposome component.
HeLa cells (2 � 105 cells) cultured in DMEM supplemented
with 10% FBS and antibiotics for 2 days were washed with
phosphate-buffered saline (PBS), and then incubated in DMEM
without serum (500 μL). The pyranine-loaded liposomes
(0.6 mM, 500 μL) were added gently to the cells and incubated
for 4 h at 28 �C. After the incubation, the cells were washed with
PBS three times and heated at 45 �C for 15 min. Confocal laser
scanning microscopic (CLSM) analysis of these cells was per-
formed using LSM 5 EXCITER (Carl Zeiss Co. Ltd.). The cells
without the 15 min heating at 45 �C were also observed using
CLSM (λex = 485 nm). For inhibition of endosomal acidification,
cells were preincubated with 100 μM chloroquine for 30 min
before the incubation with liposomes.

’RESULTS AND DISCUSSION

Preparation of Polymers for Liposome Modification. Hy-
perbranched poly(glycidol)s having NIPAM and Suc groups and

decyl chains, which are anchors for their fixation onto liposomes,
were prepared as presented in Figure 2 using HPG with the
number average polymerization degree of 40 as previously
reported.10 The pH-sensitive and temperature-sensitive proper-
ties of the HPGs having NIPAM and Suc groups (NIPAM-Suc-
HPGs) are dependent on their compositions.10 Therefore, HPG-
based polymers of five kinds having varying ratios of NIPAM and
Suc groups were prepared for modification of liposomes
(Table 1). We introduced decyl groups to about 10 unit % of
the chain terminals of the polymers as anchors for their incor-
poration to liposomes. In addition, NIPAM-Suc-HPG having the
NIPAM/Suc ratio of 64/36 without decyl groups, which is
designated as NIPAM64-Suc36-HPGcont, was synthesized as a
control without anchors.
First, we examined pH-sensitive and temperature-sensitive

properties of the NIPAM-Suc-HPGs by the detection of phase
separation of their aqueous solutions (Figure 3). Figure 3A,B
shows the optical transmittance of the NIPAM65-Suc35-HPGcont

and NIPAM56-Suc33-HPG solutions, respectively, at various pH
values as a function of temperature. The solutions of these
polymers were transparent at neutral pH in the experimental
temperature region, indicating that their chains were highly
hydrated irrespective of temperature at neutral pH. However,

Figure 2. Preparation of NIPAM-Suc-HPG. DMT-MM andNMP represent 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium chloride and
N-methylpyrrolidone, respectively.

Table 1. Characterization of NIPAM-Suc-HPGsa

molar ratiob

polymer NIPAM Sue DA

NIPAM0-Suc89-HPG 0 88.9 11.1

NIPAM35-Suc55-HPG 34.9 55.3 9.8

NIPAM56-Suc33-HPG 56.4 32.9 10.7

NIPAM64-Suc27-HPG 63.5 26.6 9.9

NIPAM72-Suc17-HPG 71.9 17.3 10.8

NIPAM64-Suc36-HPGcont 63.8 36.2 0
a Suc-HPG40 was obtained by reacting HPG40 completely with excess
succinic anhydride. And thenNIPAM andDA groups were incorporated
to Suc-HPG40 by condensation of a part of Suc groups with isopropy-
lamine and decylamine. bMolar ratios of NIPAM, Suc, and DA groups in
the polymers were evaluated based on 1H NMR (see Supporting
Information).
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these polymer solutions exhibited a temperature-dependent
decrease in transmittance at pH 5�6, indicating that these
polymers changed their characteristic from hydrophilic to hydro-
phobic depending on temperature in the weakly acidic pH
region. These polymers showed the water-solubility change
under similar temperature and pH regions, probably because
these polymers have similar ratios of NIPAM units to succinylate
units, which contribute, respectively, to temperature and pH
sensitivities. Additionally, it is readily apparent that NIPAM56-
Suc33-HPG changed its water-solubility with temperature gra-
dually in broad temperature regions at weakly acidic pH com-
pared to NIPAM65-Suc35-HPGcont. For NIPAM56-Suc33-HPG,
hydrophobic decyl chains connected to the polymer backbone
might make its conformation more compact. Then, the polymer
chains taking on a compact conformation would be unable to
interact mutually as efficiently as NIPAM65-Suc35-HPGcont tak-
ing on an expanded conformation, resulting in the transition in
the broad temperature region for the anchor-carrying polymer.
We defined the cloud point of the polymer solution as the

temperature at which the transmittance became 50%. Figure 3C
shows cloud points of NIPAM-Suc-HPGs with various NIPAM/
Suc ratios as a function of pH. Generally, the polymers exhibited
cloud points between 20 and 60 �C. However, the pH region in
which these polymers showed the cloud point tends to increase
concomitantly with increase of the NIPAM/Suc ratio, indicating
that their pH-sensitive and temperature-sensitive properties are
controllable by adjusting their NIPAM/Suc ratio.
Dual Signal-Responsive Behaviors of Polymer-Modified

Liposomes. To investigate production of dual signal-responsive
liposomes, we examined the effect of modification of stable
EYPC liposomes with the NIPAM-Suc-HPGs. On the basis of
the result of Figure 3, we chose three kinds of HPG-based
polymers with different NIPAM/Suc unit ratios, NIPAM56-
Suc33-HPG, and NIPAM72-Suc17-HPG, as well as NIPAM-free
NIPAM0-Suc90-HPG, to elucidate how the NIPAM/Suc unit
ratio of the polymer affects pH- and temperature-sensitive
properties of their modified liposomes. The liposomes were
prepared by dispersing a mixture of egg yolk phosphatidylcholine
(EYPC) and polymer in a phosphate solution containing water-
soluble fluorescent dye pyranine and its quencher DPX and
subsequent extrusion through a polycarbonate membrane with a
pore size of 100 nm. The liposomes were purified by dialysis and
subsequent ultracentrifugation. Their content release behaviors
were investigated by following the fluorescence of pyranine,
which become highly fluorescent when released from the
liposome.11,12 We confirmed that pyranine release from the

unmodified EYPC was very low and that it was affected only
slightly by pH and temperature under experimental conditions
(see Figure S2). However, the liposomes modified with these
polymers exhibited pyranine release depending on the ambient
pH and temperature (Figure 4). The liposomes modified with
NIPAM0-Suc90-HPG showed significant pH-responsive content
release, which was significantly promoted below pH 5.5 and
which achieved complete release at pH 4.5 (Figure 4A,D).
However, these liposomes exhibited fundamentally equivalent
pH-dependent release behavior irrespective of ambient tempera-
ture, indicating that they are responsive only to ambient pH.
On the other hand, the liposomes modified with NIPAM56-

Suc33-HPG exhibited significant pH-responsive contents release
at 37 and 45 �C, but they only slightly release the contents at
10 �C (Figure 4B,E). This fact indicates that these liposomes
have sensitivity to both pH and temperature. Consequently, their
function can be dually controlled by ambient pH and tempera-
ture. The NIPAM72-Suc17-HPG-modified liposomes showed the
temperature-dependent enhancement of content release even at
neutral pH, although they exhibited pH-dependent enhancement
of content release below pH 6.0 to some degree (Figure 4C,F).
Apparently, modification with the polymer having a high
content of NIPAM moieties abolished pH-responsive properties
of the liposomes and provided rather temperature-responsive
properties to the liposomes.
Because the NIPAM56-Suc33-HPG-modified liposomes exhib-

ited excellent response to both temperature and pH, we further
examined the temperature-dependent enhancement of contents
release at neutral pH and at pH 5.5, which respectively corre-
sponds to the extracellular pH and the endosome pH.13 As
Figure 5 depicts, contents released from the liposomes were
suppressed effectively, even at 50 �C under neutral pH condition,
indicating that the liposomes retained pyranine at that pH.
Similarly, under a weakly acidic condition, the liposomes retained
contents less than 25 �C, but at greater than 30 �C, the liposomes
enhanced the content release. On the basis of the result of
Figure 2C, the NIPAM56-Suc33-HPG might change its character
from hydrophilic to hydrophobic around 30 �C at pH 5.5.
Therefore, the dehydrated polymer chains attached to the
liposome surface might interact strongly with the liposome
membrane and induce perturbation of the liposome membrane.
Control of Cytoplasmic Delivery by Dual Signal-Respon-

sive Liposomes.We examined intracellular deliverymediated by
the dual signal-responsive NIPAM56-Suc33-HPG-modified lipo-
somes. The liposome membrane was labeled with Rh-PE
to detect the location of liposomes in the cell. Plain EYPC

Figure 3. Temperature and pH-sensitive phase transition of NIPAM-Suc-HPGs. Temperature dependence of transmittance for solutions of NIPAM64-
Suc36-HPGcont (A) and NIPAM56-Suc33-HPG (B) at various pHs. (C) Cloud points of NIPAM64-Suc36-HPGcont (open circles), NIPAM35-Suc55-HPG
(squares), NIPAM56-Suc33-HPG (closed circles), NIPAM64-Suc27-HPG (triangles), and NIPAM72-Suc17-HPG (diamonds) as a function of pH.
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liposomes labeled with Rh-PE and loaded with pyranine were
also examined as a control. These liposomes were incubated with
HeLa cells for 4 h at 28 �C, where the NIPAM56-Suc33-HPG-
modified liposomes were stable, even at weakly acidic pH
(Figure 5B), then washed with PBS three times to remove free
liposomes. The cells were additionally incubated in the culture
medium at 28 or 45 �C for 15 min and observed using CLSM
(Figure 6). As presented in Figure 6A, cells treated with the plain

liposome at 28 �C displayed punctate fluorescence of Rh-PE
and pyranine in the peripheral region of the cells at the same
locations, suggesting that the liposomes retaining pyranine were
trapped in early endosomes, which exist near the cellular surface.
Because the cells were treated with the liposomes at 28 �C, the
cellular activity might have been reduced. Consequently, inter-
nalization of the liposomes into the cells was limited largely to
that taking place within the cellular membrane periphery. When

Figure 4. Typical profiles of pyranine release from liposomes modified with NIPAM0-Suc90-HPG (A), NIPAM56-Suc33-HPG (B), and NIPAM72-
Suc17-HPG (C) at pH 7.4 (diamonds), pH 5.0 (circles), and pH 4.0 (triangles) at 10 �C (open symbols) or 45 �C (closed symbols). pH-Dependence of
pyranine release from liposomes modified with NIPAM0-Suc90-HPG (D), NIPAM56-Suc33-HPG (E), and NIPAM72-Suc17-HPG (F). Percent release
after 15 min incubation at 10 �C (diamonds), 37 �C (squares), or 45 �C (triangles) was shown.

Figure 5. (A) Typical profiles of pyranine release fromNIPAM56-Suc33-HPG-modified liposomes at pH 7.4 (diamonds) and pH 5.5 (squares) at 10 �C
(open symbols) or 45 �C (closed symbols). (B) Temperature dependence of pyranine release at pH 7.4 (diamonds) and pH 5.5 (squares). Percent
release after 10 min incubation was shown.
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the cells were heated to 45 �C, the cells displayed the same
fluorescence, indicating that the heat application did not affect
the location of pyranine molecules in the cells (Figure 6B).
Similarly, cells treated with the dual signal-responsive NI-

PAM56-Suc33-HPG-modified liposomes at 28 �Cmainly showed
fluorescence around the cell surface (Figure 6C). However,
when heated at 45 �C, the cells displayed the entirely different
fluorescence of pyranine, which diffused in the cytosol, although

Rh-PE fluorescence remained located around the cellular mem-
brane. This fact indicates that pyranine molecules were released
from liposomes and were introduced into cytosol upon heat
application, although the liposomes were still in endosomes near
the cellular membrane (Figure 6D). On the basis of Figure 5B,
NIPAM56-Suc33-HPG chains attached onto the liposome surface
strongly destabilize lipid membranes under a weakly acidic
environment at temperatures higher than 35 �C. Therefore, it
is likely that the polymer chains can cause significant destabiliza-
tion of both the liposome and endosome membranes, enabling
pyranine molecules to enter into the cytosol. Compared to the
plain liposomes, the NIPAM56-Suc33-HPG-modified liposomes
seemed to exhibit a tendency to remain in the peripheral region
of the cellular membrane. The highly hydrated polymer chains
covering the liposome surface may affect cellular processes, such
as endocytosis, although the reason is unclear.
We also examined intracellular delivery mediated by the dual

signal-responsive liposomes in the presence of chloroquine, which
inhibits acidification of endosome.14 As Figure 6F shows, cellular
diffuse pyranine fluorescence was suppressed in the presence of
chloroquine, indicating that a weakly acidic environment is
required for temperature-induced triggering of liposome destabi-
lization. These results demonstrate that destabilization of the dual
signal-responsive liposomes can be triggered by mild heat appli-
cation only for those trapped in weakly acidic compartments.
To confirm superiority of the dual signal-responsive liposomes,

we further examined intracellular delivery using pH-sensitive
but temperature-insensitive NIPAM0-Suc90-HPG-modified lipo-
somes (Figure 4D) via the same incubation procedures. HeLa
cells treated with the NIPAM0-Suc90-HPG-modified liposomes
encapsulating pyranine exhibited mainly punctate fluorescence of
pyranine around the periphery of cellular membrane irrespective
of the temperature of the 15 min incubation (Supporting
Information Figure S3). Because the cells were incubated with
the liposomes for 4 h at 28 �C, which is much lower than the
physiological temperature, reduced cellular activity might sup-
press the efficient lowering of pH in endosome. Considering that
destabilization of NIPAM0-Suc90-HPG-modified liposomes was
induced below pH 5.0 (Figure 4D), the liposomes trapped in
endosome might not be efficiently destabilized, resulting in the
limited extent of pyranine transfer into cytosol. This result
suggests another merit of the dual signal-responsive liposomes,
whose destabilization is efficiently induced through the synergy of
protonated carboxyl groups and dehydrated NIPAM groups on
the polymer chains.

’CONCLUSION

We developed a new type of functional liposome whose
destabilization can be dually controlled by pH and temperature
using pH-sensitive and temperature-sensitive NIPAM-Suc-
HPGs. The dual signal-responsive liposomes destabilized only
when mildly heated under mildly acidic conditions. Therefore,
only the liposomes taken up by cells and trapped in acidic
compartments can be destabilized by mild heating. These
liposomes destabilized in acidic endosome caused the transfer
of contents into cytosol. To date, temperature-sensitive lipo-
somes of various types have been developed. Their functions are
focused only on temperature-induced control of drug release.
Therefore, these liposomes may not be useful for delivery of
membrane-impermeable molecules, such as siRNA and proteins,
whose active sites exist in the intracellular space, because a large

Figure 6. CLSM images of HeLa cells treated with pyranine-loaded
plain (A,B) and NIPAM56-Suc33-HPG-modified (C�F) liposomes
labeled with Rh-PE in the absence (A�D) or presence (E,F) of 100 μM
chloroquine. Cells (2 � 105 cells) were incubated in the serum-free
medium containing liposomes (0.3 mM) for 4 h at 28 �C and washed
with phosphate-buffered saline three times. Then, the cells were
additionally incubated at 28 �C (A,C,E) or 45 �C (B,D,F) for 15min and
were observed with CLSM. Bars represent 20 μm.
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fraction of the contents may be released from the liposomes in
the extracellular space of the heated area. In contrast, the dual
signal-responsive liposomes could release the contents only
when trapped in the endosome of the cells in the heated area.
Therefore, the dual signal-responsive liposomes might solve such
problems of conventional temperature-sensitive liposomes and
increase the efficacy and reliability of therapies based on these
bioactive molecules. Attempts to adjust the temperature region
in which the liposomes show response and to achieve sharp and
drastic response upon signal applications are currently underway.

’ASSOCIATED CONTENT

bS Supporting Information. 1H NMR spectra of polymers
(Figure S1), pyranine release from plain liposomes (Figure S2),
and CLSM images of HeLa cells treated with NIPAM0-Suc90-
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free of charge via the Internet at http://pubs.acs.org.
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Figure S1. Chemical structures and 
1
H NMR spectra for Suc-HPG (A) and NIPAM35-Suc55-HPG (B) 

in CD3OD. 
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Figure S2. Release of pyranine from plain EYPC liposomes at varying pH and temperatures. 

(A) Time course. (B) pH-Dependence of pyranine release at 10 °C (diamonds) and 45 °C 

(triagles). Percent release after 10 min incubation was shown. 
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Figure S3. CLSM images of HeLa cells treated with NIPAM0-Suc90-HPG-modified liposomes labeled 

with Rh-PE and loaded with pyranine in the absence of serum. Cells (2x10
5
 cells) were incubated in the 

serum-free medium containing liposomes (0.3 mM) for 4 h at 28 °C and washed with 

phosphate-buffered saline three times. Then, the cells were additionally incubated at 28 °C (A) or 45 °C 
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’ INTRODUCTION

Surfactants are a compound family, which show very interest-
ing properties. Their amphiphilic nature allows them to self-
organize and form various attractive supramolecular structures
like micelles, liposomes, nanotubes,1 fibers,2 or more complex
assemblies.3�5 These cationic constructions have received a lot
of attention, partly due to their use as synthetic supramolecular
vectors for gene delivery.6�8Ordered cationic liposomes ormicelles
or cationic detergents spontaneously form lipoplexes with DNA,
due to electrostatic interactions between the cationic head groups of
detergents and the negatively charged phosphate groups of
nucleic acids.9�11 Among the large number of cationic amphi-
philes, which induce effective gene transfer, amine- and ammonium-
based detergents are still the most studied.6,7 However, these
organized structures have a very dynamic nature.Monomers con-
stantly exchange between solution and self-assemblies, inducing
instability and toxicity. Thus, it has been suggested that cross-
linking, using amphiphiles bearing polymerizable groups, could
improve the stability of these labile systems.12,13 Core cross-linked
micelles and shell cross-linked micelles are usually obtained from
copolymers and showsome interestingproperties indrugdelivery.14,15

However, only a few studies describe the use of diacetylene
micelles.

Diacetylene surfactants receive a lot of attention due to their
polymerization properties upon exposition to ultraviolet radiations.16

This leads to the formation of more rigid structures and could
also provide some new supramolecular nanoconstructs.17 The
potential application range from biosensors,18,19 nonlinear op-
tical devices20 through to drug delivery.21,22 It has been shown
that diacetylene formulations23 or polymerized liposomes24 can
deliver genes, but to the author's knowledge, few studies have
been conducted on micelles.

In this paper, we describe the synthesis and the characteriza-
tion of two new photopolymerized cationic micelles as synthetic
DNA vectors. These new ammonium-based structures were ob-
tained from the commercially available 10,12-pentacosadiyonic
acid (PCDA) and could easily be photopolymerized. We de-
monstrate that these self-assemblies form lipoplexes in the
presence of pCMV-Luc plasmid and can efficiently mediate gene
transfer. By comparing behaviors of polymerized and nonpoly-
merized DNA lipoplexes, we show that polymerization signifi-
cantly improves transfection and reduces toxicity.

’EXPERIMENTAL PROCEDURES

Synthesis of Pentacosa-10,12-diyn-1-ol (2). To a stirred
suspension of lithium aluminum hydride (0.91 g, 20.02 mmol) in
THF (100 mL), a solution of 10,12-pentacosadiynoic acid (5.00 g,
13.34 mmol) in THF (50 mL) was added at 0 �C under Ar
atmosphere. The resulting mixture was stirred for 90 min at RT.
The reaction was quenched by adding 1 NHCl solution (25 mL)
and the mixture concentrated to dryness under reduced pressure.
The aqueous layer was extracted with EtOAc (2 � 30 mL), and
the combined organic layers washed with 1 N HCl (20 mL),
dried over anhydrous Na2SO4, filtered, and evaporated under
vacuum to afford 2 as a white solid (4.40 g, 91% yield).
Synthesis of Pentacosa-10,12-diynyl-4-methylbenzene-

sulfonate (3). To a stirred solution of pentacosa-10,12-diyn-1-
ol (4.40 g, 12.20 mmol) in CH2Cl2 (60 mL) were successively
added p-toluenesulfonyl chloride (3.49 g, 18.30 mmol),
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ABSTRACT: Cationic surfactants easily interact with plasmid DNA
to form small lipoplexes. However, their detergent behavior and
associated biological toxicity limit their use as gene delivery vectors.
We have incorporated a diacetylene motif in the hydrophobic chain of
cationic surfactants. By using UV irradiation, the small cationic
micelles (9 nm) obtained with diacetylenic detergents were photo-
polymerized into 40 nm spheres. Electrostatic interactions with
plasmid DNA led to the formation of 45 nm lipoplexes at N/P = 5
ratio. In vitro transfection of the pCMV-Luciferase plasmid resulted in
gene expression (>1010 RLU/mg protein) at the same ratio, compar-
able with the commercially available JetSi-ENDO gene delivery
system. This new and versatile class of molecules could lead to a
new generation of in vivo gene delivery vectors.



1917 dx.doi.org/10.1021/bc200083p |Bioconjugate Chem. 2011, 22, 1916–1923

Bioconjugate Chemistry ARTICLE

triethylamine (2.55 mL, 18.30 mmol), and catalytic amounts of
DMAP. The resulting solution was stirred overnight at RT. A
saturated solution of NaHCO3 (25 mL) was added and the
aqueous layer was extracted with CH2Cl2 (2 � 15 mL). The
organic phases were combined, washed with a saturated solution
of NaCl (15 mL), dried over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure. The residue was sub-
mitted to silica-gel chromatography to afford compound 3 as a
white solid (5.58 g, 89% yield).
Synthesis of N,N-Diethyl-pentacosa-10,12-diyn-1-amine

(4). To a stirred solution of pentacosa-10,12-diynyl-4-methyl-
benzenesulfonate (7.14 g, 13.86 mmol) and Na2CO3 (7.35 g,
69.3 mmol) in CH3CN (150 mL) was added diethylamine
(5.07 g, 69.3mmol). The solution was stirred at 70 �C for 24 h. The
solvent was removed under reduced pressure and the residue was
poured into a saturated solution of NaHCO3 (60 mL). The
aqueous layer was extracted with CH2Cl2 (4 � 25 mL), and the
organic layers were combined, washed with a saturated solution
of NaCl (15 mL), dried over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure. The residue was purified
by silica-gel chromatography (eluting with EtOAc/cyclohexane
5:95) to yield compound 4 as a colorless oil (3.54 g, 79% yield).
Synthesis of 4-(2-Aminoethyl)-1,7-bis(tert-butoxycarbonyl)-

1,4,7-triazaheptane (6).To a stirred solution of tris(2-aminoethyl)-
amine (1.47 g, 10.05 mmol) in THF (40 mL) at 0 �C was slowly
added BocON (4.95 g, 20.11 mmol) in THF (50mL). The solution
was stirred overnight at RT. The solvent was removed under
reduced pressure and the residue was poured into EtOAc (50 mL).
The organic layer was washed with NaOH 1 M (2 � 10 mL).
The aqueous layer was diluted into a saturated solution of
NaCl (20 mL) and was extracted with EtOAc (3 � 10 mL).
The organic layers were combined, dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure.
The residue was purified by silica-gel chromatography (eluting with
CH2Cl2/methanol 5:1) to yield compound 6 as a pale yellow
oil (1.57 g, 45% yield).
Synthesis of Di-tert-butyl (((2-(tetracosa-10,12-diynamido)-

ethyl)azanediyl)bis(ethane-2,1-diyl))dicarbamate (7). To a
stirred solution of 10,12-pentacosadiynoic acid (1.00 g, 2.90 mmol)
and N-hydroxysuccinimide (0.50 g, 4.33 mmol) in CH2Cl2
(20 mL) were added successively 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide (0.83 g, 4.33 mmol) and N,N-diisopropy-
lethylamine (757 μL, 4.33 mmol). The solution was stirred
overnight at RT. The solvent was removed under reduced pres-
sure and the residue was poured into EtOAc (20 mL). The organic
layer was washed with H2O (2 � 10 mL), dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure. The
white solid was solubilized into THF (50 mL) with Et3N (606 μL,
4.33 mmol) and 4-(2-aminoethyl)-1,7-bis(tert-butoxycarbonyl)-
1,4,7-triazaheptane 4 (1.08 g, 2.90 mmol), and the solution was
stirred overnight at RT. The solvent was removed under reduced
pressure, and the residue was purified by silica-gel chromatogra-
phy (eluting with EtOAc) to yield compound 7 as a white solid
(1.57 g, 85% yield).
Synthesis of N-(2-(Bis(2-aminoethyl)amino)ethyl)tetra-

cosa-10,12-diynamide (8). To a stirred solution of 7 (0.2 g,
0.28 mmol)) in CH2Cl2 (5 mL) was added trifluoroacetic acid
(327 μL, 4.27 mmol). The solution was stirred 4 h at RT. The
solvent was removed under reduced pressure and the residue was
poured into EtOAc (10 mL). The organic layer was washed with
NaOH 1M (1� 10 mL), dried over anhydrous Na2SO4, filtered,

and concentrated under reduced pressure to yield compound 8
as a white solid (0.14 g, quantitative).
Polymerization. For the photopolymerization steps, quartz

cuvettes containing 3 mL of micelles solution were placed into a
Cross-Linker Bio-Link 254 from Fischer Bioblock. Photopolym-
erization was achieved at 254 nm and 48 W.
Photopolymerization was followed by UV�visible spectros-

copy on a Varian Cary 100 Bio UV�visible spectrophotometer.
CMC Measurements. Surface tensions were measured by

using the du Nouy ring, as follows. First, 15 mL of solution
was prepared by diluting stock solutions of micelles. The solution
were then transferred to the tensiometer vessel and was allowed
to equilibrate at 25 �C for 5 min.
Dynamic Light Scattering (DLS). The hydrodynamic radii

were determined via DLS measurements using a Malvern nano
ZS apparatus with the following specifications: sampling time =
90 s; refractive index of medium, 0.1 M acetate buffer = 1.340;
phosphate buffer = 1.340; refractive index of particles (RI) = 1.43;
medium viscosity = 1.0140 cP; temperature = 25 �C. Data were
analyzed using multimodal number distribution software in-
cluded with the instrument. ζ potentials were measured with
the same apparatus andwith the following specifications: 20mea-
surements per sample; dielectric constant = 80; temperature =
25 �C; beam mode F(Ka) = 1.5 (Smoluchowski model).
Transmission Electron Microscopy (TEM). Images were

taken with a TEMPhillips CM12 apparatus, onto 300 mesh copper
grids (Ted Pella, 822-F, Formvar removed). Ten microliters of
sample was allowed to adsorb for 1 min onto grids. Grids were
wicked from one side, and placed for 30 s on a 50 μL drop of 2%
uranyl acetate, wicked again, and air-dried before imaging.
Agarose Gel Electrophoresis. Twenty microliters of water

containing 5% glucose or 150 mMNaCl, 0.4 μg pCMV-Luc, and
increasing amount of polymerized and nonpolymerized cationic
micelles were subjected (30 min of complexation time) to elec-
trophoresis in a 1% agarose gel containing 1 mM EDTA, 40 mM
Tris acetate buffer, and 0.5 μg/mL ethidium bromide for 90 min
at 100 V. DNA was visualized with an UV transilluminator at
254 nm.
Cell Culture. HeLa cells were grown in Eagle’s MEM sup-

plemented with 10% FBS, L-glutamine (2 mM), penicillin
(100 units/mL), and streptomycin (100 μg/mL). Cells were
maintained at 37 �C in a 5% CO2 humidified atmosphere and all
experiments were done in triplicates. The day before experiment,
cells were seeded in 24-multiwell plates at 5 � 104 cells/well in
fresh complete medium (1 mL).
Lipoplex Formation for pCMV-Luc Delivery.The procedure

is for a 24-multiwell plate experiment. Typically, an aqueous
solution of polymerized and nonpolymerized micelles of com-
pound 4 and 8: M4P1h, M4NP, M8P1h, and M8NP (volume
depending on N/P ratio), was diluted up to 50 μL in water con-
taining 5% glucose or 150 mM NaCl. The solution was homo-
genized by vortexing and left for 10 min. Separately, an aqueous
solution of pCMV-Luc (corresponding to 2 μg of pCMV-Luc)
was diluted up to 50 μL in water containing 5% glucose or
150 mM NaCl. The solution was then homogenized and left for
10 min, after which the M4P1h, M4NP, M8P1h, or M8NP solution
was added to the pCMV-Luc solution, and vigorously mixed (15 s).
Finally, lipoplexes were incubated for 30 min at RT and added in
each well by diluting with serum free cell culture medium (1mL).
Four hours later, serum (0.1 mL/well) was added. The gene
expression profiles were analyzed 24 h after addition of lipo-
plexes. Transfection assays were also performed in the presence
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of serum: after incubation, lipoplexes were added in each well by
diluting with complete cell culture medium (10% serum, 1 mL).
Quantification of the Luciferase Gene Expression. Lucifer-

ase gene expression was determined 24 h after delivery with a
commercial kit, using manufacturer’s protocol (Luciferase Assay
System, Promega, Charbonni�eres, France). The luminescence was
measured from 10 μL of lysate during 1 s with a luminometer
(Centro LB960 XS; Berthold, Thoiry, France). Luciferase activ-
ity is expressed as the mean of light units integrated over 10 s
(RLU) and normalized per mg of cell protein by using the BCA
assay (Pierce, Brebi�eres, France). The errors bars represent
standard deviation derived from triplicate experiments. JetPEI
and JetSi-ENDO are transfection reagents (Polyplus-Transfec-
tion, Illkirch, France), used according tomanufacturer’s instructions.

’RESULTS

Design and Synthesis. The two new ammonium-based
amphiphiles were easily obtained from the commercially avail-
able acid 1. The synthesis of compound 4, as depicted in Scheme 1,
was prepared in three steps as previously reported.3

BOC protection of the two terminal amines of tris(2-ami-
noethyl)amine affords compound 6, which is easily coupled to
the starting acid 1 as described in Scheme 2. Treatment of 7 with
an excess of TFA provides a high yield of compound 8.
Micelle Characterization. Measurements of the surface ten-

sion of M4NP and M8NP solutions allowed us to access the critical
micellar concentrations (CMC) of nonpolymerized solutions.
Curves are presented in the Supporting Information. M4NP and
M8NP solutions have CMC values of 12 μmol/L (0.0049 mg/mL)
and 21 μmol/L, (0.011 mg/mL), respectively. Following polym-
erization, CMC could not be detected anymore. The self-
assembly of amphiphiles 4 and 8 into micelles was then assessed
by DLS. Experiments with compound 4 at 600 μM (0.25 mg/mL)
in various buffer solutions showed the importance of pH and
medium composition. In 0.1 M phosphate buffer (pH = 7.4), we
observed no micellar structures but 400 nm aggregates were
observed, while in 0.1 M acetate buffer (pH = 5), amphiphile 4
led to the formation of nonpolymerized micelles (M4NP) of
9 nm diameter (see Supporting Information). Similarly, non-
polymerizedmicelles of compound8 (M8) at 500μM(0.25mg/mL)
were only observed in 0.1 M acetate buffer. Micelle formation
and size were confirmed by transmission electron microscopy

Scheme 1. Synthesis of Amphiphile 4

Scheme 2. Synthesis of Amphiphile 8
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(TEM) experiments, as shown in Figure 1A,D, where elongated
and tubular structures are visible.
Micelle Polymerization.Diacetylene polymerization (Figure 2)

was initiated by 254 nm ultraviolet irradiation. This process
was followed over time by DLS and TEM experiments. As
shown in Supporting Information, the sizes of the assemblies
of compound 4 increase over polymerization time. Beyond one
hour, photopolymerization deeply affects the size of the struc-
tures: after four hours, objects present a 40 nm diameter, which
increases up to 250 nm after 7 h. TEM only detected large
aggregates. However, up to one hour of polymerization, assem-
blies kept the same diameter (9 nm) and still could be considered
to be micelles (M4P1h). These small and spherical structures were
also observed by TEM (Figure 1B), and as depicted in the
Figure 1E, the same results were obtained with micelles of com-
pound 8 polymerized for 1 h (M8P1h). The dilution of M4P1h

micelles to 60 μM in phosphate buffer (Figure 1C) did not
destroy their structure, and this demonstrates their resistance to
dilution and pH changes, and consequently the effectiveness of
the polymerization.
The polymerization process was followed every ten minutes

for up to 90 min by UV�visible spectroscopy (spectra available
in Supporting Information) in order to analyze the propagation
process. In both cases, ene-yne bond elongation was shown by a
characteristic absorption band between 250 and 300 nm. Its
intensity increases over polymerization time and stabilizes at
20 min (Figure 3) showing an optimal propagation level into
micelles. These analyses enabled us to choose the optimal condition
taking into account self-assembly and micelle reticulation. For the
rest of the study, photopolymerization time was one hour.
DNA Lipoplexes Characterization. Electrostatic interactions

betweenplasmidDNAandnonpolymerized or polymerizedmicelles

Figure 1. TEM images ofM4 andM8 (C = 600μMand 500 μM, respectively) in 0.1M acetate buffer. A,M4NP; B,M4P1h; C,M4P1h diluted to 60 μM in
phosphate buffer; D, M8NP; E, M8P1h. Scale bars: 100 nm (A, B, C, and E) and 50 nm (D).

Figure 2. (A) Amphiphile 4 and corresponding polymer formula. (B) Schematic process of polymerization. Polar head groups are shown as gray balls,
amphiphile chains by straight gray lines, and polymeric chains by curved red lines. (MNP: nonpolymerized micelles. MP: polymerized micelles.)
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were imaged by agarose gel electrophoresis of lipoplexes, which
were made with increasing N/P (vector amine per DNA
phosphate) ratios (Figure 4). TheDNAwas detected using ethidium
bromide orange fluorescence.
M4NP lipoplexes in isotonic 150 mM NaCl showed full DNA

condensation at N/P 10 and the corresponding polymerized
lipoplexes at N/P 2. This notable improvement was also ob-
served for M4 lipoplexes in iso-osmotic 5% glucose solutions in
water. Thus, full DNA condensation was not observed with
nonpolymerized lipoplexes in the range studied; however, it was
observed at N/P 10 and above, for the polymerized lipoplexes.
A similar trend was observed for M8 lipoplexes. DNA con-

densation occurred at N/P 2 in isotonic 150 mM NaCl and
for N/P 3 in iso-osmotic 5% glucose solutions in water with

nonpolymerized lipoplexes. A slight improvement was observed
with polymerized lipoplexes.
It is interesting to note that lipoplexes formulated in 5%

glucose solutions even these most compacted forms at high N/P
ratio remain accessible to ethidium bromide.
Lipoplexes prepared in 5% glucose were further characterized

by DLS. Size measurements on M4P1h lipoplexes (Figure 5A)
showed that their diameter decreased when the N/P ratio was
increased. The same behavior was observed forM8P1h lipoplexes,
except at N/P 20. Both formulations showed an average diameter
of 45 nm at N/P 5, which was confirmed by TEM experiments
(Figure 6A,C). Zeta (ζ) potential measurements made on the
above lipoplexes showed increasing positive surface charges with
N/P ratio (Figures 5B). When prepared in 150 mM NaCl,
lipoplexes at N/P 5 became micrometric structures made of
aggregated spheres (see Supporting Information).
Transfection of Cells in Culture. pCMV-Luc gene delivery

experiments were conducted withM4 andM8 lipoplexes onHeLa
cells, prepared either in 5% glucose (Figure 7A) or 150 mM NaCl
solutions (see Supporting Information).
Final monomer concentrations in wells were calculated as

described in Table 1. Final plasmid concentration was fixed to
2 μg/mL.
In each case, the polymerized micelles exhibited higher trans-

fection efficiency and lower toxicity than the nonpolymerized
micelles.
N/P 5 was the optimal ratio for both M4P1h and M8P1h, and

they have the same level of luciferase expression, between 1010

and 1011 RLU/mg of protein. This level is 1 order of magnitude
lower than the JetPEI system, which is considered a “gold standard”

Figure 4. Agarose gels. Lipoplexes were prepared at N/P = 1 to 20; 0: pCMV-Luc without micelles; S: micelles without pCMV-Luc plasmid.

Figure 3. Absorption at 284 nm vs photopolymerization time. Green
line: M4 solution. Red line: M8 solution.

Figure 5. DLS results for M4P1h and M8P1h lipoplexes in 5% glucose aqueous solution. A: diameters at various N/P ratios. B: Zeta potentials. Green
line: M4P1h lipoplexes. Red line: M8P1h lipoplexes.
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in nonviral gene delivery; it is comparable to another commer-
cially available gene delivery lipidic system, JetSi-ENDO, which is
known for its high efficiency/toxicity ratio. However, M4P1h were
found to be quite toxic, compared to M8P1h in optimal conditions.
Transfection efficiencies were reduced by 1 to 3 orders of mag-
nitude in the presence of 10% serum (see Figure 8), revealing
deleterious interactions between the complexes and serum
proteins. Thus, further developments (e.g., PEGylation and/or
targeting ligands) will be necessary for effective in vivo gene
delivery.

’DISCUSSION

The application of polydiacetylene polymeric structures for
gene delivery has never been studied. In a previous study, we have
shown that amphiphiles formed by coupling diynic lipophilic tails
and various polar headgroups spontaneously self-assembled into
micelles in aqueous solution. In particular, coupling anionic,
neutral, or cationic polar headgroups to 10,12-pentacosadiynoic acid
led to amphiphiles with programmed pH-dependent self-assembly

properties.25 On the other hand, when we varied the length of the
hydrophobic chain length containing a neutral polar headgroup,
we found that, while 12 carbon chain was too short to enable the
formation of micelles, 18 and 25 carbon chains led to stable
micelles with CMC of 0.091 mg/mL and 0.082 mg/mL, respec-
tively (unpublished results). Since it appears to form robustmicelles
and is readily available, we decided to use 10,12-pentacosadiynoic
acid (C25) as a lipophilic tail for this study. Cationic monomers
were easily synthetized from PCDA and, as expected, self-
assembled into micelles in a simple and spontaneous process. It
is interesting to note that pH and medium composition are
important parameters for micelle formation.

The photopolymerization state requires a perfectly calibrated
process to ensure the size reproducibility of the polymerized
micelle. Elongation creates covalent cross-linking between mono-
mers into micelles to provide a three-dimensional network and
more rigid assemblies as shown in Figure 1B. However, DLS
experiments showed that, beyond one hour, polymerization pro-
vides larger aggregates than the initial micelles. This fact has
already been observed in micelle polymerization26 and in this
study could be explained by geometric constraints imposed by
the ene-yne backbone. It is well-known that photopolymeriza-
tion of diacetylene groups occurs only in a highly ordered state.16

In our case, the propagation of ene-yne bonds strongly alters the
initial morphology, resulting in larger structures with lower radii
of curvature.

Micelle structures were observed by DLS and TEM over one
hour of polymerization, and UV spectrophotometric analysis
showed a good level of elongation. One hour of polymerization

Figure 6. TEM images of micelles/pCMV-Luc lipoplexes at N/P 5 in
water with 5% glucose. (A) M4P1h/pCMV-Luc lipoplexes. (B) M8P1h/
pCMV-Luc lipoplexes. Scale bars: 100 nm.

Figure 7. Gene delivery experiments of pCMV-Luc at various N/P (lipoplexes prepared in 5% glucose solution), without serum. Luciferase expression
(bars) and percentage of total cellular proteins (line and circles) are given for negative control (untreated), positive control (JetPEI and JetSi-ENDO),
M4NP (light red), M4P1h (dark red), M8NP (light green), and M8P1h (dark green). Means and sd of separate triplicates are given.

Table 1. M4 and M8 Monomer Concentrations for Trans-
fection Assays

N/P ratio 0 1 2 3 5 10 20

M4 (μM) 0 6.1 12.1 18.2 30.3 60.7 121.3

M8 (μM) 0 2.0 4.0 6.1 10.1 20.2 40.3
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seemed to be the best compromise to retain the original struc-
ture, while having enough cross-linking to “freeze” the micelles.
Diluting the micelles below their CMC in phosphate buffer
(pH = 7) proved the efficiency of polymerization. Indeed, polym-
erized micelles were still observed after switching to neutral condi-
tions, whereas nonpolymerized micelles were disrupted.

Agarose gel electrophoresis experiments showed the different
behaviors of polymerized and nonpolymerized lipoplexes. Using
either M4 or M8 complexes, the polymerized lipoplexes show full
DNA condensation at lower N/P ratio than nonpolymerized
lipoplexes. In polymerized micelles, the exchange of monomers
between the micelle and its surroundings was strongly inhibited,
and led to better DNA condensation and lipoplex stability. In
isotonic 150 mM NaCl for N/P 20, no fluorescence due to the
ethidium bromide staining was observed, reflecting very good
DNA compaction into the lipoplexes. It has to be noted that
polymerized micelles have their own green fluorescence, due to
ene-yne bonds, which is absent in nonpolymerized micelles.

Lipoplexes were observed by DLS experiments in iso-osmotic
5% glucose solutions in water. A previous study showed that
lipoplexes containing a single pCMV-Luc plasmid molecule have
a size of about 25 nm.27 In our case, size measurements, confirmed
by TEM experiments, showed very small structures of about 40 nm,
containing probably two to four plasmid molecules. This would
allow further development of the lipoplexes for in vivo gene delivery
because the size range should permit good tissue distribution.

In vitro transfection results showed that gene transfection
potency is improved by photopolymerization, and as observed
for agarose gel electrophoresis experiments, the best results are
obtained for N/P 5, especially for M8, which is considerably less
toxic than M4. This is expected since, at any given N/P ratio, the
triamine M8 concentration is only one-third of the monoamine
M4 concentration. At the optimal N/P ratio in 5% glucose
solution, M4P1h and M8P1h transfection efficiencies are compar-
able, in serum-free serum conditions, to that of JetSi-ENDO, a

cationic lipid transfection reagent. Synthesis of new amphiphilic
molecules designed to be more effective for in vivo use, with
poly(ethylene glycol) groups and targeting ligands, for example,
should improve the robustness of our system.

In summary, we have prepared new cationic polydiacetylene
micelles, with a reasonable in vitro gene transfection efficiency,
and shown that photopolymerization significantly improves their
transfection potency. These micelles are small, and their modular
structure could lead to further developments. The use of func-
tionalizable polar headgroups, for example, could allow addition
of targeting ligands and/or poly(ethylene glycol). Alkyne polar
headgroup could also lead to postfunctionalization by click-
chemistry.
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A. Materials and methods 
General remarks 

Unless stated otherwise, all starting materials and reagents were obtained from commercial 

suppliers and used without further purification. All solvents were of dry grade and purchased 

from Aldrich. All compounds were characterized using standard analytical and spectroscopic 

techniques. 1H and 13C spectra were obtained on a Brucker Advance III instrument (BBFO+ 

probe). Mass spectrometry was performed on a MS Bruker (Ion Trap, HCT Ultra, ESI) and a 

MS Agilent (QTof 6520, ESI) spectrometer. Unless otherwise indicated, the polarity/scan 

type used for ESI-MS was positive. NMR chemical shifts are reported in δ units (ppm) 

relative to tetramethylsilane and converted to the TMS scale using the residual proton of 

CDCl3 (7.26 ppm for 1H NMR, and 76.91 for 13C NMR). Data are reported as follows: 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), 

coupling constants, integration and assignment. Merck Silica Gel 60 F254 plates were used for 

analytical thin layer chromatography. TLC analysis was facilitated by the use of the following 

stains in addition to UV light (254 nm) with fluorescent-indicating silica-gel plates: 

vanillin/EtOH, KMnO4/H2O, or Ninhydrin/EtOH. Merck Silica gel 60 (particle: 40-63 µm) 

was employed for column chromatography. UV/vis. absorption spectra were recorded with a 

Varian Cary 100 bio spectrophotometer. The extinction coefficients (ε, M-1cm-1) are given as 

the average value obtained from three independent measurements at different concentrations 

(error value ± 5%). Melting points were measured in a Stuart Scientific SMP2 melting point 

apparatus 2 and are uncorrected. 
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B. Product characterization 
Pentacosa-10,12-diyn-1-ol (2) 

Rf = 0.32 (MeOH/CH3Cl: 2/100); 1H NMR (400 MHz, CDCl3) δ 3.63 (t, J = 6.6 Hz, 2H, H1), 

2.24 (t, J = 7.0 Hz, 4H, H9, 14), 1.58-1.25 (m, 34H, H2-8, 15-24), 0.88 (t, J = 6.8 Hz, 3H, H25); 13C 

NMR (75 MHz, CDCl3) δ 77.7 (1C, C10), 77.6 (1C, C13), 65.4 (2C, C11,12), 63.2 (1C, C1), 32.9 

(1C, C2), 32.1 (1C, C16), 29.9-28.5 (13C, C4-8,15,17-23), 25.9 (1C, C3), 22.8 (1C, C24), 19.4 (2C, 

C9,14), 14.3 (1C, C25); MS m/z (relative intensity) 360 [M]+ (3.8); mp 62 ± 1 °C. UV/vis (CHCl3): 

λmax (log ε) = 244 (2.72) nm.  

 

Pentacosa-10,12-diynyl-4-methylbenzenesulfonate (3) 

Rf = 0.68 (EtOAc/cyclohexane: 2/8); 1H NMR (400 MHz, CDCl3) δ  7.79 (dd, J1 = 6.4 Hz, J2 = 

2.0 Hz, 2H, H4), 7.34 (dd, J1 = 8.4 Hz, J2 = 0.8 Hz, 2H, H3), 4.02 (t, J = 6.6 Hz, 2H, H6), 2.45 

(s, 3H, H1), 2.23 (t, J = 7.2 Hz, 4H, H14,19), 1.64 (m, 34H, H5-13,20-29), 0.88 (t, J = 7.0 Hz, 3H, 

H30); 13C NMR (75 MHz, CDCl3) δ 144.7 (1C, C2), 133.47 (1C, C5), 129.9 (2C, C3), 128.0 

(2C, C2), 77.8 (1C, C15), 77.6 (1C, C18), 70.8 (1C, C6), 65.5 (1C, C16), 65.4 (1C, C17), 32.1 (1C, 

C21), 31.3 (1C, C7), 29.9-28.4 (13C, C9-13,20,,22-28), 25.4 (1C, C8), 22.8 (1C, C29), 21.8 (1C, C1), 

19.4 (2C, C14,19), 14.3 (1C, C30); MS m/z (relative intensity) 537 [M+Na]+ (100); mp 56 ± 1 

°C. UV/vis (CHCl3): λmax (log ε) = 241 (2.90) nm. 

 

N,N-Diethyl-pentacosa-10,12-diyn-1-amine (4) 
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1H NMR (400 MHz, CDCl3) δ 2.51 (q, J = 7.5 Hz, 4H, H2), 2.39 (t, J = 7.8 Hz, 2H, H3), 2.23 

(t, J = 7.0 Hz, 4H, H11,16), 1.52-1.25 (m, 34H, H4-10,17-26), 1.01 (t, J = 7.1 Hz, 6H, H1), 0.88 (t, J 

= 6.9 Hz, 3H, H27); 13C NMR (75 MHz, CDCl3) δ 77.5 (2C, C12,15), 65.4 (2C, C13,14), 53.1 (1C, 

C3), 46.9 (2C, C2), 31.9 (1C, C18), 29.7-27.0 (15C, C4-10,17,19-25), 22.7 (1C, C26), 19.2 (2C, C11,16), 

14.1 (1C, C27), 11.7 (2C, C1); MS m/z (relative intensity) 416 [M+H]+ (100). UV/vis (CHCl3): 

λmax (log ε) = 243 (2.43) nm. 

 

4-(2-Aminoethyl)-1,7-bis(tert-butoxycarbonyl)-1,4,7-triazaheptane (6) 

1H NMR (400 MHz, CDCl3) δ 3.16 (m, 4H, H6), 2.72 (t, J = 5.8 Hz, 2H, H2), 2.54 (t, J = 6.0 

Hz, 4H, H5), 2.49 (t, J = 6.0 Hz, 2H, H3), 1.43 (s, 18H, H11); 13C NMR (75 MHz, CDCl3) δ 

156.3 (2C, C8), 79.3 (2C, C10), 57.1 (1C, C3), 54.4 (2C, C5), 40.0 (2C, C6), 38.8 (1C, C2), 28.6 

(6C, C11); MS m/z (relative intensity) 347 [M+H]+ (100). 

 

di-tert-butyl (((2-(tetracosa-10,12-diynamido)ethyl)azanediyl)bis(ethane-2,1-
diyl))dicarbamate (7) 
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1H NMR (400 MHz, CDCl3) δ 6.81 (br s, 1H, H10), 5.06 (br s, 2H, H4), 3.27 (q, J = 5.3 Hz, 

2H, H12), 3.14 (q, J = 4.6 Hz, 4H, H5), 2.55 (t, J = 5.6 Hz, 2H, H8), 2.50 (t, J = 5.4 Hz, 4H, H6), 

2.25-2.21 (m, 6H, H19,24,9), 1.44 (s, 18H, H1), 1.39-1.23 (m, 32H, H13-18,25-34), 0.87 (t, 6.8 Hz, 

3H, H35); 13C NMR (75 MHz, CDCl3) δ 173.8 (1C, C11), 156.6 (2C, C3), 79.5 (2C, C2), 77.7 

(2C, C20,23), 65.4 (2C, C21,22), 55.1 (2C, C6), 54.2 (1C, C8), 39.1 (1C, C5), 37.5 (1C, C9), 36.5 

(1C, C12), 32.0 (1C, C26), 29.7-28.5 (12C, C14-18,25,27-33), 28.6 (6C, C1), 25.9 (1C, C13), 22.8 (1C, 

C34), 19.3 (2C, C19,24), 14.2 (1C,C35); MS m/z (relative intensity) 704 [M+H]+ (100).  

 

N-(2-(bis(2-aminoethyl)amino)ethyl)tetracosa-10,12-diynamide (8) 

1H NMR (400 MHz, CDCl3) δ 7.06 (br s, 1H, H7), 3.31 (q, J= 5.2 Hz, 2H, H9), 2.79 (t, J = 5.8 
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7.0 Hz, 3H, H32); 13C NMR (75 MHz, CDCl3) δ 77.8 (2C,  C17,20), 65.4 (2C, C18,19), 56.8 (2C, 
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503.5 [M+H]+ (100).  
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C. NMR Spectra 

. 

 
Figure S1.  1H and 13C NMR spectra of compound 2 
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Figure S2.  1H and 13C NMR spectra of compound 3 
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Figure S3.  1H and 13C NMR spectra of compound 4 
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Figure S4.  1H and 13C NMR spectra of compound 6 
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Figure S5.  1H and 13C NMR spectra of compound 7 
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Figure S6. 1H and 13C NMR spectra of compound 8 
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D. Micelles 
CMC measurements  

 
Figure S7. Surface Tension measurements of M4NP solutions.  

 

 
Figure S8. Surface Tension measurements of M4P1h solutions.  
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Figure S9. Surface Tension measurements of M8NP solutions.  

 

 
Figure S8. Surface Tension measurements of M8P1h solutions.  
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Polymerization.  
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Figure S7. UV-Vis spectra of M4 solutions (C = 0.25 mg/mL) with increasing photopolymerization time 

(0 – 90 minutes). 
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Figure S8. UV-Vis spectra of M8 solutions (C = 0.25 mg/mL) with increasing photopolymerization time 

(0 – 90 minutes). 
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DLS, ζ  potential. 

 
Figure S9. Size distribution of M4NP at 1 mg/mL in 0.1 M phosphate buffer. 

 
Figure S10. Size distribution of M4NP at 0.25mg/mL in 0.1 M acetate buffer 

 
Figure S11. Size distribution of M4P1h at 0.25mg/mL in 0.1 M acetate buffer 
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Figure S12. Size distribution of M4P5h at 0.25mg/mL in 0.1 M acetate buffer 

 
Figure S13. Size distribution of M4P7h at 0.25mg/mL in 0.1 M acetate buffer 
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Figure S14. Size distribution of M8NP at 0.25mg/mL in 0.1 M acetate buffer 

 
Figure S15. Size distribution of M8P1h at 0.25mg/mL in 0.1 M acetate buffer 
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Electron microscopy analysis. 

 

 
Figure S16. TEM images of M4NP at 0.25 mg/mL in 0.1 M acetate buffer. 
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Figure S17. TEM images of M4P1h at 0.25 mg/mL in 0.1 M acetate buffer. 



 S21 

 

 
Figure S18. TEM images of M4P1h diluted to 0.025 mg/mL in 0.1 M PBS buffer. 
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Figure S19. TEM images of M8NP at 0.25 mg/mL in 0.1 M acetate buffer. 
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Figure S20. TEM images of M8P1h at 0.25 mg/mL in 0.1 M acetate buffer. 
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E. Micelle/pCMV-Luc lipoplexes 
DLS, ζ  potential. 

 

 
Figure S21. Size distribution of M4P1h/pCMV-Luc lipoplexes at N/P = 1 in water with 5% glucose. 

 

 
Figure S22. Size distribution of M4P1h/pCMV-Luc lipoplexes at N/P = 2 in water with 5% glucose. 
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Figure S24. Size distribution of M4P1h/pCMV-Luc lipoplexes at N/P = 5 in water with 5% glucose. 

 

 
Figure S24. Size distribution of M4P1h/pCMV-Luc lipoplexes at N/P = 20 in water with 5% glucose. 
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Figure S25. Size distribution of M4P1h/pCMV-Luc lipoplexes at N/P = 1 in water with 5% glucose. 

 
Figure S26. Size distribution of M4P1h/pCMV-Luc lipoplexes at N/P = 2 in water with 5% glucose. 

 
Figure S27. Size distribution of M4P1h/pCMV-Luc lipoplexes at N/P = 5 in water with 5% glucose. 
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Figure S28. Size distribution of M4P1h/pCMV-Luc lipoplexes at N/P = 20 in water with 5% glucose. 
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Figure S29. Size distribution of M8P1h/pCMV-Luc lipoplexes at N/P = 1 in water with 5% glucose. 

 
Figure S30. Size distribution of M8P1h/pCMV-Luc lipoplexes at N/P = 2 in water with 5% glucose. 

 
Figure S31. Size distribution of M8P1h/pCMV-Luc lipoplexes at N/P = 5 in water with 5% glucose. 



 S29 

 
Figure S32. Size distribution of M8P1h/pCMV-Luc lipoplexes at N/P = 20 in water with 5% glucose. 
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Figure S33. Zeta potential distribution of M8P1h/pCMV-Luc lipoplexes at N/P = 1 in water with 5% 

glucose. 

 
Figure S34. Zeta potential distribution of M8P1h/pCMV-Luc lipoplexes at N/P = 2 in water with 5% 

glucose. 

 
Figure S35. Zeta potential distribution of M8P1h/pCMV-Luc lipoplexes at N/P = 5 in water with 5% 

glucose. 
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Figure S36. Zeta potential distribution of M8P1h/pCMV-Luc lipoplexes at N/P = 20 in water with 5% 

glucose. 
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Electron microscopy analysis. 

 

 
Figure S37. TEM images of M4P1h/pCMV-Luc lipoplexes at N/P = 5 in water with 5% glucose. 
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Figure S38. TEM images of M4P1h/pCMV-Luc lipoplexes at N/P = 5 in water with 150 mM NaCl. 
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Figure S39. TEM images of M8P1h/pCMV-Luc lipoplexes at N/P = 5 in water with 5% glucose. 



 S35 

 

 
Figure S40. TEM images of M8P1h/pCMV-Luc lipoplexes at N/P = 5 in water with 150 mM NaCl. 
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F. Gene transfer experiments 
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 Figure S41. Luciferase expression and percentage of cell proteins after delivery experiments of pCMV-

Luc at various N/P without serum (M4 and M8 Lipoplexes prepared in 150 mM NaCl solution) 
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ABSTRACT:

Poly(ethylene glycol)-b-poly(γ-benzyl L-glutamate)s bearing the disulfide bond (PEG-SS-PBLGs), which is specifically cleavable in
intracellular compartments, were prepared via a facile synthetic route as a potential carrier of camptothecin (CPT). Diblock
copolymers with different lengths of PBLG were synthesized by ring-opening polymerization of benzyl glutamate N-carboxy
anhydride in the presence of a PEG macroinitiator (PEG-SS-NH2). Owing to their amphiphilic nature, the copolymers formed
spherical micelles in an aqueous condition, and their particle sizes (20�125 nm in diameter) were dependent on the block length of
PBLG. Critical micelle concentrations of the copolymers were in the range 0.005�0.065 mg/mL, which decreased as the block
length of PBLG increased. CPT, chosen as a model anticancer drug, was effectively encapsulated up to 12 wt % into the hydrophobic
core of the micelles by the solvent casting method. It was demonstrated by the in vitro optical imaging technique that the
fluorescence signal of doxorubicin, quenched in the PEG-SS-PBLG micelles, was highly recovered in the presence of glutathione
(GSH), a tripeptide reducing disulfide bonds in the cytoplasm. The micelles released CPT completely within 20 h under 10 mM
GSH, whereas only 40% of CPT was released from the micelles in the absence of GSH. From the in vitro cytotoxicity test, it was
found that CPT-loaded PEG-SS-PBLG micelles showed higher toxicity to SCC7 cancer cells than CPT-loaded PEG-b-PBLG
micelles without the disulfide bond. Microscopic observation demonstrated that the disulfide-containing micelle could effectively
deliver the drug into nuclei of SCC7 cells. These results suggest that PEG-SS-PBLG diblock copolymer is a promising carrier for
intracellular delivery of CPT.

’ INTRODUCTION

Self-assembled polymeric micelles, composed of amphiphilic
block copolymers, have received attention as anticancer drug
carriers because they can circulate in blood for long periods of
time, followed by selective accumulation into tumor tissue via the
enhanced permeation and retention (EPR) effect.1�5 However,
delivery of the drug into the intracellular compartments of the
cancer cell is often insufficient due to the slow release of the drug
from micelles.6,7 For example, aliphatic polyester-based micelles,
extensively studied as drug carriers, have shown sustained drug

release over a period of days to weeks,6�8 although dumping the
drug into the intracellular compartments of the cell in tumor tissue
can enhance therapeutic efficacy. In this regard, it is necessary to
develop polymeric micelles that exhibit the rapid release of the
drug, triggered by intracellular stimuli such as mildly acidic pH,9

reductive agents,10 and enzymes.11 After reaching the tumor sites
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via the EPR effect, such micelles can be internalized into tumor
cells by endocytosis, followed by exposure to intracellular stimuli
causing burst release of the drug.

Numerous polymers have been developed as biomaterials that
are sensitive to various stimuli such as ultraviolet,12 ultrasound,13

pH,14�16 and temperature.17,18 In recent years, reduction-sensi-
tive polymers have been extensively investigated for intracellular
drug delivery, since they can rapidly release payloads under reductive
environments that are similar to the intracellular compartments.
Glutathione (GSH), a thiol-containing tripeptide capable of reducing
disulfide bonds, is abundant in the cytoplasmof the cell (1�10mM),
whereas it is rarely present in blood plasma (∼2 μM).19,20 This
unique feature of GSH has encouraged development of disulfide-
bearing carriers for intracellular delivery of siRNA,21 DNA,22,23 and
lowmolecular weight drugs.10,24�29 However, syntheses of disulfide-
bearing polymers are often complex and, in most cases, require thiol-
exchange reactions to introduce disulfide bonds at the backbones or
the side groups of polymeric carriers. A principal disadvantage of this
method is the unstable nature of free thiols, which are readily oxidized
even under ambient conditions, thus forming dimers instead of the
desired product.23

In the present study, we developed reduction-sensitive and
biodegradable amphiphiles for the intracellular delivery of camp-
tothecin (CPT), an anticancer drug (Figure 1). Amphiphilic diblock
copolymers, composed of poly(ethylene glycol) (PEG) and poly(γ-
benzyl L-glutamate) (PBLG), were prepared with a facile synthetic
method, i.e., ring-opening polymerization of benzyl glutamate
N-carboxy anhydride (NCA) in the presence of a poly(ethylene
glycol) macroinitiator (PEG-SS-NH2). Three different diblock
copolymers (PEG-SS-PBLGs) were obtained by varying the feed
ratio of the macroinitiator to benzyl glutamate NCA. The
physicochemical characteristics of PEG-SS-PBLGs were deter-
mined using 1H NMR, dynamic light scattering (DLS), transmis-
sion electronmicroscopy (TEM), and fluorescence spectroscopy.
The reduction sensitivity of the micelle was evaluated using an

optical imaging technique in which the fluorescence signal of
doxorubicin, quenched in the micelle, was monitored in the
presence of different concentrations of GSH. In addition, the in
vitro release behavior of CPT from micelles was measured in the
presence and absence of GSH. The cytotoxicities of CPT-loaded
micelles were tested by exposing them to the SCC7 cancer cells.

’EXPERIMENTAL PROCEDURES

Materials. α-Methoxy-ω-amino PEG (mPEG-NH2, Mn =
2000 g/mol) andmPEG-nitrophenyl carbonate (Mn = 2000 g/mol)
were purchased from Laysan Bio Inc. (Arab, AL, USA).
Doxorubicin 3 hydrochloride (DOX 3HCl), CPT, benzyl gluta-
mate, and triphosgene were purchased from Sigma-Aldrich Co.
(St. Louis,MO,USA). Cystamine 3 dihydrochloride was obtained
fromTokyoChemical Industries (Tokyo, Japan). Thewater used in
the experiments was prepared by an AquaMax-Ultra water purifica-
tion system (Younglin Co., Anyang, Korea). All other chemicals
were of analytical grade and used without further purification.
Synthesis of Benzyl Glutamate NCA. Benzyl glutamate NCA

was synthesized by the Fuchs-Farthing method using triphosgene.30

In brief, benzyl glutamate (2 g, 8.4 mmol) was suspended at
50 �C in THF. After triphosgene (1 g, 2.95 mmol) was slowly
added to the solution, the reaction mixture was stirred for 3 h.
The clear solution obtained was poured into n-hexane, cooled
to�20 �C, and held overnight. After the precipitate was filtered,
it was washed with n-hexane and dried at room temperature
under vacuum.
Synthesis of PEG-SS-NH2. Triethylamine (2.8 mL, 20 mmol)

and cystamine 3 dihydrochloride (2.25 g, 10 mmol) were dis-
solved at 0 �C in DMSO. mPEG-nitrophenyl carbonate (4 g,
2 mmol) in DMSOwas slowly added over 15min under nitrogen
atmosphere. The reaction mixture was stirred at room tempera-
ture for 24 h. Thereafter, the solution was purified with a dialysis
membrane (MWCO = 1000 Da, Spectrum Laboratories, Inc., CA,
USA) against distilledwater for twodays, followedby lyophilization.
Synthesis of Disulfide-Bearing Diblock Copolymers. PEG-

SS-PBLG diblock copolymers were synthesized via ring-opening
polymerization of benzyl glutamate NCA in the presence of a
cleavable macroinitiator (PEG-SS-NH2). Benzyl glutamate NCA
(0.6 g, 2.3 mmol) was added to the PEG-SS-NH2 (0.5 g, 0.23
mmol) solution inDMF under a nitrogen atmosphere and stirred
for 24 h at 35 �C. The product was precipitated in diethyl ether,
filtered, and dried at room temperature under vacuum. The PEG-
b-PBLG diblock copolymer without the disulfide bond was prepared
via an identical method and used as a control. The diblock copoly-
mers, synthesized in this study,were codeddepending on the degree
of polymerization (DP) of the benzyl glutamate hydrophobic
block. For example, PEG-SS-PBLG4 indicates the diblock copo-
lymer in which the DP of the hydrophobic block was 4.
Characterization. The chemical structures of the polymers

were characterized using 1H NMR (JNM-AL300, JEOL, Tokyo,
Japan) operating at 300 MHz, for which the samples were
dissolved in CDCl3. The sizes of the micelles were determined
at 25 �C using a FPAR-1000 fiberoptics particle analyzer (Otsuka
Electronics, Osaka, Japan). The morphology of the particles was
observed using a TEM (JEM-2100F, JEOL, Tokyo, Japan),
operated at an accelerating voltage of 200 keV.
The critical micelle concentrations (CMCs) of the copolymers

were evaluated using fluorescence spectroscopy in the presence
of pyrene molecules.31 In brief, a pyrene solution (12� 10�7 M)
was prepared in distilled water, which was then mixed with the

Figure 1. Synthetic route for PEG-SS-PBLG block copolymers.
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block copolymer solution to obtain a polymer concentration
ranging from 1.0� 10�4 to 1 mg/mL. The final concentration of
pyrene in each sample was fixed at 6.0 � 10�7 M. The fluores-
cence spectra were recorded using an ISS K2 multifrequency
phase and modulation fluorometer (ISS, Champaign, IL, USA).
The excitation (λex) and emission (λem) wavelengths were 336
and 390 nm, respectively.
Reduction Sensitivity of Micelles. The sensitivity of micelles

to the reductive environment was estimated by exposing DOX-
loaded micelles to different concentrations of GSH. DOX, which
was chosen as a model fluorescence drug, was encapsulated into
micelles by the solvent casting method as previously described.32

The loading content of DOX was 6.7%, which was determined
using a UV�vis spectrophotometer at 485 nm. After the DOX-
loaded micelles were dispersed at various glutathione concentra-
tions (0, 0.5, 1, 5, 10, and 20 mM), they were transferred into
96-well flat-bottomed plates and incubated for 1 h at 37 �C.
The fluorescence image of DOX was obtained using a Kodak
Image Station 4000MM equipped with a 12 bit CCD camera
(New Haven, CT, USA).
Preparation of CPT-Loaded Polymeric Micelles. CPT-

loaded micelles were prepared by the solvent casting method.32

In brief, the PEG-SS-PBLG diblock copolymer was dissolved in a
chloroform/methanol (1v:1v) mixture. CPT in chloroform and
triethylamine (1v:1v) was added and stirred for 3 h. Then, the
solvent was completely removed using a rotary evaporator to
form a thin film. PBS (pH 7.4) was added and the solution was
stirred for an additional 1 h, followed by filtration through a
0.45 μm filter to remove unloaded CPT. The solution was dialyzed
against distilled water (MWCO = 1000 Da) for one day and
lyophilized to obtain the CPT-loaded polymeric micelles (CPT-
SS-PM). The same method was applied to the control sample to
prepare CPT-loaded micelles (CPT-PM). The loading efficiency
and content of CPT in polymeric micelles were determined using
a UV�vis spectrophotometer (Optizen 3220UV, Mecasys Co.,
Ltd., Daejeon, Korea) at 370 nm.
In Vitro Release Behavior of CPT from Micelles. CPT-

loaded micelles (1 mg/mL) were dispersed in a PBS (pH 7.4),
and the solutions were transferred to cellulose membrane tubes
(MWCO = 1000 Da). The dialysis tubes were then immersed in
PBS (pH 7.4) with or without GSH (10 mM). Each sample was
gently shaken in a 37 �Cwater bath at 100 rpm. The medium was
refreshed at predetermined time intervals, and the CPT concen-
tration was determined using UV�vis spectroscopy at 370 nm.
Cytotoxicity and Intracellular Drug Release Tests. SCC7

(squamous carcinoma) cell lines, obtained from the American
Type Culture Collection (Rockville, MD, USA), were cultured in
RPMI 1640medium (Gibco, Grand Island, NY, USA) containing

10% (v/v) fetal bovine serum and 1% (w/v) penicillin�strepto-
mycin at 37 �C in a humidified 5% CO2/95% air atmosphere.
The cells were seeded at a density of 1� 104 cells/well in 96-well
flat-bottomed plates. After one day of growth, the cells were
washed twice with a PBS (pH 7.4) and incubated for 12 h with
various concentrations of samples. The cells were then washed
twice with PBS to remove any remaining drug, and fresh culture
medium was added. Twenty microliter aliquots of 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solution
(5 mg/mL in PBS) were added to each well, and the cells were
incubated for an additional 4 h at 37 �C. Subsequently, the
mediumwas removed and the cells were dissolved in DMSO. The
absorbance at 570 nm was measured using a microplate reader
(VERSAmax, Molecular Devices Corp., Sunnyvale, CA, USA).
To observe the intracellular drug release from the micelle, the

cells were incubated with DOX-loaded micelles (DOX-SS-PM
and DOX-PM) for 12 h. The cells were then washed twice with
PBS (pH 7.4) and fixed with 4% formaldehyde solution. For
nuclear staining, the cells were incubated with 4,6-diamino-2-
phenylinodole (DAPI) for 10min at room temperature, followed
by washing with PBS (pH 7.4). The intracellular localization of
DOX-SS-PM and DOX-PM was observed using IX81-ZDC
focus drift compensating microscope (Olympus, Tokyo, Japan).

’RESULTS AND DISCUSSION

In an attempt to develop reduction-sensitive micelles, the
disulfide bond was introduced between hydrophilic PEG and
hydrophobic PBLG, as shown in Figure 1. Since the disulfide
bond is specifically cleavable by GSH, which is abundant in the cell
cytoplasm, the resulting micelles may have potential as carriers for
selective delivery of the drug into the intracellular level (Figure 2).
In particular, such micelles would be useful for the delivery of
anticancer drugs because the intracellular concentrations of GSH
in cancer cells are much greater than in normal cells .19,20

Synthesis and Characterization of PEG-SS-PBLG Diblock
Copolymers. For facile synthesis of the disulfide-bearing diblock
copolymer, PEG-SS-NH2was first prepared as the macroinitiator
by reacting mPEG-nitrophenyl carbonate with cystamine. The
1H NMR spectrum for PEG-SS-NH2 indicated that the char-
acteristic peaks of cystamine appeared at 1.8 ppm and 2.80�2.97
ppm (Figure 3). Alternatively, no peaks for the phenyl group
were observed, suggesting complete removal of the nitrophenyl
group at the chain end of mPEG. In the next step, PEG-SS-PBLG
diblock copolymers were readily synthesized by ring-opening
polymerization of benzyl glutamate NCA in the presence of
PEG-SS-NH2. Figure 3 shows the 1H NMR spectrum of PEG-
SS-PBLG9 as the representative diblock copolymer, exhibiting

Figure 2. Schematic illustration of GSH-sensitive release of the drug from PEG-SS-PBLG micelles.
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the characteristic peaks of PEG and PBLG. The degree of poly-
merization of the PBLG block could be calculated based on the
integration ratio of the proton peak appearing from the benzylic
methylene of PBLG at 5.02 ppm and that from PEG at 3.60 ppm.
As shown in Table 1, the molecular weights of the diblock
copolymers were precisely controlled by varying the feed ratio of
benzyl glutamate NCA to PEG-SS-NH2. In general, the block
length of PBLG in the copolymer increased as the feed ratio of
benzyl glutamate NCA increased. It should be noted that, when
the feed ratio was greater than 15, the resulting copolymer was
barely soluble in water due to high hydrophobicity.
Owing to their amphiphilicity, PEG-SS-PBLG copolymers can

form nanosized particles in aqueous environments. The size
distribution and morphologies of PEG-SS-PBLG nanoparticles
are shown in Figure 4. As expected, all the copolymers formed
nanoparticles with unimodal size distributions. TEM images
indicated that the nanoparticles were spherical in shape. The
mean diameters of nanoparticles were in the range 20�127 nm,
depending on the PBLG block length of the copolymer. The
copolymer with the longer PBLG block formed larger nanopar-
ticles, indicating that the size of the hydrophobic inner core is
proportional to the PBLG length of the copolymer. The mean
diameter of the nanoparticles did not significantly changed over
the course of a week, implying high stability of the nanoparticles
in an aqueous environment (data not shown).
CMCs of the copolymers were determined using pyrene as a

fluorescent probe.31 For all copolymers, the intensity ratios

(I338/I334) of the pyrene excitation spectra increased as the
copolymer concentrations increased (see Supporting Informa-
tion Figure S1). Since the increase in the intensity ratio indicates
the aggregation of pyrene into the hydrophobic reservoirs of
the copolymers, CMCs can be determined from the crossover
point at low concentration ranges.33 As summarized in Table 1,
the CMCs of the PEG-SS-PBLG copolymers were in the range
0.005�0.065 mg/mL, which was less than those of some poly-
meric amphiphiles34,35 and low molecular weight surfactants
(e.g., 1.0 mg/mL for deoxycholic acid). Of the copolymers
tested, PEG-SS-PBLG13 demonstrated the lowest CMC values,
indicating that the self-assembly of copolymers could be readily
facilitated by longer PBLG.
For further experiments including the drug release and

cytotoxicity tests, PEG-SS-PBLG9 was chosen as the representa-
tive bioreducible block copolymer and PEG-b-PBLG9 without
the disulfide bond was used as the control to observe the effect of
the disulfide bond as the linkage of the block copolymer. In fact,
the micellar structure of PEG-SS-PBLG9 was significantly af-
fected by GSH inducing cleavage of the disulfide bond (see
Supporting Information Figure S2). The PEG-SS-PBLG9 in the
buffer solution was readily precipitated in the presence of 10 mM
GSH, implying formation of large aggregates. The precipitation
might occur due to the cleavage of disulfide linkages, leading to
disintegration of the micellar structure and formation of large
aggregates by hydrophobic interaction between PBLG blocks
detached from the micelles. On the other hand, no precipitates
were observed in the control solution containing PEG-b-PBLG9

and 10mMGSH, suggesting high stability of the control polymer
in the reductive environment.
Drug Release Pattern. In this study, CPT was chosen as a

model anticancer drug because its applications have been limited
by poor solubility in water, structural instability, and high toxicity
to normal cells. In order to surmount these drawbacks of CPT,
it is needed to develop a carrier that can increase the water
solubility of CPT, preserve its chemical structure, and deliver it to
the intracellular level of the cancer cell. Obviously, PEG-SS-
PBLG diblock copolymers may have potential as the carrier of
CPT, owing to their ability to form bioreducible nanoparticles
that can imbibe hydrophobic drugs.
Table 2 shows the characteristics of CPT-loaded nanoparti-

cles, prepared by the solvent casting method. In this experiment,
PEG-SS-PBLG9 copolymer was used to prepare bioreducible
micelles, whereas PEG-b-PBLG9 without disulfide bonds was
used as the control. Three CPT-loaded PEG-SS-PBLG micelles
(CPT-SS-PMs) were obtained by varying the feed amount of
CPT. An increase in the feed amount of CPT decreased its
loading efficiency. However, regardless of the feed amount of

Figure 3. 1H NMR spectra of PEG-SS-NH2 and PEG-SS-PBLG9.

Table 1. Physicochemical Characteristics of the Diblock
Copolymers

sample FRa DPb size (nm)c Mn
d

PEG45-SS-NH2 - - - 2180

PEG45-SS-PBLG4 5 4.0 19.6( 4.61 3065

PEG45-SS-PBLG9 10 8.5 51.3( 2.69 3761

PEG45-SS-PBLG13 15 13.2 126.9( 3.15 5101
aMolar feed ratio of [benzyl glutamate NCA] to [PEG-SS-NH2].
bDegree of polymerization calculated using 1H NMR. cMean diameter
measured using the particle analyzer. dNumber- average molecular
weight calculated using 1H NMR.
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CPT, its loading efficiencies were always greater than 60%,
implying that CPT was effectively encapsulated into the micelles
by the solvent castingmethod. The particle sizes of CPT-SS-PMs
(77�120 nm) were higher than that of the bare PEG-SS-PBLG9

micelle (51 nm), and the micellar size increased as the drug
loading content increased. The loading efficiency and loading
content of CPT for the PEG-b-PBLG9 copolymer were compar-
able to those for the PEG-SS-PBLG9 copolymer, suggesting that
the disulfide bond did not affect the loading pattern of CPT.
The release behavior of CPT from the micelles was evaluated

in the presence and absence of GSH (Figure 5). In this experi-
ment, CPT10-SS-PM and CPT10-PM were used for investiga-
tion because they possessed similar amounts of CPT, as
summarized in Table 2. In the absence of GSH, CPT10-SS-
PM released 26% of CPT in the initial 3 h, after which its release
rate decreased remarkably. In particular, after 10 h, no significant
release of CPT occurred for the remaining period of time tested.
On the other hand, in the presence of 10 mM GSH mimicking
the intracellular environment, CPT was rapidly released from
CPT10-SS-PM, resulting in complete release within 20 h. This
might be due to the cleavage of the disulfide bond in the PEG-SS-
PBLG copolymer, causing the disintegration of the micellar
structure. It is of interest to note that the release behavior of
CPT from CPT10-PMwas not affected by GSH. Specifically, the
release pattern of CPT from CPT10-PM was identical to that
from CPT10-SS-PM in the absence of GSH. These results
suggest that the disulfide bond in the copolymer was responsible
for the rapid release of CPT, triggered by GSH.
The reduction sensitivity of micelles was investigated using DOX-

loaded PEG-SS-PBLG9 (DOX-SS-PM) and PEG-b-PBLG9 (DOX-
PM) in the presence of GSH as the reducing agent. Since DOX,

an anticancer drug, is a hydrophobic fluorescent substance, it can be
readily encapsulated into micelles in the quenched state.9,36 There-
fore, the release of DOX frommicelles generates a fluorescent signal,
and its intensity can be measured to estimate the concentration of
DOX released. In this study, we aimed to evaluate the reduction
sensitivity of micelles by observing the fluorescence images of DOX
in micelles using the optical imaging technique. Figure 6 shows the
fluorescence image of DOX as a function of the GSH concentration
after a 1 h incubation of the DOX-loadedmicelles in a PBS (pH 7.4)
solution. In the absence of GSH, no significant fluorescence signals
were observed for both DOX-PM andDOX-SS-PM, suggesting that
most of the DOX existed in quenched states at the hydrophobic
cores of the micelles. The fluorescent intensity of DOX-PM slightly
increased as the GSH concentration increased, which might be due
to the amphiphilic character of GSH that can weaken micellar
integrity. Interestingly, DOX-SS-PM showed strong fluorescent
signals at concentrations greater than 1 mM GSH, suggesting the
rapid release of DOX from the micelles. These results imply that
PEG-SS-PBLGmicelles were highly susceptible to GSH, which is in
good agreement with the release pattern of CPT in Figure 5.

Figure 4. Size distribution of PEG-SS-PBLG nanoparticles: (a) PEG-SS-PBLG4; (b) PEG-SS-PBLG9; (c) PEG-SS-PBLG13. The insets are for TEM
images of each nanoparticle.

Table 2. Physicochemical Characteristics of CPT-Loaded
Block Copolymers

sample name

CPT feed

amount (%)

loading

efficiency (%)a
loading

content (%)a
mean

diameter (nm)b

CPT5-SS-PM 5 83( 2.14 4.3% 76( 9.86

CPT10-SS-PM 10 79( 0.58 7.9% 94( 11.26

CPT20-SS-PM 20 60( 0.53 12.1% 120( 14.86

CPT10-PM 10 74( 2.30 7.4% 90( 6.60
aDetermined using UV�visible spectrophotometer. bDetermined
using the particle analyzer.

Figure 5. In vitro release behavior of CPT from PEG-SS-PBLG9 in the
absence and presence of GSH. The CPT-loaded PEG-b-PBLG9 micelle
(CPT-PM) was used as the control. The error bars in the graph
represent standard deviations (n = 3).
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In Vitro Cell Cytotoxicity and Cellular Uptake. Figure 7
shows the cytotoxic effects of micelles with and without CPT on
SCC7 cells, as evaluated using the MTT assay. Owing to their
biocompatibilities, PEG-SS-PBLG9 and PEG-b-PBLG9 did not
exhibit cytotoxicity to SCC7 cells. In particular, most cells were
viable up to 100 μg/mL of PEG-SS-PBLG9, indicating that the
disulfide bond in the micelle was not harmful to the cells.
Alternatively, due to the presence of the anticancer drug, both
CPT10-SS-PM and CPT10-PM showed dose-dependent cyto-
toxicity to SCC7 cancer cells. It is important to note that the
cytotoxicity of CPT-SS-PM to SCC7 cells was significantly
greater than that of CPT-PM, which may be due to the rapid
release of CPT from bioreducible micelles by cleavage of the
disulfide bond in an intracellular environment (Figure 2).
To verify intracellular drug release, the DOX-loaded samples

were monitored using the fluorescence microscope after they
were treated with the SCC7 cancer cells. Since DOX interacts
with DNA by specific intercalation, the fluorescence signal can
be detected at the nucleus when the micelles release DOX.
The results showed that, after a 12 h incubation of DOX-SS-PMs,
strong fluorescence was observed at the nucleus of the cell, resulting
from the rapid release of DOX from themicelles (Figure 8). On the
contrary, for the reduction-insensitive control (DOX-PM), fluor-
escent signal was partially observed at the cytoplasm of the cell.

Therefore, it could be concluded that the DOX-SS-PMs, sensi-
tive to GSH at the intracellular level, could effectively deliver the
drug for enhanced therapeutic effect.

’CONCLUSION

A series of PEG-SS-PBLG diblock copolymers, cleavable in
intracellular environments, were synthesized as potential carriers
of CPT for cancer therapy. The copolymers formed stablemicelles
in an aqueous solution and encapsulated CPT in hydrophobic

Figure 6. Fluorescent images of DOX-PM and DOX-SS-PM under different concentrations of GSH.

Figure 7. In vitro cytotoxicity of (a) bare micelles and (b) CPT-loaded micelles. The error bars in the graph represent standard deviations (n = 3).

Figure 8. Fluorescent microscopic image of SCC7 cells incubated with
(a) DOX-PM and (b) DOX-SS-PM. Each sample (50 μg/mL in PBS)
was incubated with SCC7 tumor cells in a serum free medium for 12 h.
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inner cores with the high loading efficiency. The resulting bioredu-
ciblemicelles could releaseCPT in the presence ofGSH tomimic the
reductive environment. As a consequence, CPT-loaded micelles
exhibited high toxicity to SCC7 cancer cells. These results indicate
that PEG-SS-PBLG block copolymers have promising potential as
carriers of CPT for its selective delivery to the intracellular level of the
cancer cells.

’ASSOCIATED CONTENT

bS Supporting Information. Pyrene intensity as a function of
the polymer concentration and photographical images of polymer
solutions at 0mMand 10mMGSH.Thismaterial is available free of
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Figure S1. Plot of pyrene intensity versus polymer concentration: (a) PEG-SS-PBLG4; (b) PEG-

SS-PBLG9; and (c) PEG-SS-PBLG13. 
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Figure S2. Photographical images of (a) PEG-SS-PBLG and (b) PEG-b-PBLG block copolymers 

at 0 mM and 10 mM GSH. The photographs were taken after 24 h. 
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’ INTRODUCTION

Proteases and peptidases (EC 3.4) are enzymes that catalyze
the hydrolysis of peptide bonds. They constitute approximately
2% of the human genome and are involved in many physiological
processes such as cell-cycle progression, tissue remodeling,
coagulation, wound healing, cell proliferation, and cell death, as
well as the immune response.1 Their involvement in these
biological processes makes proteases very important drug targets.
Furthermore, proteases are important biocatalysts for a wide
range of industrial applications. Understanding the enzymatic
mechanism and the factors determining their substrate specificity
is therefore of crucial importance for the characterization of their
medical relevance as well as for obtaining optimized biocatalysts.

To assay enzyme activity and substrate specificity, fluorogenic
probes are commonly used.2�4 The chemical modification of a
fluorophore with one or two enzyme-cleavable bonds alters its
photophysical properties and results in a nonfluorescent deriva-
tive. The fluorescence is recovered upon enzymatic cleavage.
Peptide-based substrate analogues can further be designed based
on photoinduced electron transfer5 or fluorescence resonance
energy transfer.6,7 Fluorescence is often chosen as a detectable
signal as it provides high sensitivity in vitro. Moreover, fluores-
cent probes also find widespread application in living cells and
tissues where they provide high spatial and temporal resolution.

The choice of fluorophore is critical for the design of a good
enzyme substrate analogue, and favorable fluorescent molecules
have to meet several requirements: (i) high brightness to obtain
high sensitivity, (ii) fluorescence excitation above 450 nm to
reduce photodamage in biological molecules and to avoid
interference with autofluorescence of biological samples, and
(iii) no interference with the enzymatic reaction so that the
kinetic parameters remain unaltered.8 Although frequently used,
Coumarin-based substrate analogues have a low brightness and are
excited below 450 nm. Common fluorophores which possess the
aforementioned properties and are often used for introducing an
enzyme-cleavable bond are fluorescein, resorufin, and 7-hydroxy-
9H-(1,3-dichloro-9,9-dimethylacridin-2-one) (DDAO) for esterases,
phosphoesterases, and glycosidases. Fluorophores used for
proteases are Rhodamine 110 and cresyl violet. The latter,
however, yields only substrate analogues with insufficient stability
to autohydrolysis in aqueous solutions.9 Except for resorufin and
DDAO, these substrate analogues contain two sites for conjugating
the enzyme-cleavable group.10�12 Using the double-substituted
pro-fluorescent derivatives for kinetic measurements complicates a
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ABSTRACT: Commonly used fluorogenic substrate analogues
for the detection of protease activity contain two enzyme-
cleavable bonds conjugated to the fluorophore. Enzymatic
cleavage follows a two-step reaction with a monoamide inter-
mediate. This intermediate shows fluorescence at the same
wavelength as the final product complicating the kinetic analysis
of fluorescence-based assays. Fluorogenic substrate analogues
for α-chymotrypsin with one cleavable peptide bond have been prepared frommorpholinecarbonyl-Rhodamine 110 (MC-Rh110).
A comparison of their kinetic properties with the corresponding (peptide)2-Rh110 derivatives revealed that these frequently used
double-substituted substrate analogues yield only apparent Km and kcat values that are quite different from the kinetic parameters
obtained from the monosubstituted MC-Rh110 based substrate analogues. Although both the monoamide intermediate and MC-
Rh110 are monosubstituted Rhodamine 110 derivatives, they show different spectroscopic properties. The data from the
spectroscopic analysis clearly show that these properties are directly related to the electron structure of the fluorophore and not
to the previously proposed equilibrium between the lactone form and the open ionic form of the fluorophore. This knowledge about
the determinants of the spectroscopic properties of monosubstituted Rhodamine 110 introduces a way for a more systematic
development of new fluorogenic protease substrate analogues.
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quantitative analysis, since full fluorescence manifestation re-
quires the cleavage of two bonds involving an intermediate with a
different fluorescence intensity.

The difficulty of quantifying the kinetic constants of such a two-
step reaction has been addressed in several studies, and solutions
have been proposed to obtain the kinetic constants.13,14 These
approaches, however, always require the detection of the inter-
mediate concentration, which is often not possible in a fluores-
cence measurement due to the overlap of the excitation and
emission spectra of the intermediate and the final product. Other
assays to determine the intermediate concentration such as
HPLC might not be considered feasible especially in high-
throughput assays or measurements in cellular systems. As a
consequence, efforts are being made to synthesize monosubsti-
tuted substrate analogues, and a number of examples exist
utilizing Rhodamine 110 (Rh110).

The most obvious solution might be to attach only one
peptide to the Rh110 core. Although this yields a stable molecule,
the applicability of such amonoamide Rh110 derivative is limited
by its fluorescence, which is approximately still 10% relative to
Rh110.15 Hence, it is desirable to develop Rh110-based substrate
analogues that have no intrinsic fluorescence while possessing
only one enzyme cleavable bond. This has been achieved by
modifying one of the amino groups with a nonhydrolyzable
blocking group while attaching a peptide to the second amino
group. Initially designed to increase cell permeability, a range of
different blocking groups have been investigated, but they mostly
yield dye molecules with a relative fluorescence intensity of only
5�15% compared to Rh110.16�18 The best blocking group
known to date, which preserves much of the high fluorescence
of Rh110, introduces a urea functionality into Rh110.19 Origin-
ally designed byWang et al.,20 morpholinecarbonyl-Rh110 (MC-
Rh110) is a promising candidate for developing sensitive mono-
amide substrate analogues.

Although Rh110 has been used for many years to synthesize
substrate analogues for proteases, the properties of the mono-
substituted derivatives have never been investigated system-
atically. Double-substitution of Rh110 yields a nonfluorescent
lactone. Consequently, it has been proposed in several reports
that the fluorescence of monosubstituted Rh110 is determined
by an equilibrium between a nonfluorescent monosubstituted
lactone form and an open zwitterionic fluorescent form of
the molecule. It was further suggested that the electron with-
drawing character of the substituent influences this equilibrium
and therefore the fluorescence intensity of the respective
derivative.18,20

Using α-chymotrypsin as the model system, we determined
the enzyme kinetic parameters for different MC-Rh110 based
substrate analogues and compared them with conventional bis-
amide Rh110 substrate analogues. Furthermore, we performed a
systematic analysis of the photophysical properties ofMC-Rh110
and monoamide Rh110 in order to understand why different
substituents on one of the amino-groups of Rh110 yield deriva-
tives with different fluorescence intensity.

’EXPERIMENTAL PROCEDURES

Synthetic Approaches. Unless stated otherwise, reagents
were obtained from Sigma-Aldrich or Acros. The substrate
analogues were purified on a Waters 996 HPLC with a Waters
600 controller. Reversed-phase C18 columns (Alltech Previal
or Phenomenex Luna, both 15 cm long with 2.1 mm diameter

and 5 μm particle size) were used. MPLC chromatography was
performed using a B€uchi Sepacore Flash apparatus. Mass
spectra were run using Thermo Finnigan LCQ Advantage
apparatus (ESI). NMR spectra were acquired on commercial
instruments (Bruker Avance 300 MHz, Bruker AMX 400 MHz
or Bruker Avance II+ 600 MHz with TXI probe or TCI
CryoProbe) and chemical shifts (δ) are reported in parts per
million (ppm) referenced to tetramethylsilane (1H) or the
internal (NMR) solvent signals (13C). Rhodamine 110 (99%
pure, laser grade, Acros) was used for the synthesis of the
substrate analogues.
(suc-AlaAlaProPhe)2-Rh110; (sucAAFP)2-Rh110.The synthesis

of (sucAAPF)2-Rh110was performed as described in the Supporting
Information of De Cremer et al.21 and verified by ESI and NMR
spectrometry.
MC-Rh110. The synthesis of MC-Rh110 was based on the

method described in the patent application by Diwu et al.22 Since
the described purification procedure using a silica gel column did
not yield pure product, the dye was purified with MPLC using a
mixture of EtOAc/CHCl3/MeOH (50:47.5:2.5). Yield: 25%.
MS (ESI+): 444 (MH+). 1HNMR (600MHz, CDCl3): δ (ppm)
7.99 (d, J = 7.9 Hz, 1H; H-60), 7.65 (t, J = 7.5 Hz, 1H; H-50), 7.59
(t, J = 7.5 Hz, 1H; H-40), 7.50 (s, 1H; H-5), 7.15 (d, J = 7.6 Hz,
1H; H-30), 6.83 (d, J = 6.8 Hz, 1H; H-7), 6.63 (d, J = 8.6 Hz, 1H;
H-8), 6.53 (d, J = 8.3Hz, 1H; H-1), 6.51 (s, 2H;H-4), 6.34 (d, J =
6.8 Hz, 1H; H-2), 3.90 (sb, 2H; NH2), 3.74 (t, J = 4.7 Hz, 4H;
H-2a, 6a), 3.49 (t, J = 4.7 Hz, 4H; H-3a, 5a). 13C NMR (125
MHz, CDCl3): δ (ppm) 169.8 (C; COO), 154.7 (C; CO), 153.4
(C; C-6), 152.8 (C; C-11), 152.1 (C; C-14), 149.0 (C; C-3),
141.0 (C; C-20), 135.1 (CH; C-40), 129.7 (CH; C-1), 129.2 (CH;
C-8), 128.5 (CH; C-50), 126.9 (C; C-10), 125.0 (CH; C-60),
124.2 (CH; C-30), 115.2 (CH; C-7), 113.6 (C; C-13), 111.7
(CH; C-2), 108.6 (C; C-12), 107.6 (CH; C-5), 101.6 (CH; C-4),
84.1 (C; C-9), 66.6 (CH2; C-2a, 6a), 44.4 (CH2; C-3a, 5a).

1H NMR (600 MHz, D2O + 5% DMSO-d6): δ (ppm) 8.02
(d, J = 7.3 Hz, 1H; H-60), 7.89 (s, 1H; H-5), 7.78 (t, J = 7.3 Hz,
1H; H-50), 7.75 (t, J = 7.3 Hz, 1H; H-40), 7.45 (d, J = 8.6 Hz, 1H;
H-8), 7.44 (d, J = 8.6 Hz, 1H; H-1), 7.40 (d, J = 7.3 Hz, 1H,
H-30), 7.36 (d, J = 8.6 Hz, 1H; H-7), 7.00 (d, J = 10.6 Hz, 1H;
H-2), 6.95 (s, 1H; H-4), 3.82 (t, J = 4.6 Hz, 4H; H-2a, 6a), 3.82
(t, J = 4.6 Hz, 4H; 3a, 5a). Carbon signals as derived from
HSQC and HMBC NMR measurements (D2O + 5% DMSO-
d6): δ (ppm) 164 (COO�), 160.8 (C-3), 160 (C-14), 159.8
(C-11), 156 (CO), 155.1 (C-6), 147.6 (C-9), 137.8 (C-10), 133
(C-1), 131.3 (C-20), 130.4 (C-8), 130.2 (C-40) 129.9 (C-50),
129.6 (C-30), 128.9 (C-60), 118.7 (C-2), 118.1 (C-7), 116(C-
13), 116.1 (C-12), 105.4 (C-5), 97.4 (C-4), 66.1 (C-2a, 6a),
44.3 (C-3a, 5a). (See Chart 1 for atom numbering and molecular
structure in different solutions.)

Chart 1
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suc-AlaAlaProPhe-Rh110-MC; sucAAPF-Rh110-MC. TBTU
(N,N,N0,N0-tetramthyl-o-(benzotriazol-1-yl)uranium tetrafluoro-
borate) was obtained from Novabiochem and Boc-(L)-AlaAla-
Pro-OH from Bachem. A mixture of TBTU (215 mg, 0.7 mmol)
and DIPEA (350 μL, 2 mmol) was dissolved in 1 mL of dry DMF
and added to Boc-L-Phe-OH (180 mg, 0.7 mmol) dissolved in
2mL of dry CH2Cl2 under Ar. MC-Rh110 (50mg, 0.1mmol) was
dissolved in 1 mL dry CH2Cl2 and slowly added to the reaction.
After 17 h of stirring, the solvents were evaporated and the crude
mixture was directly purified by HPLC using an acetonitrile/water
gradient (12�100% ACN). Yield: 40% (30 mg, 0.04 mmol) Boc-
Phe-Rh110-MC. MS (ESI+): 692 (MH+).
Deprotection of Phe was achieved by slow addition of 50/50

(v/v) TFA/CH2Cl2 (3 mL) to Boc-Phe-Rh110-MC (30 mg,
0.04 mmol) in CH2Cl2 (1.5 mL). After 3 h, the reaction was
stopped and concentrated under vacuum. MS (ESI+): 592
(MH+).
TBTU (32 mg, 0.1 mmol) and DIPEA (40 μL, 0.2 mmol)

were dissolved in 1 mL of dry DMF and added to a solution of
Boc-(L)-AlaAlaPro-OH (35 mg, 0.1 mmol in 3 mL dry THF),
kept at 0 �C under Ar. The reaction mixture was stirred for 10
min after which it was left to warm to room temperature. The
Phe-Rh110-MC was dissolved in 1 mL of dry THF and added
to the above mixture. After stirring the reaction mixture at
37 �C for 12 h, the solvents were evaporated and the mixture
was purified by HPLC (45% ACN in water; isocratic). Yield:
52% (21 mg, 0.02 mmol) Boc-AlaAlaProPhe-Rh110-MC. MS
(ESI+): 931 (MH+).
The Boc group was removed as described above and the

deprotected product was succinylated in 4 mL THF using
triethylamine (25 μL, 0.2 mmol) and succinic anhydride (10
mg, 0.1 mmol) at 37 �C for 10 h. The mixture was purified by
HPLC (35% ACN in water; isocratic). Yield: 67% (14 mg,
0.015 mmol). MS (ESI+): 931 (MH+), 953 (MNa+). 1H NMR
(300 MHz, DMSO): δ (ppm) 9.98 (d, J = 5.4 Hz, 2H), 8.86 (s,
2H), 8.09�8.00 (m, 8H), 7.86 (dd, J = 1.7 Hz, J = 4.9 Hz, 2H),
7.80 (t, J = 7.3 Hz, 2H), 7.73 (t, J = 7.3 Hz, 2H), 7.68 (d, J = 1.9
Hz, 2H), 7.30�7.14 (m, 20H), 6.74 (d, J = 8.7 Hz, 2H), 6.66
(d, J = 8.7 Hz, 2H), 4.58 (dd, J = 1.7 Hz, J = 4.9 Hz, 2H), 4.51
(t, J = 7.0 Hz, 2H), 4.28�4.21 (m, 4H), 3.62 (d, J = 1.9 Hz,
2H), 7.30�7.14 (m, 20H), 6.74 (d, J = 8.7 Hz, 2H), 3.15 (dd,
J = 4.7 Hz, J = 14.7 Hz, 2H), 2.93 (dd, J = 9.4 Hz, J = 13.7 Hz,
2H), 2.40�2.31 (m, 8H), 1.99�1.92 (m, 2H), 1.81�1.76 (m,
4H), 1.68�1.63 (m, 2H), 1.19�1.14 (m, 14H).
(suc-Phe)2-Rh110; (suc-F)2-Rh110. (Boc-Phe)2-Rh110 was

obtained as the product of the first step of the synthesis of (suc-
AAPF)2-Rh110. It was deprotected and succinylated as described
above. After purification by HPLC (37% ACN in water; iso-
cratic), the desired (suc-F)2-Rh110 was obtained. MS (ESI+):
826 (MH+). 1H NMR (600 MHz, DMSO): δ (ppm) 10.39 (s,
2H), 8.38 (d, J = 7.9 Hz, 2H), 8.02 (d, J = 7.5 Hz, 1H), 7.88 (2s,
2H), 7.79 (t, J = 7.5 Hz, 1H), 7.72 (t, J = 7.5 Hz, 1H), 7.28�7.21
(m, 10H), 7.20�7.18 (m, 2H), 6.73 (d, J = 8.7 Hz, 2H), 4.62 (s,
2H), 3.07 (d, J = 9.4 Hz, 2H), 2.87 (t, J = 9.7 Hz, 2H), 2.38�2.24
(m, 8H). 13C NMR (125 MHz, DMSO): δ (ppm) 173.8 (C),
171.3 (C), 170.8 (C), 168.5 (C), 150.6 (C), 140.8 (C), 137.4
(C), 135.4 (CH), 130.0 (CH), 128.9 (CH), 128.2 (CH), 127.9
(CH), 126.2 (CH), 125.6 (C), 124.7 (CH), 123.7 (CH), 115.5
(CH), 113.1 (C), 106.4 (CH), 81.6 (C), 54.8 (CH), 37.3 (CH2),
30.0 (CH2), 29.7 (CH2).
suc-Phe-Rh110-MC; suc-F-Rh110-MC. Boc-Phe-Rh110-MC

was obtained as the product of the first step of the synthesis of

suc-AAPF-Rh110-MC. Deprotection and succinylation was per-
formed as described above. The purified product was eluted from
HPLC using 35% ACN in water (isocratic). MS (ESI+): 692
(MH+). 1H NMR (400 MHz, DMSO): δ (ppm) 10.51 (s, 1H),
8.78 (s, 1H), 8.39 (d, J = 6.5 Hz, 2H), 7.94 (d, J = 7.8 Hz, 1H),
7.90 (s, 1H), 7.72 (t, J = 7.3Hz, 1H), 7.65 (t, J = 7.3Hz, 1H), 7.59
(S, 1H), 7.38�7.35 (m, 1H), 7.21�7.17 (m, 5H), 7.12�7.09 (m
2H), 6.64 (Sbr, 2H), 6.60 (t, J = 8.3 Hz, 4H), 4.50�4.48 (m, 1H),
3.54 (t, J = 4.3 Hz, 5H), 3.37 (t, J = 4.8 Hz, 5H), 3.07 (dd, J = 4.0
Hz, J = 13.7 Hz, 2H), 2.80 (dd, J = 9.8 Hz, J = 13.4 Hz, 2H), 2.6
(s, 1H), 2.26�2.01 (m, 5H).
Boc-Phe-Rh110; Boc-F-Rh110.During the synthesis of (Boc-

Phe)2-Rh110, monosubstituted Boc-F-Rh110 was obtained as a
side product after silica chromatography. It was further purified
by HPLC using an ACN/water gradient (10�100% ACN). MS
(ESI+): 579 (MH+). NMR: 1H NMR (600 MHz, CDCl3): δ
(ppm) 7.99 (d, J = 7.5 Hz, 1H), 7.68�7.56 (m, 3H), 7.30 (d, J =
6.8 Hz, 1H), 7.29�7.21 (m, 3H), 7,14 (d, J = 6.8 Hz, 1H), 6.79
(sb, 1H), 6.65 (d, J = 8.3Hz, 1H), 6.55�6.51 (m, 2H), 6.34 (d, J =
7.9 Hz, 1H), 5.10 (s, 1H), 4.44 (s, 1H), 3.90 (s, 2H), 3.15 (s, 2H),
1.42 (s, 9H). 13CNMR (125MHz, CDCl3): δ (ppm) 177.6 (C),
169.8 (C), 153.4 (C), 152.6 (C), 152.0 (C), 149.0 (C), 139.2
(C), 135.0 (CH), 129.7 (CH), 129.4 (CH), 129.3 (CH), 129.1
(CH), 128.7 (CH), 127.4 (CH), 127.0 (C), 125.1 (CH), 124.1
(CH), 115.2 (CH), 111.8 (CH), 108.6 (C), 108.0 (CH), 101.6
(CH), 100.1 (C), 83.5 (C), 56.8 (CH), 38.1 (CH2), 28.4 (CH3).
Boc-AlaAlaProPhe-Rh110; Boc-AAPF-Rh110.For the synth-

esis of this compound, the coupling of Boc-AlaAlaPro-OH to
Phe-Rh110 was not possible, as the peptide might also react with
the second amino group of Rh110. Instead, the 4 amino-acid-
long peptide Boc-AlaAlaProPhe-OH was coupled to Rh110
directly. In the first step, the peptide Boc-AlaAlaProPhe-OH
was synthesized. Boc-AlaAlaPro-OH (200 mg, 0.6 mmol) was
dissolved in 10 mL of anhydrous THF at 0 �C. To this solution, a
mixture of TBTU (180 mg, 0.6 mmol) and DIPEA (130 μL, 0.7
mmol), dissolved in 2 mL dry DMF, was added. After 10 min, the
cooling bath was removed and the reaction mixture was allowed
to warm to room temperature. Phe-OMe (160 mg, 0.7 mmol),
dissolved in 4 mL dry DMF, was added slowly to the above
mixture. After 20 h of stirring, the solvents were evaporated and
the crude mixture was purified on a silica gel column using
CH2Cl2/MeOH (9:1) as the eluent. Removal of the methyl
group was carried out in CH2Cl2 and 0.3 M NaOH. After that,
the reaction was neutralized by HCl and again purified on a silica
gel column using CH2Cl2/MeOH (9:1) as the eluent. Yield: 83%
(250 mg, 0.5 mmol). MS (ESI+): 527 (MNa+).
Boc-AlaAlaProPhe-OH (53 mg, 0.1 mmol), TBTU (41 mg,

0.1 mmol) andDIPEA (75 μL, 0.4mmol) were dissolved in 2mL
of dry DMF. To this mixture, Rhodamine 110 chloride (22 mg,
0.06 mmol in 1 mL dry DMF) was added and the solution was
stirred overnight at 37 �C. The resulting mixture was evaporated
and purified by HPLC (40% ACN in water; isocratic). The yield
was only 2% (1.2 mg). MS (ESI+): 818 (MH+). This low yield
was expected, as it has been shown before that the coupling of the
complete 4 amino-acid-long peptide is much less efficient than
the sequential coupling of amino acids in a multistep reaction.18

Kinetic Measurements. Chymotrypsin (α-Chymotrypsin
from bovine pancreas; Fluka) was dissolved in PBS (10 mM
phosphate pH 7.4, 138 mM NaCl, 2.7 mM KCl; Sigma).
Substrates were prepared as stock solutions in DMSO. Reactions
were started by adding 190 μL of chymotrypsin in PBS to
10 μL of a substrate solution in the cuvette. The final enzyme
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concentration was 3 nM for (suc-AAPF)2-Rh110 and suc-AAPF-
Rh110-MC or 900 nM for (suc-F)2-Rh110 and suc-F-Rh110-
MC. The substrate concentrations varied between 0.4 and 50
μM. Product formation was followed by recording fluorescence
(λex = 488 nm; λem = 520 nm) with a Photon Technology
International fluorescence spectrometer. The emission intensity
was converted into product concentrations using calibration
curves of Rh110 or MC-Rh110, respectively. Km, kcat, and
kcat/Km values were obtained by least-squares fitting of the data
to theMichaelis�Menten equation usingOrigin (see Supporting
Information).
Determination of the Absorption and Emission Spectra.

Rhodamine 110 chloride (Bioreagent, Sigma) was used to study
the photophysical properties. Absorption measurements were
performed with a Lambda 40 UV/vis spectrometer (Perkin-
Elmer). For the fluorescence measurements, a Photon Technol-
ogy International fluorescence spectrometer was used.
Fluorescence Lifetime Measurements. Excited-state life-

times were determined using time-correlated single photon count-
ing (TCSPC). The instrument response function (IRF) was
recorded using a LUDOX scattering solution and its fwhm
amounted to∼40 ps. The fluorescence decay curves were analyzed
by being fitted to a convolution of the IRFwith a decay function for
a δ-pulse using a TRFA Global Analysis Program based on a
Marquard-Levenberg least-squares fitting. The quality of the fit was
judged according the criteria published by Boens et al.23

Determination of the Quantum Yield. Quantum yield mea-
surements were performed with an integrating sphere using a
Fluorolog 3 fluorescence spectrometer (Horiba Jobin Yvon).
The procedure as well as the calculations are described in the work
of de Mello.24 The measurements of the fluorophore solutions
(absorption between 0.07 and 0.15) were performed in triplicate.

’RESULTS AND DISCUSSION

For the enzyme activity measurements, the following substrate
analogues were synthesized: (suc-AAPF)2-Rh110, suc-AAPF-

Rh110-MC, (suc-F)2-Rh110, and suc-F-Rh110-MC. These mol-
ecules were nonfluorescent and stable in aqueous solution. No
autohydrolysis could be detected. The bis-amide substrate
analogues (suc-AAPF)2-Rh110 and (suc-F)2-Rh110 are hydro-
lyzed by the enzyme following the two-step reaction shown in
Scheme 1. The hydrolysis of the monoamide substrate analogues
suc-AAPF-Rh110-MC and suc-F-Rh110-MC follows the reac-
tion of Scheme 2.

Enzymatic activity was measured over a range of substrate
concentrations (at least 12 data points) in order to determine
the kinetic constants. At least one reaction in each series was
followed to completion. In this way, the final product concen-
tration could be determined, which corresponds directly to the
initial substrate concentration. This approach yields an accurate
value of the substrate concentration even if the respective
compound contains noncleavable components such as mol-
ecules with D-amino acids that have not been completely
removed during purification.

The results (Table 1) clearly show that the activity of α-
chymotrypsin is higher for the substrate analogues containing
the AAPF sequence instead of phenylalanine only. It has been
observed before that the activity of α-chymotrypsin increases
with increasing length of the peptide.25 More interesting are,
however, the differences between the peptide-Rh110-MC and
the bis-amide Rh110 substrate analogues. For both the 4 amino-
acid-long and the 1 amino-acid-long peptides, the kcat values for
the peptide-Rh110-MC based substrate analogue are higher
than for the (peptide)2-Rh110 substrate analogue. This is
expected when considering that the cleavage of the bis-amide
substrate analogue (Scheme 1) involves the less fluorescent
intermediate. When using the fluorescence of the product as the
calibration, the actual number of cleaved bonds is underesti-
mated due to the presence of the intermediate leading to a lower
measured reaction velocity and kcat

app value. The lower Km
app

values for the (peptide)2-Rh110 substrate analogues can po-
tentially result from a higher effective molarity of the cleavable

Scheme 1. Two-Step Enzymatic Hydrolysis of the Fluorogenic Substrate Analogue (suc-AAPF)2-Rh110 into the Fluorescent
Product Rhodamine 110 Showing the Production of the Less Fluorescent Intermediate

Scheme 2. One-Step Enzymatic Hydrolysis of the Fluorogenic Substrate Analogue (suc-AAPF)-Rh110-MC into the Fluorescent
Product MC-Rh110
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bonds or rebinding of the intermediate after hydrolysis of the
first bond. Although we cannot exclude that the MC-moiety
influences the binding of the substrate analogues to the enzyme,
it appears likely that the kinetic parameters obtained from the
hydrolysis of the monoamide peptide-Rh110-MC substrate
analogue represent the true kinetic constants related to pep-
tide-bond cleavage. The result that the determined kcat

app and
Km

app values for the double-substituted substrate analogue do
not resemble the real kinetic constants is further supported by
the observation that the two cleavage steps are characterized by
different kinetic constants as has been shown for other fluoro-
genic substrate analogues before.13

Making several assumptions, we have also made an attempt to
calculate the individual kinetic constants of the two-step hydro-
lysis reaction (see Supporting Information). While the calculated
kcat/Km values for the individual reaction steps have a large error,
they are clearly different from each other and from the apparent
values. This further emphasizes the problem associated with
obtaining kinetic constants for double-substituted substrate
analogues. In summary, these results show that the apparent
Km

app and kcat
app values determined for the double-substituted

Rh110 substrate analogues are not the true rate constants
characterizing the enzymatic reaction. Clearly, there is no
accurate way to determine these from an assay purely based on
fluorescence. Monosubstituted substrate analogues such as pep-
tide-Rh110-MC are required for an accurate determination of
Km and kcat.

In order to obtain a more detailed picture of the molecular
mechanism determining the fluorescence of MC-Rh110, we also
synthesized the monosubstituted peptide-Rh110 derivatives. We
expected that a comparison of MC-Rh110 with Boc-F-Rh110
and Boc-AAPF-Rh110 as well as with Rh110 would give insight
into the properties determining the high fluorescence intensity of

MC-Rh110. The Boc-protected analogues were used instead of
the succinylated peptides, because they are easier to obtain in
high purity, which is essential for spectroscopic measurements.
The Boc-group is not expected to affect the structural and
photophysical properties as it has been shown before that only
the amino acid closest to the fluorophore determines its
properties.26 The latter is confirmed by our measurements that
show similar photophysical properties for Boc-F-Rh110 and Boc-
AAPF-Rh110 (see Supporting Information).

For bothMC-Rh110 and Boc-F-Rh110, we have observed that
their solutions in chloroform do not absorb visible light. This
suggests their presence in the nonfluorescent lactone form,
which is confirmed by NMR spectra. The 1H signals for protons
1, 2, 7, and 8 of the xanthene moiety are shielded, and the carbon
13C signal at 84 ppm corresponds to carbon 9 (see Supporting
Information). Combining the 13C and DEPT spectra indicates
that the number of carbons is compatible with the presence of a
single molecular species. When these molecules are dissolved in
water, however, they absorb in the blue region with a maximum
absorption coefficient of 24 600 and 52 000 M�1 cm�1 for Boc-
F-Rh110 and MC-Rh110, respectively. NMR measurements of
MC-Rh110 in D2O/DMSO (5%) confirm the formation of the
open zwitterionic form and do not indicate the presence of more
than one species. The carbon signals of the benzene ring and C-2,
3 of the xanthene moiety show very similar ppm values as for
unsubstituted Rh110 (see Supporting Information).27 X-ray
diffraction analysis of MC-Rh110 single-crystals, obtained from
the slow evaporation of a methanol solution, also revealed the
open ionic conformation. Methanol as a medium corresponds to
a polar environment just as in an aqueous solution. In conclusion,
we suggest that the previously proposed conformational equi-
librium of monosubstituted Rh110 molecules is completely
shifted to the lactone form in a nonpolar solution. In contrast,
all molecules adopt the open ionic form in a water solution. This
result is further supported by the photophysical properties of
Boc-F-Rh110 and MC-Rh110 that obviously suggest a different
reason for the decrease in fluorescence intensity from Rh110 to
MC-Rh110 and Boc-F-Rh110.

The data presented in Figure 1 and Table 2 show that the
attachment of a substituent to one of the amino groups of Rh110
leads to a blue shift of the absorption maximum, a red shift of the
emission maximum, an increased bandwidth, and vibrational
progression in the absorption and emission spectra. This is
accompanied by a decrease of the fluorescence quantum yield.
This effect is more pronounced for Boc-F-Rh110 than for MC-
Rh110. These results can be rationalized by considering the

Table 1. Kinetic Parameters for the α-Chymotrypsin Cata-
lyzed Hydrolysis of the Substrate Analogues with One and
Two Cleavable Peptide Bonds

substrate analogue kcat [s
�1] Km [μM]

kcat/Km

[M�1 s�1]

(suc-AAPF)2-Rh110

apparent

0.43( 0.03 8.7( 1.6 (5.0( 1)� 104

suc-AAPF-Rh110-MC 11( 1 68( 7 (16( 2)� 104

(suc-F)2-Rh110 apparent 0.0035( 0.0003 31( 4 (1.1( 0.2)� 102

suc-F-Rh110-MC 0.054( 0.006 182( 23 (3.0 ( 0.5)� 102

Figure 1. (A) Absorption and (B) emission spectra of Rhodamine 110, morpholinecarbonyl-Rh110, and BocF-Rh110; (C) normalized emission
spectra of Rhodamine 110 and its monosubstituted peptide derivative.
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resonance forms of the dyes. For Rh110, two equivalent and iso-
energetic resonance forms exist with the positive charge on the
left and right amino groups, respectively. For MC-Rh110, the
attachment of an electron withdrawing amide moiety to one of
the amino groups destabilizes the resonance form with the
positive charge on the corresponding amino group. For Boc-F-
Rh110, this resonance form is even more destabilized as the
electron withdrawing character of the carbonyl is no longer
attenuated by the electron donating morpholino moiety. As
both resonance forms are no longer iso-energetic, there is an
alternation of single and double bonds in the xanthenium cation
leading to a blue shift of the absorption. Furthermore, the
alternation of single and double bonds increases upon excita-
tion which leads to increased electron phonon coupling and
hence increased vibrational progression. The asymmetry
furthermore leads to a dipole moment along the long axis of
the molecule that is different in the excited state and the ground
state. This difference in dipole moment leads to an increased
Stokes shift and hence a red shift of the fluorescence. Further-
more, the increased asymmetry of the π-cloud results in a
reduced transition dipole moment between the S0 and S1 states
that is reflected in the fluorescent rate constant. The molar
extinction coefficient at the maximum shows an even stronger
decrease resulting from the combination of an increased
electron phonon coupling and a decreased transition dipole
moment. Finally, the increased electron phonon coupling also
leads to an increase of the nonradiative decay rate from 7.5 �
106 s�1 in Rh110 over 1.1 � 108 s�1 in MC-Rh110 and 2.5 �
108 s�1 in Boc-F-Rh110. Finally, it should be noted that the
fluorescence lifetimes measured at both maxima of Boc-F-
Rh110 are the same, indicating that they must be attributed
to the same emitting species. Overall, our results clearly suggest
that the differences in fluorescence intensity do not originate
from the proposed equilibrium between a lactone form and a
zwitterionic form but result from differences in the electron
structure of the monosubstituted Rh110 derivatives.

The absence of this equilibrium is important information
for single molecule experiments, where it is essential that the
fluorophore population studied is homogeneous. Thus, the
chemical properties of MC-Rh110 in principle make it an
ideal fluorophore for preparing substrate analogues with 1:1
stoichiometry for the analysis of enzyme kinetics at the single
molecule level. However, not only the chemical properties
ensure that each generated product molecule can be detected
individually as a fluorescent signal.21,28 MC-Rh110 further
shows sufficient brightness to be detected at the single
molecule level. It is therefore our next goal to investigate if

suc-AAPF-Rh110-MC and (suc-AAPF)2-Rh110 also yield
different kinetic parameters in single molecule experiments
where the intermediate is probably not detected due to its low
brightness.

In conclusion, we have synthesized a series of fluorogenic
substrate analogues for α-chymotrypsin. We have shown that
only substrate analogues with one cleavable bond give access
to the real kinetic constants of the enzymatic reaction. The
origin of the relatively high fluorescence of the morpholine-
carbonyl monosubstituted Rh110 was established. We antici-
pate that the fluorescence of monosubstituted fluorescein
derivatives is determined by the same mechanism and that
in aqueous solution xanthene dyes in general adopt an open
ionic form. This information is vital for the development of the
next generation of monosubstituted fluorogenic substrate
analogues, e.g., with improved solubility or cell permeability,
which might ultimately allow the study of single enzyme
molecules in living systems.

’ASSOCIATED CONTENT

bS Supporting Information. Calculation of the individual
kinetic constants of the two-step hydrolysis reaction, and com-
parison of the fluorescent properties of monoamide Rh110
derivatives and NMR data. This material is available free of
charge via the Internet at http://pubs.acs.org
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Table 2. Spectroscopic Properties of Rhodamine110 and Its Monoderivatives

molecule fluorescence lifetime [ns] Φ488 λmax abs [nm] λmax em [nm] ε488 [M
�1 cm�1] Fl. Int (rel)a

Rhodamine110 4.0 0.97 495 69 000 1

(2.4 � 108)b (0.05 523

(7.5 � 106)c

MC-Rh110 3.6 0.60 492 52 000 0.3

(1.7 � 108)b (0.03 525

(1.1 � 108)c

Boc-Phe-Rh110 2.8 0.31 489 24 600 0.1

(1.1 � 108)b (0.02 529

(2.5 � 108)c

a λex = 488 nm, λem = 520 nm. b kf [s
�1]. c knr [s

�1].
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Determination of the kinetic parameters of the different substrate analogues 

The enzymatic reaction of the “good” substrates (suc-AAPF)2-Rh110 and suc-AAPF-Rh110-MC has been 
measured at 12 different concentrations between 400 nM and 25 µM using 3 nM α-chymotrypsin. For the 
substrates containing only Phe ((suc-F)2-Rh110 and suc-F-Rh110-MC) a much higher enzyme 
concentration (900 nM) was required to obtain a measureable substrate conversion.  

Product emission was measured every second and converted into the product concentration using 
calibration curves of Rh110 or MC-Rh110, respectively. The reaction velocity corresponding to the initial 
slope was obtained from linear regression to the first 100 – 150 data points measured. Before fitting the 
data to the Michaelis-Menten equation, the reaction velocity was converted into “enzymatic activity” by 
dividing the reaction velocity by the enzyme concentration. In this way Km and kcat could be obtained 
directly from least squares fitting to the Michaelis-Menten equation (Figure S1). The fit performed with 
Origin directly provided the standard deviations of the fitted parameters. 

A) B) 

      
C) D)  

     
 
Figure S1. Michaelis-Menten plots of the 4 different substrate analogues (– fit to the Michaelis-Menten 
equation; P1 = kcat , P2 = Km). A) (suc-AAPF)2-Rh110, B) suc-AAPF-Rh110-MC, C) (suc-F)2-Rh110, D) 
suc-F-Rh110-MC. 
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Calculation of the individual kinetic constants of the two-step hydrolysis reaction 

The appearance of a shoulder in the emission spectrum during the catalytic reaction together with the 
hydrolytic stability of the intermediate analogues Boc-AlaAlaProPhe-Rh110 and Boc-Phe-Rh110 clearly 
suggests the accumulation of a stable mono-amide intermediate, which can only be hydrolysed to the final 
product by the enzyme. Assuming Michaelis-Menten kinetics for the individual steps, the two-step 
reaction needs to be described by the following scheme: 

 

 

where S signifies substrate, Ι intermediate, P final product, E enzyme and R liberated peptide. 

Assuming that no autohydrolysis of the substrate or intermediate takes place and that the reaction of the 
enzyme with either substrate or intermediate are independent, S and Ι can be seen as competitive 
inhibitors. For this case velocity equations for two-substrate kinetics are valid to describe the overall 
reaction:[1] 

 

 
 
 

This system of differential equations cannot be solved analytically so that only a numerical fit of the 
measured data is possible. When using these equations to fit the data obtained from the fluorescence 
measurements it needs to be considered that the fluorescence intensity of the intermediate is 10% of the 
Rh110 intensity. As a result, the fluorescent signal originates from two components: 

with cf(Rh110) being the experimentally determined 
calibration factor for Rh110. Therefore, when converting the measured fluorescence signal into “product 
concentration” using cf(Rh110) the following correction needs to be made before fitting is possible. The 
overall concentration c of molecules contributing to the fluorescence signal corresponds to 

. 

Using the above differential equations we have performed a numerical fit of several kinetic measurements 
using a 10 µM solution of (suc-AAPF)2-Rh110 (Figure S2). To do so, we first calculated concentration 
changes starting from a 10 µM solution in time intervals of 0.25 s. We then performed least squares 
fitting of the measured to the calculated data set allowing the four parameters KM, k2, KM

’ and k2
’ to vary.  
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Figure S2. Measured and calculated kinetic data of the enzymatic hydrolysis of 10µM (sucAAPF)2-
Rh110. The numerical fit is also shown in the diagram (red line). 

 
The fitting is not accurate due to the large number of variables and good fits can be obtained for a number 
of combinations of fit variables. Although variations in the individual parameters have been obtained (and 
kcat and KM can not be determined accurately) it was observed that the values obtained for k2/Km and 
k2

’/KM
’ (i.e. kcat/KM) are obtained reproducibly and yield approximately 50⋅104 M-1s-1 and 4⋅104 M-1s-1, 

respectively. We would like to note here that good fits can only be obtained if KM ≠ KM
’ and k2 ≠ k2

’ 
clearly indicating that the rate constants for the two reaction steps need to be different. 
Although the fits need to be seen critically due to their large error and the assumptions made initially, the 
result is still important information since it clearly shows that the two reaction steps are characterized by 
different kinetic constants and that the approximation of such a two step hydrolysis reaction with apparent 
kcat and KM values does not yield the true kinetic constants. It should further be noted that the first reaction 
step seems to proceed faster. The most likely explanation might be the higher effective molarity of 
cleavable bonds in the bis-amide substrate compared to the mono-amide intermediate. 
Overall, having performed this fitting procedure with our data, it needs to be concluded that accurate fits 
are only possible if the intermediate concentration is known as it has been the case in the initial study by 
Hofmann & Sernetz.1 This is an important result clearly showing that fluorescence experiments are not 
suited to obtain the rate constants for the individual steps and that the apparent rate constants obtained 
from fluorescence measurements do not represent the true values. 

Comparison of the fluorescence properties of Boc-AlaAlaProPhe-Rh110 and Boc-Phe-Rh110 

As described previously, the synthesis of Boc-AlaAlaProPhe-Rh110 is more difficult than the synthesis 
of Boc-Phe-Rh110. It was therefore preferable to perform the spectroscopic measurements with Boc-Phe-
Rh110. To verify that the longer peptide in Boc-AlaAlaProPhe-Rh110 does not influence the 
fluorescence properties we have compared the absorption and emission spectra (Figure S3) as well as the 
fluorescence lifetimes of these two molecules. Both the absorption and emission spectra are almost 
identical. Further, the fluorescence decay curves, measured at the wavelengths 520, 530 and 563 nm, all 
fitted a monoexponential decay with a time constant of 2.8 ns for both Boc-AlaAlaProPhe-Rh110 and 
Boc-Phe-Rh110. These data clearly show that the length of the peptide doesn’t influence the fluorescence 
properties and that only the first amino acid next to Rh110 defines these properties. 
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A) 

 

B) 

 
Figure S3. A) Absorption and B) emission spectra of a 2 µM solution of Boc-AlaAlaProPhe-Rh110 and 
Boc-Phe-Rh110 in PBS. 

Crystals of MC-Rh110 

Slow evaporation of methanol from a solution of MC-Rh110 resulted in small single-crystals. X-ray 
diffraction analysis did not yield enough resolution for publishing small molecule data but it clearly 
revealed the open ionic conformation presented in Figure S4. 

 
Figure S4. Crystal structure of MC-Rh110. 

 
NMR measurements 

Through NMR analysis a difference in molecular conformation of mono-substituted Rh110 was observed 
depending on the solvent used (apolar chloroform and polar water solution). Good spectra were obtained 
in CDCl3 solution. Due to the low solubility of these compounds in H2O, however, only a poor resolution 
13C NMR spectrum was achieved. The more sensitive two-dimensional HSQC and HMBC measurements 
performed for MC-Rh110 in D2O + 5% DMSO-d6 allowed the assignment of all carbon signals (Figure 
S8). The signals of the NMR spectra were assigned according to the generally accepted atom numbering 
of Rh110 as shown in Chart 1 of the article.  

Rhodamine 110 chloride is known to be present in the open ionic form only, showing a signal for C-9 of 
the xanthene moiety at 158 ppm in CDCl3. For both mono-substituted Rh110 derivatives BocF-Rh110 
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and MC-Rh110, however, a strong shielding of C-9 is observed placing the C-9 signal at 84 ppm, 
suggesting a lactone conformation, whereas no signal at 158 ppm is found of the open form. For Rh110 
C3/6 give a signal at 156 ppm while substitution of the amine next to C-6 leads to a shift of C-3 to 149 
ppm, which corresponds to the presence of an uncharged amine group (Figure S5, S6A). Combination of 
the 13C and DEPT spectra suggests that for both BocF-Rh110 and MC-Rh110 the number of quaternary, 
tertiary and secondary carbons is compatible with the presence of a single conformation. 

In a D2O + 5% DMSO-d6 solution of MC-Rh110, however, no carbon signal was observed at 84 ppm 
while a signal for C-9 is detected at 148 ppm and the signal for C-3 is deshielded to 161 ppm. This 
suggests the presence of the open ionic form in polar solutions (Figure S6). Also here the number of 
signals corresponds to the existence of only one conformation. In addition, 1H NMR spectra show a 
stronger shielding for the protons of the xanthene moiety in chloroform solution than in water solution 
(Figure S7), which is expected assuming the presence of an amine group in chloroform and an 
ammonium group in water. 

 (S1) Hofmann, J., and Sernetz, M. (1983) A kinetic study on the enzymatic hydrolysis of 
fluoresceindiacetate and fluorescein-di-[beta]-galactopyranoside. Anal. Biochem. 131, 180-186. 
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A) 

 
B) 

 
Figure S5. 13C NMR spectra of Rh110 in CDCl3 + drop of DMSO-d6 (A) and Boc-Phe-Rh110 in 
CDCl3 (B). 
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A) 
 

B) 

 
 
Figure S6. 13C NMR spectrum in CDCl3 (A) and simulated 13C spectrum from HSQC and HMBC 
NMR measurements in D2O + 5% DMSO-d6 (B) of MC-Rh110. 
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A) 
 

B) 

Figure S7. 1H NMR spectra of MC-Rh110 in CDCl3 (A) and D2O + 5% DMSO-d6 (B); X is an 
impurity since it does not couple to any other signals of the product .  
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A) 

B) 

C) 

Figure S8. COSY (A), HSQC (B), HMBC (C) NMR spectra (aromatic region) of MC-Rh110 in D2O + 5% 
DMSO-d6. 
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’ INTRODUCTION

Multidrug resistance (MDR) is a major impediment to the
success of cancer chemotherapy.1�3 Although cancer cells can
acquire MDR through several molecular mechanisms, P-glyco-
protein (P-gp) is the best known and is an important membrane
transporter involved in MDR, being overexpressed in the plasma
membrane of MDR tumor cells and capable of effluxing various
anticancer drugs (e.g., doxorubicin and paclitaxel) out of the
cells.4�6 Nanoscale vehicles as drug carriers have shown the
ability to target tumors and improve the anticancer efficacy of
drugs, owing to their unique physical and biological properties,7,8

and may provide opportunities for overcoming MDR.9�14 Many
nanobased drug delivery systems have been used for the inhibi-
tion of drug efflux mediated by P-gp.15�21 Recently, it has been
demonstrated that nanoparticles showing responsibility to intra-
cellular stimulus are capable of delivering chemotherapeutic
drugs to overcome MDR. Bae’s group has carried out intensive
studies on folic acid-conjugated polymer micelles, which are
sensitive to early endosomal pH.22�24 It has been suggested that
MDR cancer cells may have limited capacity to defend them-
selves against cytotoxic chemicals.23 In this sense, realizing a

sufficiently high intracellular level of cytotoxic chemicals using an
optimized delivery system might represent a novel tactic in
overcoming the MDR of cancer cells, while the intracellular
accumulation of drug and the intracellular release of drugmolecules
from the carrier could be the most important barriers for nanoscale
carriers in overcoming MDR.

Nanoparticles based on diblock copolymer with a single
disulfide bond in each polymer chain can be used as the
intelligent drug carriers for promoted intracellular drug
release.25,26 In this study, we report that redox-responsive
micellar nanoparticles based on disulfide-bridged PCL-SS-PEEP
block polymer as a drug carrier can significantly overcome the two
barriers in overcoming the MDR of cancer cells, thus reversing
the multidrug resistance of cancer cells. On one hand, nanopar-
ticles bearing a poly(ethyl ethylene phosphate) (PEEP) shell
exhibit a high affinity to cells and are more efficiently internalized
by cells, which help the drug escape from the pump-off by P-gp

Received: March 18, 2011
Revised: July 15, 2011

ABSTRACT:Multidrug resistance (MDR) is amajor impediment to
the success of cancer chemotherapy. The intracellular accumulation
of drug and the intracellular release of drug molecules from the
carrier could be the most important barriers for nanoscale carriers in
overcoming MDR. We demonstrated that the redox-responsive
micellar nanodrug carrier assembled from the single disulfide
bond-bridged block polymer of poly(ε-caprolactone) and poly(ethyl
ethylene phosphate) (PCL-SS-PEEP) achieved more drug accumu-
lation and retention in MDR cancer cells. Such drug carrier rapidly
released the incorporated doxorubicin (DOX) in response to the
intracellular reductive environment. It therefore significantly en-
hanced the cytotoxicity of DOX to MDR cancer cells. It was
demonstrated that nanoparticular drug carrier with either poly-
(ethylene glycol) or poly(ethyl ethylene phosphate) (PEEP) shell increased the influx but decreased the efflux of DOX by the
multidrug resistant MCF-7/ADR breast cancer cells, in comparison with the direct incubation of MCF-7/ADR cells with DOX,
which led to high cellular retention of DOX. Nevertheless, nanoparticles bearing PEEP shell exhibited higher affinity to the cancer
cells. The shell detachment of the PCL-SS-PEEP nanoparticles caused by the reduction of intracellular glutathione significantly
accelerated the drug release inMCF-7/ADR cells, demonstrated by the flow cytometric analyses, which was beneficial to the entry of
DOX into the nuclei of MCF-7/ADR cells. It therefore enhanced the efficiency in overcoming MDR of cancer cells, which renders
the redox-responsive nanoparticles promising in cancer therapy.
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and lead to high levels of cellular drug accumulation. On the
other hand, it is known that MDR in cancer cells is often
associated with an elevation in the concentration of reductive
glutathione (GSH).27 Such shell-detachable nanoparticles are
sensitive to the intracellular glutathione of MDR cancer cells,
resulting in significantly enhanced intracellular drug release and
rapid accumulation of free drug in MDR cancer cells (Figure 1).

’MATERIALS AND METHODS

Syntheses of Block Copolymers. The block copolymers
were synthesized as previously reported.26,28 Briefly, block
copolymer of poly(ε-caprolactone) and poly(ethylene glycol)
(PCL-b-PEG) was synthesized by ring-opening polymerization
of ε-caprolactone (Acros, USA) in bulk at 120 �C with poly-
ethylene glycol monomethyl ether (PEG, MW 5000, Sigma-
Aldrich, USA) as the initiator and stannous octoate as the
catalyst, which was purified by precipitating its solution into
ether.29 The average molecular weights were 4900 and 5000 for
PCL block and PEG block, respectively.
Block copolymer of poly(ε-caprolactone) and poly(ethyl

ethylene phosphate) (PCL-b-PEEP) was synthesized by ring-
opening polymerization of ethyl ethylene phosphate using poly-
(ε-caprolactone) as the initiator and stannous octoate as the
catalyst at 30 �C in tetrahydrofuran.28 The resultant polymer was
purified by precipitation into ethyl ether/methanol (9/1, v/v).
The average molecular weights of PCL and PEEP were 4650 and
4860, respectively.
Disulfide-bridged diblock copolymer of poly(ε-caprolactone)

and poly(ethyl ethylene phosphate) (PCL-SS-PEEP) was
synthesized through a coupling reaction between the thiol end
group functionalized poly(ε-caprolactone) (PCL-SH) with the
pyridyldisulfide groups at the end of poly(ethyl ethylene phos-
phate). The mixture was allowed to react for 24 h, concentrated,
and precipitated into diethyl ether/methanol (10:1 v/v) three
times. The precipitate was dried in vacuum, dialyzed against
water at 4 �C for 3 days, and freeze�dried to obtain the product.
The average molecular weights of PCL and PEEP were 3650 and
3480, respectively.26

The molecular weights of the polymers above were all
calculated based on 1H NMR analyses.
Preparation and Characterization of DOX-Loaded Nano-

particles. Doxorubicin hydrochloride (1 mg, DOX, Hisun
Pharmaceutical Co., China) and block copolymer (10 mg) were
dissolved in DMSO (1 mL), and then triethylamine (5 μL) was
added. The mixture was stirred for 2 h at room temperature.
Thereafter, the solution was added dropwise to ultrapurified
water (5 mL) with stirring and transferred into Spectrum/Por
dialysis membrane (Mw cutoff = 14 000 Da, Spectrum Labora-
tories Inc., CA, USA). It was dialyzed against water for 24 h at
4 �C. After ultrafiltration at 3000 g for 10 min using Amicon
Ultra-4 centrifugal filter (Mw cutoff = 10 000 Da, Millipore,
USA), the solution was resuspended to desired concentrations.
The DOX concentration and drug loading contents were deter-
mined by HPLC analyses as previously reported.26 Particle size
and zeta potential of nanoparticles were characterized on a
Malvern Zetasizer Nano ZS90 with a He�Ne laser (633 nm)
and 90� collecting optics.
Cell Culture. The human breast adenocarcinoma (MCF-7)

cell line was obtained from the American Type Culture Collec-
tion (ATCC, MD, USA), and the P-gp overexpressing human
breast carcinoma cell line (DOX resistant MCF-7 cell line, MCF-
7/ADR) was kindly provided by Prof. Tao Zhu of University of
Science and Technology of China. The cells were cultured in
RPMI 1640 medium, supplemented with 10% fetal bovine serum
and L-glutamine (2 mM) at 37 �C using a humidified 5% CO2

incubator. MCF-7/ADR cells were maintained with free DOX at
5 μg mL�1.
Determination of Intracellular Accumulation or Retention

of Doxorubicin. MCF-7 or MCF-7/ADR cells were seeded in
24-well plates at a density of 7 � 104 cells/well and incubated
overnight. The cells were washed with Earle’s Balanced Salt
Solution (EBSS, Invitrogen Life Science Technologies) and
treated with free DOX or DOX-loaded nanoparticles in EBSS
with equivalent DOX at a concentration of 5μgmL�1. Cells were
incubated at 37 �C for 0.5, 1, 2, 3, or 4 h, washed twice with ice-
cold phosphate-buffered saline (PBS, 0.01 M, pH 7.4), and lysed
in PBS containing 1% Triton X-100 at 37 �C for 30 min with
three freeze�thaw cycles. DOX concentrations in cell lysates
were measured by HPLC analyses as previously reported26 and
normalized to the total cellular protein content of the cells, which
was measured with the BCA (bicinchoninic acid) Protein Assay
(Pierce, IL, USA).
To determine the intracellular retention of DOX, MCF-7/

ADR cells were cultured with either free DOX or DOX-loaded
nanoparticles for 4 h, washed with PBS, and then incubated with
EBSS at 37 �C for additional 0.5, 1, 2, 3, or 4 h. Cells were lysed
and the DOX concentrations in cell lysates were measured as
described above.
DOX Release from DOX-loaded PCL-SS-PEEP Nanoparti-

cles Caused by the Reductive Condition. DOX-loaded PCL-
SS-PEEP nanoparticles were incubated in PBS with or without
DL-dithiothreitol (DTT, 10 mM). The fluorescence emission
spectra of DOX-loaded PCL-SS-PEEP nanoparticles were re-
corded after different time intervals with excitation wavelength at
479 nm using a Shimadzu RF-5301PC spectrofluorophotometer.
To determine the drug release of DOX from DOX-loaded

nanoparticles, the nanoparticles were suspended in PBS at
1 mgmL�1 in the dialysis membrane tubing (Mw cutoff = 14 000,
Spectrum/Por), and immersed in PBS (15 mL) containing
0 mM or 10 mM GSH in a shaking water bath at 37 �C.

Figure 1. Chemical structure of disulfide-bridged PCL-SS-PEEP block
copolymer (a) and schematic illustration of redox-responsive nanopar-
ticles for overcoming multidrug resistance of cancer cells (b).
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At predetermined time points, the external buffer was collected
and it was replaced with equal volume of PBS containing
0 mM or 10 mM GSH. The collected release medium was
freeze�dried and dissolved in acetonitrile�water (50:50, v/v)
and the concentration of DOX was analyzed by HPLC analyses.
Flow Cytometric Analyses of MCF-7/ADR Cells Following

Incubation with Free DOX or DOX-Loaded Nanoparticles.
MCF-7/ADR cells were seeded in 24-well plates at 1� 105 cells
per well in 500 μL of complete RPMI 1640 medium containing
10% fetal bovine serum, and incubated at 37 �C in 5% CO2

humidified atmosphere for 24 h. The medium was replaced with
fresh medium containing either free DOX or DOX-loaded
nanoparticles with equivalent DOX at a concentration of
5 μg mL�1, and the cells were further incubated for various
lengths of time. Cells were washed with PBS twice and harvested,
then suspended in PBS (200μL) for analyses using FACSCalibur
flow cytometer. Cells with PBS treatment were used as the control.
The data was analyzed using WinMDI 2.9 software.
Confocal Laser Microscopic Observation of MCF-7/ADR

Cells Following Incubation with Free DOX or DOX-Loaded
Nanoparticles. MCF-7/ADR cells were seeded onto 12 mm
coverslips in 24-well plates with 5 � 104 cells per well and
allowed to grow until 60% confluence. Cells were washed twice
with PBS, and then incubated with free DOX or DOX-loaded
nanoparticles (with equivalent DOX at a concentration of
5 μg mL�1) in a complete RPMI 1640 medium for 24 or 48 h
at 37 �C. Cells were washed twice with ice-cold PBS and fixed
with fresh 4% paraformaldehyde for 15min at room temperature.
The cells were counterstained with DAPI for cell nucleus and
Alexa Fluor 488 phalloidin (Invitrogen Life Science Tech-
nologies) for cell membrane following the manufacturer’s in-
structions. The coverslips weremounted on the glass microscope
slides with a drop of antifade mounting media (Sigma-Aldrich
Co., USA) to reduce fluorescence photobleaching. The intracel-
lular localization of DOX nanoparticles was visualized under a
laser scanning confocal microscope (LSCM; LSM 700 Meta,
Carl Zeiss Inc., Thornwood, NY).
Cell Growth Inhibition Assay. MCF-7/ADR cells were

seeded in 96-well plates at 5 � 103 cells per well in complete
RPMI 1640 medium (100 μL), and incubated at 37 �C in 5%
CO2 humidified atmosphere for 24 h. The culture medium was
then replaced with freshly prepared culture medium (100 μL)
containing either free DOX or DOX-loaded nanoparticles at
different concentration (from 1 � 10�3 to 1 � 102 μg mL�1).
The cells were further incubated for 24, 48, or 72 h, and MTT
(25 μL, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide, Sigma-Aldrich Co., USA) stock solution (5 mg mL�1 in
PBS) was added to each well to achieve a final concentration of
1 mgmL�1, with the exception of the wells as blank, to which PBS
(25 μL) was added. After incubation for another 2 h, extraction
buffer (100 μL, 20% SDS in 50% DMF, pH 4.7, prepared
at 37 �C) was added to the wells and incubated for another
4 h at 37 �C. The absorbance was measured at 570 nm using a
Bio-Rad 680 microplate reader. The cell viability was normalized to
that ofMCF-7/ADR cells cultured in the complete culturemedium.
The half maximal inhibitory concentrations (IC50) values were
calculated based on the percentage of treatment over control.

’RESULTS AND DISCUSSION

Preparation of Polymers andNanoparticles.PCL-SS-PEEP
is a disulfide-bridged diblock copolymer of poly(ε-caprolactone)

and PEEP, which was prepared as previously reported.26 The
chemical structure is shown in Figure 1. It self-assembled into
micellar nanoparticles in aqueous solution, encapsulating doxor-
ubicin (DOX, in unsalted form) in the core with an average
diameter of around 92 nm. We also made micellar nanoparticles
of block copolymers poly(ε-caprolactone)-b-poly(ethyl ethylene
phosphate) (PCL-b-PEEP) and poly(ε-caprolactone)-b-poly-
(ethylene glycol) (PCL-b-PEG) with similar particle size and
size distributions for comparison, and encapsulated DOX into
their hydrophobic cores at comparable drug loading contents
(∼6% w/w). Information about the nanoparticles is summarized
in Table 1.
Intracellular Accumulation and Retention of DOX.We first

incubated doxorubicin hydrochloride (free DOX) or DOX-
loaded nanoparticles with either wild-type MCF-7 or DOX-
resistant MCF-7/ADR breast cancer cells at drug doses of
5 μg mL�1. The drug resistance of MCF-7/ADR cells was
demonstrated by the overexpression of P-gp encoding the
MDR1 gene and the reversal of DOX accumulation in the cells
in the presence of verapamil hydrochloride, an inhibitor of P-gp
(data not shown). At different time intervals, the intracellular
DOX accumulation was quantitatively determined by analyzing
the concentration of DOX in the cell lysate with high liquid
performance chromatographic analyses, normalized to the total
cellular protein content of the cells. Owing to the efflux of DOX
by the P-gp of MCF-7/ADR cells, it was not surprising that
intracellular accumulation of DOX in MCF-7/ADR cells was
significantly lower than that in MCF-7 cells when the cells were
incubated with free DOX (Figure 2A). However, the differences
in cellular DOX levels between MCF-7 and MCF-7/ADR cells
were much less prominent when the cells were incubated with
DOX-loaded nanoparticles (Figure 2B�D), indicating that
nanoparticles might not be the substrate of P-gp; thus, the
DOX-loaded nanoparticles could be retained in the MDR cells
after internalization.
On the other hand, although the use of poly(ethylene glycol)

(PEG) as the shell material of nanoparticles has been the
preferred strategy to help nanoparticles escape from protein
opsonization and macrophage uptake in the reticuloendothelial
system.30,31 PEG also exhibits low affinity to cell membranes,
behaving as an unexpected barrier to accessing the targeted
cells.32 As shown in Figure 2B, the cellular DOX level in MCF-7/
ADR cells reached∼0.96 μg per mg protein when the cells were
incubated with DOX-loaded PCL-b-PEG nanoparticles for 4 h, a
value that was about 3.9 times higher when compared with
treatment with free DOX. However, more DOX accumulated
in MCF-7/ADR cells when the cells were incubated with
DOX-loaded PCL-SS-PEEP or DOX-loaded PCL-b-PEEP
nanoparticles, with the cellular DOX level in MCF-7/ADR cells
reaching∼1.65 μg per mg protein after 4 h incubation, indicating
that nanoparticles with PEEP shells showed greater affinity for

Table 1. Characterization of Doxorubicin-Loaded
Nanoparticles

polymer diameter [nm] PDIa zeta potential [mv] DLC (%)b

PCL-SS-PEEP 91.7( 2.60 0.112 �30.6 6.53

PCL-b-PEEP 80.2( 2.27 0.105 �34.5 6.14

PCL-b-PEG 94.2( 0.93 0.135 �7.2 5.26
a Polydispersity index determined by dynamic light scattering. b Loading
content of doxorubicin (w/w).
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cells. At the same time, it must be mentioned that no significant
difference in the cellular DOX level was observed between
treatments with DOX-loaded PCL-SS-PEEP and DOX-loaded
PCL-b-PEEP nanoparticles (Figure 2C,D).
We next determined how DOX was retained in MCF-7/ADR

cells with the delivery of different nanoparticles. MCF-7/ADR
cells were incubated with either free DOX or DOX-loaded
nanoparticles for 4 h, and subsequently washed with PBS to
remove uninternalized free DOX or DOX-loaded nanoparticles.
The cells were further incubated in fresh cell culture medium for
different periods of time. It is noteworthy that we maintained the
initial doses of DOX at 5 μg mL�1 in treatments with DOX-
loaded nanoparticles but intentionally increased the initial con-
centration of DOX to 40 μg mL�1 in the free DOX treatment, to
increase the initial cellular DOX level. As shown in Figure 3, as a
result of drug efflux by P-gp, a fast decline in the cellular DOX
level was observed in MCF-7/ADR cells preincubated with
free DOX. Only 15% DOX was retained in the cells after 4 h
incubation in the free DOX treatment. In contrast, the amount
and rate of efflux of DOX were significantly lower when the cells
were preincubated with DOX-loaded nanoparticles, and the cells
retained about 50�62% DOX after 4 h incubation. These results
demonstrated that encapsulation of DOX in the nanoparticles
protected DOX against the pump-off by P-gp, and thus the
nanoparticles increased the cellular retention of DOX inMCF-7/
ADR cells.
DOX Release from DOX-Loaded PCL-SS-PEEP Nanoparti-

cles Caused by the Reductive Condition. We thus demon-
strated that moreDOX can be accumulated and retained inMDR
cells when delivered with nanoparticles, and that nanoparticles
with a PEEP shell have a greater affinity forMDR cancer cells.We
then focused on PCL-SS-PEEP nanoparticles in comparison with
PCL-b-PEEP nanoparticles and studied intracellular DOX
release in response to the endogenous reductive stimulus.
The intracellular concentration of GSH is about 2�10 mM, and
is often elevated inMDR cancer cells,27 being significantly higher
than the level outside the cells (ca. 2 μM).33,34 Therefore, it is

possible that PCL-SS-PEEP nanoparticles are subjected to rapid
reductive degradation in MDR cancer cells.
We demonstrated that the detachment of the shell from the

nanoparticles caused by the reductive condition accelerated drug
release. The effect of PEEP shell detachment on DOX release
from DOX-loaded PCL-SS-PEEP nanoparticles was directly
observed by measuring the fluorescence spectrum of DOX in
solution via treatment with 10 mM of DL-dithiothreitol (DTT).
The DOX fluorescence of DTT-treated DOX-loaded PCL-SS-
PEEP nanoparticles was remarkably enhanced (Figure 4A)
whereas, in contrast, the fluorescence spectra of those without
DTT treatment remained unchanged (inset in Figure 4A). It has
been reported that incorporation of DOX in the hydrophobic
core of micelles decreases the fluorescent intensity of DOXwhen
compared with free DOX at the same concentration due to the
self-quenching effect.35 Therefore, the enhanced fluorescence
should be due to the rapid release of drug from the nanoparticles.
In vitro drug release was further quantitatively studied by
incubating DOX-loaded PCL-SS-PEEP nanoparticles in GSH-
containing medium. The results shown in Figure 4B revealed a
slow and sustained release of 40% DOX from the nanoparticles
over 4 d in the absence of GSH, probably due to the hydrophobic
interactions between DOX and the PCL core. However, in the
presence of 10 mM of GSH, much faster release of almost all the
DOX was observed under otherwise identical conditions. These
results demonstrated that cleavage of disulfide bridge linkages
accelerated the rapid and complete release of the drug. It can be
assumed that, in response to stimulation by GSH, the disulfide
bridge linkages of PCL-SS-PEEP are reduced and broken, which
destabilizes the micellar nanoparticles and results in accelerated
DOX release. On the other hand, the release of DOX from
DOX/PCL-b-PEEP nanoparticles was not affected by the addi-
tion of GSH to the release medium (Figure 4C).
Rapid Intracellular Release Caused by the Cellular Reduc-

tive Condition. To demonstrate our assumption that DOX-
loaded PCL-SS-PEEP nanoparticles can release the drug more
rapidly in response to the intracellular reduction condition in
MDR cancer cells and in turn overcome drug resistance, we
incubated free DOX or DOX-loaded nanoparticles withMCF-7/
ADR cells, and analyzed the cells using flow cytometry at
different time intervals. As shown in Figure 5A, low mean
fluorescence intensity was observed when the cells were incu-
bated with free DOX at all time intervals due to its poor cellular
retention in MCF-7/ADR cells. On the contrary, higher cellular
retention of DOX in MCF-7/ADR cells led to enhanced
fluorescence of cells with preincubation of DOX-loaded

Figure 3. Retention of doxorubicin (DOX) in MCF-7/ADR cells after
preincubation with free DOX (DOX), DOX-loaded PCL-b-PEG, DOX-
loaded PCL-b-PEEP, and DOX-loaded PCL-SS-PEEP nanoparticles for
4 h. The concentration of DOX in the free DOX preincubation was
40 μg mL�1, while it was 5 μg mL�1 for DOX-loaded nanoparticles.

Figure 2. Doxorubicin (DOX) accumulation in wild-type MCF-7 and
drug-resistantMCF-7/ADR breast cancer cells after incubation with free
DOX (A), DOX-loaded PCL-b-PEG (B), DOX-loaded PCL-b-PEEP
(C), and DOX-loaded PCL-SS-PEEP (D) nanoparticles.
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nanoparticles. However, although the cellular accumulation of
DOX in MCF-7/ADR cells was similar between treatments with
DOX-loaded PCL-SS-PEEP or DOX-loaded PCL-b-PEEP na-
noparticles (Figure 2C,D), the fluorescence intensity of cells
treated with DOX-loaded PCL-SS-PEEP was significantly higher
than that in cells treated with DOX-loaded PCL-b-PEEP at all
tested time intervals. Such enhancements should be due to the
enhanced intracellular release of DOX following the cleavage of
disulfide-bridges of PCL-SS-PEEP in MCF-7/ADR cells. As
mentioned above, it was demonstrated that DOX released from
the nanoparticles recovered its fluorescence, which was self-
quenched in the hydrophobic PCL core of the nanoparticles. To
further confirm that DOX-loaded PCL-SS-PEEP is effective in
accelerated drug release under reductive conditions, we mixed
DOX-loaded PCL-SS-PEEP or DOX-loaded PCL-b-PEEP nano-
particles with medium containing 20 mM GSH for 4 h, and then
incubated this medium with MCF-7/ADR cells for 1 h. We
observed a significant decline in cell fluorescence intensity with
DOX-loaded PCL-SS-PEEP (Figure 5B) but not with DOX-
loaded PCL-b-PEEP nanoparticles when compared with direct
incubation of DOX-loaded nanoparticles that did not receive
preincubation with GSH. The extracellular treatment of DOX-
loaded nanoparticles with GSH led to partial extracellular release
of DOX from PCL-SS-PEEP nanoparticles but not from PCL-b-
PEEP nanoparticles. Nevertheless, the extracellular DOX could
not be effectively retained in MCF-7/ADR cells due to the

pump-off effect mediated by P-gp, resulting in the decline in cell
fluorescence intensity.
Confocal Observations. We then examined whether the

rapid intracellular release of DOX from DOX-loaded PCL-SS-
PEEP nanoparticles would be beneficial to the entry of DOX into
the nuclei of MCF-7/ADR cells, given that the interaction of
DOX with DNA by intercalation in the nucleus is one of the
major modes of action of DOX.36,37 MCF-7/ADR cells were
then incubated with free DOX, or DOX-loaded nanoparticles,
and the cells were observed with confocal laser microscopy after
24 or 48 h incubation. As shown in Figure 6, DOX was mainly

Figure 4. (A) Fluorescence spectra of DOX-loaded PCL-SS-PEEP nanoparticles with or without (inset) treatment of DTT for various lengths of time in
PBS solution. (B) In vitro release of DOX fromDOX-loaded PCL-SS-PEEP nanoparticles in PBS (pH 7.4) at 37 �Cwith or without GSH treatment. (C)
In vitro release of DOX from DOX-loaded PCL-b-PEEP nanoparticles in PBS (pH 7.4) at 37 �C with or without GSH treatment.

Figure 5. (A) Mean fluorescence intensity (GMFI) of MCF-7/ADR
cells after incubation with free DOX, DOX-loaded PCL-b-PEEP (DOX/
PCL-b-PEEP), or DOX-loaded PCL-SS-PEEP (DOX/PCL-SS-PEEP)
nanoparticles for various lengths of times at a dose of 5 μg mL�1. (B)
Flow cytometric analyses ofMCF-7/ADR cells after incubation with free
DOX (DOX) or DOX-loaded PCL-SS-PEEP (DOX/PCL-SS-PEEP)
nanoparticles with or without preincubation of GSH. The dose of DOX
was 5 μg mL�1 in cell culture.

Figure 6. Confocal laser microscopic observation of MCF-7/ADR cells
after incubation with free doxorubicin (DOX) or DOX-loaded nano-
particles for 24 or 48 h. The dose of DOX was 5 μg mL�1 in cell culture.
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located in the perimembrane region when MCF-7/ADR cells
were cultured with free DOX at 5 μg mL�1 for 24 and 48 h, due
to the action of P-gp. When DOX was incorporated into the
nanoparticles, fluorescence signals were observed in the cells.
Close scrutiny of the images revealed that the fluorescence signal
from cells treated with DOX-loaded PCL-SS-PEEP was more
dispersed when compared with cells treated with DOX-loaded
PCL-b-PEEP nanoparticles, which displayed dotted red fluores-
cence signals. This difference indicated that shell shedding by
DOX-loaded PCL-SS-PEEP nanoparticles might have taken
place in the cells, accompanied by the rapid release of incorpo-
rated DOX. As a result, DOXwas distributed mostly in the nuclei
after 48 h when the cells were incubated with DOX-loaded PCL-
SS-PEEP nanoparticles. On the contrary, only minimal amounts
of fluorescence were detected in the nuclei of MCF-7/ADR cells
after 48 h culture with DOX-loaded PCL-b-PEEP nanoparticles.
Moreover, DOX signals were barely visible in cell nuclei when the
cells were incubated with free DOX at the same dose.
Cytotoxicity to MCF-7/ADR Cells.The above results demon-

strated that shell-detachable DOX-loaded PCL-SS-PEEP nano-
particles can enhance drug retention in MDR cells and more
rapidly release the incorporated drug intracellularly. Therefore,
delivery of DOX with PCL-SS-PEEP nanoparticles can rapidly
increase the concentration of free drug inMCF-7/ADR cells, and
is expected to improve its cytotoxicity and overcome theMDR of
cancer cells efficiently. We then incubated free DOX, DOX-
loaded PCL-b-PEEP, or DOX-loaded PCL-SS-PEEP nanoparticles
at the equivalent DOX doses withMCF-7/ADR cells for 24 h, 48,
or 72 h, and determined the half-maximal inhibitory concentration
of DOX (IC50) byMTT assay. The cytotoxicity toMCF-7/ADR
in response to the doses of DOX was given in Figure 7A�C.
As shown in Figure 7D, a significant decrease in the IC50 of
DOX-loaded PCL-b-PEEP was observed when compared with
free DOX treatment, owing to the accumulation effect of DOX.
More importantly, the enhanced intracellular release of DOX from
shell-detachable PCL-SS-PEEP nanoparticles significantly im-
proved its cytotoxicity. The IC50 decreased to ∼12% of that of
free DOX and∼32% of DOX-loaded PCL-b-PEEP nanoparticles

after 72 h incubation, demonstrating the potential of shell-
detachable nanoparticles for overcoming multidrug resistance.

’CONCLUSION

We have demonstrated that the rapid increase of the free drug
concentration in MDR cancer cells via the delivery of shell-
detachable nanoparticles is a novel strategy for overcoming the
MDR of cancer cells. Our example of a nanoparticle based on
disulfide-bridged diblock copolymer PCL-SS-PEEP exhibited
high cell affinity, allowing enhanced drug accumulation and
retention in MDR cells and rapid intracellular release of the
incorporated cargo in response to the intracellular reductive
environment. It therefore significantly enhanced the cytotoxicity
of DOX to MDR cancer cells, and is therefore promising for
overcoming multidrug resistance in cancer therapy.

’AUTHOR INFORMATION

Corresponding Author
*Fax: (+86) 551 3600402, E-mail: jwang699@ustc.edu.cn.

Author Contributions
#Y. C. Wang and F. Wang contributed equally to this work.

’ACKNOWLEDGMENT

This work was supported by the National Basic Research
ProgramofChina (973Program, 2010CB934001, 2009CB930301),
the Fundamental Research Funds for the Central Universities
(WK2070000008), the National Natural Science Foundation
of China (20974105, 50733003), and the Open Project of
State Key Laboratory of Supramolecular Structure and Materials
(SKLSSM201117).

’REFERENCES

(1) Eckford, P. D. W., and Sharom, F. J. (2009) ABC efflux pump-
based resistance to chemotherapy drugs. Chem. Rev. 109, 2989–3011.

(2) Kavallaris, M. (2010) Microtubules and resistance to tubulin-
binding agents. Nat. Rev. Cancer 10, 194–204.

(3) Savage, P., Stebbing, J., Bower, M., and Crook, T. (2009) Why
does cytotoxic chemotherapy cure only some cancers? Nat. Clin. Pract.
Oncol. 6, 43–52.

(4) Fletcher, J. I., Haber, M., Henderson, M. J., and Norris, M. D.
(2010) ABC transporters in cancer: more than just drug efflux pumps.
Nat. Rev. Cancer 10, 147–156.

(5) Robey, R. W., To, K. K. K., Polgar, O., Dohse, M., Fetsch, P.,
Dean, M., and Bates, S. E. (2009) ABCG2: A perspective. Adv. Drug
Delivery Rev. 61, 3–13.

(6) Wong, H. L., Bendayan, R., Rauth, A.M., Xue, H. Y., Babakhanian,
K., and Wu, X. Y. (2006) A mechanistic study of enhanced doxorubicin
uptake and retention in multidrug resistant breast cancer cells using a
polymer-lipid hybrid nanoparticle system. J. Pharmacol. Exp. Ther. 317,
1372–1381.

(7) Park, K., Lee, S., Kang, E., Kim, K., Choi, K., and Kwon, I. C.
(2009) New generation of multifunctional nanoparticles for cancer
imaging and therapy. Adv. Funct. Mater. 19, 1553–1566.

(8) Petros, R. A., and DeSimone, J. M. (2010) Strategies in the
design of nanoparticles for therapeutic applications. Nat. Rev. Drug
Discovery 9, 615–627.

(9) Dong, X.W., andMumper, R. J. (2010)Nanomedicinal strategies to
treatmultidrug-resistant tumors: current progress.Nanomedicine 5, 597–615.

(10) Jabr-Milane, L. S., van Vlerken, L. E., Yadav, S., and Amiji, M.M.
(2008) Multi-functional nanocarriers to overcome tumor drug resis-
tance. Cancer Treat. Rev. 34, 592–602.

Figure 7. Viability of MCF-7/ADR cells after treatment with free DOX
or DOX-loaded nanoparticles for 24 h (A), 48 h (B), and 72 h (C). (D)
The half-maximal inhibitory concentration (IC50) of DOX to MCF-7/
ADR cells measured by MTT assay (n = 3).



1945 dx.doi.org/10.1021/bc200139n |Bioconjugate Chem. 2011, 22, 1939–1945

Bioconjugate Chemistry ARTICLE

(11) Lee, E. S., Kim, D., Youn, Y. S., Oh, K. T., and Bae, Y. H. (2008)
A virus-mimetic nanogel vehicle. Angew. Chem., Int. Ed. 47, 2418–2421.

(12) Malam, Y., Loizidou, M., and Seifalian, A.M. (2009) Liposomes
and nanoparticles: nanosized vehicles for drug delivery in cancer. Trends
Pharmacol. Sci. 30, 592–599.
(13) Barraud, L., Merle, P., Soma, E., Lefrancois, L., Guerret, S.,

Chevallier, M., Dubernet, C., Couvreur, P., Trepo, C., and Vitvitski, L.
(2005) Increase of doxorubicin sensitivity by doxorubicin-loading into
nanoparticles for hepatocellular carcinoma cells in vitro and in vivo.
J. Hepatol. 42, 736–743.
(14) Soma, C. E., Dubernet, C., Bentolila, D., Benita, S., and

Couvreur, P. (2000) Reversion of multidrug resistance by co-encapsula-
tion of doxorubicin and cyclosporin A in polyalkylcyanoacrylate nano-
particles. Biomaterials 21, 1–7.
(15) Dong, X. W., Mattingly, C. A., Tseng, M. T., Cho, M. J., Liu, Y.,

Adams, V. R., and Mumper, R. J. (2009) Doxorubicin and paclitaxel-
loaded lipid-based nanoparticles overcome multidrug resistance by
inhibiting P-glycoprotein and depleting ATP. Cancer Res. 69, 3918–
3926.
(16) Kabanov, A. V., Batrakova, E. V., and Alakhov, V. Y. (2002)

Pluronic((R)) block copolymers for overcoming drug resistance in
cancer. Adv. Drug Delivery Rev. 54, 759–779.
(17) Meng, H. A., Liong, M., Xia, T. A., Li, Z. X., Ji, Z. X., Zink, J. I.,

and Nel, A. E. (2010) Engineered design of mesoporous silica nano-
particles to deliver doxorubicin and P-glycoprotein siRNA to overcome
drug resistance in a cancer cell line. ACS Nano 4, 4539–4550.
(18) Cuvier, C., Roblottreupel, L., Millot, J. M., Lizard, G., Chevillard,

S., Manfait, M., Couvreur, P., and Poupon, M. F. (1992) Doxorubicin-
loaded nanospheres bypass tumor-cell multidrug resistance. Biochem.
Pharmacol. 44, 509–517.

(19) deVerdiere, A. C., Dubernet, C., Nemati, F., Soma, E., Appel,
M., Ferte, J., Bernard, S., Puisieux, F., and Couvreur, P. (1997) Reversion
ofmultidrug resistancewith polyalkylcyanoacrylate nanoparticles: Towards
a mechanism of action. Br. J. Cancer 76, 198–205.

(20) Nemati, F., Dubernet, C., Deverdiere, A. C., Poupon, M. F.,
Treupelacar, L., Puisieux, F., and Couvreur, P. (1994) Some parameters
influencing cytotoxicity of free doxorubicin and doxorubicin-loaded
nanoparticles in sensitive and multidrug-resistant leukemic murine cells -
incubation-time, number of nanoparticles per cell. Int. J. Pharm.
102, 55–62.
(21) Soma, C. E., Dubernet, C., Barratt, G., Nemati, F., Appel, M.,

Benita, S., and Couvreur, P. (1999) Ability of doxorubicin-loaded
nanoparticles to overcome multidrug resistance of tumor cells after
their capture by macrophages. Pharm. Res. 16, 1710–1716.

(22) Kim, D., Gao, Z. G., Lee, E. S., and Bae, Y. H. (2009) In vivo
evaluation of doxorubicin-loaded polymeric micelles targeting folate
receptors and early endosomal ph in drug-resistant ovarian cancer.Mol.
Pharmaceutics 6, 1353–1362.
(23) Kim, D., Lee, E. S., Oh, K. T., Gao, Z. G., and Bae, Y. H. (2008)

Doxorubicin-loaded polymeric micelle overcomes multidrug resistance
of cancer by double-targeting folate receptor and early endosomal pH.
Small 4, 2043–2050.

(24) Lee, E. S., Gao, Z. G., Kim, D., Park, K., Kwon, I. C., and Bae,
Y. H. (2008) Super pH-sensitive multifunctional polymeric micelle for
tumorpH(e) specific TATexposure andmultidrug resistance. J. Controlled
Release 129, 228–236.
(25) Sun, H. L., Guo, B. N., Cheng, R., Meng, F. H., Liu, H. Y., and

Zhong, Z. Y. (2009) Biodegradable micelles with sheddable poly-
(ethylene glycol) shells for triggered intracellular release of doxorubicin.
Biomaterials 30, 6358–6366.
(26) Tang, L. Y., Wang, Y. C., Li, Y., Du, J. Z., and Wang, J. (2009)

Shell-detachable micelles based on disulfide-linked block copolymer as
potential carrier for intracellular drug delivery. Bioconjugate Chem. 20,
1095–1099.

(27) Balendiran, G. K., Dabur, R., and Fraser, D. (2004) The role of
glutathione in cancer. Cell Biochem. Funct. 22, 343–352.

(28) Wang, Y. C., Tang, L. Y., Sun, T.M., Li, C. H., Xiong,M. H., and
Wang, J. (2008) Self-assembled micelles of biodegradable triblock

copolymers based on poly(ethyl ethylene phosphate) and poly-
(epsilon-caprolactone) as drug carriers. Biomacromolecules 9, 388–395.

(29) Huynh, D. P., Nguyen, M. K., Pi, B. S., Kim, M. S., Chae, S. Y.,
Kang, C. L., Bong, S. K., Kim, S.W., and Lee, D. S. (2008) Functionalized
injectable hydrogels for controlled insulin delivery. Biomaterials
29, 2527–2534.

(30) Knop, K., Hoogenboom, R., Fischer, D., and Schubert, U. S.
(2010) Poly(ethylene glycol) in drug delivery: pros and cons as well as
potential alternatives. Angew. Chem., Int. Ed. 49, 6288–6308.

(31) Owens, D. E., and Peppas, N. A. (2006) Opsonization, bio-
distribution, and pharmacokinetics of polymeric nanoparticles. Int. J.
Pharm. 307, 93–102.

(32) Hong, R. L., Huang, C. J., Tseng, Y. L., Pang, V. F., Chen, S. T.,
Liu, J. J., and Chang, F. H. (1999) Direct comparison of liposomal
doxorubicin with or without polyethylene glycol coating in C-26 tumor-
bearing mice: Is surface coating with polyethylene glycol beneficial?
Clin. Cancer Res. 5, 3645–3652.

(33) Meng, F. H., Hennink, W. E., and Zhong, Z. (2009) Reduction-
sensitive polymers and bioconjugates for biomedical applications.
Biomaterials 30, 2180–2198.

(34) Saito, G., Swanson, J. A., and Lee, K. D. (2003) Drug delivery
strategy utilizing conjugation via reversible disulfide linkages: role and
site of cellular reducing activities. Adv. Drug Delivery Rev. 55, 199–215.

(35) Bae, Y., Fukushima, S., Harada, A., and Kataoka, K. (2003)
Design of environment-sensitive supramolecular assemblies for intra-
cellular drug delivery: Polymeric micelles that are responsive to intra-
cellular pH change. Angew. Chem., Int. Ed. 42, 4640–4643.

(36) Fornari, F. A., Randolph, J. K., Yalowich, J. C., Ritke, M. K., and
Gewirtz, D. A. (1994) Interference by doxorubicin withDNA unwinding
in MCF-7 breast-tumor cells. Mol. Pharmacol. 45, 649–656.

(37) Ramachandran, C., Samy, T. S. A., Huang, X. L., Yuan, Z. K.,
and Krishan, A. (1993) Doxorubicin-induced DNA breaks, Topoisome-
rase-Ii activity and gene-expression in human-melanoma cells. Biochem.
Pharmacol. 45, 1367–1371.



Published: August 25, 2011

r 2011 American Chemical Society 1946 dx.doi.org/10.1021/bc200148v | Bioconjugate Chem. 2011, 22, 1946–1953

ARTICLE

pubs.acs.org/bc

Tunable Degradation of Maleimide�Thiol Adducts in Reducing
Environments
Aaron D. Baldwin† and Kristi L. Kiick*,†,‡

†Department of Materials Science and Engineering, 201 DuPont Hall, University of Delaware, Newark, Delaware 19716, United States
‡Delaware Biotechnology Institute, 15 Innovation Way, Newark, Delaware 19716, United States

bS Supporting Information

’ INTRODUCTION

Controlled release of drugs has been a key area of research in
the field of polymeric biomaterials, owing to the need to sustain
release in order to expand the therapeutic window and efficacy
of known drugs. Many chemical degradation approaches have
been used to control materials-based drug delivery including
chemical hydrolysis,1 enzymatic degradation,2 and disulfide
exchange.3 The rate of nonspecific chemical hydrolysis depends
mainly on aqueous pH and temperature, as well as on the
hydrophobicity of the environment around the hydrolytically
labile group. Enzymatic degradation, in contrast, occurs speci-
fically at enzyme-recognized peptide sequences, although rates
of degradation are dependent on the local enzyme concentra-
tion, activity, and accessibility to the substrate. Disulfide
exchange is sensitive to reducing environments and has found
use in drug delivery systems due to the weak reducing capacity
of blood (ca. 2�20 μM glutathione) compared with that of
reductive cellular compartments or highly reductive and hy-
poxic tumor tissues (ca. 0.5�10 mM glutathione).4�9 Disulfide
bonds have relatively short half-lives (<1 h) in highly reductive
environments, while maintaining a degree of stability in
circulation.5,8 Although control of the cleavage kinetics is
possible with variations in reducing agent concentration, only
limited control of kinetics has been achieved by varying the
disulfide’s neighboring chemical substituents (half-lives ranging
from 8 to 45 min).8

In contrast to disulfide-based drug conjugation and polymer
network formation strategies, thiol-based Michael-type addition
reactions have emerged as a widely employed strategy for co-
valent conjugation of proteins, peptides, and drugs (to various
polymers and other molecules) by the reaction of free cysteine or
thiols with acrylamides, acrylates, vinyl sulfones, and maleimides.10

Maleimides have been commonly employed due to their specificity
to thiols, fast aqueous reaction kinetics, lack of byproducts, and the
stability of the thioether addition product.11 Maleimides have thus
been utilized in homobifunctional cross-linkers,12 heterobifunc-
tional cross-linkers,13 fluorescent labels,14,15 as well as in PEGyla-
tion reagents16 and cross-linking of hydrogels.17

While the wide use of maleimide�thiol conjugation reactions
have been motivated by the product stability, there have been
limited reports indicating that select succinimide thioethers can
undergo retro reactions at high temperatures (>300 �C)18 and in
some aqueous environments,19�23 although themechanisms and
exact solution conditions for these retro reactions were not
elucidated in great detail. Such reports are very limited, however,
despite the fact that the reversibility of adducts of thiols with α,
β-unsaturated carbonyls such as ethacrynic acid and 4-hydroxyalkenals
has been long reported.24�27 We have thus recently explored the
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ABSTRACT:Addition chemistries are widely used in preparing
biological conjugates, and in particular, maleimide�thiol ad-
ducts have been widely employed. Here, we show that the
resulting succinimide thioether formed by the Michael-type
addition of thiols to N-ethylmaleimide (NEM), generally
accepted as stable, undergoes retro and exchange reac-
tions in the presence of other thiol compounds at physiolo-
gical pH and temperature, offering a novel strategy for controlled
release. Model studies (1H NMR, HPLC) of NEM conjugated
to 4-mercaptophenylacetic acid (MPA), N-acetylcysteine, or
3-mercaptopropionic acid (MP) incubated with glutathione showed half-lives of conversion from 20 to 80 h, with extents of
conversion from 20% to 90% forMPA andN-acetylcysteine conjugates. After ring-opening, the resultant succinimide thioether
did not show retro and exchange reactions. The kinetics of the retro reactions and extent of exchange can be modulated by the
Michael donor’s reactivity; therefore, the degradation of maleimide�thiol adducts could be tuned for controlled release of
drugs or degradation of materials at time scales different than those currently possible via disulfide-mediated release. Such
approaches may find a new niche for controlled release in reducing environments relevant in chemotherapy and subcellular
trafficking.
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reversibility of maleimide�thiol conjugation reactions as a potential
controlled degradation mechanism, which may have similar and
complementary applications to the disulfide-mediated release of drugs
in reducing environments. Scheme 1 illustrates the likely mechanism
for the covalent bond transfer from the initial succinimide thioether
compound (1) to a stable glutathione conjugate (3) in the presence
of excess reductant. We have found that the rate and extent of
this exchange, which is governed by the rate of the retro-addition, can
be modulated by increasing or decreasing the Michael donor’s
reactivity.

’EXPERIMENTAL PROCEDURES

Chemicals and General Methods. N-Ethylmaleimide (2),
4-mercaptophenylacetic acid (MPA),N-acetyl-L-cysteine (AcCys),
3-mercaptopropionic acid (MP), and glycine were purchased
from Sigma-Aldrich (St. Louis, MO) and used without further
purification. All other reagents including glutathione (GSH) and
oxidized glutathione (GSSG) were purchased from Fisher Scien-
tific (Pittsburgh, PA). Crude reactions were purified via reverse-
phase chromatography on a Delta600 HPLC (Waters, Milford,
MA) equipped with analytical (3.5 μm particle size, 4.6 � 75
mm) and preparative (5 μm particle size, 19� 150 mm) Waters
Symmetry300 C18 columns. Analytical linear gradients from
0% to 75% of solvent B were run over 20 min at 1 mL/min,
where solvent A is 0.1% trifluoroacetic acid (TFA) in water and
solvent B is 0.1% TFA in acetonitrile. Preparative-scale experi-
ments utilized similar elution profiles determined from the
analytical experiments, although with flow rates of 5 mL/min.
Peaks were collected and analyzed via ESI-MS and 1H NMR.
1H NMR spectra were acquired under standard quantitative
conditions at ambient temperature on a Bruker DRX-400
NMR spectrometer (Billerica, MA). The spectra of all purified
compounds were recorded in either deuterated methanol or deu-
terium oxide.
Synthesisof SuccinimideThioetherCompounds.Methanol-

soluble mercapto-acids, MPA and MP (conjugates 1a and 1c),
were dissolved at a concentration of 100 mg/mL in methanol and
reacted with molar equivalents of 2. A catalytic amount of
triethylamine (0.01�) was added to the reaction mixture. The
reaction was stirred for 30 min at room temperature. The crude
product was diluted to 20 mL with solvent A and purified using
RP-HPLC. Water-soluble thiol compounds AcCys and GSH
(conjugates 1b and 3) were dissolved at a concentration of
50 mg/mL in deionized water. A molar equivalent of 2 was
dissolved in MeOH (75 mg/mL) and added to the thiol solution.
The unbuffered MeOH/aqueous solution had a final pH of

∼4, retarding the maleimide�thiol addition reaction; therefore,
the solution was stirred overnight at room temperature. The crude
product was diluted to 5 mLwith solvent A and purified using RP-
HPLC. Purified fractions were collected and freeze�dried, with
approximately 90% yield for all reactions. 1a (Supporting Infor-
mation Figure S1) 1H NMR (MeOD): δ 0.96 (t, 3H), 2.63�2.69
(dd, 1H), 3.17�3.24 (dd, 1H), 3.39 (q, 2H), 3.61 (s, 2H),
4.13�4.17 (dd, 1H), 7.29 (d, 2H), 7.48 (d, 2H). ESI-MS: 338.1
(M-1H+2Na)+, 338.0 calc’d (C14H14NO4SNa2

+). 1b (Figure S2)
1H NMR (MeOD): δ 1.16 (t, 3H), 2.03 (d, 3H), 2.42�2.55 (m,
1H), 2.93�2.99 (m, 0.5H), 3.15�3.28 (m, 2H), 3.52�3.58 (m,
2.5H), 3.96�4.00 (dd, 1H), 4.67�4.75 (m, 1H). ESI-MS: 289.1
(M+H)+, 289.1 calc’d (C11H17N2O5S

+). 1c (Figure S3) 1HNMR
(MeOD): δ 1.14 (t, 3H), 2.44�2.2.50 (dd, 1H), 2.69 (t, 2H),
2.91�2.99 (m, 1H), 3.09�3.23 (m, 2H), 3.53 (q, 2H), 3.91�3.94
(dd, 1H). ESI-MS: 276.0 (M-1H+2Na)+, 276.0 9 calc’d (C9H12-
NO4SNa2

+). 3 (Figure S4) 1H NMR (D2O): δ 1.03 (t, 3H), 2.14
(m, 2H), 2.49 (m, 2H), 2.56�2.64 (m, 1H), 2.91�2.97
(dd, 0.5H), 3.06�3.28 (m, 2.5H), 3.45 (q, 2H), 3.89 (t, 1H),
3.93 (s, 2H), 3.94�4.00 (td, 1H), 4.60 (dt, 1H). ESI-MS: 455.2
(M+Na)+, 455.1 calc’d (C16H24N4O8SNa

+).
NMR Analysis of MPA-NEM Retro Reactions. 1H NMR

spectroscopy with W5 water suppression28 was used to monitor
retro reactions of maleimide conjugates (Scheme 1). Samples of
MPA were dissolved at a concentration of 3 mg/mL in 0.2 M
phosphate buffer pH 7.4 with 10% D2O. High buffer concen-
trations were needed (relative to those employed in the HPLC
experiments below) in order to maintain a constant pH
throughout the experiment, owing to the high concentration
of MPA necessary for NMR investigation. After addition of
compounds, the pH was adjusted to 7.4 if necessary. A molar
equivalent of 2 was added to each NMR tube and the spectrum
was recorded. Some samples were ring-opened by incubation
at pH 8.0 @ 37 �C until ring-opening was complete (∼5 days).
Molar equivalents of GSH or glycine were added to ring-
opened and non-ring-opened samples. Samples were incu-
bated at 37 �C and spectra were recorded at time zero and
at 24 hr.
HPLC Evaluation of Reaction Kinetics. Synthesized conju-

gates (1) were dissolved at a concentration of 0.1 mM in 50 mM
phosphate buffers (pH 7.4) containing 10 mM GSH (and
5.0 mM, 0.5 mM, and 0.05 mM for GSSG). Lower buffer
concentrations were employed to permit quantitative detection
by HPLC, and these lower concentrations were sufficient to
maintain a constant pH throughout the experiment. The kinetics
of succinimide ring-opening were measured by monitoring
reactions incubated without reductant. The pH values of all
samples were verified and adjusted to 7.4 if needed before
incubation at 37 �C. 150 μL samples were collected periodically
and added to 150 μL of 0.5% formic acid solution to reduce the
pH and quench the retro and ring-opening reactions. Samples
were stored at�20 �C until analyzed. RP-HPLC injections were
carried out under the above-defined conditions and areas of
peaks were integrated to calculate conversion curves. The
identities of the compounds present in each peak were deter-
mined using LC-MS or MS.

’RESULTS AND DISCUSSION

NMR Analysis of MPA-NEM Retro Reactions. Our first
experiments sought to validate that retro Michael-type additions
were in fact a significant reaction route for select succinimide

Scheme 1. Proposed Exchange of Synthesized Maleimide
Thiol Adducts (1) with Glutathione in Aqueous Solutions
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thioethers under reducing conditions. These experiments in-
volved 1H NMR analysis of the reaction of 4-mercaptophenyla-
cetic acid (MPA) withN-ethylmaleimide (NEM, 2) to yield (1a),
with subsequent incubation with glutathione (GSH). The for-
mation of the Michael-type adduct and its degradation via retro
reactions were easily observed in the NMR experiment.
Figure 1A shows the 1H NMR spectrum for MPA in solution;
this spectrum presents chemical shifts centered at 6.88 and 7.18
ppm, which result from the reduced MPA, as well as minor
contributions from the oxidized form centered at 7.14 and 7.41
ppm. The chemical shifts of the thiophenyl aromatic protons are
sensitive to the identity of the thiol substituents and thus
provided a facile means to follow the addition and retro reactions
(Figure 1B,C). A molar equivalent of 2was added to the solution
ofMPA; upon addition of 2, the aromatic protons shift downfield
(to peaks centered at 7.18 and 7.36 ppm), indicating the
production of the conjugate 1a (Figure 1B). The resonances
resulting from the small fraction of oxidized MPA (centered at
7.14 and 7.41 ppm) remained unchanged. A molar equivalent of
GSH was added, resulting in immediate reduction of the
unreacted MPA, indicated by a shift in the aromatic protons
from 7.14 and 7.41 ppm (oxidized) to 6.88 and 7.18 ppm
(Figure 1C). No other changes in the spectrum for conjugate
1a were immediately apparent. After 24 h of incubation at 37 �C,
however, MPA was liberated from 1a as indicated by the increase
in intensity of the MPA aromatic protons (centered at 6.88 and
7.18 ppm, Figure 1D). Under these conditions, a minor amount
of ring-opening of the 1a also occurred (resonances centered at
7.14 and 7.32 ppm), but the low intensity of these resonances
indicates this occurs at a significantly slower rate than the retro
reaction. Hydrolysis of the succinimide ring could occur on either
carbonyl with respect to the thioether; however, the thiophenyl
protons of either species were not distinct. Hydrolysis of
the succinimide ring before incubation with GSH in these
NMR experiments hindered the retro reaction as no exchange was
observed over seven days incubation (data not shown). Furthermore,

incubation of conjugate 1a in the absence of reducing agents or in the
presence of other nucleophiles such as glycine yielded only the ring-
opened substituent (data not shown), clearly indicating that the
equilibrium lies toward the Michael adduct and that formation of
detectable quantities of free MPA only occurred when exogenous
thiols were added to the reaction. Therefore, select succinimide
thioethers should be sensitive to variations in reducing environments
near physiological conditions.
HPLC Evaluation of Reactions Kinetics. We next sought to

determine the selectivity of these retro and thiol-exchange reac-
tions, as well as to obtain a quantitative measure of the time scales
of these reactions, at biologically relevant concentrations of reduc-
tant. Such analysis required the quantification of small quantities of
multiple compounds; HPLC and LC-MS were thus used to
permit both quantification and identification. Various addi-
tion products were synthesized by reacting 2 with MPA (1a),
N-acetylcysteine (1b), and 3-mercaptopropionic acid (1c).
These thio-acids, which exhibit different thiol pKa values
(6.6,29 9.5,30 10.3,31 respectively), were selected to determine
how the rate of exchange may vary with the pKa of the thio-acid.
0.1 mM of 1 was incubated in 10 mM GSH or 5.0 mM, 0.5 mM,
and 0.05 mM GSSG (see below) in phosphate buffer at pH 7.4
and 37 �C; succinimide ring-opening hydrolysis rates were
determined from solutions of 1 in buffer without addition of
GSH. Rates of formation of the product 3 (Scheme 1), under
these various conditions, were determined by monitoring
changes of peak area in the HPLC experiment; the identity of
the chemical species present in each fraction was confirmed by
LC-MS (data not shown).
Figure 2 shows a typical set of traces obtained upon incubation

of 1a with excess GSSG, showing the location of all peaks and
expanded regions highlighting relevant peaks. Arrows indicate
the direction of peak growth or recession with increasing time.
At time zero, a single peak was observed for compound 1a.
Over time, the peak for 1a decreased in intensity, while peaks for
compounds 3, GS-MPAmixed disulfide, and 1aRO (ring-opened 1a)

Figure 1. 1HNMR of aromatic protons of (A)MPA, (B) after addition of NEM toMPA, (C) immediately after addition of GSH to (NEM+MPA) and
(D) after incubation of (C)@ 37 �C for 24hrs. Evident in (D) are freeMPA and small amounts of ring-opened 1a (7.14, 7.32 ppm) and GS-MPAmixed
disulfide (7.45, 7.18 ppm).
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all increased in intensity. The loss of 1 occurred concomitantly
with the generation of 3. Peaks for 3 and 1aRO are split into two
equal peaks. Peak 3 is split as a result of the two diastereomers
formed from the Michael addition of GSH to 232 (verified by the
equivalence of masses determined from LC-MS of the two
different peaks), while 1aRO is split depending on the side of
succinimide ring-opening in relation to the thioether (also verified
by the equivalence of masses determined from LC-MS of the two
different peaks). Scheme 2 illustrates the likely reaction cycle for an
initial conjugate 1 in the presence of excess thiols, showing ring-
opening of conjugates, as well as the exchange with GSH or GSSG.
EitherGSHorGSSGcauses exchange, with 5.0mMGSSGyielding
identical results as 10 mM GSH (Supporting Information, Figure
S5). This observation suggests that the formation of 2 is the rate-
limiting step in the overall reaction to 3 and is significantly slower
than the disulfide exchange of the free thio-acid with excess GSSG;
therefore, the oxidation state of GSH does not significantly impact
the rate of formation of 3.

Throughout these experiments, no measurable amount of 2
was detected, confirming the widely known fact that the equilib-
rium greatly favors the succinimide thioether under the experimental
conditions. Thus, by neglecting the kinetics of formation of 2 (and
the thiol-exchange of GSSG to yield GSH as our above experiments
validate), Scheme 2 can be simplified to the combination of a
consecutive and parallel reactions (Scheme 3). Thus, pseudo first-
order rate constants, k1 and k3, can be defined for the ring-opening
of 1 and 3, and k2 can be defined as the pseudo first-order rate

Figure 2. HPLC traces of degradation of 1a in 50 mM phosphate buffer with 0.5 mM GSSG pH 7.4 @ 37 �C over a period of 6 days; masses obtained
from LC-MS experiments are displayed for (M+H)+. The peak area for 1a decreases with time as peak areas for 3, GS-MPA (mixed disulfide), and 1aRO
increase with time, indicating the occurrence of the retro Michael-type reaction. Arrows indicate the direction of peak area growth or decline with time.
Peak 3 consists of two equal peaks representing two diastereomers, while the two peaks of 1aRO evolve from ring-opening on either side of the
succinimide with respect to the thioether.

Scheme 2. Complete Reaction Cycle of 1 in Solution with Oxidized or Reduced Thiols

Scheme 3. Simplified Reaction Cycle and Kinetics Constants
for the Reaction of 1
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constant for the retro and exchange reaction of 1 (to yield 3) in the
presence of a large excess of a thiol compound (10 mM GSH or
5 mMGSSG). Using the simplified Scheme 3, reaction rate equa-
tions (eqs 1�4)

d½1�
dt

¼ � k1½1� � k2½1� ð1Þ

d½1RO�
dt

¼ k1½1� ð2Þ

d½3�
dt

¼ k2½1� � k3½3� ð3Þ

d½3RO�
dt

¼ k3½3� ð4Þ

can be defined and converted to integrated rate laws (eqs 5�8)

½1� ¼ ½1�0e�ðk1 þ k2Þt ð5Þ

½1RO� ¼ k1½1�0
k1 þ k2

1� e�ðk1 þ k2Þt
� �

ð6Þ

½3� ¼ k2½1�0
k3 � k2 � k1

e�ðk1 þ k2Þt � e�k3t
� �

ð7Þ

½3RO� ¼ k3k2½1�0
k3 � k2 � k1

e�ðk1 þ k2Þt � 1
�k1 � k2

þ e�k3t � 1
k3

 !
ð8Þ

Fractional concentrations of 1, 1RO, 3, and 3RO measured by
HPLC (relative to the initial concentration) were plotted as a
function of time for 1a (Figure 3A) and 1b (Figure 3B). Equa-
tion 7 was employed to fit to the data for 3 (converted from 1a and
1b (R2 > 0.98)), yielding k1, k2, and k3 with values shown in
Table 1, with their corresponding half-lives. Standard deviations
for all values were calculated from the standard error from the fit.
Curves to plot the fractional concentrations of the other

compounds as a function of time were constructed, as shown
in Figure 3, by input of the appropriate rate constants into

eqs 5�8. As clearly illustrated in the figure, the fits show
exceptional agreement with collected data for all compounds.
1c did not exhibit measurable retro and exchange reactions
under these experimental conditions; therefore, only k3 was
determined. The fractional concentrations of 1 and 1RO as a
function of time decreased and increased, respectively, as ex-
ponential decay functions with respect to k1 and k2, as shown in
Figure 3. The dependence of the fractional concentrations of
3 and 3RO as a function of time were more complex, owing to the
consecutive reaction mechanism, as shown by an initial increase
and subsequent decrease in the fractional concentration of 3;
the fractional concentration of 3RO increased over time with a
delayed onset. The extent of formation of 1RO and 3RO was
directly related to the relative reaction rates of k1 and k2. In the
reactions of 1a, k2 > k1; therefore, the major product at equili-
brium is 3RO. Conversely, for 1b k1 > k2; therefore, 1RO is the
major product. Retro and exchange rates for 1a were an order of
magnitude greater than those for 1b, with rate constants of
0.0371 ( 0.0038 versus 0.00207 ( 0.0002 h�1 and respective
half-lives of 19 ( 2 versus 337 ( 27 h, while half-lives for ring-
opening reactions of compounds 1 were the same order of
magnitude (ca. 102) for all compounds. In comparison, half-lives
for the glutathione-mediated cleavage of disulfide bonds under
similar conditions range from 8 to 45 min (with pseudo first-
order rate constants of 5 to 0.9 h�1),8 indicating that the use
of maleimide�thiol adducts rather than disulfides may have
advantages for producing more stable, yet degradable

Figure 3. Relative HPLC measured concentrations for 1a (panel A) and 1b (panel B) over time, with constructed curves using derived rate constants
and eqs 5�8 for (9) 1 (a or b), (0) 1RO, (b) 3, and (O) 3RO.

Table 1. Pseudo-First-Order Rate Constants and Respective
Half-Lives for Retro and Ring-Opening Reactionsa

retro reaction ring-opening

conjugate k2 (h
�1) half-life (h) k1 or k3 (h

�1) half-life (h)

1a 0.0371( 0.0038 19( 2 0.0033( 0.0002 (k1) 211( 15

1b 0.00207( 0.0002 337( 27 0.0044( 0.0003 (k1) 157( 12

1c n/a n/a 0.0032 ( 0.0002 (k1) 215( 11

3 -- -- 0.0076( 0.0007 (k3) 92( 2
a Standard deviations for all values were calculated from the standard
error from fit.
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bioconjugates. Indeed, in vivo blood circulation stability has
been shown to be as little as 4 h for disulfide-based immuno-
toxin-antibody conjugates, with circulation stability directly
dependent on the kinetics of reduction by glutathione.7,33,34

Accordingly, the decreased rate of exchange of the maleimide�
thiol adduct with glutathione would increase compound circula-
tion stability while maintaining cleavage sensitivity in highly
reducing environments.
The release data from HPLC experiments illustrate the extent

of turnover of the initial succinimide thioether under various
reducing conditions, which is relevant to the use of these
strategies for the liberation of drug conjugates or materials
degradation. Thus, using these treatments, variations in the
overall generation of 3 as a function of time (for different
compounds and reductant concentrations) are presented in
Figure 4 (calculations from obtained data are shown in the
Supporting Information, Figures S6�S8). 1a supported the
greatest rate of conversion of the initial adduct, with conversion
of nearly 85% after 70 h, followed by 1b with much slower
kinetics and substantially lower conversion, and then by 1c, for
which no measurable conversion was observed. The rate of
exchange of the initial adduct is clearly impacted by the thiol
pKa, with higher pKa decreasing the rate (Figure 4); the use of a
Michael donor with sufficiently high pKa (∼10.3) can eliminate
any impact of the retro reaction, as illustrated by the lack of
conversion of 1c.
Two other observations recommending the use of these

strategies for tailoring the degradation of succinimide thioethers
are indicated from these data. Importantly, the data in Figure 4
illustrate that the rate of thiol exchange varies with the concen-
tration of reductant. 1a showed the greatest dependence on
reductant concentration with the total production of 3 ranging
from 30% to 90% under these conditions. In contrast, conversion
of 1b showed little dependence, and that of 1c showed no
dependence, on reductant concentration; Michael donors can
thus be selected for application on the basis of desired sensitivity
to reductant. Additionally, the conversion to 3 can be impacted
by the inactivation of 1 by ring-opening of certain adducts. The
minimum half-lives for the retro reaction were approximately 19
h for 1a and 337 h for 1b, while those for inactivation of 1 by ring-
opening were approximately 200 h. Thus, the inactivation by

ring-opening became significant and limited the overall conver-
sion to 3 for conjugates 1b and 1c (evidenced by the reduction in
turnover of these compounds at later time points), which could
be used to tailor initial release and long-term stability for specific
conjugates.
The manipulation of the Michael-type addition has very

limited precedent in literature, and there are no previous reports
to our knowledge that seek to selectively utilize the retro reaction
for a specific use. In studies by Lewis et al., in which a
bis-maleimide was used to conjugate a chelating agent to a
monoclonal antibody, it was determined that the resulting adduct
was cleaved to some extent when exposed to fresh human
serum.19 Later, Alley et al. described mass spectrometry experi-
ments that illustrated that an antibody�drug conjugate linked by
maleimide�thiol chemistries had exchanged with rat serum
albumin in vivo to yield albumin�drug adduct.20 Concurrently,
Lin et al. described studies indicating that maleimide�cysteine
adducts disappeared in cells while similar iodoacetate adducts
were stable.21 The commonality in these reports stems from the
use of the resulting succinimide thioether in environments
containing reduced or oxidized thiol species, and although the
mechanism underlying these previous observations was not
discussed or determined, the reaction mechanism could proceed
as suggested in Scheme 1, as supported by our experiments.More
recently, Baker and co-workers have described the bromination
of maleimides for reversible conjugation of thiols as a bioconju-
gate technique.35�37 The process of bromination and subsequent
elimination of HBr by the addition of a protected cysteine was
found to be more rapid than the addition to maleimides. This
bromomaleimide conjugate was found to be reversible by
adding reducing agents such as GSH36 or TCEP37 with complete
conversion within 4 h for incubation with excess GSH. In
contrast, 70 h was required for 85% conversion of 2a, indicating
that the reduced reactivity of maleimides compared with bro-
momaleimides correlates with the rate of the retro reaction.

’CONCLUSIONS

We have confirmed that succinimide thioethers undergo
reversible addition in solutions and that exchange with nearby
free thiols or disulfides can be manipulated under relevant
physiological conditions. Reverse reactions of these kinds have
not been reported for other Michael-type addition products such
as thiol�acrylate conjugates, most likely due to the reduced
Michael acceptor reactivity of acrylates compared to maleimides.11

Glycine, substituted for GSH in control experiments, did not
induce the reverse reaction under these conditions, although it
has been shown that maleimides can be Michael acceptors for
amine donors;38,39 these observations suggest that the retro reac-
tionmay not be substantially affected by amine-bearing compounds
present in vivo. Our data also indicate that ring-opening of the
succinimide before the addition of GSH stabilizes the conjugate
and will inhibit the liberation of free thio-acid and conversion to 3.
Hence, purposely ring-opening a succinimide thioether will stabi-
lize bioconjugates for in vivo or in vitro assays if retro reactions
are not desired, and ring-opening that would occur in vivo could be
employed to dictate a lifetime over which a conjugated drugmay be
cleaved by GSH.

Importantly, thiophenyl conjugates were also sensitive to the
reducing environment, with only approximately 30% converted
at low reductant concentration within three days, versus 90% at
high reductant concentration, potentially allowing for targeted

Figure 4. Fraction of 3 generated from (9) 1a, (b) 1b, and (2) 1c
(at the baseline) in the presence of (�) 10 mM, (--) 1.0 mM, and ( 3 3 )
0.1 mM GSH.
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release/delivery. The slower 2w?>relative to disulfide-mediated
release (e.g., half-lives >20 h for succinimide thioethers com-
pared to minutes for disulfide-mediated release) may also allow
for longer-term delivery of drugs in reducing environments. We
note that the exchange and retro reactions kinetics discussed here
were modulated by altering the thiol serving as the Michael
donor; in many bioconjugates such alteration of the thiol
reactivity would not be possible, particularly given that alkylthiols
(i.e., cysteine) of natural proteins and peptides are common
Michael donors in bioconjugation reactions. In cases in which
Michael donor reactivity on proteins/peptides would be desir-
able, post-translational modification of natural proteins or pep-
tides or non-natural amino acid incorporation could be em-
ployed for the addition of suitable thiols.40 Other possibilities not
investigated here rely on modulating the maleimide stability and
reactivity as has been accomplished by addition of cyclohexyl or
benzyl moieties to the nitrogen group to reduce the susceptibility
of the maleimide ring to hydrolysis prior to addition reactions.41

Albeit there are many different possibilities for tailoring retro
reactions for use as delivery mechanisms, our observations ex-
pressed here could be exploited for both systemic and local
administration of bioconjugated drugs or for imparting degrada-
tion sites in polymeric backbones or cross-linked biomaterials.
Studies to test these potential opportunities are underway.
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Figure S1. 
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H-NMR spectrum for compound 1a 
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Figure S2. 

1
H-NMR spectrum for compound 1b 
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H-NMR spectrum for compound 1c 
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Analysis of formation of 3, monitored by HPLC 

 

 
 

Scheme S1.  Proposed exchange of the maleimide thiol adducts (1) with reduced  (GSH) and 

oxidized glutathione (GSSG) and their ring opened byproducts (1RO and 3RO).   

 

As discussed in the body of the manuscript it was found that the formation of 3 (Scheme S1) was 

independent of the oxidation state of glutathione, therefore a common kinetic parameter k2 was 

derived. Figure S5 displays the kinetic fit curves for solutions 1a incubated with 10mM GSH and 

5mm GSSG. The data points for each reading of 1a either in GSH or GSSG are similar, 

furthermore, fitting kinetic curves as described in the body of the manuscript to each trace yield a 

statistically indifferent k2.  

 

 
Figure S5. Relative HPLC measured concentrations for 1a (solid) and 3 (open) in the presence of 

10mM GSH (squares) and 5mM GSSG (circles) over time, with constructed curves using derived 
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rate constants and equations 5-8.  Kinetic parameters statistically indifferent (2 sample t-test, p = 

0.58, indicating no statistical evidence of a difference). 

 

We demonstrated in the body of the manuscript our ability to predict the formation of all 

compounds in the reaction scheme.  We present here the analysis of the total theoretical amount 

of 3 produced, obtained from data indicating the concentrations of relevant compounds in a 

select set of experiments (from 1a).  The value of this additional analysis is that it is based on 

confirmed measurements of the amounts of compounds of this specific set of reactions; such an 

analysis was not possible for all compounds studied.  The procedure is as follows: 

 

The amount of 1 converted to 3 was captured by the appearance of chromatic peak for 3 (Figure 

2); monitoring the kinetics of this formation, however, was complicated by the fact that 3 ring-

opens to form 3RO, and that 3RO does not bind to the column and thus cannot be quantified.  

Therefore, a maximum, level plateau for the formation of 3 was not observed, and the data for 

monitoring the formation of 3 instead looked as presented in Figure S6. The loss of 3 (i.e., the 

amount of 3RO formed over a given time period) was estimated based on the ring opening 

kinetics observed when a solution of 0.1mM of 3 was incubated in buffer lacking any reductant 

(Figure S7).  The pseudo first order rate constant, k3, for the ring-opening of 3 was determined to 

be 0.0076±0.0007 hr
-1

.  Computationally, the total concentration of 3RO ([3RO]) present at given 

time points throughout the experiment could be calculated by integrating the rate of ring-opening 

for 3 over time: 

∫ ⋅=
2

1

2

1

][

t

t

t

t
dtrRO3  

Where r is first order rate law equation: 

 

][
][

3 3
3

k
dt

d
r =

−
=  

 

The concentration of 3 ([3]) over a short range of time can also be estimated by a line fit between 

two data points (e.g., between any given t1 and t2 data points in Figure S6) where the y-values are 

the integrated peak area of 3 determined from HPLC evaluation of the retro reaction, m is the 

slope and b is the y-intercept: 

 
bmt +=][3  

 

Overall, yielding a final equation for the amount of 3RO as: 

 

∫ +⋅=
2

1

2

1

)(][ 3

t

t

t

t
dtbmtkRO3  

 

Accordingly, the amount of 3RO was presented in the main manuscript as Figure 3A and 3B for 

compounds 1a and 1b. Furthermore, the summation of calculated [3RO] values with the measured 

amount of 3 present at tn yields the constructed conversion curve of 3 (total compound 1 

converted 3) presented in Figure 4 in the main manuscript. 
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The accuracy of estimating the total amount of converted 3 (via measurement of 3 and 

calculation of 3RO) present as a function of time in the absence of ring opening was verified in a 

second set of experiments. In these experiments the amount of 3 formed from 1a was determined 

on the basis of the known concentration 1a (which is stoichiometrically equivalent to 3 in the 

absence of any ring opening, Scheme 1), and on the basis of conversion of 1a to the ring-opened 

substituent 1aRO (which would reduce the concentration of 1a in the reaction without conversion 

to 3).  Compound 1aRO bound to the HPLC column and could be quantified. Thus, the amount of 

1a and 1aRO were measured, and the amount of 3 anticipated was estimated on the basis of these 

measurements.  This amount of 3 (determined based on these emipirical measurements) was 

compared to the amount of 3 estimated via the theoretical treatments above. 

 

Because conversion of compound 1a occurs both due to the formation 3, and due to the ring-

opening of 1a to form 1aRO, the total amount of compound 1a converted to 3 at any point in 

time, t, would be: 

 
[ ] [ ] [ ] [ ]

tt RO0 1a1a1a3 −−=  

 

Where [1a]0 is the initial concentration of 1a employed in the experiment, and [1a]t and [1aRO]t  

are the measured concentrations of 1a and 1aRO determined in the HPLC measurements at time t. 

Molar concentrations for 1a and 1aRO were calculated from HPLC peak areas based on the 

extinction coefficients for 1a and 1aRO, which were experimentally determined from solutions of 

known concentration.   

 

The measured (on the basis of the measured conversion of 1a) and estimated (on the basis of the 

theoretical description above) values for the amount of 3 present as a function of time were in 

nearly perfect agreement (Figure S8), therefore it was assumed the above method for estimating 

the concentrations of conjugate 3 could be used for experiments for compounds 1b and 1c 

(whose ring-opened compounds were not possible to measure in the HPLC experiment). 
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Figure S6. GS-NEM (3) formed from (■) 1a (●) 1b (▲) 1c in the presence of (  ) 5mM (--) 

0.5mM (··) 0.05mM GSSG. 

 

 
Figure S7. The concentration of 3 plotted as a function of time in the absence of added 

reductant.  The reduction in the concentration of 3 over time is a result of ring opening, and thus 

this decrease indicates the rate of the ring opening. 

 

 
Figure S8. Comparison of measured (solid marks) and calculated (open marks) concentrations of 

3 obtained from the retro addition and thiol exchange of 1a (■) 5.0mM GSSG (●) 0.5mM GSSG 

(▲) 0.05mM GSSG. Trend lines are shown to aid in visualization. 
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’ INTRODUCTION

Site-specific chemical modification of biomolecules relies on
reactions of functional groups with reactivities that are orthogo-
nal to endogenous moieties.1 Ideally, such reactions occur rapidly
under conditions that retain the native structure of the target;
however, in practice most labeling systems fail to meet all criteria.
Condensation reactions of aldehydes and ketones with nucleo-
philes such as hydrazines, hydrazides and hydroxylamines possess
many attractive properties for ligations in biological systems.2�4

They occur readily in aqueous solutions without major side reac-
tions, and form covalent bonds with varying degrees of reversi-
bility, tunable by the nature of the reactants. The usefulness
of this class of reactions has been limited by its characteristic
pH-sensitive kinetics—the rate of the condensation reaction is
typically greatest near the pKa of the nucleophile,

5 dropping off
sharply at higher and lower pH.6 Because of this kinetic profile,
biomolecules that require neutral pH to maintain structural and
functional integrity are not amenable to direct ligation reactions
with the less basic members of this group.

Our laboratory has developed a hydrazine-tag aldehyde target-
based labeling system that employs reaction of a protein contain-
ing 3-formyl-L-tyrosine (3f-Tyr), a synthetic tyrosine derivative,
with a hydrazine-containing probe.7 In this manifestation, the un-
natural amino acid is appended to α-tubulin by a highly specific

enzymatic reaction. Use of an aromatic hydrazine rather than a
commercially available hydrazide as the nucleophile partially
alleviated the problem of slow reaction at neutral pH owing
to the greater basicity of the aromatic hydrazine. The aromatic
hydrazine, a coumarin derivative synthesized in our lab, has an
additional desirable feature, which is a red shift in its absorption
and emission spectra accompanied by an increase in quantum
yield upon hydrazone formation.

A wider variety of probes would increase the number of
applications available for the labeled protein. However, our selec-
tion of probes has been limited precisely because our protein of
interest, α,β-tubulin, is highly temperature and pH sensitive.8�11

The commercial hydrazide-containing probes react too slowly at
neutral pH and the protein is not stable at lower pH. Nucleo-
philic catalysis of these reactions using amines such as aniline and
aniline derivatives (e.g., p-anisidine), which form a reactive imine
intermediate with the target carbonyl, provides a potential
solution to this problem. Aniline has been shown to be effective
in aqueous buffered systems as well as with biomolecules and
biomolecular conjugates.3,12�15 However, it was not known at

Received: March 28, 2011
Revised: August 26, 2011

ABSTRACT: Hydrazone formation and similar reactions are highly
versatile and specific, but their application to biological systems has
been limited by their characteristically slow reaction kinetics at neutral
pH. Catalysis of these reactions through imine formation with aromatic
amines such as aniline has broadened the applicability of these reactions
to biomolecular labeling. High concentrations of the catalyst are
necessary, which may be incompatible with the native structure of
certain proteins. In this study, we investigated the utility of 4-amino-
phenylalanine (4a-Phe) as a catalyst for these reactions.We find that 4a-
Phe is nearly as effective as aniline in catalyzing hydrazone formation
between the reactive amino acid 3-formyltyrosine (3f-Tyr) and hydrazine-containing fluorophores, both free in solution and
incorporated into the protein tubulin. The catalyst 4a-Phe maintains∼70% of the catalytic efficacy of aniline and is less detrimental
to the native structure of tubulin. Examination of the temperature dependence of imine formation between 3f-Tyr and 4a-Phe shows
an increase in imine concentration accompanying a decrease in temperature, confirming the exothermic nature of the equilibrium
reaction. Interestingly, decreasing the temperature of the 4a-Phe-catalyzed hydrazone reaction between 3f-Tyr and the fluorophore
7-hydrazinyl-4-methylcoumarin increases the overall rate of the reaction. This result indicates that the temperature dependence of
the catalyst�aldehyde equilibrium is greater than the temperature dependence of the rate constant for hydrazone formation from
this intermediate, and that the rate of hydrazone formation a direct function of the concentration of the intermediate imine. These
results provide a platform for conducting nucleophilic catalysis under conditions that are more compatible with biomolecular targets
than previously demonstrated, thereby expanding the utility of hydrazone ligations in biological systems.
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the outset of this investigation whether aniline catalysis would
be amenable for usewith fragile biomolecular targets such as tubulin.
Millimolar concentrations of aniline are necessary to produce
an appreciable amount of imine intermediate, as the equilibrium
constant for imine formation is quite small (<10 M�1 for bisaryl
imines).16

In this study, we explore the use of 4-aminophenylalanine
(4a-Phe), a commercially available aromatic amine derivative of
phenylalanine (Phe), as a catalyst for hydrazone ligations in
aqueous buffer at neutral pH. We reasoned that the more hydro-
philic zwitterionic molecule would be less likely to denature a
protein but would retain the catalytic efficacy of aniline. Native
but not denatured tubulin will assemble into microtubules, so the
effect of the catalyst is assessed as the ability of the protein to
form microtubules in the presence of the additive. The catalytic
efficacies of aniline and 4a-Phe are compared with the protein
and using a model system containing 3f-Tyr and 7-hydrazinyl-4-
methylcoumarin (coumarin hydrazine, CH).

We also explore the effect of temperature on the catalytic
reaction. Since bisaryl imine formation is exothermic,17 the con-
centration of imine in solution can be increased by decreasing
temperature. It was hoped that the increase in imine concentra-
tion would have a greater effect on the overall rate than the
expected decrease in the rate of imine formation at the lower
temperature. Finally, the ability of 4a-Phe to catalyze hydrazone
formation with different fluorescent dyes is measured with both
the model compound 3f-Tyr and 3f-Tyr-labeled tubulin. We find
that 4a-Phe effectively catalyzes hydrazone formation between
the unnatural amino acid and a variety of hydrazine-containing
substrates, and that the labeling reaction is in fact enhanced at
low temperature.

’EXPERIMENTAL PROCEDURES

Reagents. Texas red hydrazide (TxRed, 90% single isomer)
and 7-diethylaminocoumarin-3-carboxylic acid, hydrazide (DCCH)
were purchased from Molecular Probes (Eugene, OR). CH
and 3f-Tyr were synthesized as described previously.7 The probe
naphthalene-2-ylhydrazine (naphthalene hydrazine, NH) was
synthesized as detailed in Supporting Information. Stock solu-
tions of TxRed, DCCH, and NH were made in DMSO and
stored at �20 �C. Stocks of CH were made fresh in PME buffer
(100 mM PIPES, 1 mM MgSO4, and 2 mM EGTA at pH 6.90)
and discarded after 24 h. A stock solution of 3f-Tyr was made in
PME and stored at 4 �C. Concentrations of TxRed, DCCH, and
CH were determined spectrophotometrically using extinction
coefficients of 109 000 M�1 cm�1 at 588 nm (TxRed, DMSO),
46 000 M�1 cm�1 at 420 nm (DCCH, DMSO), and 19 000
M�1 cm�1 at 346 nm (CH, PME).7 The concentration of NH
was determined by mass. The source of 4-amino-DL-phenylala-
nine hydrate (4a-Phe) was Sigma-Aldrich (>97% pure). All other
chemicals were purchased from Sigma-Aldrich and were reagent
grade or better. All experiments were performed in PME buffer
unless otherwise noted. The reactions presented in this paper
were conducted in PME at pH 6.9 for compatibility with tubulin.
Many of these experiments were also performed in 0.1 M phos-
phate buffer at pH 7.0, and no difference in the results obtained
with the two buffer systems was observed.
Spectral Characteristics and Kinetics of 3f-Tyr Imine For-

mation. Imine formation was monitored by absorption differ-
ence spectroscopy. Dual chambered cuvettes were loaded with
identical volumes of 800 μM 3f-Tyr and 20 mM of aniline, Phe,

or 4a-Phe. The cuvette was then placed in an HP 8453 UV�vis
spectrophotometer equipped with a multicell thermostatted
cuvette holder and equilibrated to 25 �C. After blanking, the
solutions mixed rapidly by inversion, halving the concentration
and doubling the path-length of each solution. Absorption dif-
ference spectra were collected at 30 s intervals. Steady state was
reached in less than one hour, so the difference spectra of the
equilibrated imine solution was also monitored at steady state.
There was no change in the difference spectrum after steady state
was achieved. The absorbance maximum at steady state (aniline:
440 nm, Phe: 405 nm, 4a-Phe: 415 nm) was then plotted as a
function of time according to the following equation for a rever-
sible pseudo first-order reaction approaching equilibrium:

� lnðΔAeq �ΔAtÞ ¼ kobst

where ΔAeq is the absorption difference at equilibrium, ΔAt is
the absorption difference at time t, and kobs is the observed rate
constant for approach to equilibrium, which is the sum of the
forward and reverse rate constants. Values for kobs were obtained
from a linear fit done in SigmaPlot 10.0 (Systat Software Inc., San
Jose, CA).
Relative Initial Rates of Formation. For measurement of 3f-

Tyr-4a-Phe imine formation kinetics, 800 μM3f-Tyr and 20 mM
4a-Phe were loaded into either side of a dual-chambered cuvette
as described above. The reaction vessels were equilibrated at 0 �C,

Chart 1. Structures of the Catalysts, Targets, and Probes
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25 �C, or 37 �C before mixing and maintained those tempera-
tures throughout the course of the reaction. Imine formation was
monitored by the change in the absorption difference spectrum
at 415 nm as a function of time. Reactions were compared based
on initial rates, which were calculated for each reaction as the
slope of the linear portion of the absorption vs time plot. The
initial rate of each reaction was compared to its initial rate at
25 �C to yield a unitless relative initial rate.
Kinetics of Hydrazone Formation. Apparent pseudo first-

order rate constants in the presence and absence the catalysts
were determined by absorption difference spectroscopy in a CH
and 3f-Tyr test system. Identical volumes of 800 μM 3f-Tyr
and 80 μM CH were loaded into separate chambers of a dual
chamber cuvette with or without 10 mM of aniline, Phe, or
4a-Phe in both chambers. (Note that including the catalyst in
both chambers allows the concentration of catalyst to be constant
throughout the experiment.) The solutions were allowed to equi-
librate before the 3f-Tyr and hydrazine were mixed. The spec-
trophotometer was blanked, the solutions mixed, and reactions
monitored as above at 400 nm. The resulting kinetic trace was
then fit as a single pseudo first-order reaction according to the
equation

ΔAðtÞ ¼ ΔAfinalð1� e�k0tÞ

where ΔA(t) is the absorption difference at time t, ΔAfinal is the
absorption difference at completion, and k0 is the apparent
pseudo first-order rate constant. These data are treated as an
irreversible reaction because the hydrazones are not observed to
dissociate under harsher reaction conditions (vide infra). Fitting
was accomplished using SigmaPlot 10.0. For the reaction of
TxRed, NH, and DCCH with 3f-Tyr, only 4a-Phe was used as
a catalyst, and the wavelengthsmonitored were 610 nm (TxRed),
370 nm (NH), and 460 nm (DCCH); 4% DMSO was included
in both chambers to solublize the probes and their hydrazones.
The concentration of fluorophore was 40 μM after mixing in
experiments with CH, TxRed, and NH. The concentration of
DCCH was reduced to produce a final concentration of 20 μM
due to low solubility of the hydrazone product from this reaction.
Corroborating fluorescence experiments were conducted as pre-
viously described.7

Temperature-dependent rate constants were determined in
the same manner, except the reactions were equilibrated at 0 �C
or 37 �C in the thermostatted multicell holder prior to mixing
and held at that temperature throughout the reaction and CH
was the only probe used.
Temperature-Dependent Imine Formation. A mixture of

400 μM 3f-Tyr and 10 mM 4a-Phe in a 1 cm path length cuvette
was placed in the thermostatted multicell holder, equilibrated to
25 �C, and allowed to react until equilibrium was achieved. The
sample was then blanked, the temperature decreased to 0 �C,
allowed to react until equilibrium, and a difference spectrum
taken. The temperature was raised back to 25 �C, raised up to
37 �C, and finally cooled back to 25 �C, with a spectrum taken
after the reactions reached equilibrium at every temperature. The
criterion for equilibrium was no change in the difference spec-
trum for 2 min.
Tubulin Purification.Tubulin was isolated from bovine brains

by two cycles of temperature-dependent polymerization and
depolymerization followed by phosphocellulose ion-exchange
chromatography.18 The protein containing fractions were
then pooled, drop-frozen, and stored in liquid nitrogen until use.

Prior to use, frozen aliquots were gently thawed and desalted into
PME buffer by the method of Penefsky.19 The concentration
was determined spectrophotometrically using an extinction
coefficient of 114 000M�1 cm�1 at 280 nm, which was calculated
from sequence data as previously described with modification
to account for the two bound guanosine nucleotides per tubulin
dimer.20 A detailed procedure can be found in Supporting
Information.
Effect of Catalyst on Microtubule Formation. Tubulin

(10 μM) was incubated with varying concentrations of the
catalyst for 4 h at room temperature in PME. The samples were
then equilibrated to 37 �C in 1 cm path length cuvettes in the
UV�vis spectrophotometer in a thermostatted multicell holder
and baselines taken. Polymerization was initiated by addition of
10% v/v DMSO and 1 mM GTP. Polymerization activity was
monitored as apparent absorption increase at 400 nm, taking the
plateau value to be polymerization extent. The plateau values
were graphed on a semilog plot versus amine concentration and
the IC50 value extracted from a nonlinear sigmoidal fit done in
SigmaPlot 10.0.21

Preparation of 3f-Tyr Hybridized Tubulin. Tubulin was
hybridized with 3f-Tyr using recombinant human tubulin�
tyrosine ligase fused to glutathione transferase (GST-TTL) as
previously described with minor modification.7 Purified tubulin
(40�80 μM) in PME buffer was treated with carboxypeptidase A
(Sigma) for 30 min at 37 �C to remove the C-terminal tyrosine
from α-tubulin. The reaction was stopped by addition of 20 mM
DTT. Tubulin was equilibrated into TTL buffer (25 mM MES,
150 mM KCl, 27 μM MgCl2, 2.5 mM ATP, 1 mM DTT, and
1.5% v/v glycerol at pH 6.8) by rapid gel filtration using
Sephadex G-50. The protein was incubated with 1 mM 3f-Tyr
and 0.45 mg mL�1 GST-TTL for 30 min at 37 �C. Excess ligand
was removed by rapid gel filtration in Sephadex G-50 into PME
buffer, and the concentration of tubulin determined spectro-
photometrically as above, subtracting the absorbance due to the
0.45 mg mL�1 GST-TTL (ε280 nm = 100 000 M�1 cm�1, MW =
71 078). The extinction coefficient was calculated using the
same method used for tubulin, and is detailed in Supporting
Information.
Fluorescent Labeling of α-Tubulin.Tubulin hybridized with

3f-Tyr (40 μM) was incubated with 400 μM hydrazine-containing
probe (CH, NH, DCCH, or TxRed) in the presence or absence
of 10 mM 4a-Phe, along with an unmodified tubulin control. In
the NH, DCCH, and TxRed reactions, 4% DMSO was also
included. Reactions were allowed to progress for 15 and 60 min
at either RT or 0 �C, and then immediately subjected to reducing
SDS-PAGE without boiling. The gels were imaged under long-
wavelength UV light. The same gels were then stained with
Coomassie Brilliant Blue and imaged again under white light.

’RESULTS AND DISCUSSION

The application of hydrazone ligations to biological systems
has been limited by the slow kinetics of such reactions at neutral
pH.23 Rate enhancement of similar reactions by nucleophilic
catalysis was first detailed by Jencks, who noted that certain
amines were more effective catalysts of semicarbazone formation
than predicted by a general acid catalysis mechanism and who
then detailed the nucleophilic catalysis mechanism.22,24 The
recent application of this principle to biological systems by
Dawson and co-workers has led to a plethora of new hydra-
zone and oxime ligations.3,12�15,25�27 The work presented here
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represents a continued expansion of nucleophilic catalysis in
biological systems through the application of a catalyst that is
more biocompatible than aniline.
Reactive Imine Formation. The catalyst 4a-Phe possesses

two potential nucleophiles for imine formation: the aromatic
amine of the side chain and the aliphatic α-amine. Therefore, the
unmodified amino acid Phe was evaluated in parallel with aniline
and 4a-Phe. Kinetics of imine formation between the three
catalysts (aniline, Phe, and 4a-Phe) and the model compound
3f-Tyr were followed by absorption difference spectroscopy in
aqueous buffer at neutral pH. All three catalysts formed imines
with 3f-Tyr with distinct absorption difference characteristics
(Figure 1, Table 1). The aniline imine peak (aromatic amine) in
the absorption difference spectrum is significantly red-shifted
from that of the Phe imine peak (α-amine) at equilibrium, pre-
sumably because of extended conjugation in the bisaryl product.
The shape of the absorption difference spectrum of the Phe�
3f-Tyr reaction is consistent throughout the reaction, indicating
that a single product is formed. In the aniline�3f-Tyr reaction,
the peak shape changes slightly during the reaction. The absorp-
tion maximum shifts slightly to the blue over the course of the
reaction, which may be attributed to a small amount of imine
formation between the α-amine and the aldehyde side chain of
3f-Tyr. The maximum of absorption difference spectrum of the
4a-Phe reaction shifts substantially during the course of the
reaction, from the 445 nm (aromatic amino imine) region toward
the 405 nm (α-amino imine) region. Taken together, these
results indicate that imines with the o-hydroxybenzaldehyde
moiety of 3f-Tyr form at both amino groups in 4a-Phe, and that
the aromatic amino imine forms more quickly.
The relative rates at which each reaction approaches equilib-

rium were assessed by analyzing the data of absorbance change as
a function of time as described under Experimental Procedures.
The observed rate constants to equilibrium for each system are
reported in Table 1. The wavelength of the absorption maximum
at equilibrium was used in the calculation, since the goal was to
assess equilibration rate of the entire system, which includes both
α- and aromatic amines. Overall, it is observed that aniline
approaches its equilibrium the fastest, Phe the slowest, and 4a-
Phe at an intermediate rate.
Catalytic Efficacy and Protein Stability. The search for a

more biocompatible catalyst was spurred by our interest in site-
specific fluorescent labeling of the protein tubulin. When tubulin

was exposed to 100 mM aniline, the concentration used in most
studies currently aimed at adapting the catalysis to biomolecules;
it was completely denatured and inactivated in less that 1 h (data
not shown). We therefore investigated the effects of aniline, 4a-
Phe, and Phe on the native structure of tubulin through polymeri-
zation activity assays. Native tubulin can be induced to assemble
into microtubules, and denaturants inhibit this activity. Aniline is
about 3-fold more damaging to tubulin’s ability to polymerize
than 4a-Phe; interestingly, unmodified Phe did not appear to affect
the assembly process at equivalent concentrations (Table 2). The
results suggest that the aminopropanoic acid moiety of Phe is
compatible with the protein, and inclusion of thismoiety in 4a-Phe
protects the protein from the detrimental effects of aniline. On the
basis of these results, the concentration of catalyst for subsequent
experiments was fixed at 10 mM.
The relative catalytic efficacies of the molecules were evaluated

by measuring the reaction rate of hydrazone formation between
3f-Tyr and CH as a function of catalyst. The reactants were
selected because of their relevance to our tubulin labeling appli-
cation, appropriate water solubilities of both the components and
their resulting hydrazones, and reasonable uncatalyzed reaction
kinetics for comparison.7 Reactions were monitored by ab-
sorption difference spectroscopy as detailed in Experimental
Procedures. A representative experiment is shown in Figure 2. An
isosbestic point in the spectra is observed, which indicates that a
single transformation is measured by the technique (i.e, hydrazine
to hydrazone). Although the imine between the catalyst and 3f-Tyr
absorbs in this region of the spectrum, its absorbance does not
contribute to the observed difference spectrum.The 3f-Tyr/4aPhe

Figure 1. Time-dependent absorption difference spectra for aniline (A), Phe (B), or 4a-Phe (C) reacting with 3f-Tyr at 25 �C in PME buffer, pH 6.9.
The concentration of 3f-Tyr was 400 μMand the concentrations of aniline, Phe, or 4a-Phe were 10mM. Arrows indicate the wavelength at themaximum
of the absorption difference spectrum at each time point. The peaks at t = 0 are due to the reaction that occurred during the seconds it took to mix the
samples.

Table 1. Observed Rate to Equilibrium for Imine Formation
with 3f-Tyr

amine kobs � 10‑3 (s‑1)a λmax (nm)b

Aniline 5.3 ( 0.2 445�440

4a-Phe 3.7 ( 0.1 443�415

Phe 1.4 ( 0.1 405
aRate constant for equilibration of 400 μM 3f-Tyr and 10 mM of each
substance at 25 �C in PME at pH 6.9, determined as described under
Experimental Procedures. bRange of maximumwavelength of the absorp-
tion difference spectrum over the course of the reaction andmonitored by
absorption difference spectroscopy.
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solution was allowed to equilibrate before the hydrazone reaction
was initiated; thus, absorption due to the initial imine is elimi-
nated by blanking the sample. The large excess of 3f-Tyr relative
to CH ensures that the fractional change in imine concentration
over the course of the reaction is small.
To further demonstrate that the absorption difference spectra

are proportional to hydrazone formation, the reaction kinetics
was monitored by fluorescence under the same experimental
conditions. We have shown previously that the reaction between
CH and 3f-Tyr produces a hydrazone with distinct absorption
and emission properties, and that the fluorescence of the hydra-
zone can be observed without interference by unreacted hydra-
zine.7 Figure 2C shows the kinetic trace of the fluorescence
emission increase overlaid with absorption difference spectra
data. The concurrence of the two data sets points to the fluo-
rescence and absorbance signals corresponding to the same
process, hydrazone formation. Calculated pseudo first-order
rate constants for each signal are within experimental error of
one another. In harmony with previous studies, all three catalysts
increased the observed pseudo first-order rate constant for the
formation of the 3f-Tyr-CH hydrazone (Table 2).22 Aniline
catalyzed the reaction most effectively (∼19-fold), Phe the least
effectively (∼2-fold), and 4a-Phe was at an intermediate effec-
tiveness (∼13-fold). These data support the notion that the
aromatic imine is the more reactive intermediate, and when both
aromatic and α-amino groups are present, they may compete
with each other, the net result of which is a decrease in the overall
reaction rate (Scheme 1). However, this is counterbalanced by

the increased concentrations of 4a-Phe that can be used because
of its compatibility with the protein.
Alternative Tags.We also investigated the generalizability of

4a-Phe catalysis to varying classes of hydrazine-containing mole-
cules using the model reaction. This was accomplished by
calculating apparent pseudo first-order rate constants for reac-
tions between 3f-Tyr and NH, DCCH, and TxRed (Table 3).
The catalysis was effective for all three molecules, yielding rate
enhancements of 9-, 130-, and 3-fold, respectively. Note that the
rate of hydrazone formation with the more reactive aromatic
hydrazines (CH and NH) is less affected by the catalyst than that
of the less reactive hydrazide (DCCH). It is unclear why catalysis
was less effective in the TxRed reaction. It may be that the
increased sterics of the imine intermediate counteracts the
greater reactivity of the iminium ion compared to the aromatic
aldehyde.
Temperature Dependence of 4a-Phe and 3f-Tyr Reac-

tions. A solution variable that frequently affects the stability of
biological molecules is temperature. Proteins and nucleic acid
polymers tend to be more stable at lower temperatures; the
native conformation of tubulin is particularly sensitive to varia-
tions in temperature.8,9 According to equilibrium thermodynamic
parameters measured for related o-hydroxyl aldehyde-amine
systems, imine formation is exothermic.17 Therefore, a decrease
in temperature would be expected to increase the concentration
of imine in solution, which may then increase the overall efficacy
of the catalyst.
Absorption difference spectroscopy was used to assess the

effect of temperature on the relative equilibrium concentration of
imine in a solution of the model compounds 3f-Tyr and 4a-Phe
(Figure 3). The solution of the two components was equilibrated
to room temperature (25 �C), and the spectrophotometer was
blanked. The temperature was decreased to 0 �C, and absorption
spectra were collected until no change in the spectrum was ob-
served. A positive band was observed in the absorption difference
spectrum that peaks near 440 nm, which is indicative of an
increase in the concentration of the aromatic amino imine. This
process was fully reversed when the temperature of the solution
was restored to 25 �C. Subsequent warming of the solution to
25 �C caused a decrease in absorbance in the 440 nm region,
which is consistent with dissociation of aromatic amino imine.
This process was also fully reversed when cooled to 25 �C.
Therefore, the imine concentration in the solution can be rever-
sibly increased or decreased by lowering or raising the solution
temperature.

Figure 2. (A) Absorption difference spectra for the reaction of CH (40 μM)with 3f-Tyr (400 μM) at 25 �C in PME buffer, pH 6.9 in the presence of 4a-
Phe (10mM). (B) Absorption difference of the reaction shown in panel A at 400 nm as a function of time. Solid line: data fit as a single pseudo first-order
reaction. (C) Kinetics of hydrazone formation catalyzed by 10 mM 4a-Phe monitored by absorption difference spectroscopy (black) and fluorescence
spectroscopy (cyan). The signal data were normalized to arbitrary units to more clearly show the overlap of the kinetic traces.

Table 2. Effect of Catalyst on the Native State of Tubulin and
the Relative Efficacy of the Catalyst

catalyst IC50 (mM)a k (10‑4) (s‑1)b

uncatalyzed - 3.5 ( 0.2

aniline 28 ( 3 66 ( 0.8

4a-Phe 88 ( 13 45 ( 0.4

Phe >100 5.5 ( 0.08
a IC50 for tubulin polymerization activity. Tubulin (10 μM) was incu-
bated with varying concentrations of the catalyst in PME (pH6.9) for 4 h
at 25 �C and then polymerized at 37 �C. b Pseudo first-order rate
constant for the reaction of 40 μM CH with 400 μM 3f-Tyr in the pre-
sence of 10 mM catalyst at 25 �C in PME (pH 6.9). Note the increased
IC50 for 4a-Phe relative to aniline while still maintaining the majority
of the rate enhancement for the reaction, indicating its utility as a bio-
compatible catalyst.
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The temperature dependence of the kinetics of imine forma-
tion was assessed by measuring initial rates at the three tempera-
tures. Table 4 compares the initial rates as a ratio of the initial rate
of imine formation at 25 �C. At 0 �C, the initial rate of imine
formation is about half of its value at room temperature, and at
37 �C, the initial rate is about 1-1/2 times faster.
The net effect of temperature on the catalytic ability of 4a-Phe

was assessed empirically using a 3f-Tyr and CH test system. The
rate of hydrazone formation was measured at the three selected
temperatures in the absence or presence of 4a-Phe catalyst
(Table 5). At 25 �C, 4a-Phe increased the observed rate constant
by ∼13-fold. At 0 �C, 4a-Phe caused a 28-fold increase in the
apparent rate constant for hydrazone formation, more than double
the rate enhancement observed at 25 �C (13-fold). Although there
was a slight increase in observed rate constant when the tem-
perature was increased to 37 �C (∼10%), there was virtually no
change in rate enhancement from 25 �C, which remained steady
at 13-fold. The effect of temperature on the catalyzed reaction
indicates that the effectiveness of 4a-Phe catalysis is governed by
a mixture of thermodynamic and kinetic factors. We hypothesize
that the thermodynamic favorability for imine formation at 0 �C
is responsible for a marked increase in catalytic effectiveness by
increasing intermediate imine concentration, which Cordes and
Jencks determined to be a controlling factor governing the rate
of imine-catalyzed semicarbazone formation.22 It appears that

kinetic favorability at 37 �C overcomes the thermodynamic
disfavorability, possibly by regenerating the consumed imine
intermediate more quickly. Although it is unclear how general-
izable this effect is to molecules other than the o-hydroxyl aro-
matic aldehyde used in our system, it may be predicted by the
energetic nature of the formation of the intermediate imine—if
imine formation is sufficiently exothermic, decreasing the tem-
perature will thermodynamically favor imine formation, thereby

Scheme 1. Proposed Reaction Pathway for 4a-Phe Catalyzed Hydrazine-Ligations with o-Hydroxyl Aromatic Aldehydes Attached
to Biomolecules

Table 3. Apparent Pseudo First-Order Rate Constants for
Hydrazone Formation Between 3f-Tyr and Hydrazine-Con-
taining Probes Catalyzed by 4a-Phea

molecular tag kuncat (10
‑4) (s‑1)b kcat (10

‑4) (s‑1)c

NH 5.2 ( 0.3 45.2 ( 0.4

DCCH 0.11 ( 0.01 14.2 ( 0.04

TxRed 0.60 ( 0.12 1.8 ( 0.1
aApparent pseudo first-order rate constants for the reaction of hydra-
zines with 3f-Tyr in the absence and presence of 4a-Phe. Experiments
were performed with 400 μM 3f-Tyr with 40 μMmolecular tag (20 μM
in the case of DCCH) in the presence or absence of 10 mM 4a-Phe at
25 �C in PME (pH 6.9). bAbsence of 4a-Phe. c Presence of 4a-Phe.

Figure 3. Effect of temperature on the absorption difference spectrum
of 4a-Phe plus 3f-Tyr. A solution of 10mM4a-Phe and 400 μM3f-Tyr in
PME buffer (pH 6.9) was mixed at 25 �C and equilibrated until no
change in the absorption spectrum was observed. The instrument was
then referenced to this solution (black curve). Without removing the
cuvette from the instrument, the temperature was decreased to 0 �C and
the spectrum was monitored until no further change in the absorption
spectrum was observed, at which point a spectrum was taken (red curve).
The process of temperature change and equilibration was repeated on
the same sample, which was not removed from the instrument. Green
curve: After equilibration of 0 �C solution to 25 �C. Yellow curve: After
equilibration of 25 �C solution to 37 �C. Blue curve: After equilibration
of 37 �C solution to 25 �C. The fully reversible increase in the 440 nm
region at 0 �C and decrease at 37 �C indicates aromatic amino imine
concentration increases at 0 �C and decreases at 37 �C relative to the
concentration at room temperature (25 �C).
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increasing imine concentration. If the rate constant of the
subsequent transimination reaction has a smaller temperature
dependence than the equilibrium constant for imine formation,
as appears to be the case for the probes studied here (Figure 4,
Table 5), then lowering the temperature of the reaction to in-
crease its overall rate may be a general feature of these catalyzed
reaction.
Application in Protein Labeling. To assess the applicability

of 4a-Phe catalysis to protein labeling, we hybridized 3f-Tyr to
α-tubulin as described previously5 and allowed it to react with
hydrazine-containing molecular tags. Identical reactions were
performed in the presence and absence of catalyst at both 25 �C
and at 0 �C. The protein was then subjected to SDS-PAGE
(Figure 4) and visualized under long-wavelength UV light. It is
clear that the catalysis effectively enhanced the labeling of the
protein in most cases at both room temperature and 0 �C. The
difference in the fluorescence intensities of the products in the
catalyzed and uncatalyzed reactions are particularly evident at
low temperature and short time points, consistent with the
results in the model system. It should be noted that, although
in this study the amino acid derivative 3f-Tyr is enzymatically
appended to tubulin, the amino acid derivative suitable for incor-
poration into other proteins using unnatural amino acid muta-
genesis (unpublished results) or via synthetic peptides. There-
fore, the 4a-Phe-catalyzed hydrazone ligation reaction could be
broadly applicable to protein labeling.
Hydrazone-containing conjugates have been criticized for bio-

molecular labeling because the reaction is an equilibrium process.
It is feared that the reaction may not go to completion and that
the reversibility renders the product too unstable. Equilibrium
constants that have been measured for aromatic aldehyde�
semicarbazide reactions in aqueous solution for aromatic semi-
carbazone formation in aqueous solution, which are analogous to
the reactions presented here, are on the order of 105�106M�1.28

Kalia and Raines argue that oximes are preferred over hydra-
zone linkages because of their superior resistance to hydrolysis.

Their quantitative kinetic analyses show that the hydrolytic
stability of hydrazone linkages is significantly affected by the stru-
cture of the hydrazone and pH at which the hydrolysis reaction is
carried out. First-order rate constants of hydrazone hydrolysis
decrease by 2�3 orders of magnitude from pD 5 to pD 9 in D2O.
These experiments illustrate what is generally known: hydrazone
stability is dependent on structures of both reactants and pH of
the medium.29 The most pertinent question is whether a particular
hydrazone is sufficiently stable for the biological application.
We have empirical observations to support our assertion that

some hydrazones are well-suited for protein labeling. Tubulin
labeled with this system does not observably lose the fluorophore
in neutral pH buffer under conditions that retain the native struc-
ture of the protein. The hydrazone bond remains intact during
SDS-PAGE (Figure 4). Moreover, SDS-PAGE gels of tubulin
labeled with CH or TxRed do not noticeably lose fluorescence
even after 2 weeks of storage in standard destaining solution
(containing methanol, acetic acid, and water). The results sug-
gest that the tubulin�fluorophore conjugates are stable under a
variety of experimental conditions. Although the hydrazones are
thermodynamically reversible, we believe that the 3f-Tyr-linked
hydrazones remain intact because the products are kinetically
trapped. Such behavior has been observed in hydrazone-containing
dynamic covalent chemistry libraries.30

’CONCLUSION

We conclude that 4a-Phe is a biocompatible catalyst for
hydrazone ligations in aqueous buffer at neutral pH with catalytic
efficacy about 70% of aniline but superior compatibility with pro-
teins. We have applied the catalysis to a site-specific bioortho-
gonal labeling method for conjugating molecular labels to the
C-terminus of α-tubulin under conditions that preserves the
activity of the fragile protein. Importantly, we demonstrate that
the reactions can be effectively conducted at 0 �C, successfully
increasing the extent of labeling under conditions and time
periods that are suitable for routine use with biomolecules.

Table 4. Relative Initial Rate of 4a-Phe/3f-Tyr Imine For-
mation at Various Temperaturesa

temperature ki, app/ki, app, RT

0 �C 0.4 ( 0.1

25 �C 1.0 ( 0.1

37 �C 1.6 ( 0.1
a Initial rates of formation imine at varying temperatures were deter-
mined as described under Experimental Procedures. A 400 μM solution
of 3f-Tyr was reacted with 10 mM 4a-Phe at 0, 25, and 37 �C. Data are
presented as the initial rate at 0, 25, or 37 �C divided by the initial rate at
room temperature (25 �C).

Table 5. Effect of Temperature and 4a-Phe Catalyst on the
Rate of CH/3f-Tyr Hydrazone Formationa

temperature kuncat (10
‑4) (s‑1)b kcat (10

‑4) (s‑1)c

0 �C 3.32 ( 0.04 94.4 ( 2.8

25 �C 3.52 ( 0.20 44.8 ( 0.4

37 �C 3.92 ( 0.08 51.6 ( 0.4
aApparent pseudo first-order rate constants for the reaction of 400 μM
3f-Tyr with 40 μMCH in the absence or presence of 10mM4a-Phe at 0,
25, and 37 �C in PME (pH 6.9). bAbsence of 4a-Phe. c Presence of
4a-Phe.

Figure 4. SDS-PAGE of α-tubulin labeled with hydrazine-containing
fluorophores, visualized under long-wavelength UV light (top) and
stained with Coomassie blue (bottom). Samples of tubulin (40 μM)
in PME buffer were incubated with fluorophore (400 μM) for the
specified time and temperature in the presence or absence of 10 mM 4a-
Phe and immediately run on a gel. Each panel is from left to right: (1)
Unmodified α-tubulin (control), (2) 3f-Tyr-α-tubulin, (3) 3f-Tyr-α-
tubulin +4a-Phe. Note the increased fluorescence signal in most of the
bands for the catalyzed reactions compared to the corresponding
uncatalyzed reactions.
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bS Supporting Information. Synthesis and spectral charac-
terization of NH and its corresponding hydrazones is available.
The full sequence of the GST-TTL fusion protein and calcula-
tions of the extinction coefficients for tubulin and GTS-TTL are
also presented. This material is available free of charge via the
Internet at http://pubs.acs.org.
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SUPPORTING MATERIAL 

Synthesis and Spectral Characterization of 2-Napthylhydrazine and Corresponding Hydrazone 

Materials 

Dry methanol, acetonitrile and THF were purchased from Acros Chimica and Aldrich and dried 

in our lab. Other solvents and reagents were also obtained from Acros or Aldrich and were used 

as received (regent grade or better). Deuterated solvents were obtained from Cambridge Isotope 

Laboratories. Non-deuterated solvents were degassed with argon before use. 

 

General Procedures 

1
H, 

13
C spectra were recorded on instruments operating at a frequency of 360 MHz. 

1
H NMR 

spectra were referenced to CDCl3 (7.26 ppm). 
13

C NMR spectra were referenced to the CDCl3 

(77.00 ppm). Chemical shift multiplicities are reported as s= singlet, d = doublet, t = triplet, q = 

quartet and m = multiplet. Flash column chromatography was performed using Baker silica gel 

60-200 mesh or 200-400 mesh. Absorption spectra of all compounds were obtained by using a 

Hewlett-Packard 8453 diode array absorption spectrophotometer. Fluorescence emission spectra 

for were measured using Spex FluoroMax-3 spectrofluorometer. Reactions were monitored by 

thin layer chromatography using TLC plastic sheets, silica gel 60 F254. 

 

Fluorescence Quantum Yield Determination 

The relative fluorescence quantum yields (φF) were determined in dilute solutions with an 

absorbance below 0.1 at the excitation wavelength. Quinine sulfate in 0.1 M H2SO4 (λex = 347 

nm) was used as a standard, which has a quantum yield of 0.57.
1
 Solvents were dried before use. 

The slit width was 2 nm for both excitation and emission. The relative quantum yields were 



obtained by calculating the area under corrected emission spectrum of the sample and comparing 

these areas with the area under corrected emission spectrum of standard solution of quinine 

sulfate. Correction for the refractive index was also applied. All spectra were recorded at 23 °C. 

All the fluorescence integrals were calculated using SigmaPlot 10.0. The relative quantum 

efficiencies of fluorescence were obtained with the following equation:  

φF 
sample

 = φF 
standard

 × (F
sample

- F
solvent

)/(F
standard 

-F
solvent

) × (η
sample

/η
standard

) × (A
standard 

/A
sample

)  

where F denotes fluorescence integral with respect to wavelength, A denotes the absorbance at 

the excitation wavelength, and η denotes the refractive index of the solvent.  

 

2-Naphthylhydrazine hydrochloride (1) 

 

NHNH2.HCl

 

1 

 

The procedure is modified from Portoghese et. al.
2
 A stirred slurry of 2-naphthylamine (2 g, 0.01 

mol) in concentrated hydrochloric acid (30 mL) was treated dropwise at -5 °C with sodium 

nitrite (0.89 g, 0.01 mol) in cold water (3 mL), care being taken not to allow the temperature to 

rise above 0 °C. After the addition of sodium nitrite, the diazotization reaction was continued for 

1 hr. The solution was quickly filtered and the filtrate was poured in a thin stream into a solution 

of stannous chloride dihydrate (14 g, 0.05 mol) in cold hydrochloric acid (60 mL). After 1 hr, the 

reaction mixture was filtered and washed with water (20 mL), followed with alcohol (30 mL) 

and finally with ether (100 mL). The crude product was dried in the desiccator and stored under 



nitrogen in the dark (1.1 g, 57%) ); 
1
H NMR (360 MHz, DMSO-d

6
) δ 7.92 (d, 1H, ArH), 7.40 (t, 

1H, ArH), 7.25 (t,1H, ArH), 7.20 (s, 1H, ArH), 7.15 (d, 1H, ArH), 3.85 (bs, 1H, NH); 
13

C NMR 

(360 MHz, DMSO-d
6
) δ 143.4, 133.6, 128.8, 127.6, 126.8, 126.5, 123.5, 117.1, 107.9. 

 

(E/Z)-2-((2-(Naphthalen-2-yl)hydrazono)methyl)phenol (2) 

 

H
N

N

HO  

2 

 

2-Naphthylhydrazine (1.42 g, 9 mmol) was dissolved in 5 mL of 95% ethanol. Salicylaldehyde 

(1.1 g, 9 mmol) was also dissolved in 5 mL of ethanol and added to the previous mixture. The 

solution was stirred for 1 hr at room temperature (a precipitate formed) and then cooled to -15 

°C. The yellow-orange solid was collected by vacuum filtration and washed with ice cold 

ethanol. The product was recrystallized twice from ethanol to give pure product 2 (1.1 g, 47 %). 

Rf = 0.56 (CH2Cl2); 
1
H NMR (360 MHz, DMSO-d

6
) δ  10.62 (s, 1H, OH), 8.25 (s, 1H, CH), 

7.79-7.73(m, 4H, ArH), 7.63 (d, 1H, ArH), 7.16-7.41 (m, 4H, ArH), 6.85-6.92 (m, 2H, ArH); 
13

C 

NMR (360 MHz, DMSO-d
6
) δ 171.8, 158.6, 153.6, 150.6, 145.3, 144.9, 143.9, 143.5, 143.1, 

142.4, 142, 138.4, 136.5, 132.6, 131.9, 131.4, 120.6. 

 

 

 



Table S1. Spectral Characteristics of 1 and 2. 

Compound Solvent λλλλabs max (nm) λλλλem max(nm) φφφφrel 

MeOH 330 383 0.021 

DMSO 338 407 0.140 

 

1 

Dioxane 345 391 0.059 

MeOH 360 444 0.065 

DMSO 359 440 0.054 

 

2 

Dioxane 355 461 0.048 

 

The compounds show a significant red-shift upon hydrazone formation, indicating increased 

fluorophore conjugation through the pi system (Table S1). 

 

 

 

 

 

 

 

 

 

 

 

 

 



Sequence of GST-TTL Fusion Protein 

The sequence of our GST-TTL fusion protein was predicted from the sequence of the expression 

plasmid pReceiver05x (Genecopoeia, Maryland) using the Translate Tool hosted by the Swiss 

Institute for Bioinformatics (SIB)  (http://ca.expasy.org/tools/dna.html). Molecular weight of this 

protein was then predicted from the predicted protein sequence using the Compute pI/Mw Tool 

hosted by the SIB (http://ca.expasy.org/tools/pi_tool.html) and confirmed by reducing SDS-

PAGE (Data not shown). The results are shown in figure S1. 

 

 

Figu
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Etch
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Tubu

Tub

with
  1 MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYID 60 

 61 GDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDFETLKV 120 

121 DFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFK 180 

181 KRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRSGENLYFQGASKEFGT 240 

241 MYTFVVRDENSSVYAEVSRLLLATGHWKRLRRDNPRFNLMLGERNRLPFGRLGHEPGLVQ 300 

301 LVNYYRGADKLCRKASLVKLIKTSPELAESCTWFPESYVIYPTNLKTPVAPAQNGIQPPI 360 

361 SNSRTDEREFFLASYNRKKEDGEGNVWIAKSSAGAKGEGILISSEASELLDFIDNQGQVH 420 

421 VIQKYLEHPLLLEPGHRKFDIRSWVLVDHQYNIYLYREGVLRTASEPYHVDNFQDKTCHL 480 

481 TNHCIQKEYSKNYGKYEEGNEMFFKEFNQYLTSALNITLESSILLQIKHIIRNCLLSVEP 540 

541 AISTKHLPYQSFQLFGFDFMVDEELKVWLIEVNGAPACAQKLYAELCQGIVDIAISSVFP 600 

601 PPDVEQPQTQPAAFIKL 617 

 

Blue = Open Reading Frame for GST Tag 

Red  = Open Reading Frame for TTL 

 

Molecular Weight = 71077.57 (Predicted) 
re S1. Predicted sequence of GST-TTL fusion protein. The molecular weight was confirmed 

DS-PAGE (data not shown). Unlabeled sequence from E227 to T240 contains a Tobacco 

 Virus protease site as well as transcript from a multiple restriction site in the expression 

mid. 

lin and GST-TTL Extinction Coefficients 

ulin and GST-TTL extinction coefficients at 280 nm were calculated as described previously 

 minor modifications.
3
 The number of the major amino-acid contributors to protein 

 



absorbance at 280 nm (tryptophan, tyrosine, and cysteine) were determined from protein 

sequence data, multiplied by absorption coefficients for those residues at 280 nm, and summed 

according to the following equation: 

 

ε(M
-1

cm
-1

) = (5,500 M
-1

cm
-1

)(nTrp) + (1,490 M
-1

cm
-1

)(nTyr) + (125 M
-1

cm
-1

)(nCys) 

 

Where nTrp, nTyr, and nCys are the number of tryptophan, tyrosine, and cysteine residues in a 

protein, and the corresponding coefficients are the average absorption coefficients for those 

residues in when in a protein. This equation assumes each cysteine represents one half a cystine. 

In the case of tubulin, a fourth term must be added to account for the absorbance of the two 

bound guanine nucleotides per dimer, yielding the following equation: 

 

ε(M
-1

cm
-1

) = (5,500 M
-1

cm
-1

)(nTrp) + (1,490 M
-1

cm
-1

)(nTyr) + (125 M
-1

cm
-1

)(nCys) + (7,760 M
-1

cm
-1

)(nGTP/GDP) 

 

Where nGTP/GDP is the number of bound guanosine nucleotides (two in the case of a tubulin 

dimer) and its corresponding coefficient is the extinction coefficient for GTP/GDP in aqueous 

buffer at pH 6.9 as determined in our lab. The tubulin sequences used for bovine brain tubulin 

dimers were αI and βII as obtained from Swiss-Prot (P81947 and Q6B856 respectively). The 

sequence used for GST-TTL is reported in figure S1. 
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ABSTRACT:

In this study, siRNAs terminated with thiol groups weremultimerized and cross-linked using∼5 nm gold nanoparticles (AuNPs) via
Au�S chemisorption that can be intracellularly reduced. AuNPs immobilized with single-stranded antisense siRNAwere assembled
with those with single-stranded sense siRNA via complementary hybridization or assembled with those with single-stranded dimeric
sense siRNA. The multimerized siRNA cross-linked by AuNPs showed increased charge density and enhanced enzymatic stability,
and exhibited good complexation behaviors with a polycationic carrier, linear polyethylenimine (L-PEI). The resultant multi-
siRNA/AuNPs/L-PEI polyelectrolyte complexes exhibited far greater gene silencing efficiencies of green fluorescent protein (GFP)
and vascular endothelial growth factor (VEGF) compared to naked siRNA complexes. They could also be visualized by micro-CT
imaging. The results suggest that AuNP-mediated multimerization of siRNAs could be a rational approach to achieve both gene
silencing and imaging at a target tissue simultaneously.

’ INTRODUCTION

Gold nanoparticles (AuNPs) have received significant atten-
tion as nanotemplates for biomolecular conjugates because of
their excellent biocompatibility, controllable morphology and
size dispersity, and easy surface functionalization via well-defined
Au-thiol linkages.1�4

For diagnostic applications, AuNPs were functionalized with
oligonucleotides for ultrasensitive detection of a target nucleic
acid sequence via their unique surface plasmon optical properties
generated upon hybridization.5�7 For therapeutic applications,
AuNPs were conjugated with therapeutic genes such as antisense
oligodeoxynucleiotides (ODNs) and small interfering RNAs
(siRNAs) for efficient cellular uptake and gene inhibition.4�11

More recently, siRNAs have been extensively utilized for gene
silencing due to their extraordinary ability to specifically and
efficiently block the gene expression of a target mRNA through
an RNA interference mechanism. siRNAs hold great promise as a
new class of therapeutic nucleic acid drugs for treating numerous
diseases including cancer and other diseases from genetic dis-
orders to viral infections.12�16 Clinical applications of siRNAs
have been limited mostly by the lack of efficient and biocompa-
tible delivery carriers.17,18 Since siRNA molecules have a low

charge density with high stiffness as compared to plasmid DNA,
they have to condense with an excess amount of cationic
polymers and lipids to form stable nanocomplexes for facile
endocytic cellular uptake.19 Highly positively charged polymers
such as branched polyethylenimine (bPEI) have been popular to
stably complex siRNA, but their cytotoxicity remains a serious
problem. Recently, multimeric siRNAs cross-linked via intracel-
lularly cleavable disulfide linkages were proposed to increase the
charge density of siRNA.19,20 The reducibly multimerized siRNA
was synthesized by forming covalent bonds between two ormore
siRNA monomers via bifunctional disulfide-containing cross-
linkers (e.g., dithio-bis-maleimidoethane (DTME)). It was de-
monstrated that the one-dimensionally aligned siRNAmolecules
could significantly enhance electrostatic interactions with low-
molecular-weight polycationic carriers that exhibit low cytotoxi-
city, generating stable and compact polyelectrolyte nanocom-
plexes. The multimeric siRNA showed greatly enhanced gene
silencing efficiencies in vitro and in vivo as compared to naked
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siRNA, when complexed with linear PEI (L-PEI) at the same
polymer nitrogen to siRNA phosphate (N/P) ratio.

Here, we demonstrate a facile synthetic route to multimeric
siRNA species that are cross-linked by AuNPs via Au-thiol
linkages. Thiolated single-stranded sense and antisense siRNA
were separately anchored onto the surface of AuNPs, and they
were subsequently annealed to produce multimeric siRNA cross-
linked by AuNPs. In addition, single-stranded antisense siRNA/
AuNPs were hybridized with a single-stranded sense dimeric and
reducible siRNA as a spacing linker to control the distance
between AuNPs. The resultant multi-siRNA/AuNPs are ex-
pected to regenerate naked siRNA species within cells by
reductive cleavage of Au-thiol linkages. The multimeric siR-
NA/AuNPs were characterized in terms of their size, morphol-
ogy, resistance to enzymes, and reducibility to glutathione, and
condensed with L-PEI to form polyelectrolyte complexes for
cellular uptake, gene silencing, and micro-CT imaging.

’EXPERIMENTAL PROCEDURES

Materials. Tetrachlorohydrogenaurate (HAuCl4), sodium
citrate, sodium borohydride (NaBH4), phosphine (4,40-(phenyl-
phosphinidene)bis-benzenesulfonic acid dipotassium salt), Tri-
ton X-100, and XTT based in vitro cytotoxicity assay kit were
purchased from Sigma-Aldrich (St. Louis, MO). Linear poly-
ethylenimine (L-PEI, Mw: 25 kDa) was purchased from Poly-
sciences (Warrington, PA). All the chemicals were of analytical
reagent grade. Dulbecco’s modified eagle medium (DMEM),
Roswell Park Memorial Institute (RPMI) 1640 medium, phos-
phate buffered saline (PBS), and fetal bovine serum (FBS) were
purchased from Gibco-Invitrogen (Grand Island, NY). En-
hanced green fluorescent protein (GFP) siRNA (sense strand:
50-AACUUCAGGGUCAGCUUGC(dT)5-30; antisense strand:
50-GCAAGCUGACCCUGAAGUU(dT)5-30), vascular endothe-
lial growth factor (VEGF) siRNA (sense: 50-GGAGUACCC-
UGAUGAGAUC(dT)5-30; antisense: 50-GAUCUCAUCAGG-
GUACUCC(dT)5-30), alkanethiol-modified siRNA (the 30-end
of both the sense and antisense strands modified with thiol
groups), and fluorescein-labeled single-stranded siRNA were pro-
vided from Bioneer Co. (Daejeon, Korea). RNase ONE ribonu-
clease was purchased from Promega Corporation (Madison, WI).
Synthesis of Phosphine-Capped Gold Nanoparticles

(AUNPs). Citrate-stabilized AuNPs (5 nm in diameter) were
prepared by direct reduction of Au (III) ions using citric acid.21

Following the synthesis, the AuNPs were capped with phosphine
and concentrated by precipitation and resuspension as described
previously. 3 The resulting AuNPs were treated with 0.1% diethyl-
pyrocarbonate (DEPC) followed by autoclaving at 121 �C for
20 min to yield sterile and RNase-free gold colloids.5 The
concentration of AuNPs was calculated using an extinction
coefficient of 1 � 107 M�1 cm�1 at 520 nm.
AuNP-MediatedAssemblyofMultimerized siRNA (M-siRNA).

Phosphine-capped AuNPs were separately functionalized with
single-stranded sense or antisense siRNA, according to the
method described previously.22 Either the sense or antisense-
stranded thiol-modified siRNA (3.05 mol of siRNA relative to a
mole of AuNPs) was added into a stirred solution of phosphine-
capped AuNPs (500 nM). To promote the place-exchange
reaction of siRNA at the polar defect site of the AuNPs, they
were resuspended in 0.5� TBE (45 mMTris-base, 45 mM boric
acid, 1 mM EDTA, pH 8.0)/100 mM NaCl buffer solution. The
solution was further incubated for 40 h at room temperature.

Unreacted siRNA was removed by centrifugation for 30 min at
50 000 � g. The resulting siRNA-functionalized AuNPs (obtained
as red precipitates) were purified by successive dispersion/cen-
trifugation in 0.3 M NaCl solution. In order to determine the
number of siRNAs anchored onto the surface of a single AuNP,
fluorescein-labeled siRNA was used for the preparation of
siRNA-functionalized AuNPs.23 The resultant siRNA-function-
alized AuNPs were treated with 12mM2-mercaptoethanol in 0.1
M PBS solution (pH 7.4). After 12 h of incubation with gentle
shaking, the solution containing the displaced siRNA was
separated by centrifugation. The fluorescence in the supernatant
was then analyzed using a LSM-AMINCO 8100 fluorophot-
ometer (LSM instruments Inc., USA) with an excitation wave-
length at 488 nm and an emission wavelength at 520 nm. The
concentration of AuNPs in each sample was also quantified by
measuring the absorbance at 520 nm using the NanoDrop ND-
1000 spectrophotometer (Thermo Fisher Scientific, USA). The
average number of siRNAs attached on each AuNP was calcu-
lated by dividing the amount of attached siRNA with the amount
of AuNPs. M-siRNA was synthesized by annealing the sense
siRNA-functionalized AuNPs with an equimolar amount of the
antisense siRNA-functionalized AuNPs in 0.1 M phosphate-
buffered saline (PBS) solution (pH 7.4) for 12 h at room
temperature. M-siRNA having a longer spacing between AuNPs
(M-siRNA-D) was also synthesized by hybridizing the antisense
siRNA-functionalized AuNPs with a dimerized sense siRNA at
the same molar concentration. The dimerized sense siRNA was
prepared according to the previously reported procedure.24

Briefly, 30-end thiol-modified single-stranded sense siRNA
(GFP; 50-AACUUCAGGGUCAGCUUGC(dT)2-30) was re-
acted with dithio-bis-maleimidoethane, a homobifunctional thiol-
reactive cross-linker, to prepare a single-stranded sense-dimer.
Physicochemical Characterization of M-siRNA. The size,

shape, and spatial arrangement of AuNPs cross-linked in the
M-siRNA and M-siRNA-D were investigated by transmission elec-
tron microscopy (TEM). Thirty microliters of the solution was
deposited onto a 300mesh Formvar/carbon-coated copper grid, air-
dried, and then observed by a field-emission transmission electron
microscope (FE-TEM, Philips TECNAI F20). The average center-
to-center distance of AuNPs in the multimerized siRNA was deter-
mined by measuring more than 50 multi-siRNA/AuNPs clusters in
the TEM image. UV�visible spectra of phosphine-capped AuNPs,
siRNA-functionalized AuNPs, and M-siRNA were recorded from
450 to 650 nm using a Nano Drop ND-1000 spectrophotometer.
Glutathione-Responsive Release of siRNA from M-siRNA.

Since the glutathione (GSH) concentration in the cytoplasm
(1�10 mM) is substantially higher than in extracellular environ-
ments (2 μM in plasma), it was expected that M-siRNA would
have an ability to selectively deliver siRNA into the cytoplasm.29

Thus, to determine whether the cross-linked siRNA molecules
were released from the M-siRNA in a reducible intracellular
environment, the release of siRNA was examined at varying
glutathione concentrations. In brief, M-siRNA (containing 1 μg
equiv siRNA) was incubated in 0.1 M PBS solution (pH 7.4)
containing 0, 100, 200, or 300 μM GSH at 37 �C. After
incubation for 1 h, the released siRNA was separated from the
AuNPs by centrifugation. Aliquots of the supernatant were
diluted 2-fold with deionized water, and then analyzed by agarose
gel electrophoresis for 10 min at 100 V in TAE buffer solution
(40 mM Tris-HCl, 1% (v/v) acetic acid, 1 mM EDTA). After
staining with ethidium bromide, the gel was imaged under UV
illumination.
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Protective Effect of M-siRNA against Enzymatic Degrada-
tion. To evaluate the stability of siRNA against nuclease attack,
M-siRNA and naked siRNA were treated with RNase ONE
ribonuclease, which cleaves phosphodiester linkages between
neighboring ribonucleotides. Two micrograms of siRNA or
M-siRNA were incubated with 10 U RNase in 100 μL of the
reaction buffer solution (10 mM Tris�HCl (pH 7.5), 5 mM
EDTA, and 200 mM sodium acetate). In order to examine the
effect of GSH on the enzymatic stability ofM-siRNA, the samples
were also simultaneously treated with 100 μM GSH. After
incubation for 30 min at room temperature, the residual siRNA
was detached from the surface of the AuNPs by treatment with
12 mM 2-mercaptoethanol in 0.1 M PBS solution (pH 7.4).
Following centrifugation, the supernatant solution containing
the detached siRNA was loaded on a 2% agarose gel. The
remaining siRNA fraction was visualized by staining with ethi-
dium bromide and analyzed using Image J software (NIH Image).
Preparation and Characterization of M-siRNA/L-PEI Poly-

electrolyte Complexes. To form polyelectrolyte complexes,
M-siRNA or monomeric siRNA (2 μg) dispersed in RNase-free
water was mixed with L-PEI at various N/P ratios ranging from 1
to 10 in 0.1 M PBS solution (pH 7.4), and then incubated for 10
min at room temperature. The size, morphology, and internal
structure of the polyelectrolyte complexes were examined using
atomic force microscopy (AFM; PSIA XE-100, Park Systems,
Korea) and TEM. In the AFM experiments, 100 μL of the sample
solution was deposited onto a cleanmica surface and images were
obtained in a noncontact mode. The zeta potential values of the
complexes were also measured using a dynamic light scattering
instrument (Zeta-Plus, Brookhaven, NY) equipped with a
He�Ne laser at a wavelength of 632 nm. The intensity-weighted
particle size distribution data were collected at a scattering angle
of 90� at physiological temperature, 37 �C. The zeta potential
values of the complexes were measured in 0.1 M PBS solution
(pH 7.4) in triplicate at 37 �C.
Evaluation of Gene Silencing Effect of M-siRNA/L-PEI

Polyelectrolyte Complexes. A GFP-expressing human mela-
noma cell line (MDA-MB-435) was provided from Samyang
Corp. (Daejeon, South Korea). The human prostate carcinoma

cell line (PC-3 cells) was provided form the Korea Cell Line Bank
(Seoul, South Korea). GFP-expressing MDA-MB-435 cells were
seeded in a 24-well plate at a density of 2� 105 cells per well and
grown in RPMI medium supplemented with 10% (v/v) fetal
bovine serum (FBS) for 24 h at 37 �C. The cells were then
incubated with serum-deficient or 10% FBS-supplemented med-
ium containing polyelectrolyte M-siRNA complexes formulated
with L-PEI at N/P ratios ranging from 1 to 10. After 5 h of
incubation, the culture medium was replaced with fresh medium
containing 10% FBS, and further incubated for 48 h. As a control
experiment, the cells were treated with only L-PEI at an
equivalent concentration or monomeric siRNA/L-PEI com-
plexes prepared at an N/P ratio of 10. To quantify the extent
of GFP expression, the treated cells were washed with the PBS
solution three times, and then lysed with 0.1% Triton X-100
solution in the PBS solution. After centrifugation at 4 �C, the
GFP concentration in the supernatant was analyzed using a LSM-
AMINCO 8100 fluorophotometer with an excitation wavelength
at 488 nm and an emission wavelength at 509 nm. Relative GFP
expression levels were calculated based on the GFP expression of
untreated cells, which was set at 100%. To evaluate the VEGF
gene silencing effect, PC-3 cells were transfected with the
M-siRNA/L-PEI complexes at varying concentrations and then
harvested. Total RNA was isolated using a Trizol reagent
according to the manufacturer’s protocol. Semiquantitative re-
verse transcriptase polymerase chain reaction (RT-PCR) was
performed to measure the cellular VEGFmRNA levels according
to our previous report.25

In Vitro Cytotoxicity Assay. The cytotoxicity of M-siRNA/
L-PEI polyelectrolyte complexes was examined using an XTT-
based in vitro cytotoxicity assay kit. Briefly, GFP-expressing
MDA-MB-435 cells were seeded in a 48-well plate at a density
of 2 � 104 cells per well, and then cultivated in RPMI medium
supplemented with 10% (v/v) FBS for 24 h at 37 �C. The cells
were then incubated with the M-siRNA/L-PEI complexes
(siRNA concentration: 2 μg/mL), which were prepared at
varying N/P ratios (N/P ratios ranging from 2 to 12), or naked
siRNA (2 μg/mL) as a control. After incubation for 10 h, the cells
were washed with the PBS solution, and then treated with a XTT

Figure 1. Schematic illustration of the formation of (A) AuNP-mediated multimerized siRNA (M-siRNA), collapsed complexes with L-PEI, and (B)
another type of multimerized siRNA having a longer spacing between AuNPs (M-siRNA-D). The sequences of thiol-modified single-stranded siRNAs
are 50-AACUUCAGGGUCAGCUUGC(dT)5-SH-30 (sense) and 50-GCAAGCUGACCCUGAAGUU(dT)5-SH-30 (antisense). The sequence of
dimerized sense siRNA is 50-AACUUCAGGGUCAGCUUGC(dT)2-ss-(dT)2CGUUCGACUGGGACUUCAA-50.
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reagent for 2 h. Cell viability was determined by measuring the
absorbance at 450 nm using a Bio-Rad microplate reader, and
then normalized with respect to the control population.
Micro-CT Imaging Procedures. GFP-expressing MDA-MB-

435 cells were seeded in a 100mm culture dish at a density of 1�
106 cells per dish, and further grown for 24 h at 37 �C. The cells
were then treated with the serum-deficient medium containing
M-siRNA/L-PEI or monomeric siRNA/L-PEI polyelectrolyte
complexes. Treatment was carefully carried out by adding the
formulated complexes to the cells in a dropwise manner. After 5 h
of incubation, the cells were washed three times with PBS
solution, and detached using a trypsin�EDTA solution. The
harvested cells were fixed with 1% formaldehyde in PBS solution.
The cells were embedded in a 2% low-melting agarose gel, and
then visualized through micro-CT imaging (Inveon Micro-CT,
Siemens, USA).

’RESULTS AND DISCUSSION

Synthesis of Phosphine-Capped AuNPs.Multimeric siRNA
cross-linked by AuNPs (or AuNPs cross-linked by siRNA) was
fabricated by complementary hybridization between sense and
antisense single-stranded siRNA separately immobilized onto
the surface of AuNPs via a Au-thiol linkage (Figure 1). In order
to attain multimeric siRNA/AuNPs constructs with desired
shape and morphological characters, the number of immobilized

single-stranded sense or antisense siRNA molecules and their
spatial distribution on the surface of negatively charged phos-
pine-capped AuNPs are highly important. When AuNPs were
immobilized with two or more single-stranded sense or antisense
siRNA molecules, they would produce linear, branched, or gel-
like multimeric siRNA species by complementary hybridization,
respectively. Since the number of siRNA molecules and their
spatial orientation on the surface of AuNPs would primarily
dictate the assembly pattern of AuNPs, the size of AuNPs is most
critical in controlling the extent of siRNA immobilization. Depend-
ing on the surface area, curvature, and surface charge density of
AuNPs, thiolated single-stranded sense or antisense siRNA could be
bound on the surface to varying extents. To immobilize roughly two
siRNAmolecules on the surface, 5 nmAuNPswere prepared.21 The
size of the phosphine-capped AuNPs was 5.0( 1.8 nm as assessed
through TEM image (Figure 2A). The UV�visible spectra showed
a characteristic absorption peak near 520 nm (λmax = 514 nm; data
was not shown).
Multimerized siRNA Construct Formation. AuNPs were func-

tionalized with single-stranded sense or antisense siRNAs termi-
nated with a thiol group at their 30 end. The thiolated 30 end of
siRNAs had an extended (dT)5 overhang that could serve as a
steric spacer to enhance the Au�S chemisorption of thiolated
siRNA on the surface by reducing the tendency of Au-purine base
interactions.23,26�28 Because of the stiff nature of siRNA, the
anchored siRNAs might be oriented perpendicularly onto the

Figure 2. (A) TEM images of phosphine-capped AuNPs, (B) M-siRNA, and (C) M-siRNA-D. (D) UV�visible absorption spectra of phosphine-
capped AuNPs (solid line), siRNA-AuNPs conjugates (dash), and M-siRNAs (dot).
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surface with a fully stretched structure, allowing for maximum
hybridization with its complementary counterparts. The average
number of siRNA onto the surface of an AuNP was controlled to
be∼2 by adjusting a feedmolar ratio of single-stranded siRNA to
AuNPs at 3.05. The surface immobilization of siRNA on the Au
surface was evidenced by observing a slight red shift of surface

plasmon peak from 517 to 519 nm (Figure 2D). When the two
separately prepared AuNPs immobilized with single-stranded
sense and antisense siRNAweremixed, AuNPs were cross-linked
by complementary hybridization, and they were consequently
1-D aligned with an average center-to-center distance of 6.5 (
0.7 nm between the adjacent AuNPs (Figure 2B). The spacing

Figure 3. GSH triggered release of siRNA and resistance against RNase attack. (A) Gel electrophoresis showing GSH triggered release of siRNA as a
function of GSH concentration (100, 200, 300, and 0 μM from the left). (B) Gel electrophoresis showing enzymatic degradation of siRNA (RNase
concentration 10U/mL). (C) Densitometric analysis normalized to naked siRNA without RNase treatment.

Figure 4. AFM and TEM images of M-siRNA/L-PEI complexes. (A) M-siRNA/L-PEI nanocomplex and (B) naked siRNA/L-PEI complex. (C) TEM
image of M-siRNA/L-PEI nanocomplex. (D) Surface zeta potential of M-siRNA/L-PEI complex. N/P ratio of 10 was used in all measurements.
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distance between the two neighboring AuNPs is well-matchedwith a
calculated length of an siRNA duplex structure. The surface plasmon
peak of 5 nmAuNPswas also significantly red-shifted to 529nmafter
hybridization (Figure 2D), resulting from the spatial 1-D alignment
of AuNPs. To further prove that the observed 1-D assembled
M-siRNA was indeed formed by complementary hybridization,
AuNPs immobilized with single-stranded antisense siRNA were

hybridized with dimerized single-stranded sense siRNA to double
the spacing distance between the AuNPs. As shown in Figure 1B, the
center-to-center distancebetween the twoadjacentAuNPswas11.1(
0.2 nm, consistent with the calculated length of a dimeric siRNA
structure (Figure 2C), proving that AuNPs were cross-linked by
complementary hybridization between two sense and antisense
siRNAs immobilized onto the surface of two separate AuNPs.

Figure 5. (A) Suppression of GFP gene expression by the M-siRNA/L-PEI complex at various N/P ratios (N/P ratio: 1�10) or the siRNA/L-PEI
complex (N/P ratio: 10) under serum-deficient conditions. (B) GFP express level of MDA-MB-435 cells transfected with siRNA/L-PEI complexes,
L-PEI, and M-siRNA/L-PEI complex as a function of siRNA concentration in serum-containing medium (N/P ratio: 10). (C)RT-PCR analysis (lower
panel) and corresponding densitometric analysis (upper panel) of VEGFmRNA level in PC3 cells transfected withM-siRNA/L-PEI and complex (N/P
ratio: 10) as a function of siRNA concentration. (D) Cytotoxicity of M-siRNA/L-PEI complexes at N/P ratios ranging from 2 to 12. (E) Micro CT
imaging of agarose-embedded MDA-MB-435 cells transfected with siRNA/L-PEI (left) and M-siRNA/L-PEI (right) complexes, each complex was
prepared at an N/P ratio of 10.
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Glutathione-Triggered Regeneration of Monomeric siR-
NA from M-siRNA. M-siRNA was incubated with glutathione
(GSH, final concentration: 0�300 μM) to verify the intracellular
regeneration of naked siRNAs. The formation of monomeric
siRNA was examined by agarose gel electrophoresis. The thiol-
Au linkages could be reduced by intracellular reductivemolecules
such as GSH.29,30 As shown in Figure 3A, the complete release of
monomeric siRNA can be observed at elevated GSH concentra-
tions. This result shows that the AuNPs-mediated multimerized
siRNA (M-siRNA) could be reductively disassembled to form
monomeric siRNAs within cells.
Stability of M-siRNA against Enzymatic Degradation. To

evaluate the stability of M-siRNA against enzymatic degradation,
the fabricatedM-siRNAs were mixed with 10 units of RNase with
or without 100 μM GSH. As shown in Figure 3B and C,
M-siRNA survived 82.2 ( 1.4% of siRNA units even after
treating with 10 units of nuclease (band 2 in Figure 3B), while
naked siRNA was almost completely degraded in 30 min (band 1
in Figure 3B). In the presence of GSH (100 μM) and 10 units of
nuclease, 35.6( 2.1% of siRNA units in the M-siRNA remained
intact due to the GSH-triggered detachment of siRNA.
Polyelectrolyte Complex Formation with L-PEI. Since mul-

timeric M-siRNA structures cross-linked by AuNPs have in-
creased charge density as compared to monomeric siRNA, they
could more readily form nanosized polyelectrolyte complexes
with oppositely charged cationic polymers. Previously, we de-
monstrated that multimeric siRNA cross-linked by reducible
disulfide linkages produced far more stable and compact poly-
electrolyte complexes with cationic polymers compared to
monomeric siRNA, resulting in promoted cellular uptake and
enhanced gene silencing efficiency.14,15 This was caused by
enhanced electrostatic interactions between multimeric siRNA
and cationic polymers. M-siRNA polyelectrolyte nanocomplexes
were prepared using L-PEI (Mw 25 kDa). In the atomic force
microscopy (AFM) images, the resulting M-siRNA/L-PEI poly-
electrolyte complexes exhibited a compact and spherical mor-
phology at the N/P ratio of 10 (average diameter: 289( 31 nm)
(Figure 4A). On the other hand, monomeric siRNA/L-PEI
complexes showed loosely packed aggregates at the same N/P
ratio (Figure 4B). TEM image also showed that the M-siRNA/
L-PEI complexes contained numerous embedded AuNPs within
the complex particle (Figure 4C; average diameter of 319 (
36.24 nm). The formation of nanosized M-siRNA polyelectro-
lyte complexes could be attributed mainly to ionic interactions of
L-PEI with cross-linked siRNA units and, more importantly,
highly anionic phosphine-capped AuNPs .31�33 The resulting
complexes had a zeta potential value of +13.2 ( 3.4 mV
(Figure 4D).34

Gene Silencing.The gene silencing effect of M-siRNA/L-PEI
nanocomplexes was examined at various N/P ratios using GFP-
expressing MDA-MB-435 cells (siRNA concentration: 1 μg/mL)
under serum-deficient conditions. As shown in Figure 5A,
M-siRNA/L-PEI complexes exhibited enhanced GFP gene silen-
cing efficiency down to 46.9 ( 0.9% at an N/P ratio 10. The
dose-dependent silencing efficiency of M-siRNA/L-PEI com-
plexes was further investigated at an optimal N/P ratio (N/P
ratio: 10) in the media containing 10% serum. M-siRNA/L-PEI
complexes showed the gradual decrease in GFP expression in a
dose-dependent manner (Figure 5B), while naked siRNA/L-PEI
complexes only showed slight gene inhibition under the same
conditions. The gene silencing efficiency of M-siRNA/L-PEI
complexes was further evaluated via semiquantitative RT-PCR

using siVEGF (VEGF-silencing siRNA), one of the most widely
studied antiangiogenic siRNA for cancer therapy. As shown in
Figure 5C, when siRNA concentration was increased from 0.17
to 1.0 μg/mL, the relative band intensity of VEGF gradually
decreased. The gene expression levels were quantified by a
densitometric analysis. As shown in Figure 5C, when the siRNA
concentration was increased from 0.17 μg/to 1.0 μg/mL, the
relative band intensity of VEGF decreased proportionally from
99.5 ( 6.3% to 47.8 ( 5.8% in a dose-dependent manner. It
seems that the enhanced gene inhibition effect of the M-siRNA/
L-PEI complexes might result from the enhanced cellular uptake.
Cytotoxicity. We also examined the cytotoxicity of the

M-siRNA/L-PEI complexes as a function of N/P ratio using
monomeric siRNA/L-PEI complexes (at the N/P ratio of 10) as
a control. As shown in Figure 5D, the M-siRNA/L-PEI com-
plexes displayed no significant cytotoxic effects against MDA-
MB-435 cells. This could be attributed to the use of relatively
lower N/P ratio for M-siRNA complexation relative to that for
monomeric siRNA complexation that normally requires the N/P
ratio of 40 for gene silencing.
CT-Imaging. To visualize cellular uptake, MDA-MB-435 cells

were transfected with M-siRNA/L-PEI or naked siRNA/L-PEI
complexes (N/P ratio 10) under serum-deficient conditions, the
transfected cells were imaged using micro-CT. AuNPs have been
widely studied as CT contrast agents for detection of various
tissues, because Au atoms have a high electron density, resulting
in strong X-ray absorption.35 The CT value for M-siRNA/L-PEI
treated cells (129.6 HU) was more than 4-fold greater than that
for monomeric siRNA/L-PEI treated cells (15.8 HU) (Figure 5E).
These results clearly demonstrate the intracellular uptake of
M-siRNA/L-PEI complexes.

’CONCLUSIONS

We demonstrated that the formation of 1-D assembled and
multimerized siRNA could be achieved via complementary
hybridization between single-stranded sense and antisense siR-
NA immobilized AuNPs. The multimerized siRNA significantly
improved the enzymatic stability of siRNA and exhibited super-
ior complex forming ability with cationic polymers due to its
substantially increased charge density. These results suggest the
possibility that the AuNP-mediated siRNA multimerization
could be used for efficient gene silencing.
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ABSTRACT:

Plant virus nanoparticle (PVN) formulations constructed from Red clover necrotic mosaic virus by drug infusion and targeting peptide
conjugation can be employed as drug delivery tools. In this investigation, we studied the cross-linked structures formed by
application of sulfosuccinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate (sSMCC) and succinimidyl-[(N-maleimido-
propionamido)-hexaethylene glycol] ester (SMPEG) as heterobifunctional linkers in the bioconjugation process. The plant virus
formulations using several targeting peptides cross-linked to the plant virus capsid were characterized by LC/MSE analysis, which
produced at least 69% sequence coverage using trypsin and chymotrypsin digestion. The results showed evidence for several types of
modification located in three domains of the capsid protein. Extensive linker modifications on lysines or cysteines were detected in
all the domains, including both intended peptide�capsid cross-links and unintended intracapsid cross-links. Surprisingly, the most
extensive peptide modification was observed in the R domain, which is thought to be quite inaccessible to peptides and cross-linking
reagents in solution, since it is on the interior of the virus. These results show that heterobifunctional linkers may not be the most
efficient method for attachment of peptides to plant virus capsids. As an alternative conjugation strategy, maleimide peptides were
used to conjugate with the virus in a one-step reaction. Analysis by LC/MSE showed that these one-step maleimide coupling
reactions were more specific, such as modifications of C154 and to a lesser extent C267, and provide a means for achieving more
effective PVN formulations.

’ INTRODUCTION

Red clover necrotic mosaic virus (RCNMV) is a soil-borne plant
virus that has a robust and stable capsomere, which is common
for the members of family Tombusviridae. The capsid is a T = 3
icosahedron composed of 180 subunits of a 37 kDa capsid
protein (CP) in one of three conformations.1 RCNMV has two
nonhomologous RNAs, 3.9 kb polycisronic RNA-1 encoding the
37-kDa CP, RNA polymerase, and related protein,2,3 and 1.5 kb
monocistronic RNA-2 encoding for movement protein (MP).4

The packaging of RNA into CPs is mediated by the trans-
activator sequence located on RNA-2.5 Gold nanoparticles
attached to RNA-2 have been shown to promote self-assembly
of the capsid leading to internalization of the nanoparticle in the
presence of RNA-1 and CP.6 Upon depletion of divalent ions,
such as Ca2+ and Mg2+, the virus has been observed to exist in an

open-pore state.7 There are 60 pores located at the threefold axes
of the icosahedral structure. The pores have a diameter of 1.3 nm,
which is sufficient for the RNA genome to diffuse out in the
cytosol of plant cells. We have previously shown that preparation
of the open-pore state permits drug infusion. Specifically, we
have shown that∼900 doxorubicinmolecules can be infused into
the interior of the virus.8 Attachment of targeting peptides to the
infused virus would then make the plant virus nanoparticles
(PVN) an ideal vector for targeted drug delivery.

There are three domains in the capsid protein subunits of
RCNMV, RNA-interacting (R), shell (S), and protruding (P)
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domains (Figure 1). The R domain consists of a series of
arginines and lysines, which function to bind the RNA on the
interior of the assembled capsid due to their positive charge
at pH 7 and below.7 Due to the disorder in the structure, 47
residues of the R domain, which are located adjacent to the
N-terminus, are not shown in the RCNMV model. The S
domain is essentially the lower part of Figure 1 (colored in
blue) and P domain starts at residue 205 and is the protrusion
above the S domain (colored in cyan).

This study of plant viruses follows earlier work using gold
nanoparticles designed to target cells.9�11 A certain number of
the targeting peptides and bioconjugation methods are the
same as those used in this study, except that bovine serum
albumin (BSA) was used for conjugation rather than the
capsid peptide of RCNMV. One impetus to use a plant virus
as a biological nanoparticle is the greater colloidal stability of
an organic composition relative to gold.12�14 A second reason
is the ability to control the precise location of targeting
peptides due to the defined structure of the capsid. However,
the latter advantage must be established by a characterization
method, and the present study represents a first step in this
direction.

Our objective is to develop an RCNMV-based nanoparticle as
a drug delivery tool for cancer therapy. This paper is focused
on discussing conjugation efficiency of such a formulation.
Our starting point was to attach targeting peptides to the
capsid using sulfosuccinimidyl 4-[N-maleimidomethyl]cyclo-
hexane-1-carboxylate (sSMCC), which is used widely as a
protein conjugation reagent. The reactive groups of this
heterobifunctional linker consist of an N-hydroxysuccinimide

(NHS) ester on one end, which can react with primary amines
(usually lysines), and maleimide on the other that can react
with thiolate groups (usually cysteines) via a Michael addition
as shown in Figure 2.

Liquid chromatography�mass spectrometry (LC/MS) anal-
ysis has been proven as an effective and important technique in
protein identification and characterization.15 Ultra Performance
(UP) LC/MSE methodology was used in this study. Unlike
conventional data-dependent acquisition (DDA) MS/MS, MSE

is a data-independent acquisition (DIA) approach, which gives
an unbiased characterization of proteins with better sequence
coverage.16 During LC/MSE analysis, the low collision energy
scan provides information for precursor ion mass and intensity,
while the elevated collision energy scan provides fragment
ion data, whose correspondence to a certain precursor ion at a
certain retention time is almost guaranteed by well-resolved
peaks from UPLC.17,18 Thus, it is an ideal tool for capsid protein
characterization.

’MATERIALS AND METHODS

Sequencing grade-modified trypsin was purchased from Pro-
mega (Madison, WI, www.promega.com). Acetonitrile (HPLC
grade) and formic acid (ACS reagent grade) were from Sigma/
Aldrich/Fluka (www.sigmaaldrich.com). Water was distilled and
purified using a High-Q 103S water purification system (www.
high-q.com). Unless noted, other reagents were purchased from
Fisher or Sigma. Peptides used in the conjugation reactions with
the virus are listed in Table 1.
PVN Formulation. A molar ratio of 1:2000 of purified and

dialyzedRCNMV(5mg/mL) and sSMCCcross-linker (0.5mg/mL)

Figure 1. RCNMV capsid structure with locations of lysines and cysteines specified by number. The coordinates were determined using a combination
of electron diffraction and homology modeling with all (A) Lys and (B) Cys residues shown.

Figure 2. Scheme of a two-step reaction of PVN formulation. Step 1: lysines on RCNMV react with theNHS ester group on sSMCC. Step 2: cysteine on
the conjugating peptide reacts with the RCNMV-sSMCC maleimide moiety.



1972 dx.doi.org/10.1021/bc2001769 |Bioconjugate Chem. 2011, 22, 1970–1982

Bioconjugate Chemistry ARTICLE

(Pierce) was mixed in 50 mM phosphate buffer, pH 7.2, at room
temperature for 30 min. The yield of cross-linkers and peptides
was studied to ascertain that the ratio of 1:2000 is optimized.
While this ratio may seem relatively large, we note that RCNMV
has 180 copies of CP, and each CP has 16 lysines, so that 1 equiv
of RCNMV contains a total of 2880 lysines. Of course, not all of
the lysines are reactive and there is an excess of unreacted
sSMCC. Excess cross-linkers were removed by buffer exchange
using the same phosphate buffer and a NAP-25 desalting column
(GE Healthcare). For maleimide peptide conjugation, the above
step was omitted. The second step for conjugating peptides
was carried out by adding peptide (0.5�1 mg/mL) to the
above solution and incubating under the same conditions over-
night. The sample was subjected to buffer exchange using the
same phosphate buffer and a G-25 size exclusion column to
remove excess peptide. Quantification of RCNMV was deter-
mined by UV spectroscopy with an extinction coefficient of
6.46 ml•mg�1•cm�1 at 260 nm (1 mg/mL, 1 cm path length).19

Bicinchoninic acid (BCA) protein assay kit (Thermo scientific)
was also used for protein quantitation. PVN samples studied include
RCNMV, RCNMV-linker (-SMCC or -SMPEG), RCNMV-
SMCC-Peptide (-GSGS, CD46, ADH304, and RME) and
RCNMV-maleimide peptide.
Digestion. Samples were prepared and analyzed on a 4�12%

bis-tris gel (NuPAGE, invitrogen) to separate any cross-linked
RCNMV capsid protein and other byproducts. Bands of interest
were excised and washed with 50 mM ammonium bicarbonate
(pH 8.0) acetonitrile (1:1, v/v). Reduction with 10 mM tris(2-
carboxyethyl) phosphine at 37 �C and alkylation with 27.5 mM
iodoacetamide at room temperature were conducted for 30 min.
After dehydration, each gel band was incubated with either
trypsin (Promega) or chymotrypsin (Promega) overnight using
an enzyme-to-protein ratio of 1:50 in 50 mM ammoniuim
bicarbonate (pH 8.0). After digestion, the peptides were ex-
tracted with 50% acetonitrile/0.1% formic acid, and reduced to a
volume of 30 μL. All the samples were filtered prior to LC/MSE

analysis.
Mass Spectrometry. Mass spectrometric analysis was per-

formed with a Waters nanoACQUITY ultraperformance liquid
chromatograph coupled a Q-Tof Premier mass spectrometer
equipped with a Nanolockspray ion source. An injection of 8 μL
of each sample was loaded onto a Waters Symmetry C18
trapping cartridge (300 μm i.d. � 1 cm length) at a flow rate
of 10 μL/min, and then peptides were separated by gradient
elution using a 75 μm i.d.� 25 cm column packed with BEHC18
matrix, 1.7 μm particle size (Waters), at a flow rate of 0.300 μL/
min. Mobile phase A (99.9% water and 0.1% formic acid) and

B (99.9% acetonitrile and 0.1% formic acid) were employed to
elute peptides over a 60 min linear gradient of 2�40% B. Glu-
fibrinopeptide (Sigma) at a concentration of 200 fmol/μL (m/z
785.8426) was infused via the Nanolockspray ion source at a
flow rate of 600 nL/min and sampled every 30 s as the external
mass calibrant. For MSE acquisitions, alternate scans (m/z
50�1990) of 4 V for low-energy (MS channel) and 15 to 30 V
for high-energy (MSE channel) were set for data collection
every 2 s. Raw data were processed by Proteinlynx Global
Server v 2.4 (PLGS2.4, Waters), and the resulting files were
searched against a database containing the RCNMV, trypsin,
chymotrypsin, and human keratin sequences using the ion
accounting algorithm (IDENTITYE). Searching parameters of
precursor and product ion tolerance (default setting), mini-
mum number of product ion matches per peptide (3), mini-
mum number of peptide matches (1), maximum number of
missed cleavage sites (2), and a false discovery rate (4%) were
used. Fragment ions of cross-linked peptides were analyzed by
MS3D,20 which is a web portal providing analysis of mass
spectrometry data for a variety of cross-link peptides. The
annotation of identified fragment ions was performed as pre-
viously described.21 Virus peptides and conjugating peptides
were defined as the α and β chain, respectively. Reported
precursor and product ion masses are charge-state reduced and
analyzed for isotopomers using PLGS, with intensities corre-
sponding to the integration of ESI chromatographic peak areas.
It has been shown that, with the ion detection algorithm, the
given signal (intensity) is reproducible and quantitatively related
to the concentration of peptide/protein.17,18 Therefore, our
quantification of conjugation yield is primarily based on
comparing the intensities of precursor ions from intact and
modified samples.

’RESULTS

Protein SequenceCoverageofNative RCNMV.To ascertain
the conjugation sites, acceptable protein sequence coverage of
RCNMV is required. As shown in Figure 3, LC/MSE analysis is
able to achieve 48.1% and 33.6% amino acid sequence coverage
using tryptic and chymotryptic digestion, respectively, resulting
in total sequence coverage of 69.9% (usually between 58% and
69%). Other enzymes like pepsin and GluC were also tried, but
no additional coverage was obtained. The lysines covered include
those at positions K33, K38, K45, K102, K153, K176, K219, and
K331, where we have used the standard one letter code K for
lysine. For elucidating conjugation sites, we considered specific
cases where the linker, inter-, and intramolecular cross-linking
modifications were detected.
Evidence for Linker Modifications at K102/K103.Modifica-

tions of both nonhydrolyzed and hydrolyzed SMCC or SMPEG
were detected atK102/K103 for the peptide (101)LKKLTLR(107).
Given that the peptides with hydrolyzed and nonhydrolyzed
linkers tend to have similar ionization efficiencies, precursor ion
intensities of those peptides indicate that about half of the
sSMCC and SMPEG linkers were hydrolyzed (Table 2). For
the sSMCC sample, product ion data indicated both K102
(modified b2 ion LK, unmodified y5 KLTLR) and K103
(modified y5 ion KLTLR) were modified at a relative ratio
of 1:2 for both the hydrolyzed and nonhydrolyzed forms
(Supporting Information Figure S1). For the SMPEG-labeled
sample, modifications (in this case, we are referring to both
hydrolyzed and nonhydrolyzed forms) were detected primarily

Table 1. Peptides Conjugated to RCNMVa

peptide sequence

GSGS GSGSGC

RMEb NPVPYEDESGGGC

CD46b AKRARLSTSFC

ADH304c Ac-FHLRAHAVDINGNQVC-NH2

maleimide Ac-FHLRAHAVDINGNQV[Lys(Maleimide)]
aAll the peptides were synthesized and characterized by GenScript.
bReceptor-mediated endocytosis and nuclear localization sequences
derived from human adenovirus fiber protein.44 cADH peptide contain-
ing the HAV tripeptide can be recognized by N-cadherin, the upregula-
tion of which is a sign of tumor progression.45
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at K103, indicating that K103 is more accessible to SMPEG
than K102. These data together with the lack of identifying a
conjugated peptide at K102 and K103 suggest that these
residues are accessible and reactive to small molecules such as
the sSMCC and SMPEG linkers, but not large molecules such
as peptides.
Evidence for Intraprotein Cross-Linking at K153/C154.

SSMCC is quite reactive, and it is therefore essential to
determine the extent of side reactions in nanoparticle formula-
tions where this reagent is used. For example, intramolecular
cross-linking is possible when a lysine and a cysteine are
sufficiently close to one another on the capsid surface. Identi-
fication of heterobifunctional cross-linker structural modifica-
tions at adjacent KC residues can be difficult because there are
several possible fates for the bound sSMCC. As shown in
Figure 4, the NHS-ester of sSMCC can amidate lysine (case 1)
and the maleimidyl moiety can react with cysteine via a
Michael addition (case 3). In either case, sSMCC can be
hydrolyzed, as shown in cases 2 and 4, respectively. However,
given the rapid hydrolysis rate of the ester, case 3 is not likely for
the overnight incubations used in the method described here.
Cysteines can also react with an NHS-ester and form a thioester
bond (case 3), but since the bond is labile and susceptible to
hydrolysis, this reaction is not considered important in our final

preparation.22 The final possibility is a cross-link between K and
C on the same capsid protein (case 5).
All possibilities (Figure 4) can be divided into two groups

according to their masses: cases 1 and 5 contain a nonhydro-
lyzed modification and cases 2 and 4 contain a hydrolyzed
modification. Each type within the same group can be distin-
guished by examining the product ion spectrum generated from
each precursor ion. Data from the sSMCC sample showed both
modifications for the capsid peptide (145)SVSTAVYEKCSL-
TIPADNQWR(165). The hydrolyzed SMCCmodification was
assigned to cysteine because the y12 ion with the modification
C(SMCC�OH)SLTIPADNQWR was present at a high abun-
dance (∼25%) relative to the other product ions (Supporting
Information Figure S2). For the nonhydrolyzed SMCC mod-
ification, however, there was not a strong preference for case 1
or case 5 because no labeled b9 ion or unlabeled y12 ion was
detected, except for the occasional detection of some neutral
losses that were close in mass to these ions. These results
suggest that the sSMCC linker modifies either K153 or cross-
links C154 and K153.
The analysis of the RCNMV sample conjugated with the

SMPEG linker led to further insight regarding the possibility of
cross-linking with a longer linker. In the SMPEG sample, only
the hydrolyzed modification was found, and the labeled peptide

Figure 3. Coverage maps for native RCNMV. Sequence coverage for the tryptic (48.1%) and chymotryptic (33.6%) are colored in blue and purple,
respectively. Oxidized methionine and alkylated cysteine are colored in orange and green, respectively.

Table 2. Intensities and Monoisotopic Masses of Precursor Ions for the Linker-Modified Capsid Peptide(101)LKKLTLR(107)

SMCC SMPEG

precursor ion intensity [M+H]+ cal/obs intensity [M+H]+ cal/obs

nonhydrolyzed 4.27� 104 1090.70/1090.70 1.17� 104 1357.83/1357.64

hydrolyzed 3.92� 104 1108.71/1108.71 1.05� 104 1375.84/1375.84
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(152)EKCSLTIPADNQW(164) from the chymotryptically
digested sample confirmed that the hydrolyzed linker on lysine
(modified b2) was present for the K153/C154 pair as opposed
to an intraprotein cross-link between K153 and C154. This
result supports the formation of an intraprotein cross-link at
these residues by sSMCC. For SMPEG, the longer linker is
statistically less likely to modify adjacent residues when one
considers it as a freely jointed chain model.23 The end-to-end
length is equal to l

√
N where l is the PEG monomer spacing

(the hypothetical bonds) and N = 6 for PEG6 (which is the
SMPEG linker used in this study). This distance is significantly
greater than the distance between the K153 amine nitrogen and
the C154 sulfhydryl as estimated from the structure in the
VIPER database (RCN7). These considerations agree with the
lack of observed b9 or y12 ions derived from the capsid peptide
(145)SVSTAVYEKCSLTIPADNQWR(165) in the product
ion spectra. The reason for the observed high hydrolysis yield
of SMPEG can be found from studies performed in aqueous
solution where it was shown that the high hydrophilicity of the
PEG chain relative to the cyclohexane spacer in sSMCC24 leads
to near-complete hydrolysis of SMPEG. Intensities and scores
of related precursor ions are shown inTable 3. Since the precursor
ion of capsid peptide (145)SVSTAVYEKCSLTIPADNQWR-
(165) does not exist in the RCNMV sample, we have to use
the other precursor ions (145)SVSTAVYEK(153) and (154)-
CSLTIPADNQWR(165) to quantify the modification. By
comparing their intact precursor ion intensities for RCNMV
and modified RCNMV samples, it can be estimated that about
30% of K153 and >90% of C154 are modified with sSMCC
linker, while 75% of each residue was modified with the SMPEG
linker.
Evidence for Intraprotein Cross-Linking at C330/K331.

The adjacent amino acids C330 and K331 in the capsid pep-
tide (330)CKQGNTFILG(339) displayed many of the fea-
tures discussed above for K153/C154 residue pair. Peptide

intensities of the unmodified peptides (330)CKQGNTFILG-
(339) and (332)QGNTFILG(339) (Table 3) from RCNMV
and modified RCNMV samples were used to estimate the
percentage of modification by sSMCC and SMPEG. The disap-
pearance of the capsid peptide (330)CKQGNTFILG(339) in
both samples suggested extensive modification. While peptide
(332)QGNTFILG(339) can be generated from the capsid
containing a modified C330 or unmodified CK, it is difficult
to determine the accurate percentage of modification. In the
sSMCC modified sample, at least 50% of K153 and C154 were
modified. Similar to the K153/C154 residues, the SMPEG
modification was observed only as the hydrolyzed form. Due
to the lack of product ion formation for this region of the
peptide, this modification can be on either K331 or C330. The
increased intensity of (332)QGNTFILG(309) compared to
the RCNMV sample indicated a significant amount of C330-
modified sequence.
Overall, the stoichiometry of peptide conjugation of these two

KC pairs is low (data not shown), partly due to severe cross-
linking of these residues by sSMCC and hydrolysis of SMPEG.
This is especially the case for K153/C154, since C154 is readily
accessible to direct peptide conjugation (in the maleimide case
shown below) but becomes protected if first exposed to the
cross-linking reagents. While C330 is not accessible in the first
place, the cross-linkers precluded the peptide conjugation step by
modifying K331.
Extensive Modification of the R Domain Sites K33, K38,

and K45.TheR-domain contains aK-rich region from residues 26 to
48 with the sequence (26)TVAIPFAKTQIIKTVNPPPKLAR(48).
Since trypsin cannot cleave at a modified lysine position, any
identified peptides would be expected to contain one modified
lysine in the middle of the peptide with an unmodified K or R
at the N-terminus. For the K-rich sequence, there are three
possible peptides, TVAIPFAKTQIIK, TQIIKTVNPPPK, or
TVNPPPKLAR. Figure 5 shows the MSE product ion spectra
of the unmodified, sSMCC-modified, and sSMCC-GSGS
peptide-modified peptide (26)TVAIPFAKTQIIK(38) at K33
obtained from the conjugated RCNMV sample. All three of the
K-rich capsid peptides had similar fragmentation patterns with
the most abundant ion being y13 (the precursor ion) at m/z
1429.88, 1648.97, and 2115.11, followed by y9 and y11 ions, and
then b3 and b4. By comparing intensities of intact precursor ions
((26)TVAIPFAK(33) and (26)TVAIPFAKTQIIK(38)) of na-
tive RCNMV to those of the conjugated sample (Table 4), it
can be concluded that about 20% of K33 was modified with
sSMCC, and 2/3 of those modifications also had an attached

Table 3. Intensities for the Precursor Ions of Capsid Peptide Sequences (152)SVSTAVYEKCSLTIPADNQWR(164) and
(330)CKQGNTFILG(339) of RCNMV and RCNMV-Linker Samplesa

precursor ion RCNMV RCNMV-SMCC RCNMV-SMPEG

C(∼OH)SLTIPADNQWR --- 1.20� 105 2.14� 105

CSLTIPADNQWR 6.78� 105 5.56� 104 2.02� 105

SVSTAVYEK(∼)CSLTIPADNQWR --- 1.06 � 105 1.43� 105(∼OH)

SVSTAVYEKC(∼OH)SLTIPADNQWR --- 8.73� 104

SVSTAVYEK 2.03� 106 1.36� 106 5.63 � 105

CK(∼)QGNTFILG --- 1.64� 104 ---

CK(∼OH)QGNTFILG --- 9.64� 104 1.22� 104

CKQGNTFILG 1.73 � 105 --- ---

QGNTFILG 4.29� 105 2.85� 105 8.14� 105

a∼ = linker, ∼OH = hydrolyzed linker.

Figure 4. Schematic representation of five possible products for
sSMCC conjugation of the peptide fragment (145)SVSTAVYEKCSL-
TIPADNQWR(165).



1975 dx.doi.org/10.1021/bc2001769 |Bioconjugate Chem. 2011, 22, 1970–1982

Bioconjugate Chemistry ARTICLE

GSGS peptide. Another sample containing the K33 modifica-
tion with a peptide is RCNMV conjugated with the CD46
peptide. The precursor ion TVAIPFAK(∼LSTSFC)TQIIK was
identified manually with a calculated/observed m/z 2305.25/
2305.26 (Supporting Information Figure S3). Representative
product ions for the GSGS and CD46 conjugated peptides are
listed in Table 5.
The modification of K38 in the sequence (34)TQIIKTV-

NPPPK(45) was even more extensive than K33. Several pep-
tide sequences were conjugated at K38. In the CD46 sample,
the precursor ion of peptide (TQIIK(∼LSTSFC)TVNPPPK)

was detected at the calculated/observed m/z 2211.17/2211.16
with an abundance that far exceeded the other fragment ions
(Figure 6A) indicating that the collision energy settings used in
the acquisition were not high enough to induce extensive
fragmentation and generate highly abundant product ions.
However, inspection of the product ions generated revealed

Figure 5. MSE product ion spectra of (A) TVAIPFAKTQIIK, (B) TVAIPFAK(SMCC)TQIIK, and (C) TVAIPFAK(∼GSGSGC)TQIIK obtained
from the conjugated RCNMV-GSGS peptide sample.

Table 4. Intensities for the Precursor Ions Related to Capsid
Peptide Sequence (26)TVAIPFAKTQIIK(38) of RCNMV
and RCNMV-GSGS Peptide Samplesa

precursor ion RCNMV RCNMV-GSGS peptide

TVAIPFAK 8.87� 105 6.91� 105

TVAIPFAKTQIIK 1.48� 104 1.67� 104

TVAIPFAK(-SMCC)TQIIK n.d. 9.86� 103

TVAIPFAK(-GSGS peptide)TQIIK n.d. 2.16� 104

a n.d., not detected.

Table 5. List of Product Ion Intensities and Monoisotopic
Masses for Peptide Conjugate
(26)TVAIPFAK(∼LSTSFC)TQIIK(38)a

RCNMV-GSGS RCNMV- CD46

ions

normalized

intensity (%)

[M+H]+

cal/obs

normalized

intensity (%)

[M+H]+

cal/obs

prescursor ion 100 2115.12/2115.11 100 2305.25/2305.25

y9αy6β 46.7 1730.88/1730.88 34.9 1921.02/1921.02

y11αy6β 12.9 1914.98/1915.00

y13αy1β 11.7 1769.88/1769.88

y9αy1β 9.6 1385.75/1385.74
aAll intensities have been normalized to the value of the corresponding
precursor ion.
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additional evidence for labeling at this position (Figure 6B).
Fragment ions y9αy6β and y10αy6β (which contains the full
LSTSFC peptide modification) were detected, as well as the
y12αy2β and y12αy1β ions (which contain the intact capsid
peptide). In addition, an extensive set of fragment ions from
both the C- and N-terminus were observed, such as unmodified
b2-b4 and y2-y7 ions for the capsid peptide (α chain). The
virus sample conjugated with the ADH304 peptide TQIIK-
(∼AHAVDINGNQVC)TVNPPPK showed a similar modifica-
tion and fragmentation pattern to the CD46 labeled peptide,
but was detected at a much lower intensity (Supporting Infor-
mation Figure S5) at the calculated/observed m/z 2793.47/
2793.48. The K38 residue was also modified with the GSGS
peptide and was detected as TQIIK(∼GSGSGC)TVNPPPK at
the calculated/observed m/z 2021.06/2021.04. (Supporting
Information Figure S4) Table 6 lists product ion intensities

and monoisotopic masses for peptide conjugates of (34)TQII-
KTVNPPP(44).
For theCD46 labeled sample, K45was also found to bemodified

to some extent, as in the capsid peptide sequence (39)TVN-
PPPKLAR(48). The peptideTVNPPPK(∼LSTSFC)LARwas the
most abundant ion at the calculated/observed m/z 1968.02/
1968.03. The fragmentation pattern of this particular cross-linked
peptide (Figure 7) generated a series of moderately abundant yα
ions containing an uncleavedβ peptide (i.e., viral peptide fragments
containing the intact LSTSFC peptide) covered with moderately
high intensity and a series of doubly fragmented product ions with
both peptides cleaved, including y8αy1β-4β, y7αy1β-5β, y6αy1β-4β;
however, single peptide ions such as yα, bα, and yβ were less
numerous with diminished intensity.
On the basis of these data, K33, K38, and K45 are unequi-

vocally modified. Among them, K38 had the greatest range of

Table 6. List of Product Ion Intensities and Monoisotopic Masses for Peptide Conjugates of (34)TQIIKTVNPPP(44)a

RCNMV-GSGS RCNMV-CD46 RCNMV-ADH304

ions normalized intensity (%) [M+H]+ cal/obs normalized intensity (%) [M+H]+ cal/obs normalized intensity (%) [M+H]+ cal/obs

precursor ion 100 2021.04/2021.04 100 2211.17/2211.17 100 2793.47/2793.46

y12αy2β 5.18 1822.98/1822.97

y12αy1β 5.16 1675.91/1675.91 34.93 1674.93/1674.92

y10αy6β 5.17 1791.93/1791.91 4.05 1982.07/1982.07

y8αy6β 4.34 1565.76/1565.76

y9αy6β 3.18 1868.98/1969.00

y8αy1β 2.69 1220.64/1220.61
aAll intensities have been normalized to the value of the corresponding precursor ion.

Figure 6. Detection of conjugated peptide TQIIK(∼LSTSFC)TVNPPP from the CD46-labeled sample. (A) MSE peptide mass chromatogram with
the conjugated precursor mass and intensity as indicated. (B) A portion of the MSE product ion spectrum pertinent to conjugate peptide identification.
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conjugation including the GSGS, CD46, and ADH304 pep-
tides, followed by K33, which was conjugated to the GSGS and
CD46 peptides, while K45 was only conjugated to the CD46
peptide.
Indirect Evidence of Modification for K208 and K219.

Examination of the coordinates of RCNMV in the VIPER
database revealed that K208 and K219 are the two surface lysines
in the P domain that appear most likely to be modified. However,
it proved difficult to detect a modified lysine in this region because
of poor sequence coverage. Aside from K208 and K219, there is
no other Lys or Arg for tryptic digestion in the capsid sequence
ranging from K176 to R286. Moreover, chymotrypsin lacks
cleavage sites between residues 201 and 236. Given that trypsin
only cleaves unmodified Lys residues, the capsid peptide
(209)GPQPTASIVQK(219) can be observed only when both
lysines are unmodified. If either lysine was modified, the abun-
dance of this peptide would be reduced. Therefore, it was possible
to infer that modification occurs in this region based on the
relative intensities of (209)GPQPTASIVQK(219) in the mod-
ified and unmodified samples. Table 7 lists the intensities of the
capsid peptide fragment ions detected for various conjugation
samples. The coverage of fragment ions was sufficient for all
of the samples that it was possible to detect the decrease in
intensity that would be expected in a modified capsid peptide,
which indicate that K208 and K219 must be modified to a signi-
ficant extent. Table 7 also lists the intensities for (137)QEIS-
AYSR(144), a reference capsid peptide that does not contain K
or C residues. For each labeling reaction analyzed, the reference
capsid peptide did not elicit a significant reduction in intensity
for the sSMCC or peptide-conjugated samples compared to the
intact RCNMV sample.

Evidence for Cysteine Labeling by Maleimide Peptide
Modification. Given the cross-linking, aggregation, and hydro-
lysis issues of the sSMCC linker that were observed at the
capsid sites discussed above, we turned to an alternative
strategy for peptide labeling of the PVN. The characterization
of cross-conjugated samples here correlated with modest
targeting in samples studied using in vitro cell culture (data
not shown). On the basis of these results, we adopted a different
strategy using a maleimide-labeled ADH304 peptide which
permitted the PVN-peptide conjugation reaction at Cys resi-
dues to be performed in a single step. Out of the five cysteines
(154,203,267,328,330) in RCNMV, three (154,328,330)
were contained in peptides identified from the unmodified
RCNMV sample. Following conjugation with maleimide-modified
ADH304, only C154 was detected as being labeled with the MS
data appearing in Figure 8. The most abundant ion was the
precursor ion at the calculated/observed m/z 2819.35/2819.37,
which is consistent with the behavior of other cross-linked
peptides observed using the LC/MSE mode of acquisition. A
series of y-ions for the virus peptide (α chain) were generated,
including y1α to y5α, y8α, y10α, and y11α. All b-ions of the
ADH304 peptide (β chain) were produced except b8β. Doubly
fragmented ions were also detected as indicated in Figure 8C.
Those ions that contain both one cleaved and one intact peptide,
the y12αy1β, b4αy12β, and y12αy2β ions, had relatively high
intensities, but also observed are ions containing cleavage events
in both the capsid and ADH304 peptides with most of these ions
having a single Cys or Lys residue (Lys preferred) attached to the
linker, such as b5αy1β, b7αy1β, b1αy11β, b4αy1β. These data
indicate that the fragmentation for this peptide cross-link is
similar to that of a normal single peptide, which is expected due
to the linker connecting the nitrogen side chain of the C-terminal
Lys residue of the ADH304 peptide to the sulfhydryl side chain of
the N-terminal Cys residue of the virus peptide. Thus, it is less
likely that product ions containing both α and β peptides will be
observed, particularly those with both incomplete peptide frag-
ments. By comparing the intensity of the unmodified and modified
RCNMV sample, we estimated that the percentage of ADH304
peptide conjugation is around 50%.
Overall Stability of the PVN Formulation. Modified PVN

samples are prone to aggregation after more than two weeks of
refrigeration at 4 �C. Figure 9 shows two distinct bands in the
gel electrophoresis of the aged sample. The upper band has the
same molar mass as the original virus capsid protein. The other

Figure 7. Portion of the MSE product ion spectrum pertinent to conjugate peptide identification of TVNPPPK(∼LSTSFC)LAR from the CD46
sample. Doubly fragmented product ions y8αy1β-4β, y7αy1β-5β, and y6αy1β-4β were detected, but only those with higher intensities are labeled.

Table 7. Precursor Ion Intensities of Capsid Peptides
(209)GPQPTASIVQK(219) and (137)QEISAYSR(144) in
Different Conjugation Samples

experiment sample GPQPTASIVQK QEISAYSR

1 RCNMV 1.22� 106 8.07� 105

RCNMV-SMCC 2.61� 104 1.22� 106

RCNMV-GSGS 2.24� 104 9.84� 105

2 RCNMV 1.87� 106 8.19� 105

RCNMV-CD46 1.72� 105 7.17� 105

RCNMV-ADH304 6.59� 105 5.61� 105
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band of lower molar mass may be the product of an autodigestion
of the capsid protein. While this phenomenon is observed to
some extent in native RCNMV, it appears that the conjugation
of linkers and peptides accelerates the process. The coverage
map on the upper and lower bands are found to be similar: both
of them have coverage at the C-terminus and no coverage at
the N-terminus (data not shown), indicating that the degrada-
tion probably starts from N-terminus. The capsid protein
modification resulting from the maleimide ADH304 peptide

was observed in samples from the lower bands but not the
upper bands.

’DISCUSSION

The construction of plant virus nanoparticles for targeted drug
delivery is a novel strategy, which has been described in a few
reports. Cowpea mosaic virus (CPMV) has been conjugated with

Figure 8. Detection of conjugated peptide C(ADH peptide)SLTIPADNQWR from the one-step labeling reaction of RCNMV with the maleimide-
ADH304 peptide. (A) Scheme of cross-link between capsid peptide (α) and conjugated ADH peptide (β). (B) MSE peptide mass chromatogram with
the conjugated precursor mass and intensity as indicated. (C) A protion of the MSE product ion spectrum pertinent to conjugate peptide identification.

Figure 10. SDS page gel showing intercapsid cross-linking induced by
treatment with sSMCC. M,marker; lane 1, RCNMV; lane 2, RCNMV-
SMCC; and lane 3, RCNMV-CD 46. Proteins were stained with
coomassie blue.

Figure 9. SDS page gel of the RCNMV capsid protein and its conjuga-
tion products with sSMCC and maleimide-ADH304 peptide labeling.
M, marker; lane 1, RCNMV; lane 2, RCNMV-SMCC; and lane 3,
RCNMV-peptide. Proteins were stained with Coomassie blue.
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a folic acid-PEG by Cu(I) catalyzed azide�alkyne cycloaddition
(click chemistry25). Specific recognition of the resulting nano-
particle by tumor cells bearing the folate receptor was observed.26

Doxorubicin loaded, folic acid conjugated Hibiscus chlorotic ring-
spot virus (HCRSV) nanoparticle was shown to increase the
uptake and cytotoxicity of doxotubicin in ovarian cancer cells.27

In addition, modification of antitumorgenesis peptide on the viral
cage of Cowpea chlorotic mottle virus (CCMV) has been investi-
gated and verified.28 We have recently reported a similar strategy
in RCNMV, where doxorubicin-loaded capsids6 were function-
alized with various targeting peptides using sSMCC.26 The
present study was motivated by the need for better process
control during scale-up of the procedure for in vivo testing. Mass
spectrometry analysis has been used to study virus�peptide
conjugation using sSMCC and a variety of peptides. During the
course of this work, it was realized that the complexity of the
surface chemistry was hampering reproducibility and colloidal
stability of the formulation. A simpler approach using a mal-
eimide-modified peptide was employed and compared to bio-
conjugation using sSMCC.

The bioconjugation of peptides to a plant viral capsid is a key
step in the development of a cell targeting technology. In our
initial design for conjugation, we identified two surface lysines
(K208 and K219) and one surface cysteine (C267) in the
P-domain that were most accessible for bioconjugation. The
data show that these sites are among the most difficult to detect
by mass spectrometry due to poor sequence coverage in that
region of the P-domain. Ironically, the R-domain (M1-L46) on
the interior of the capsid is the region where modification by
sSMCC and peptide conjugation was most easily detected byMS
analysis. It was somewhat surprising that modification was so
extensive in the R-domain. However, it is logical that the sheer
number of lysines in the R-domain could influence the distribu-
tion of targeting peptides if they are accessible to some extent.
For example, accessibility could arise from penetration of the
capsid by relatively hydrophobic peptides. Alternatively, it is
possible that capsid proteins may have alternative conformations
that expose the R-domain. Conjugation in the S-domain (A47-
E204) and P-domain (V205-G339) was also detected. However,
in these regions the two cysteine�lysine pairs (K153/C154 and
C330/K331) led to significant cross-linking or hydrolysis, and
little conjugation of peptide. Residues K208 and K219 were
observed indirectly using relative peptide intensities in conju-
gated and unconjugated samples. These sites did indeed show
significant linker or peptide conjugation. On the basis of these
MS results, we reasoned that a maleimide peptide coupling
strategy would be superior to sSMCC and SMPEG cross
conjugation. Indeed, coupling of a peptide to C154 was observed.
Below, we discuss the relative efficiencies of the various sites and
the issues of hydrolysis and cross-linking that were observed for
the sSMCC and SMPEG linkers and finally conclude with a
discussion of a maleimide peptide labeling strategy, which was
ultimately used for both in vitro and in vivo studies.
Peptide Coupling Efficiencies. In this report, the effective-

ness of sSMCC and SMPEG cross conjugation of RCNMV to
the peptides CD46, GSGS, and ADH304 was explored by
mass spectrometry analysis. The peptides were chosen as prac-
tical examples used in cell targeting experiments.29 These pep-
tides provided information on length and sequence-specific
effects. Comparison of GSGS, CD46, and ADH304 peptides
suggests that bioconjugation efficiency decreases as peptide
length increases. One possible reason for this is a lower

probability of approaching the conjugation site on the capsid
surface due to steric hindrance. However, it must also be
considered that the fragmentation for the larger αβ peptide ions
from the cross-linked peptide conjugate is less efficient, resulting
in lower MS detection efficiency (see Supporting Information
Figures S4�S6 for examples).
Most importantly, the MS results reveal aspects of capsid

dynamics that are not evident from inspection of the structure.
Peptide conjugation was mostly confined in the R domain, which
is an inside region of the virus capsid according to the cryo-EM
structure.7 However, the R-domain may be accessible to the
conjugating peptide because of a conformational change in the
capsid that occurs under the labeling reaction conditions. Native
RCNMV is most stable at pH 6.0, but while at pH 7.2 or even 8.0
during infusion, according to the observation of related viruses, it
may swell and cause the disordered R domain to protrude out of
the virion and become solvent exposed.6,30,31 Results from MS
analysis on degraded products also verify this hypothesis in that
the N-terminus (R domain) is most likely responsible for
degradation. In addition, the infusion step, as well as conjugation
of linker/peptide on other sites, may also promote conforma-
tional changes and expose the R domain.
Unfavorable Side Reactions Observed Using sSMCC and

SMPEG Linkers. sSMCC has been used as a cross-linker in
various systems involving proteins/peptides,32�34 especially
in the field of nanotechnology where modification of nanopar-
ticles such as quantum dots, virus, or virus particles are in-
volved.28,35�38 For example, sSMCC has been used to link
bisphosphonate to synthetic salmon calcitonin, which is a 32
amino acid hormone with two lysines.39 The reactions were
monitored by MALDI-TOF analysis, and products with diverse
numbers of SMCC/BP conjugates were observed.39 Indeed,
sSMCC has been effective in most cases, exemplified by bovine
serum albumin, which contains numerous reactive lysines.40,41

However, the application of sSMCCmust be used with caution.
It has been found that sSMCC destabilizes silica nanoparticles
and causes aggregation.42 There are several reports of both
inter- and intra-cross-links by sSMCC in bioconjugation
studies.36,37 Our results also showed a significant degree of
intercapsid cross-linking for RCNMV indicated by the gel
shown in Figure 10 and the possibility of intracapsid cross-
linking at position K153/C154 and C330/K331 based on
LC/MSE analysis, as discussed above.
Hydrolysis is also a problem for both the NHS ester and

maleimide groups, which becomes overwhelming in the case of
the SMPEG linkers. Since both NHS ester and maleimide
groups on sSMCC can be hydrolyzed by hydroxide ions, it is
very important to conduct the reaction at well-defined pH
values to obtain the highest reaction efficiency. The nucleophi-
licity of lysine and cysteine is also quite pH-dependent, so there
is a competition between the desired reactions of lysine and
cysteine and the undesired hydrolysis reactions. For example,
the ester is a very reactive group and may be hydrolyzed prior to
reaction with lysines, which then may result in modification on
cysteines. In the second hour-long incubation step, the mal-
eimide may also be hydrolyzed. All of these factors can lead to
the decrease of peptide conjugation efficiency. sSMCC is used
instead of the uncharged variant SMCC because of the higher
solubility conferred by a chargedmoiety.However, protocols call for
the use of dimethylsulfoxide (DMSO) even when sSMCC is
used. This fact underscores the issue of solubility of the reactant
and possible lowered solubility of the bioconjugation product.
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Finally, there was a significant amount of aggregation in the
samples prepared using sSMCC that may have arisen from the
bioconjugation chemistry. One cannot exclude the possibility
that peptide modification itself reduces the colloidal stability of
the plant virus, RCNMV. Of course, interprotein cross-linking is
possible, which also reduces colloidal stability. These complex-
ities led to consideration of an alternative strategy using a single
site conjugation of a maleimide peptide.
Use of a Maleimide-Labeled ADH Peptide. A maleimide

peptide was used to test whether a single-step conjugation to
cysteine residues would result in a greater efficiency with fewer
side reactions. Since a one-step reaction eliminates all the
complex possibilities brought by the linker and with fewer virus
reaction sites (five cysteines vs sixteen lysines), MS identification
became much more straightforward. The results showed one out
of three identified cysteines (C154) as being modified with the
maleimide peptide. Although C267 appears to be quite solvent
accessible based on the RCNMV structure, there is no direct
evidence for coupling at this amino acid due to lack of capsid
sequence coverage. However, we can infer that this amino acid is
accessible based on analysis of the cysteines with spin labels.
Electron paramagnetic resonance (EPR) analysis demonstrated
the existence of the spin label on one cysteine residue of the virus,
while MS showed negative results on the three covered cysteines
of the RCNMV-spin labeled sample (data not shown). We deduce
that the label has to be on one of two cysteines (C203 and C267)
not covered by peptides obtained from the tryptic and chymotryptic
digests. Since C267 is the more exposed cysteine, it is probably
the one modified with the spin label, and there is reason to
believe that the maleimide peptide may react with C267 as well.
Mass Spectrometry Assignments. Because of the specific

nature of the peptide conjugation in RCNMV, and the difficulties
associated with efficient fragmentation of large molecules using
CID, the automated approach to MS data analysis was not always
able to identify cross-links. As a result, we manually inspected
product ion spectra especially in cases of peptide conjugationwhere
a precursor ionwas detectedwith sufficient abundance. Because the
PLGS/ion accounting searching, described in the methods section,
is only available for analysis of un-cross-linked peptides that contain
modifications, the conjugated peptide to the virus must be treated
as a fixed mass modification, and thus its fragmentation cannot be
interpreted. In addition, the probability of identifying the conju-
gated peptide is reduced due to the preferred fragmentation of the
peptide at residues distal to the cross-linked residues. Even in
several cases where the cross-linked capsid peptide is identified due
to its preferred fragmentation over that of the conjugated peptide,
additional data acquisition using alternative CID energies will need
to be developed to more confidently identify these peptide�
peptide cross-links. As an alternative, we used MS3D to initially
process the cross-link-peptide data and search for product ions,
which was followed by manual inspection.
Automated software assignment can also fail when there is

more than one modifiable residue in a capsid peptide. For
instance, in the R domain where a capsid peptide contains two
lysines, the software occasionally assigns a modification to the
last K in the sequence, which is not possible if the peptide were
generated by tryptic digestion (unless the lysine was the C-term-
inal residue of the protein). For example, in RCNMV samples
conjugated with the GSGS peptide, capsid peptide (26)TVAIP-
FAKTQIIK(38) was found modified by sSMCC and the
sSMCC-GSGS peptide. Software assigned the sSMCCmodifica-
tion on K33 and sSMCC-GSGS peptide modification on K38.

The reason for the assignment was probably the presence of y6
ion (K*TQIIK) containing the sSMCC modification and the b8
ion (TVAIPFAK) without GSGS peptide modification. During
CID, the peptide modification can be lost due to cleavage to
produce an ion whose mass may match a b or y ion within the
error tolerance used during automated database searching. This
phenomenon is most frequently observed for modifications
between capsid peptides and sSMCC. Thus, manual analysis of
product ion spectra is necessary in these cases.

’CONCLUSION

We have systematically investigated the conjugation of the
capsid protein of RCNMV in formulations used as plant virus
nanoparticles (PVNs). In these formulations, the capsid is
sometimes infused with a chemotherapeutic cargo. Our focus
here has been the chemical attachment of targeting peptides for
in vitro and in vivo cell targeting applications. We have shown, by
direct observation, that sSMCC, as a heterobifunctional linker,
leads to attachment of peptides at several sites: K33, K38, and
K45. Using the mass spectral data, we deduced that there is
attachment at K208 and K219, although unfortunately we lack
capsid sequence coverage to permit direct detection. However,
there are significant disadvantages for the application of sSMCC
as a heterobifunctional linker, which include intracapsid and
intercapsid cross-linking and attachment of sSMCC to sites that
peptides cannot access. The net effect of this unfavorable
attachment is poor colloidal stability and unpredictable formula-
tion conditions that depend strongly on the degree of hydrolysis
of the sSMCC during the actual formulation. Since these factors
are difficult to precisely control, sSMCC cannot be used for
formulations of PVNs intended for clinical applications.

The present study also shows that a maleimide-peptide
approach provides relatively efficient coupling and relatively high
colloidal stability. Other than C154, the maleimide-peptide may
also be attached at C267. However, this attachment could not be
confirmed bymass spectrometry analysis due to the lack of capsid
peptide coverage in the vicinity of C267. On the other hand, a
parallel investigation using nitroxide spin-labeled RCNMV
strongly suggests that C267 can be labeled. As a consequence
of the present study, formulations of the maleimide-labeled ADH
peptide were used for successful in vivo studies that will be
discussed elsewhere.43 As a result, the use of data-independent
LC/MSE has been established as a key method for the character-
ization of PVN formulations and will be valuable in future work
using other formulations.

’ASSOCIATED CONTENT

bS Supporting Information. Supplementary MSE spectra of
SMCC/peptide labeling on RCNMV and the description of
proteases pepsin and gluC used for digestion of RCNMV are
presented. This material is available free of charge via the Internet
at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
*Stefan Franzen, Department of Chemistry, NC State University;
E-mail Stefan_Franzen@ncsu.edu, Phone 1-(919)-515-8915.
Michael B. Goshe, Department of Molecular and Structural
Biochemistry, NC State University; E-mail michael_goshe@
ncsu.edu, Phone 1-(919)-513-7740.



1981 dx.doi.org/10.1021/bc2001769 |Bioconjugate Chem. 2011, 22, 1970–1982

Bioconjugate Chemistry ARTICLE

’ACKNOWLEDGMENT

The authors thank Nanovector, Inc., for supplying plant virus,
peptides, and conjugation reagents used in this study. This work
was supported in part by a grant from the National Science
Foundation Major Research Instrumentation Grant Program
(DBI-0619250). The authors thank the research agencies of
North Carolina State University and the North Carolina Agri-
cultural Research Service for continued support of our bioana-
lytical mass spectrometry research.

’ABBREVIATIONS

MS, mass spectrometry; PVN, plant virus nanoparticles; RCNMV,
red clover necrotic mosaic virus; sSMCC, sulfosuccinimidyl-4-(N-
maleimidomethyl) cyclohexane-1-carboxylate; SMPEG, succinimi-
dyl-[(N-maleimidopropionamido)-hexaethyleneglycol] ester;UPLC,
ultra performance liquid chromatography

’REFERENCES

(1) Hollings, M., and Stone, O. (1977) Red clover necrotic mosaic
virus. CMI/AAB Descriptions of Plant Viruses 181.
(2) Xiong, Z., and Lommel, S. A. (1989) The complete nucleotide

sequence and genome organization of red clover necrotic mosaic virus
RNA-1. Virology 171, 543–554.
(3) Kim, K. H., and Lommel, S. A. (1994) Identification and analysis

of the site of �1 ribosomal frameshifting in red clover necrotic mosaic
virus. Virology 200, 574–582.
(4) Lommel, S. A., Westonfina, M., Xiong, Z., and Lomonossoff,

G. P. (1988) The nucleotide sequence and gene organization of Red
clover necrotic mosaic virus RNA-2. Nucleic Acids Res. 16, 8587–8602.
(5) Sit, T. L., Vaewhongs, A. A., and Lommel, S. A. (1998) RNA-

mediated trans-activation of transcription from a viral RNA. Science
281, 829–832.
(6) Loo, L., Guenther, R. H., Basnayake, V. R., Lommel, S. A., and

Franzen, S. (2006) Controlled encapsidation of gold nanoparticles by a
viral protein shell. J. Am. Chem. Soc. 128, 4502–4503.
(7) Sherman, M. B., Guenther, R. H., Tama, F., Sit, T. L., Brooks,

C. L., Mikhailov, A. M., Orlova, E. V., Baker, T. S., and Lommel, S. A.
(2006) Removal of divalent cations induces structural transitions in Red
clover necrotic mosaic virus, revealing a potential mechanism for RNA
release. J. Virol. 80, 10395–10406.
(8) Loo, L., Guenther, R. H., Lommel, S. A., and Franzen, S. (2008)

Infusion of dye molecules into Red clover necrotic mosaic virus. Chem.
Commun. 88–90.
(9) Liu, Y. L., and Franzen, S. (2008) Factors determining the

efficacy of nuclear delivery of antisense oligonucleotides by gold
nanoparticles. Bioconjugate Chem. 19, 1009–1016.

(10) Tkachenko, A. G., Xie, H., Coleman, D., Glomm, W., Ryan, J.,
Anderson, M. F., Franzen, S., and Feldheim, D. L. (2003) Multifunc-
tional gold nanoparticle-peptide complexes for nuclear targeting. J. Am.
Chem. Sco. 125, 4700–4701.

(11) Tkachenko, A. G., Xie, H., Liu, Y. L., Coleman, D., Ryan, J.,
Glomm, W. R., Shipton, M. K., Franzen, S., and Feldheim, D. L. (2004)
Cellular trajectories of peptide-modified gold particle complexes: Com-
parison of nuclear localization signals and peptide transduction domains.
Bioconjugate Chem. 15, 482–490.
(12) Franzen, S. (2011) A comparison of peptide and folate receptor

targeting of cancer cells: from single agent to nanoparticle. Expert Opin.
Drug Delivery, 8, 281–298.
(13) Liu, Y. L., Shipton, M. K., Ryan, J., Kaufman, E. D., Franzen, S.,

and Feldheim, D. L. (2007) Synthesis, stability, and cellular internaliza-
tion of gold nanoparticles containing mixed peptide-poly(ethylene
glycol) monolayers. Anal. Chem. 79, 2221–2229.
(14) Xie, H., Tkachenko, A. G., Glomm,W. R., Ryan, J. A., Brennaman,

M.K., Papanikolas, J.M., Franzen, S., and Feldheim, D. L. (2003)Critical
flocculation concentrations, binding isotherms, and ligand exchange

properties of peptide-modified gold nanoparticles studied by UV-visible,
fluorescence, and time-correlated single photon counting spectrosco-
pies. Anal. Chem. 75, 5797–5805.

(15) Croker, C., Pearcy, J., Stahl, D., Moore, R., Keen, D., and Lee, T.
(2000) An expert virtual instrument approach to the automated, data
dependent MS/MS and LC/MS/MS analysis of proteins. J. Biomol.
Techniques 11, 135.

(16) Blackburn, K., Mbeunkui, F., Mitra, S. K., Mentzel, T., and
Goshe, M. B. Improving protein and proteome coverage through data-
independent multiplexed peptide fragmentation. J. Proteome Res. 9,
3621-3637.

(17) Silva, J., Gorenstein, M., Li, G., Vissers, J., and Geromanos, S.
(2006) Absolute quantification of proteins by LCMSE. Mol. Cell.
Proteomics 5, 144–156.

(18) Silva, J. C., Denny, R., Dorschel, C. A., Gorenstein, M., Kass,
I. J., Li, G.-Z., McKenna, T., Nold, M. J., Richardson, K., Young, P., and
Geromanos, S. (2005) Quantitative proteomic analysis by accurate mass
retention time pairs. Anal. Chem. 77, 2187–2200.

(19) Lommel, S. A. (1983) University of California, Berkeley.
(20) Yu, E. T., Hawkins, A., Kuntz, I. D., Rahn, L. A., Rothfuss, A., Sale,

K., Young,M.M., Yang,C. L., Pancerella, C.M., and Fabris,D. (2008)The
collaboratory for MS3D: a new cyberinfrastructure for the structural
elucidation of biological macromolecules and their assemblies using mass
spectrometry-based approaches. J. Proteome Res. 7, 4848–4857.

(21) Schilling, B., Row, R. H., Gibson, B. W., Guo, X., and Young,
M. M. (2003) MS2Assign, automated assignment and nomenclature of
tandemmass spectra of chemically crosslinked peptides. J. Am. Soc. Mass
Spectrom. 14, 834–850.

(22) Chih, H.-W., Gikanga, B., Yang, Y., and Zhang, B. Identification
of amino acid residues responsible for the release of free drug from an
antibody�drug conjugate utilizing lysine�succinimidyl ester chemistry.
J. Pharm. Sci. 100, 2518�2525.

(23) Flory, P. (1989) Statistical mechanics of chain molecules, Oxford
University Press, Oxford, U.K.

(24) Hermanson, G. T. (2008) Heterobifunctional Crosslinkers, in
BioconjugateTechniques, 2nd ed.) pp 276�335, Academic Press,NewYork.

(25) Kolb, H., Finn, M., and Sharpless, K. (2001) Click chemistry:
diverse chemical function from a few good reactions. Angew. Chem., Int.
Ed. 40, 2004–2021.

(26) Destito, G., Yeh, R., Rae, C. S., Finn, M. G., andManchester, M.
(2007) Folic acid-mediated targeting of cowpea mosaic virus particles to
tumor cells. Chem. Biol. 14, 1152–1162.

(27) Ren, Y., Wong, S., and Lim, L. (2007) Folic acid-conjugated
protein cages of a plant virus: A novel delivery platform for doxorubicin.
Bioconjugate Chem. 18, 836–843.

(28) Gillitzer, E., Willits, D., Young, M., and Douglas, T. (2002)
Chemical modification of a viral cage for multivalent presentation.Chem.
Commun. 2002, 2390–2391.

(29) Lockney, D., Guenther, R., Loo, L., Overton, W., Antonelli, R.,
Clark, J., Hu, M., Luft, C., Lommel, S., and Franzen, S. (2010) The Red
clover necrotic mosaic virus capsid as a multifunctional cell targeting
plant viral nanoparticle. Bioconjugate Chem. 1532–1555.

(30) Robinson, I., andHarrison, S. (1982) Structure of the expanded
state of tomato bushy stunt virus. Nature 297, 563–568.

(31) Tama, F., and Brooks, C., III (2002) The mechanism and
pathway of pH induced swelling in cowpea chlorotic mottle virus. J. Mol.
Biol. 318, 733–747.

(32) Anderson, D. C., Manger, R., Schroeder, J., Woodle, D., Barry,
M., Morgan, A. C., and Fritzberg, A. R. (1993) Enhanced in vitro tumor
cell retention and internallization of antibody derivatized with synthetic
peptides. Bioconjugate Chem. 4, 10–18.

(33) Delforge,D.,Gillon, B., Art,M.,Dewelle, J., Raes,M., andRemacle,
J. (1998) Design of a synthetic adhesion protein by grafting RGD tailed
cyclic peptides on bovine serum albumin. Lett. Pept. Sci. 5, 87–91.

(34) Gauvreau, V., Chevallier, P., Vallieres, K., Petitclerc, E., Gaudreault,
R. C., and Laroche, G. (2004) Engineering surfaces for bioconjugation:
Developing strategies and quantifying the extent of the reactions.
Bioconjugate Chem. 15, 1146–1156.



1982 dx.doi.org/10.1021/bc2001769 |Bioconjugate Chem. 2011, 22, 1970–1982

Bioconjugate Chemistry ARTICLE

(35) Chatterji, A., Ochoa, W., Shamieh, L., Salakian, S. P., Wong,
S.M., Clinton, G., Ghosh, P., Lin, T., and Johnson, J. E. (2004) Chemical
conjugation of heterologous proteins on the surface of cowpea mosaic
virus. Bioconjugate Chem. 15, 807–813.
(36) Peacey, M., Wilson, S., Baird, M. A., and Ward, V. K. (2007)

Versatile RHDV virus-like particles: Incorporation of antigens by genetic
modification and chemical conjugation. Biotechnol. Bioeng. 98, 968–977.
(37) Ionescu, R. M., Przysiecki, C. T., Liang, X. P., Garsky, V. M.,

Fan, J. A., Wang, B., Troutman, R., Rippeon, Y., Flanagan, E., Shiver, J.,
and Shi, L. (2006) Pharmaceutical and immunological evaluation of
human papillomavirus viruslike particle as an antigen carrier. J. Pharm.
Sci. 95, 70–79.

(38) Lee, J., Choi, Y., Kim, K., Hong, S., Park, H. Y., Lee, T., Cheon,
G. J., and Song, R. (2010) Characterization and cancer cell specific
binding properties of Anti-EGFR antibody conjugated quantum dots.
Bioconjugate Chem. 21, 940–946.
(39) Bhandari, K. H., Newa, M., Uludag, H., and Doschak, M. R.

(2010) Synthesis, characterization and in vitro evaluation of a bone
targeting delivery system for salmon Calcitonin. Int. J. Pharm. 394,
26–34.
(40) Phaneuf, M. D., Berceli, S. A., Bide, M. J., Quist, W. G., and

LoGerfo, F. W. (1997) Covalent linkage of recombinant hirudin to
poly(ethylene terephthalate) (Dacron): creation of a novel antithrom-
bin surface. Biomaterials 18, 755–765.
(41) Kim, F., Beeche, A., Hunter, J., Chin, D., and Hope, T. (1996)

Characterization of the nuclear export signal of human T-cell lympho-
tropic virus type 1 Rex reveals that nuclear export is mediated by
position-variable hydrophobic interactions. Mol. Cell. Biol. 16, 5147.
(42) Gubala, V., Le Guevel, X., Nooney, R., Williams, D. E., and

MacCraith, B. (2010) A comparison of mono and multivalent linkers
and their effect on the colloidal stability of nanoparticle and immuno-
assays performance. Talanta 81, 1833–1839.
(43) Lockney, D. M., Antonelli, R., Wang, R., Clark, J., Mei Hu,

Oberhardt, B. J., Franzen, S. Red clover necrotic mosaic virus plant viral
nanoparticle targeting of murinemelanoma xenograft tumors (submitted).
(44) Zhang, F., Andreassen, P., Fender, P., Geissler, E., Hernandez,

J., and Chroboczek, J. (1999) A transfecting peptide derived from
adenovirus fiber protein. Gene Ther. 6, 171.
(45) Kelland, L. (2007) N-cadherin: a novel target for cancer

therapy? Drugs Future 32, 925–930.



Supporting information for 

Mass spectrometric detection of targeting peptide  

bioconjugation to Red clover necrotic mosaic virus 

Ruqi Wang
1
, Dustin M. Lockney

1
, Michael B. Goshe

2
*, Stefan Franzen

1
* 

1. Department of Chemistry, North Carolina State University, Raleigh, NC 27695 

2. Department of Molecular and Structural Biochemistry, North Carolina State University, 

Raleigh, NC 27695 

UPLC data and MS
E
 chromatograms 

 

Fig

(10

MS

mo

gre

A 

B 
 

ure S1. LC/MS
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 analysis of SMCC labeling of RCNMV. (A) MS

E
 product ion spectrum of 

1)LKK(SMCC)LTLR(107) with the b2 ion containing the modification indicated in green.  (B) 
E
 product ion spectrum of (101)LKK(SMCC-OH)LTLR(107) with the y5 ion without 

dification (lower mass value) and the y5 ion with modification (higher mass value) indicated in 
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Figure S2. MS
E
 product ion spectrum of (145)SVSTAVYEKC(SMCCOH)SLTIPADNQWR(165) 

generated from the sSMCC conjugated RCNMV sample. 

 

 

Figure S3. MS
E
 product ion spectrum of TVAIPFAK(~LSTSFC)TQIIK generated from the 

RCNMV conjugated with the CD46 peptide.  The most abundant ion [M+H]
+
 at m/z 2305.25 

corresponds to the intact peptide conjugate.  Representative crosslinked peptide product ions are 

shown. Although not labeled, single peptide ions y1α, y5α, and b7α were dectected for the capsid 

protein. 

 



 

Figure S4. MS
E
 product ion spectrum of (26)TVAIPFAK(~GSGSC)TQIIK(38) generated from 

the RCNMV conjugated with the GSGS peptide.  The most abundant ion [M+H]
+
 at m/z 2021.04 

corresponds to the intact peptide conjugate. Representative crosslinked peptide product ions and 

single peptide product ions are shown. Although not completely labeled, all b and y ions for the 

capside peptide (α chain) were detected except y1, y6, and b4; all b ions for GSGS peptide (β chain) 

were detected. 

 

Figure S5. MS
E
 product ion spectrum of (34)TVAIPFAK(~AHAVDINGNQVC)TQIIK(45) 

generated from the RCNMV conjugated with the ADH304 peptide.  The most abundant ion 

[M+H]
+
 at m/z 2793.48 corresponds to the intact peptide conjugate. Representative crosslinked 

peptide product ions and single peptide product ions are shown. Although not labeled, product 

ions b1, b2, y1, y3-y5 for capsid (α chain) were detected, and b10 and b11 ions for the ADH peptide 

(β chain) were detected.   

 

 



Use of various proteases for digestion of RCNMV to extend peptide sequence 

coverage 

In order to dectect  capsid peptide sequencesnot covered by trypsin and 

chymotrypsin digestion, other enzymes were used. Pepsin has a primary digestion site at 

F, W, Y, E, and I residues, but further digestion can be random. Digestion was performed 

in 10 mM HCl, and after certain time, the reaction was quenched by adding 7uL of 

100mM sodium phosphate buffer (pH~8.0) to increase the pH above 7. Then the sample 

was frozen at -20℃ until further processing could be performed. Urea (8 M) or heating in 

a boiling water bath (5 min) was used to unfold/denature the protein. The method was 

applied on bovine serum albumin (BSA)  as a reference. Ratios of pepsin and RCNMV 

from 1:5 to 1:500 (wt: wt) were investigated. 

The results of the pepsin digestion using a 1:100 ratio of pepsin:RCNMV (wt:wt) 

are shown in Figure 5. For the first few minutes, the virus was digested very quickly, but  

appeared to be arrested within 5 min as indicated by the large protein/peptide pieces that 

were left undigested. The reason for this result cannot be self-digestion or inactivation of 

the protease since pepsin was able to be detected in the control sample (Lane P). To 

attempt to circumvent this problem, additional pepsin was added at time points 15, 30 and 

45 min after the initiation of the reaction to ensure that active pepsin was present in the 

solution during the course of the digestion.  This approach promoted further digestion, 

but incomplete RCNMV digestion was still evident. 

LC/MS
E
 analysis of RCNMV digested by pepsin did not provide reproducible 

results. Some samples had higher coverage but questionable peptide identications. By 

examining the masses of these peptides, we found that the majority of them are below 

1000 Da which were difficult to identify due to the low number of product ions. This 

agrees with the SDS-PAGE results, in that pepsin seemed to digest only the solvent 

accessible part of the virus, but was not able further access the virus. In contrast, trypsin 



(Lane Try) was able to more completely digest the virus except for the 6-10 kDa 

segments were no cleavage sites were available.  In an attempt to obtain sequence 

information regarding this 6-10 kDa segment, in-gel digestion of this region was 

performed using pepsin but the small peptides generated precluded peptide detection.   
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Figure S5. Combined SDS-PAGE analysis of RCNMV digestion using pepsin.  For digestion, a 

ratio of 1:100 (pepsin:virus, wt:wt) was used.  M=marker, V=virus, P=pepsin, Try= Trypsin 

digestion overnight, B=BSA, BB=BSA blank, and numbers=#minutes of digestion . Proteins 

were stained with coomassie blue.   

 

GluC hydrolyzes proteins at glutamic acids and aspartic acids (much slower) in 

ammonium bicarbonate aspartic acids buffer at pH 4.0 or phosphate buffer at pH 7.8. 

GluC was explored as a possible avenue to increase capsid sequence coverage because 

there are several D and E residues in the region 176-286 where trypsin does not give 

adequate coverage. Unfortunately,  GluC digestion did not meet our expectations.  As 

indicated by SDS-PAGE analysis in Figure S6, GluC did not digest the capsid protein 

significantly in either buffer despite digesting overnight and using a 1:20 ratio of 

GluC:virus (wt:wt).In addition, no useful data were obtained by LC/MS
E
 analysis. 
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Figure S6. SDS-PAGE analysis of RCNMV digestion using GluC.  For digestion, a ratio of 1:20 

(GluC:virus, wt:wt) was used.  M=marker, V=virus, PB=phosphate buffer, and AB= ammonium 

bicarbonate buffer.  . Proteins were stained with coosmassie blue.   
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’ INTRODUCTION

Despite several decades of research and drug development,
progress in the clinical struggle against cancer has been only
moderate. Development of resistance by cancer cells to che-
motherapeutic agents has currently become a major clinical
problem, limiting the effectiveness of the treatment of hemato-
logical malignancies as well as solid tumors. Multiple studies have
helped to identify many mechanisms of drug resistance, but in
general terms, they can all be reduced to the prevention of a drug
from entering cells, deactivation of drug molecules, or the
enhanced resistance of cancer cells to apoptosis. The first group
includes deficiencies in membrane nucleoside transporters or the
overexpression of ATP-dependent drug efflux transporters like
P-glycoprotein (MRP, BCRP) and other membrane proteins
(MRP) responsible for drug efflux. In the second group, the drug
metabolism/degradation and reduced levels of enzymatic drug
activation should be mentioned. In the third group, the induction
of antiapoptotic mechanisms, as well as the suppression of pro-
apoptotic pathways, plays important roles in drug resistance.1

Cytotoxic nucleoside analogues belong to the important class
of anticancer drugs, which are currently used as the first line of
treatment of hematologicalmalignancies and certain solid tumors.2

These drugs act as antimetabolites by interfering with nucleic
acid synthesis and enzymes of the nucleotide metabolism. The
clinical efficacy of these drugs depends on higher metabolic
activity and drug activation in rapidly proliferating cancer cells
compared to normal cells. Activation of therapeutic nucleoside
analogues occurs through the de novo synthesis of 50-mono-, di-,
and triphosphate derivatives, which interfere with the cellular
pool of natural nucleosides. Nucleoside analogues require parti-
cipation of specialized nucleoside transporter proteins such as
hENT1, hENT2, or hCNT1 in order to accumulate in the cells.
The integral drug uptake depends on the proper balance of the
nucleoside transporters and drug efflux proteins presented on
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ABSTRACT: Inherent or therapy-induced drug resistance is a major
clinical setback in cancer treatment. The extensive usage of cytotoxic
nucleobases and nucleoside analogues in chemotherapy also results in
the development of specific mechanisms of drug resistance, such as
nucleoside transport or activation deficiencies. These drugs are
prodrugs; and being converted into the active mono-, di-, and
triphosphates inside cancer cells following administration, they affect
nucleic acid synthesis, nucleotide metabolism, or sensitivity to
apoptosis. Previously, we actively promoted the idea that the nanodelivery of active nucleotide species, e.g., 50-triphosphates of
nucleoside analogues, can enhance drug efficacy and reduce nonspecific toxicity. In this study, we report the development of a novel
type of drug nanoformulations, polymeric conjugates of nucleoside analogues, which are capable of the efficient transport and
sustained release of phosphorylated drugs. These drug conjugates have been synthesized, starting from cholesterol-modified
mucoadhesive polyvinyl alcohol or biodegradable dextrin, by covalent attachment of nucleoside analogues through a tetraphosphate
linker. Association of cholesterol moieties in aqueous media resulted in intramolecular polymer folding and the formation of small
nanogel particles containing 0.5 mmol/g of a 50-phosphorylated nucleoside analogue, e.g., 5-fluoro-20-deoxyuridine (floxuridine,
FdU), an active metabolite of anticancer drug 5-fluorouracyl (5-FU). The polymeric conjugates demonstrated rapid enzymatic
release of floxuridine 50-phosphate and much slower drug release under hydrolytic conditions (pH 1.0�7.4). Among the panel of
cancer cell lines, all studied polymeric FdU-conjugates demonstrated an up to 50� increased cytotoxicity in human prostate cancer
PC-3, breast cancer MCF-7, and MDA-MB-231 cells, and more than 100� higher efficacy against cytarabine-resistant human
T-lymphoma (CEM/araC/8) and gemcitabine-resistant follicular lymphoma (RL7/G) cells as compared to free drugs. In the initial
in vivo screening, both PC-3 and RL7/G subcutaneous tumor xenograft models showed enhanced sensitivity to sustained drug
release from polymeric FdU-conjugate after peritumoral injections and significant tumor growth inhibition. All these data
demonstrate a remarkable clinical potential of novel polymeric conjugates of phosphorylated nucleoside analogues, especially as new
therapeutic agents against drug-resistant tumors.
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cellular membrane. Therefore, the drug accumulation is sub-
stantially reduced when the expression of such nucleoside
transporters is deficient,3,4 or the activity of drug efflux transpor-
ter proteins is elevated.5,6 After entering cells, nucleoside analo-
gues undergo phosphorylation into 50-monophosphates with
deoxycytidine kinase (dCK) or thymidine kinase (TK), a rate-
limiting step in the intracellular activation of nucleosides, and are
subsequently converted into active 50-diphosphates and 50-
triphosphates by other nucleoside kinases.3 The efficacy of nuc-
leoside analogues may further be limited by additional factors
such as metabolic deamination and intracellular dephosphory-
lation.7,8

In order to increase tumor accumulation of nucleoside analo-
gues, various prodrug and drug delivery approaches have been
developed, for example, the application of lipophilic nucleoside
derivatives with an enhanced cellular membrane affinity. Many
prodrugs with degradable lipophilic masking groups demonstrate
the enhanced cell membrane permeability.9 Early phase clinical
trials have shown some improvements in the treatment of
hematological malignancies, but these prodrugs were not effec-
tive in the treatment of solid tumors.10 Moreover, lipophilic
prodrugs have a reduced half-life in circulation due to the fast
accumulation in liver. Various nanocarriers such as liposomes,
biodegradable nanoparticles, polymeric micelles, and nanocap-
sules have been extensively for tumor delivery of chemother-
apeutic drugs.11 Many of these nanocarriers demonstrated ad-
vanced features, but have also shown serious shortcomings
limiting their clinical usefulness. For example, liposomal formu-
lations were unable to achieve effective drug concentration inside
tumors because many anticancer drugs (cytarabine, 5-FU, etc.)
diffused rapidly through the liposome bilayer.12

Recently, we introduced an alternative tumor treatment strategy
using formulation and nanodelivery of activated drugs, nucleo-
side 50-triphosphates, encapsulated in cationic nanogels.17 Pre-
viously, several laboratories have attempted to achieve in vivo
delivery of bioactive 50-triphosphates of nucleoside analogue
through encapsulation in liposomes,13,14 nanoparticles,15 or red
blood cells.16 Evidently, the success of this strategy depends on
the advantages of nanoformulations in drug protection in bio-
logical milieu, controlled drug release, and the specific tumor
targeting. Nanogel carriers have dramatically improved the
delivery of activated phosphorylated nucleoside analogues into
cancer cells and tumor growth inhibition effect.18,19 However,
the noncovalent nature of the encapsulation of anionic 50-tri-
phosphates in cationic nanogels was the reason for relatively fast
drug release kinetics. Here, we report synthesis of novel types of
drug-loaded nanogels, containing a polymer network with cova-
lently linked phosphorylated nucleoside analogues, which are
capable of sustained drug release and structurally different from
the previously studied polymeric nanogels. Covalent drug attach-
ment is an important factor in the controlled drug release,
because it allows using specific chemistries. Various hydrolyti-
cally or enzymatically sensitive linkers, such as peptides, carboxy-
lates, and so forth, have been previously evaluated with poly-
meric drug delivery systems.20�22 In this study, drug conjugates
were synthesized by the attachment of nucleoside analogues
through a biodegradable tetraphosphate linker starting from am-
phiphilic polymers such as cholesterol-modified polyvinyl alco-
hol (PVA) or dextrin (DEX). The linker has strong advantage
over other linkers, because the polymeric drug conjugates are
able to release nucleoside analogues in active phosphorylated
form in the result of its hydrolytic or enzymatic degradation,

eventually showing an enhanced tumor growth inhibition efficacy
against normal and drug-resistant cancer cells. These drug-con-
taining polymer conjugates can form stable nanogels with a small
hydrodynamic diameter after ultrasonication in aqueous media as
demonstrated in Figure 1. Selection of biodegradable or mucoad-
hesive biocompatible polymers for preparation of polymeric
conjugates might also reduce toxicity of chemotherapy and open
potentials for oral administration of these nanoformulations.

’MATERIALS AND METHODS

Materials. Most reagents, solvents, and polymers were pur-
chased from Sigma Aldrich (St. Louis, MO) and Alfa Aesar
(Wardhill, MA) with the highest available purity and used with-
out purification unless otherwise stated. Thymidine, 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
and snake venom phosphodiesterase 1, type VI, from Carotalus
adamanteus were purchased from Sigma (St. Louis, MO). Nuc-
leoside analogues: 5-fluoro-20-deoxyuridine (Floxuridine, FdU)
was from SynQuest Laboratories (Alachua, FL), 2,20-difluorocy-
tidine (dFdC, Gemcitabine) was fromBeta Pharma, Inc. (Branford,
CT), and arabinosylcytosine (araC, Cytarabine) was from 3BMedi-
cal Systems, Inc. (Libertyville, IL). Centrifuge filter devices (MWCO
5000 Da) were purchased from Millipore (Bedford, MA).
All NMR spectra were recorded using a 500 MHz Varian

NMR spectrometer. All chemical shift values are given in parts
per million (ppm) and are referenced to a signal from (CH3)4Si
(0 ppm) for 1H, DMSO-d6 (39.7 ppm) for 13C, and 85%
phosphoric acid (0 ppm) for 31P spectra at 25 �C.Hydrodynamic
diameter, polydispersity, and zeta potential of nanogels and
polymeric conjugates were measured using a dynamic light
scattering instrument, the Zetasizer Nano-ZS90 (Malvern In-
struments, Southborough, MA) at 25 �C. Monodisperse poly-
styrene dispersions were used as standards. UV absorbance of
samples was measured by Biophotometer (Eppendorf, Hamburg,
Germany). IR spectra were recorded using a Nicolet IR-200 FT-
IR spectrometer (Thermo Scientific, Waltham, MA).
Cells.Human breast carcinomaMCF-7, human hepatocellular

carcinoma HepG2, and human prostate adenocarcinoma PC-3
cells were obtained from ATCC (Rockville, MD). These cells
weremaintained inDulbecco’sModified EagleMedium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 1% L-gluta-
mine, and 2% penicillin�streptomycin at 37 �C in a humidified
atmosphere containing 5%CO2. Human breast carcinomaMDA-
MB-231 cell line was a gift from Dr. R. Singh (UNMC). These
cells were maintained in DMEM/Nutrient mixture F-12 (DMEM/
F12) with similar supplements and serum as above. Gemcitabine-
resistant human follicular lymphoma RL7/G cell line, which is
characterized by a reduced level of dCK enzyme,23 was a gift from
Dr. F. Bontemps (De Duve Institute, Bruxelles, Belgium). They
were grown in the presence of 2 μM gemcitabine. Nucleoside

Figure 1. Formation of compact nanogels from polymer drug
conjugates.
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transport-deficient cytarabine-resistant human leukemic lympho-
blast CEM/araC/8 cell line24 was obtained fromDr. C. Galmarini
(UFR Lyon-Sud, Oullins, France). The cells were grown in
the presence of 0.5 μM cytarabine (araC). Both drug-resistant
cell lines were grown in RPMI medium supplemented with 10%
fetal bovine serum (FBS), 1% L-glutamine, and 2% penicillin�
streptomycin at 37 �C in a humidified atmosphere containing 5%
CO2.
Synthesis of Cholesterol Conjugates. PVA was grafted with

cholesterolmoieties according to the procedures described below.
Briefly, 2.1 g of PVA (Mw 13 kDa) was dried over phosphorus
pentoxide in vacuo and dissolved in 50 mL of anhydrous DMSO
at 70 �C. Triethylamine (0.8 mmol) was added to the cooled
solution (25 �C) followed by 0.3 g (0.68 mmol) of cholesteryl
chloroformate, and the final solution was stirred overnight at
25 �C. The reaction mixture was concentrated in vacuo and
dialyzed (MWCO 3.5 kDa) against 20% aqueous ethanol three
times for 24 h. The product (CPVA) was isolated after concen-
tration in vacuo and freeze�drying with a yield of 80%. In another
method, 2.1 g of PVA (Mw 13 kDa) was dissolved in 50 mL of
anhydrousN-methyl pyrrolidone at 70 �C, then 0.3 g (0.68mmol)
of cholesteryl chloroformate was added, and the mixture was
stirred for 4 h at 70 �C. The substituted CPVAwas precipitated in
diethyl ether (0.5 L) and dried in vacuo; the light yellow precipi-
tate was obtained at a yield of 70%. 1H NMR: 0.63 (s, 18H), 0.83
(m, 36H), 0.88 (m, 18H), 0.92 (s, 18H), 1.11�1.95 (m, 764H),
3.84�3.90 (m, 295H), 4.31 (brs, OH), 4.40 (s, 12H), 5.25 (s,
6H). Following the same protocol for PVA (Mw 31 kDa), we
obtained CPVA with a yield of 85%. 1H NMR: 0.65 (s, 18H),
0.83�0.85 (dd, J = 5.0, 1.6 Hz, 36H), 0.89 (d, J = 4.8 Hz, 18H),
0.94 (s, 18H), 1.07�1.98 (m, 1582H), 3.84 (m, 704H), 4.35
(12H and OH), 5.28 (s, 6H). IR: 3264, 2897, 1642, 1409, 1323,
1082, 915, 829.
The dextrin�cholesterol nanogel (CDex) was synthesized as

follows. The water-soluble fraction of dextrin (Mw 9 kDa) was
isolated by dialysis in a SpectraPor membrane tube (MWCO
2 kDa) followed by centrifugation. The supernatant was freeze�
dried and used for nanogel synthesis. 1.0 g of the purified dextrin
was dried over phosphorus pentoxide in vacuo and dissolved in
15 mL of anhydrous DMSO at 70 �C. After 0.3 g (0.68 mmol) of
cholesteryl chloroformate was added, the reaction mixture was
stirred for 24 h at 25 �C, concentrated in vacuo, and dialyzed
(MWCO 3.5 kDa) against 20% aqueous ethanol three times
for 24 h. The product (CDex) was isolated after concentration
in vacuo and freeze�drying with a yield of 76%. 1H NMR: 0.65
(s, 18H), 0.83�0.85 (dd, J = 5.0, 1.6 Hz, 36H), 0.89�1.51

(m, 211H), 3.24�3.64 (m, 333H), 4.28�5.10 (m, 122H), 5.23
(s, 6H), 5.37�5.62 (m, 55H).
Synthesis of Phosphorylating Reagent, CNEtOP(O)Im2.

The intermediate product CNEtOP(O)Cl2 was synthesized by
dissolving 18.6 mL (30.6 g, 0.2 mol) phosphorus (V) oxychloride
and 20.6 mL (14.84 g, 0.147 mol) triethylamine in 40 mL
anhydrous tetrahydrofuran (THF) at 0 �C. It was treated with
10 mL (10.45 g, 0.147 mol) 2-cyanoethanol in 5 mL THF while
stirring at 0 �C. Stirring was continued for 30 min until white
precipitate formed. The precipitate was carefully filtered with
exclusion ofmoisture, and the resulting solutionwas concentrated
in vacuo and distilled under argon. The product, CNEtOP(O)Cl2,
was recovered by distillation at 90 �C/1 mm with a yield of 60%.
The product, CNEtOP(O)Im2, was synthesized by mixing

2.69 g (0.015 mol) CNEtOP(O)Cl2 and 5.25 g (0.037 mol) N-
trimethylsilyl-imidazole in 40 mL cold anhydrous toluene. The
solutions were then incubated for 2 h at room temperature, con-
centrated in vacuo to a half-volume and placed in a freezer for 2 h
at �20 �C. The precipitate of CNEtOP(O)Im2 was recovered
after centrifugation with a yield of 70%.25

Preparation of Polymeric Drug Conjugates. A solution of
3.3 g of dried cholesterol�polymer conjugates in 33 mL DMF
was treated with a 2M solution of CNEtOP(O)Im2 in anhydrous
DMF (2 mL) for 30 min at 25 �C. Then, a 1 M solution of tetra-
n-butylammonium salt of pyrophosphate (PPi-TBA) in anhy-
drous DMF (4 mL) was added, and the reaction mixture was
incubated for 1 h at 25 �C. In a separate flask, floxuridine (FdU,
490 mg, 2 mmol) was treated with a 2 M solution of CNEtOP-
(O)Im2 in anhydrous DMF (1 mL) and allowed to stand for
20 min at 25 �C. Both solutions were then mixed and stirred for
40 min at 25 �C. The reaction mixture was treated with 1 mL of
methanol and left overnight at 4 �C. Insoluble material was
removed by filtration; the nanogel conjugate was purified three
times over 24 h by dialysis (MWCO 3500 Da) against 20%
aqueous ethanol, concentrated in vacuo, and precipitated as a
sodium perchlorate in acetone. FdU content in the nanogel
conjugate was measured by UV absorbance (ε260 = 7570). Drug
loading: CPVA31, 0.51 μmol/mg; CPVA13, 0.50 μmol/mg; and
CDex9, 0.44 μmol/mg.
Particle Size and Zeta-Potential Measurements. The hy-

drodynamic diameter and polydispersity of nanogels and poly-
meric conjugates were measured by dynamic light scattering
(DLS) using a Zetasizer Nano-ZS90 with a 15 mV solid state
laser operated at a wavelength of 635 nm. In brief, dry samples
were resuspended in filtered deionized water, and then sonicated
for 1 h at 4 �C to form a uniform dispersion of nanoparticles and
centrifuged for 4 min at 10 000 � g. The size distribution in
samples was characterized by polydispersity index. Zeta-potential
was calculated based on electrophoretic mobility measurements
performed with an electrical field strength of 15�18 V cm�1 at
25 �C using the instrument software. The data reported in
Table 1 represent an average of three measurements.
Enzymatic Hydrolysis. Enzymatic stability and drug release

from polymeric conjugates was assayed in 50 μL reaction mix-
tures containing: 100 mM Tris-HCl (pH 8.75), 2 mM MgCl2,
0.5 mg of snake venom phosphodiesterase (VPDE), and 0.5 mg
nanogel sample (FdU, 0.25 μmol). The reaction mixture was
incubated at 37 �C and, at appropriate times, 5 μL aliquots were
taken out and quenched with 1.5 μL of 1 M HCl. Nucleotide
content was analyzed by ion-pair HPLC using an Ascentis C18
column (10 μm, 15 cm � 4.6 mm) at a flow rate of 1 mL/min.
The elution was performed with buffer A: 40 mMKH2PO4, 0.2%

Table 1. Particle Characteristics of Polymeric Conjugates

polymeric

conjugatea
dh, nm

(volume-averaged) PDI ζ, mV

CPVA31 35.00 ( 1.30 0.361( 0.01 0.00( 3.70

CPVA31-p4FdU 42.12( 6.41 0.405( 0.04 �8.47 ( 3.60

CPVA13 12.52( 5.12 0.596( 0.03 �2.57( 3.40

CPVA13-p4FdU 34.95( 5.43 0.417( 0.01 �34.0 ( 4.67

CDEX9 44.53( 8.34 0.458( 0.02 �8.00( 4.02

CDEX9-p4FdU 26.23( 4.12 0.440( 0.03 �34.80 ( 5.06

CDEX9-p4T 18.27( 2.01 0.508( 0.00 0.00 ( 4.52
a Particle size (dh), polydispersity index (PDI), and zeta potential (ζ)
were measured in 1% solutions in water after 2 h sonication. The results
are average values ( SD of three measurements.
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tetrabutylammonium hydroxide, pH 7.0, and buffer B: 30%
acetonitrile, 40 mMKH2PO4, 0.2% tetrabutylammonium hydro-
xide, pH 7.0, in a linear gradient mode (100% B in 20 min).
In Vitro Drug Release. In vitro drug release was investigated

under different pH values. In short, 18 mg of CPVA31-p4FdU or
CDex9-p4FdU conjugates was dissolved in 20 mL of PBS solu-
tion at pH 7.4, 4.0, and 1.0. These solutions were incubated
at 37 �C and 0.5 mL aliquots were taken out every 24 h. The
released nucleotides were separated from the rest of the polymeric
conjugates by centrifugation at 7500 rpm for 25 min using an
Amicon Ultra 0.5 centrifuge filter device (MWCO 3000 Da).
The pH of the filtrate was adjusted to 7.4 and UV absorbance was
measured at 260 nm.
Cytotoxicity Studies. Cytotoxicity of the polymeric conju-

gates was analyzed in different cancer cell lines by a standard
MTT assay. Briefly, MCF-7, PC-3, HepG2, and MDA-MB-231
cells were seeded at a density of 10 000 cells/200 μL growth
medium/well in flat-bottom 96-well plates; the corresponding
suspensions of RL7/G and CEM/araC/8 cells were placed in
round-bottom 96-well plates. Cells were allowed to grow over-
night and appropriate amounts of drug, nanogels, or polymeric

conjugates were added. Samples were incubated in full medium
for 72 h at 37 �C, and the metabolic activity of each sample was
determined by adding 20 μL of a 5 mg/mL of MTT stock solu-
tion in sterile PBS buffer to each well. The samples were then
incubated for 2 h at 37 �C, the medium and the MTT dye were
washed out by PBS, and 100 μL of extraction buffer (20% w/v
SDS in DMF/water, 1:1, pH 4.7) was added to each well.
Samples were incubated for 24 h at 37 �C. Optical absorbance
was measured at 560 nm using a model 680 microplate reader
(BioRad, Hercules, CA) and cytotoxicity was expressed as a
percentage of survived cells relative to nontreated control cells.
All samples were analyzed by an average of eight measurements
(means ( SEM). These data were plotted versus drug/nanogel
concentrations and converted into IC50 values (concentration of
the 50% cell survival).
In Vivo Tumor Growth Inhibition Assay. These experiments

were performed using female nu/nu mice (RL7/G cells) or male
nu/nu mice (PC-3 cells), aged 6�8 weeks (Charles River Labora-
tories,Wilmington,MA). Animal studies were carried out according
to the Principles of Animal Care outlined by the National Institutes
of Health, and protocols were approved by the Institutional Animal

Scheme 1. Synthetic Steps in the Preparation of CPVA Conjugates
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Care and Use Committee at the University of Nebraska Medical
Center. The animals were randomly divided into groups of five per
cage and maintained under sterile conditions and 12 h light/dark
cycle in a temperature-controlled environment. All manipulations
with animals were performed in a sterile laminar hood using sterile
solutions. PC-3 and RL7/G cell suspensions of 5 � 106 cells/
400 μL of medium containing 20% Matrigel (Becton-Dickinson,
SanDiego,CA) were injected subcutaneously in the right flank areas
of mice. After tumors could be palpitated, the treatment solutions of
CPVA31-p4FdU were injected peritumorally (2� 100 μL) twice a
week at a dose of 12 mg FdU/kg. Tumor volume was measured
by digital calipers and calculated based on the equation: TV=L/2�
W2, where L andW are length and width of tumor (mm).

’RESULTS AND DISCUSSION

Synthesis ofNanogelConjugates.Cholesterol is a well-known
hydrophobic moiety used in many drug delivery applications in
order to enhance the interactions of modified macromolecules or
nanocarriers with the cellular membrane.26,27 In our design of
polymeric conjugates, we have exploited polymermodificationwith
cholesterol for several reasons: (i) to render hydrophilic polymers
soluble in organic solvents, (ii) to compel themodified polymers to
form compact nanogels, and (iii) to increase membranotropic
properties and ease transport of hydrophilic drug molecules across
the cellular membrane. In aqueous solutions, at ultrasonication
cholesterol-modified polymers form “flower-type” micelles with
internally aggregated cholesterol moieties with the least association
numbers 4�6.28 We synthesized the cholesterol-modified poly-
vinyl alcohol (CPVA) containing six hydrophobic moieties per

polymer chain by reaction of the corresponding PVA, Mw 13 and
31 kDa, with cholesterol chloroformate in dry DMSO in the
presence of triethylamine at room temperature. The cholesterol-
modified PVA polymers were isolated with a yield of 80�85%. In
an alternative method, PVA was modified inN-methyl pyrrolidone
at 70 �C, yielding the corresponding cholesterol-modified polymer
at 70�75% as a white solid after precipitation in diethyl ether.29

The cholesterol-modifiedPVApolymerswere designated asCPVA13
and CPVA31 (Scheme 1). Similarly, as shown in Scheme 2, we
synthesized a cholesterol-modified dextrin (CDex) with a high
yield starting from dextrin (Mw 9 kDa). Four cholesterol moieties
were attached to the smaller dextrin molecule. The flexibility of
charged polymer chains was restricted by hydrophobic cholesterol
groups aggregated in the core of nanogels. The nanogels bearing
negatively charged phosphate groups formed even smaller spherical
compacted particles following the addition of positively charged
spermine molecules (Figure 1).

1HNMR spectra showed that the cholesterol modification was
nearly quantitative and amounted for six moieties per polymer
chain in CPVA13 and CPVA31 and four per polymer chain in
CDex9. Similarly, the formation of micelles in aqueous solutions
by these polymers was also demonstrated by 1H NMR spectros-
copy. Figures S1 and S2 represent the spectra of CPVA13 and
CDex9 in (a) D2O and (b) DMSO-d6, respectively (see Support-
ing Information). As shown in the spectra, proton signals of the
cholesterol moiety (δ = 0.6�2.4 ppm) appeared in DMSO-d6
(b), but completely disappeared or wide broadening of signals
was observed in D2O (a). This indicates the restricted molecular
motion of cholesterol moieties upon self-aggregation. Our results
confirmed the formation of a rigid core of hydrophobic choles-
terol moieties and a relatively mobile shell consisting of hydro-
philic PVA or Dex molecules in aqueous medium. The degree
of cholesterol substitution (DS) was evaluated by calculating the
ratio between the integrals of the protons in terminal CH3-
groups of cholesterol and methylene protons in CPVA or the
protons of sugar monomers in CDex.
The hydroxyl functional groups in the cholesterol-modified

polymers have been used as sites for the conjugation of the active
phosphorylated nucleoside analogue, floxuridine (FdU), result-
ing in the formation of polymeric conjugates as anticancer
drug carriers (Schemes 1 and 2). The 50-hydroxyl group of
the nucleoside analogue was chemically attached via a biodegrad-
able tetraphosphate linker to nanogels using a 2-cyanoethyl-
bis(imidazolyl)phosphate, CNEtOP(O)Im2, as a phosphorylat-
ing reagent. As shown in Schemes 1 and 2, the polymers were
phosphorylated with CNEtOP(O)Im2 in DMF and then reacted
efficiently with inorganic pyrophosphate in the form of tetra-n-
butylammonium salt PPi-TBA(6) in order to form the polymeric
triphosphate 7. Separately, the 50-hydroxyl group of the nucleo-
side was phosphorylated by CNEtOP(O)Im2, and the activated
50-phosphorylated nucleoside 8 was reacted in the next step with
the polymeric triphosphate 7.
In our preliminary experiments, we found that a similar

phosphorylating agent, methyl-bis(imidazolyl)phosphate, MeO-
POIm2, reacted efficiently with the primary hydroxyl groups of
nucleosides in the formation of activated 50-monophosphates,
but compared with CNEtOP(O)Im2, this reaction was much
slower. The relative efficacy of phosphorylation using these two
reagents was compared based on the yields of nucleoside 50-
monophosphate analyzed by ion-pair HPLC. During the first
hour of reaction, CNEtOP(O)Im2 yielded 80% of monopho-
sphate compared with only 10% when MeOPOIm2 was used.

Scheme 2. Synthesis of CDex-Conjugates (Compounds
1�11; see Scheme 1)
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The electron donor effect of the methoxy group makes the phos-
phorus atom less electrophilic, which resulted in longer reaction
times, especially with secondary hydroxyl groups. However, both
phosphorylating agents formed the same final activated 50-mono-
phosphorylated nucleoside in our synthesis. Next, the activated
imidazolyl-phosphate moiety in 8 readily reacted with polymer-
triphosphate 7 and converted into nucleoside 50-tetraphosphate
anchored to CPVA, (9�11) or CDex (14, 15). Initially, we used
thymidine (T) as a model drug in this study. Polymeric con-
jugates were purified by extensive dialysis to remove all reactants.
CPVA- and CDex-conjugated 50-tetraphosphates of FdU were
designated as CPVA13-p4FdU, CPVA31-p4FdU, CDex9-p4FdU,
and CDex9-p4T and their properties are shown in Table 1. The
amount of nucleoside attached to the polymer was determined
by UV absorbance. We observed a high degree of nucleoside
loading in nanogels, which was equal to 0.4�0.5 μmol/mg.
Covalent conjugation of the nucleoside to nanogels via a

tetraphosphate linker was further verified by 31P NMR and IR
spectroscopy. 31P NMR spectra confirmed the formation of
tetraphosphate structures along with trace amounts of a tripho-
sphate and polyphosphates such as a pentaphosphate (Figure 2).
According to published chemical shifts,30,31 upper field region
of 31P NMR spectra at �20 to �25 ppm corresponds to β- and
γ-phosphates (peaks c, d, and e), while signals between �8 and
�12 ppm correspond to terminal α- and δ-phosphates (peaks a
and b). IR spectra of CPVA-p4FdU have allowed us to observe
conjugation of the FdU nucleoside to the CPVA nanogel (Sup-
porting Information Figure S3). As is clearly shown in the
spectra, the peak at 899 cm�1 corresponding to P-OR stretch,
the peak at 1234 cm�1 corresponding to PdO stretch of phos-
phate, and the peak at 1708 cm�1 corresponding to CdO stretch
of amide are clearly increased in the CPVA-p4FdU products,
while peaks at 1311�1417 cm�1 corresponding to O�H bond-
ing of CPVA were reduced, confirming the formation of a
polyphosphate linker between CPVA and FdU.
Particle Size and Zeta-Potential. Compact nanogel conju-

gates could be successfully formed as the result of self-organiza-
tion of CPVA/CDex-p4FdU molecules during ultrasonication in
aqueous solutions. When sufficient energy was applied, the cho-
lesterol moieties formed compact intramolecular clusters sur-
rounded by a hydrophilic polymeric shell containing the em-
bedded negatively charged drug molecules. The particle size,
homogeneity, and morphology of CPVA/CDex-p4FdU struc-
tures were measured by dynamic light scattering (DLS) and

transmission electron microscopy (TEM). A single sharp peak in
DLS profiles with a hydrodynamic diameter in the range of
12�45 nm implied the presence of a single population of small
particles with a relatively low polydispersity index of 0.30�0.59
(Table 1). The high negative zeta-potential of CPVA/CDex-
p4FdU confirmed the presence of phosphates in the surface layer
of polymeric conjugates. TEM pictures showed the spherical
particle morphology with hydrodynamic diameters in the range
38�58 nm (Figure 3). We have also studied the change in
particle size after neutralization of the negative charge in poly-
meric conjugates with the polyamine spermine (Figure 1). The
addition of positively charged spermine at physiological condi-
tions resulted in a 2�3-fold reduction in hydrodynamic and
TEM-observed diameters and the change in morphology of
particles, e.g., the appearance of a thicker electron-dense exterior
layer surrounding these compacted polymeric conjugates.32

Enzymatic Hydrolysis. The formation of natural nucleoside
50-phosphate bonds between nucleoside and nanogel backbone
was further confirmed using enzymatic hydrolysis by snake venom
phosphodiesterase I (VPDE). VPDE was able to catalyze the
hydrolysis of esterified nucleoside 50-phosphates into a nuc-
leoside 50-phosphate and also the cleavage of nucleoside 50-
phosphate from oligonucleotides with a free 30-end.33,34 This
property of VPDE allows us to investigate the enzymatic stability
of nanogel-boundnucleoside phosphates.NanogelsCPVA-p4FdU
and CDex-p4FdU were incubated with VPDE at 37 �C and then
analyzed by ion-pair HPLC (Figure 4). We observed the gradual
disappearance of the initial wide peak with the elution time of
25�34 min (a) and the formation of a sharp peak at the elution
time of ca. 5 min (b), which corresponded to control nucleoside
50-phosphates (TMP or FdUMP). Structure of the released nuc-
leoside products was further confirmed by comparison of UV
spectra with initial nucleoside analogues. Our data demonstrated
a nearly quantitative enzymatic release of nucleotide 50-phos-
phate from polymeric conjugates within 12 to 24 h.
In Vitro Drug Release. The in vitro release of FdU was

monitored at 37 �C at different pH values (1.0, 4.0, and 7.4) in
order to assess the stability of nanogel conjugates in the envi-
ronments in the stomach, endosomal vesicles, and blood, re-
spectively. Each nanogel, CPVA-p4FdU or CDEX-p4FdU, was
placed into the appropriate buffer solution and incubated at
37 �C. Serial aliquots were removed at the appropriate times
during hydrolysis, and the cleaved nucleoside/nucleotide was
separated by ultrafiltration and quantified by UV absorbance.

Figure 2. 31PNMR spectrum of polymeric conjugates, CPVA31-p 4FdU (A) andCDex9-p4FdU (B) (phosphorus signals a�e are described in the text).
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The release profiles at different pH values are shown in Figure 5.
In general, polymeric conjugates displayed linear first-order
reaction kinetics of hydrolysis with slower drug release at pH
7.4 and pH 4.0 than at pH 1.0. At pH 4.0 and 7.4, drug release was
1�2% per day, while at pH 1.0 drug release reached 4% per day.
These results are consistent with the pH-dependent degrada-
tion behavior of other dinucleoside polyphosphates, such as

diadenosine-P1,P3-triphosphate and P1,P4-tetraphosphate.35

However, CPVA/CDex-p4FdU conjugates showed much slower
drug release compared to diadenosine-P1,P4-tetraphosphate (25
days vs 3 days). The pH-dependent hydrolysis can be facilitated
by a hydronium ion through the nucleophilic attack of proto-
nated phosphate groups at lower pH, which results in an SN(P)-
type substitution, and then the formation of a penta-coordinated

Figure 3. Transmission electron microscopy (TEM) images of nanogels formed from polymer conjugates: (A) CPVA31-p4FdU, (B) its spermine
complex (Spe), (C) CDex9-p4FdU, and (D) its spermine complex. Samples were stained with vanadate.

Figure 4. Enzymatic hydrolysis of polymeric conjugates by snake venom phosphodiesterase I (VPDE). (A) The enzyme hydrolyzes the P�O bond at
α-phosphate group in nanogel conjugate resulting in nucleoside 50-phosphate (2). (B) Ion-pair HPLCprofiles of initial (a) and hydrolyzed (b) CPVA31-
p4FdU. (C) Ion-pair HPLC profiles of initial (a) and hydrolyzed (b) CDex9-p4T after 24 h incubation with 0.01 units of VPDE enzyme.
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phosphorus transition state and nucleoside 50-phosphates as final
products (Scheme 3). Highly hydrated polymer coils sur-
rounding the tetraphosphate linkers evidently create a steric hin-
drance and significantly slow down the process.
Evidently, the release of phosphorylated nucleosides in cancer

cells would provide a strong therapeutic advantage to these
polymeric conjugates, because the drug component does not
have to pass through the phosphorylation step, which is known to
be a rate-limiting step in biological activation of nucleoside ana-
logues.36 Our data show that this type of polymeric conjugates is
capable of the sustained drug release during the extended period
of time and can serve as active drug depot, significantly enhancing
therapeutic effect against cancer cells. Peritumoral injections or
systemic administration of polymeric conjugates would result in
only minimal initial drug burst, a shortcoming of many drug deli-
very systems at systemic administration.Additionally, accumulation
of nanocarriers from blood circulation through the enhanced perme-
ability and retention (EPR) effect in leaking tumorneovasculature can

potentially enhance the tumor growth inhibitory effect. Polymeric
conjugates can also be considered as potential oral therapeutic
formulations due to the observed slow drug release at low pH in
the digestive tract (in vivo experiments are underway). We have also
demonstrated that enzymatic hydrolysis of polymeric conjugates is at
least 20�25 times faster than hydrolytic hydrolysis. Therefore, these
polymeric conjugates, which have a slow, sustained drug release in
tumor tissue and other organs in normal conditions in vivo, might be
quickly activated by enzymatic activities present in the cytosol or
subcellular compartments of proliferating cancer cells.37 The most
common type of hydrolytic enzymes inmammalian cells are cytosolic
phosphodiesterases and nucleotide phosphatases, which can release
active 50-nucleotides from the polymeric conjugates.38

Cytotoxicity Assay.Drug resistance to nucleoside analogues
is known to be an important clinical problem in the treatment of
cancer. Therapeutic effects can be achieved with nucleoside
analogues as a single agent or in combination with other drugs
only at the increasingly higher dosage. Here, we have studied
the cytotoxicity of several polymeric conjugates of activated
analogues of 5-fluorouracyl as a model drug in various cancer
cell lines including ones that are resistant to nucleoside
analogues. The cytotoxicity of polymeric floxuridine conjugates
CPVA13-p4FdU, CPVA31-p4FdU, and CDEX9-p4FdU was
determined in human prostate adenocarcinoma PC-3, breast
carcinoma MCF-7 and MDA-MB-231, hepatic carcinoma
HepG2, gemcitabine-resistant follicular lymphoma RL7/G,
and cytarabine-resistant T-lymphoma CEM/araC/8 cells using
a thiazolyl blue (MTT) dye reduction assay.39 As shown in
Figure 6 and Table 2, nanoconjugates showed considerably
enhanced cytotoxicity and lower IC50 values (drug concentra-
tion resulting in 50% cell death) compared to free floxuridine in
all of these cell lines. The enhancement factor (EF), which is
equal to IC50(drug)/IC50(conjugate), was used as a measure of
the increase in cytotoxicity of polymeric conjugates compared to
free drug. Nanogels without conjugated drug demonstrated no
cytotoxicity (IC50 > 10 mg/mL). All of these polymeric con-
jugates showed a higher EF in drug resistant cell lines, CEM/
araC/8 and RL7/G, compared to other tumor cells. Specifically,
CPVA13-p4FdU and CDex9-p4FdU exhibited an EF of 100 and
85 in CEM/araC/8 cells, while the EF showed by other cells was
normally in the lower range of 3.5�50.
In Vivo Tumor Growth Inhibition. The therapeutic efficacy

of polymeric conjugates was evaluated in subcutaneous (s.c.)
human prostate adenocarcinoma PC-3 and gemcitabine-resistant

Figure 5. In vitro drug release from polymeric conjugates CPVA31-p4FdU (A) and CDex9-p4FdU (B) at different pH in buffered saline.

Scheme 3. Mechanism of Acidic Hydrolysis of Polymeric
Conjugates and Release of Phosphorylated Nucleosides
(R = cholesterol)
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follicular lymphomaRL7/G tumor xenograftmousemodels. These
tumors were established by s.c. injection of tumor cells in the lower
flank areas of athymic nu�nu mice. After the observation of the
initial tumors, animals were randomly separated into control and

treatment groups (n = 5�6). Median tumor volume was measured
by digital calipers twice a week simultaneously with peritumoral
injections of polymeric conjugates with a dose of 80 mg/kg, which
is equivalent to 10mg FdU/kg. This way of administration allowed

Figure 6. Cytotoxicity of polymeric conjugates in drug-resistant human T-lymphoma CEM/araC/8 cells (A�C) and prostate carcinoma PC-3
cells (D).

Table 2. Cytotoxicity of Cytotoxic Drugs, Polymeric Conjugates, and Drug Conjugates in Cancer Cells

IC50 values (μM)a

drug formulation PC-3 MCF-7 HepG2 MDA-MB-231 CEM/araC/8 RL7/G

Floxuridine (FdU) 6.5 12195 2195 14.2

Cytarabine (araC) 1234

Gemcitabine (G) 19011

CPVA31 >10 >10 >10 >10 >10 >10

CPVA13 >10 >10 >10 >10 >10 >10

CDEX9 >10 >10

CPVA31-p4FdU 0.4 2032 487 0.28 12.3 3802

(EF=16) (EF=6) (EF=4.5) (EF=50) (EF=100) (EF=5)

CPVA13-p4FdU 81.3 813 609.7 0.6 102 950

(EF=15) (EF=3.6) (EF=23) (EF=12) (EF=20)

CDEX9-p4FdU 14.5

(EF=85)
aCytotoxicity wasmeasured after 72-h treatment. IC50 of CPVA31, CPVA13, andCDEX9 in each cell line are given inmg/mL. EF = enhancement factor
showing the efficacy compared to free drug.
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a subcutaneous storage of the viscous polymer�drug conjugate and
the sustained release of activated drug into the tumor.We observed
a strong 6.5-fold tumor growth inhibition in human prostate
carcinomaPC-3model that confirms the high therapeutic potential
of polymeric conjugates (Figure 7A). Although the observed 2-fold
growth inhibition was lower in drug-resistant human follicular
lymphoma RL7/G tumors compared to PC-3 tumors, the effect
of the CPVA31-p4FdU conjugate was statistically significant (P <
0.05) (Figure 7B). The significance of the experimental data was
determined by a two-tailed Student’s t-test. No significant weight
loss or acute toxicity of polymeric conjugates was observed
during the entire period of treatment. Tumors removed from
experimental animals at the end of the experiments were clearly
smaller than tumors in the control group (Figure 7C).

’CONCLUSIONS

We have developed a novel type of covalently bound poly-
meric phosphorylated nucleoside analogues, polymeric conju-
gates, for a sustained delivery of the activated anticancer drugs
into tumors. These carriers combine attractive properties of
biocompatible polymers with an enhanced cytotoxic efficacy of
activated nucleoside analogues and form compact drug-loaded
polymeric nanoparticles. In vitro evaluation against various
cancer cell lines, including drug-resistant cancer cells, demon-
strated that the activated floxuridine conjugate has 50�100 times
stronger cytotoxicity compared to free nucleoside analogue.
Furthermore, the observed sustained drug release was a potential
cause of the increased tumor growth inhibition following the
peritumoral administration of polymeric conjugates in subcuta-
neous tumor xenograft models. This class of anticancer drug
formulations also has features, which makes them a very promis-
ing vehicle for oral administration of activated phosphorylated
nucleoside analogues.
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Figure S1. 
1
H-NMR spectrum of CPVA31 in D2O (A), in DMSO-d6 (B). Crossed peaks correspond to 

residual solvent peaks. Values on the x-axis are in ppm. 
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Figure S2. 
1
H-NMR spectra of CDex9 in D2O (A) and in DMSO-d6 (B). Crossed peaks correspond to 

residual solvent peaks. Values on the x-axis are in ppm. 
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Figure S3. IR spectrum of (a) PVA31 polymer, (b) CPVA31 and (c) CPVA31-p4FdU conjugates  
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’ INTRODUCTION

Prostate cancer represents one-quarter of newly diagnosed
cancer cases in men and is surpassed only by lung cancer in the
number of male deaths.1 Despite significant efforts toward
improving the diagnosis2,3 and treatment4�7 of prostate tumors,
there are few therapeutic options for metastatic prostate cancer,
and developing effective treatments remains a critical priority.
Antibody-based therapies are currently being developed against
specific antigens that are expressed in prostate tumors. One such
molecular target is the six-transmembrane epithelial antigen of
the prostate 1 (STEAP1),8 a cell-surface antigen that is over-
expressed in the majority of human epithelial prostate cancers,
but with restricted expression in normal tissues.8�10 Although
the normal functional role for STEAP1 is not fully understood, its

restricted expression makes it an ideal antigen for antibody-
mediated therapy.

The development of antibody�drug conjugates (ADCs) is a
particularly promising therapeutic approach that combines the
antigen targeting specificity of monoclonal antibodies with the
cytotoxic potency of chemotherapeutic drugs.11�20 Conjugation
of cytotoxic drugs to antibodies can be achieved either through
lysine side-chain amines or through cysteine sulfhydryl groups
that are typically activated by reduction of interchain disulfide
bonds. As such, a humanized IgG1 anti-STEAP1 conventional

Received: April 27, 2011
Revised: August 25, 2011

ABSTRACT: Antibody�drug conjugates (ADCs) are de-
signed to combine the exquisite specificity of antibodies to
target tumor antigens with the cytotoxic potency of chemother-
apeutic drugs. In addition to the general chemical stability of the
linker, a thorough understanding of the relationship between
ADC composition and biological disposition is necessary to
ensure that the therapeutic window is not compromised by
altered pharmacokinetics (PK), tissue distribution, and/or
potential organ toxicity. The six-transmembrane epithelial
antigen of prostate 1 (STEAP1) is being pursued as a tumor
antigen target. To assess the role of ADC composition in PK, we
evaluated plasma and tissue PK profiles in rats, following a single dose, of a humanized anti-STEAP1 IgG1 antibody, a thio-anti-
STEAP1 (ThioMab) variant, and two corresponding thioether-linked monomethylauristatin E (MMAE) drug conjugates modified
through interchain disulfide cysteine residues (ADC) and engineered cysteines (TDC), respectively. Plasma PK of total antibody
measured by enzyme-linked immunosorbent assay (ELISA) revealed ∼45% faster clearance for the ADC relative to the parent
antibody, but no apparent difference in clearance between the TDC and unconjugated parent ThioMab. Total antibody clearances
of the two unconjugated antibodies were similar, suggesting minimal effects on PK from cysteine mutation. An ELISA specific for
MMAE-conjugated antibody indicated that the ADC cleared more rapidly than the TDC, but total antibody ELISA showed
comparable clearance for the two drug conjugates. Furthermore, consistent with relative drug load, the ADC had a greater
magnitude of drug deconjugation than the TDC in terms of free plasmaMMAE levels. Antibody conjugation had a noticeable, albeit
minor, impact on tissue distribution with a general trend toward increased hepatic uptake and reduced levels in other highly
vascularized organs. Liver uptakes of ADC and TDC at 5 days postinjection were 2-fold and 1.3-fold higher, respectively, relative to
the unmodified antibodies. Taken together, these results indicate that the degree of overall structural modification in anti-STEAP1-
MMAE conjugates has a corresponding level of impact on both PK and tissue distribution.
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antibody can be conjugated through cysteine residues to a potent
antimitotic auristatin drug, monomethyl auristatin E (MMAE)
via a protease-labile linker, maleimidocaproyl-valine-citrulline-p-

aminobenzyloxycarbonyl (MC-vc-PAB, abbreviated as -vc-
henceforth).21�23 The peptidic vc-MMAE linker is designed to
be stable in plasma, and has much improved stability in systemic

Figure 1. (a) Conceptual depiction of sites of anti-STEAP1 modification. The auristatin linker-drug, MC-vc-PAB-MMAE (green), was conjugated
randomly through thioether bonds to cysteine thiols at the hinge region (left) or site-specifically to exactly two engineered thiols (center), while the
radiometal chelate, DOTA (yellow), was randomly conjugated to lysine residues through amide bonds (right). (b) A space-filling three-dimensional
model of an IgG1 (PDB code: 1igy) conjugated to a single molecule each of DOTA (left) andMC-vc-PAB-MMAE (right) is shown to depict the relative
molecular sizes of the antibody, linker-drug, and chelate. Both MMAE and DOTA (without In3+) were energy-minimized separately using the MM2
force field within CambridgeSoft Chem3D Pro version 7.0.0, exported as a PDB file, and merged with the IgG in the PyMOL Molecular Graphics
System.49 DOTA andMMAE are conjugated to LYS115 and CYS114 (mutated from ALA114 in 1igy), respectively. Carbons, oxygens, and nitrogens in
DOTA andMMAE are colored white, blue, and red, respectively. Heavy chains bearing DOTA andMMAE are colored in yellow and blue, respectively.
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circulation compared to earlier chemically labile linkers such as
hydrazone.22 Drug conjugation in the presence of four sets of
interchain disulfide bonds gives rise to a heterogeneous ADC
mixture that can be described in terms of a drug to antibody ratio
(DAR) distribution and an average DAR. For instance, the anti-
STEAP1 ADC with an average DAR of 4 (illustrated in Figure 1)
is just one possible molecular species of a mixture that may be
composed of zero to eight drugs per antibody covalently attached
via the -vc- linker. This heterogeneity may ultimately lead to
different PK, efficacy, and toxicity properties of each fraction; for
example, fractions with higher DAR have, in some cases, been
reported to clear more rapidly and contributed to more severe
toxicity.24 Other reports have demonstrated, however, similar
efficacy, tolerability, and PK between preparations having het-
erogeneous (0�8) and homogeneous (4) DAR.25

Recently, to control the heterogeneity of ADCs and to explore
a novel strategy for potentially increasing the therapeutic win-
dow, a novel thio-anti-STEAP1 drug conjugate (TDC) was
developed with site-specific conjugation through two engineered
reactive thiols using ThioMab antibody technology.15 The
molecular structures in Figure 1a illustrate two ADC variants
that differ in how the drug is covalently attached to anti-STEAP1.
The linker-drug (vc-MMAE) is conjugated to the antibody
through a thioether bond between the linker maleimide moiety
and (i) a cysteine thiol that normally forms the interchain
disulfide bond at the hinge region in the anti-STEAP1 ADC
(Figure 1a left) or (ii) a site-specific, engineered thiol in the anti-
STEAP1 TDC (Figure 1a center). The relative sizes of the
antibody and MMAE are depicted in Figure 1b. Note that the
theoretical drug load for the anti-STEAP1 ADC is a hetero-
geneous distribution of 0, 2, 4, 6, and 8 DAR, while the TDC is
homogeneous with a DAR of 2. Anti-STEAP1 ADCs, including
TDCs, have exhibited antitumor activity in explant and xenograft
models and are being investigated for the treatment of prostate
cancer.26

The present study investigates the potential impact of MMAE
drug conjugation on antibody pharmacokinetics (PK) and tissue
distribution of ADCs prepared through interchain thiol residues
in a monoclonal antibody (mAb) or through site-specific, engi-
neered cysteines in a ThioMab.15 The anti-STEAP1 antibody and
corresponding ADCs do not cross react with rat STEAP1; there-
fore, this species is suitable for evaluation of antigen-independent
PK, biodistribution, and toxicity. In this context, the PK of four
different molecular entities and biodistributions of their radiola-
beled (via indium-111-DOTA, Figure 1) counterparts were com-
pared following a single intravenous dose in rats. The rationale for
selection of test molecules was to determine the potential effects of
varying the site of drug conjugation and/or theDARcharacteristics
relative to unconjugated antibodies. Furthermore, we compared
the PK profiles measured by both gamma counting and total
antibody ELISA in order to bridge radiometric data from both
terminal tissue distribution harvests and nonradioactive PK studies.

’EXPERIMENTAL PROCEDURES

Antibody/ThioMab Production and MMAE Conjugation.
The anti-STEAP1 antibody and anti-STEAP1-vc-MMAE conju-
gate (ADC) were prepared as previously described.22 Briefly, the
maleimido drug derivative was incubated with reduced mAbs for 1
h at 4 �C, followed by quenching with excess cysteine. Methods for
construction and production of the thio-anti-STEAP1 (ThioMab)
variant were reported previously.15 Briefly, a cysteine residue was

engineered at Ala114 position of the anti-STEAP1 heavy chain to
produce its ThioMab variant fromwhich the thio-anti-STEAP1-vc-
MMAE conjugate (TDC) was produced. The DAR for each
immunoconjugate was determined by hydrophobic interaction
chromatography analysis as described earlier.15

DOTA Conjugation and Characterization. Proteins were
conjugated to 1,4,7,10-tetraazacyclododecane-N,N0,N00,N000-tet-
raacetic acid (DOTA) for indium-111 (111In) complexation by
random modification of lysine residues (Figure 1a right). Ali-
quots containing 2�6 mg of the fully human antibodies anti-
STEAP1, thio-anti-STEAP1, and the corresponding vc-MMAE
conjugates were exchanged from formulation buffer into aqueous
50 mM sodium borate, pH 8.5 using illustra NAP5 columns (GE
Healthcare Life Sciences, Piscataway, NJ). A quantity of 5 mol
equiv of the N-hydroxysuccinimidyl ester of DOTA in 0.68�
1.66 μL of dimethylformamide was added to the 600 μL borate-
buffered protein solutions. Reaction mixtures were gently agi-
tated (300 rpm) for 1 h at 37 �C on a Thermomixer (Eppendorf
North America, Hauppauge, NY). Reaction was terminated by
promptly applying the mixtures to NAP5 columns pre-equili-
brated in aqueous 0.3 M ammonium acetate buffer, pH 7.0. The
resulting purified DOTA-mAb conjugates were stored at 4 �C. The
binding specificity and affinity to STEAP1 for all four antibody
variants were characterized by total antibody ELISA (see below).
Determination of the average number of covalently attached

chelates for each DOTA conjugate by radiometric assay was
performed by modification of previously reported procedures.27,28

An aliquot of 10 μL of each mAb-DOTA conjugate (2�4 mg/mL
in 0.3 M ammonium acetate pH 7.0) was added to 10 μL of a
standardized InCl3 solution (323 μM, 3.23 nmol, containing
>150 000 cpm/μL of 111InCl). The reaction was incubated at
37 �C for 3 h, after which 5 μL of 50 mM EDTA and 75 μL of
0.3 M ammonium acetate pH 7 were added, followed by further
incubation for 5 min at 25 �C. The entire mixture was loaded onto
a NAP5 column pre-equilibrated in PBS and allowed to settle,
followed by an additional 400 μL of PBS. The radiolabeled
antibody fraction was eluted separately with an additional
500 μL of PBS. The radioactivity in the eluent and remaining on
the NAP5 column was measured using a 1480 WIZARD Gamma
Counter (Wallac, Turku, Finland) in the energy window for the
245 keV photon peak of 111In and with automatic background
and decay correction. The number of chelates per antibody
molecule was calculated from the ratio of counts in the eluted
product to the total number of counts using themethod ofMeares
and co-workers.27

The number of chelates per antibody was also estimated by
LC-MS. Prior to analysis, all protein samples (100 μL, 0.25�0.5
mg/mL) were deglycosylated overnight at 37 �C using 2 μL
peptide N-glycosidase (PNGase F, Prozyme). Anti-STEAP1
ADC samples were also further subjected to a reduction step
using 10 μL of 200 mM dithiothreitol (DTT). Samples were
injected onto a Pepswift Monolithic PS-DVB column (0.5 � 5
mm, ID 500 μm, Dionex) using an HTS PAL autosampler
(LEAP Technologies) with a cooling stack set at 4 �C. The
column temperature was maintained at 70 �C using a column
heater (Keystone Scientific). The LC separation was conducted
using an Express LC-100 liquid chromatography system
(Eksigent Technologies, Dublin, CA) at a flow rate of 15 μL/min.
Mobile phase A was water with 0.1% formic acid, and mobile
phase B was acetonitrile with 0.1% formic acid. The gradient
condition was maintained at 2% B for 4 min, ramped to 40% B in
8 min, kept at 40% B for 3 min, increased to 100% B in 1.5 min,
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retained at 100% B for 1 min, returned back to 2% B in 0.8 min,
and finally equilibrated for 0.7min before the next injection (for a
total run time of 15 min). For the first 6 min, the LC flow was
diverted to waste. The eluate was then directed to a Q-STAR XL
quadrupole time-of-flight (TOF) mass spectrometer (AB Sciex,
FosterCity, CA) operatedwith a turbo ionspray sourcemaintained
at 200 �C in the positive ion mode. The declustering potential
(DP) and focusing potential (FP) were optimized at 100 and
300 V, respectively. Data analysis was performed using the Analyst
QS 1.1 software and a Bayesian Protein Reconstruct algorithm for
mass spectral deconvolution (AB Sciex, Foster City, CA).
Radiochemistry. A 2 μL (820 μCi; 30.3 MBq) aliquot of

111InCl (MDS Nordion, Ottawa, ON) was added to a 20 μL
aliquot of each ammonium acetate-buffered DOTA�protein
conjugate. Reaction mixtures were gently agitated (300 rpm)
for 1 h at 37 �C on a Thermomixer. A 5 μL aliquot of 50 mM
aqueous EDTA challenge solution was added, followed by an
additional 73 μL aliquot of aqueous 0.3 M ammonium acetate
buffer, pH 7.0. Each radiolabeled protein was purified using
NAP5 columns pre-equilibrated in PBS. Purity of each radio-
immunoconjugate was assessed by size-exclusion radiometric
high-performance liquid chromatography (HPLC) (isocratic,
PBS, 0.5 mL/min) on an Agilent 1100 series HPLC system
operated through ChemStation software and equipped with
a Biosep-SEC-S 3000 column (Phenomenex) and a raytest
Ramona 90 radioactive flow monitor.
Pharmacokinetic Studies. All experimental animal studies

were conducted according to protocols that were reviewed and
approved by the Institutional Animal Care and Use Committees
(IACUC) of Genentech Laboratory Animal Research (LAR).
Male Sprague�Dawley rats ranging from 8 to 10 weeks old and
weighing approximately 250�300 g at the initiation of the study
were randomly assigned to 4 groups (n = 4 per group), and
administered an intravenous bolus (5 mg/kg) of test article.
Blood samples were collected from each animal via the femoral
vein for up to 28 days and used to derive plasma for total and
conjugated antibody concentration determination using an ELI-
SA and the concentration of free MMAE released in vivo from
anti-STEAP1 conjugates in plasma using LC-MS/MS detection
(see below). Plasma concentration�time data were used to
estimate relevant PK parameters using WinNonlin software
(v 5.2.1 Pharsight Corporation, Mountain View, CA). To better
compare the profile between radiometry and ELISA data, radio-
metric (In-111) blood PK data (see below) were normalized to
the same dose level.
Tissue Distribution. Juvenile male Sprague�Dawley rats

(Harlan) with weight range of 75�100 g received a single bolus
intravenous injection of 111In-labeled conjugates. Dosing solu-
tions were prepared by mixing the 111In-DOTA-labeled test
articles with the corresponding non-DOTA-conjugated mol-
ecules to achieve a total protein dose of 10mg/kg and radioactive
dose of approximately 400 μCi/kg (14.8 MBq/kg) in no more
than 200 μL of PBS. A 500 μL aliquot of whole blood was
terminally collected at 1 h, 1 day, 2 days, 5 days, and 7 days in
lithium heparinized tubes via cardiac puncture under inhaled
isoflurane anesthesia. The following tissues were subsequently
harvested: lungs, liver, kidneys, heart, spleen, right femur,
gastrocnemius muscle, stomach, small intestine, and large intes-
tine. All tissues were rinsed with PBS, blot-dried, weighed, frozen
on dry ice, and stored at�70 �C. Blood, tissues, and 5μL aliquots
of dosing solution standards were counted for radioactivity using
a 1480 WIZARD Gamma Counter in the energy window for the

245-keV photon peak of 111In and with automatic background
and decay correction. Average counts per minute (cpm) were
converted to percentage of injected dose per gram of tissue
(%ID/g) and plotted with standard deviations. Statistical
significance was determined by one-way ANOVA followed by
Tukey’s post-test in GraphPad Prism v 5.04.
Total Antibody ELISA.NuncMaxiSorp 384-well plates (Nalge

Nunc International, Rochester, NY) were coated with either anti-
idiotypic antibody 5093 (Genentech, South San Francisco, CA)
or donkey antihuman Fc (Jackson ImmunoResearch Labora-
tories, Inc., West Grove, PA) and incubated overnight at 4 �C.
The plates were washed 3 times with 0.05% Tween-20 in PBS
buffer (pH 7.4). Diluted standards plasma samples were added to
the wells and incubated on a shaker for 2 h at room temperature.
The plates were washed 6 times and a detection antibody,
either goat antihuman IgG antibody conjugated to horseradish
peroxidase (Bethyl Laboratories, Montgomery, TX) or goat
antihuman Fc conjugated to horseradish peroxidase (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA), was
added to the wells and incubated on a shaker for 1 h at room
temperature. The plates were washed 6 times and developed
using TMB peroxidase substrate (Moss Inc., Pasadena,
Maryland). Both assay ranges were 0.164�40 ng/mL with a
minimum dilution of 1:100 (limit of detection = 16.4 ng/mL).
TDC assays were characterized as having acceptable (80-120%)
DAR analyte recovery (data not shown). For ADC assays, DAR
reagents were not available to characterize analyte recovery at the
time of the original study sample analysis. However, data reported
from the assay herein were confirmed using a more recent assay
where DAR recovery was characterized and found to be accep-
table) 80�120%; data not shown).
Conjugated Antibody ELISA. Nunc MaxiSorp 384-well

plates were coated with anti-MMAE antibody (Seattle Genetics
Inc., Bothell, WA) and incubated overnight at 4 �C. The plates
were washed 3 times with 0.05% Tween-20 in PBS buffer (pH
7.4). Diluted standards and the ADC or TDC plasma samples
were added to the wells and incubated for 2 h at room
temperature. The plates were washed 6 times and a detection
antibody, either goat antihuman IgG antibody conjugated to
horseradish peroxidase (Bethyl Laboratories, Montgomery, TX)
or goat antihuman Fc conjugated to horseradish peroxidase
(Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA), was added on a shaker for 1 h at room temperature. All
plates were developed using TMB peroxidase substrate. The
ADC assay range was 0.0655-16 ng/mLwith aminimum dilution
of 1:100 (limit of detection = 6.6 ng/mL). The TDC range was
0.164�40 ng/mL with a minimum dilution of 1:100 (limit of
detection = 16.4 ng/mL). TDC and ADC assays were character-
ized for DAR analyte recovery as described for the total antibody
ELISA.
Free MMAE Assay. The concentration of free MMAE in

plasma was determined by liquid chromatography tandem mass
spectrometry (LC-MS/MS). Briefly, plasma samples were pro-
tein precipitated with 100 μL of 80/20 acetonitrile/water con-
taining 2 nM monomethylauristatin F (MMAF) as an internal
standard, and analyzed for MMAE by TurboIon Spray using an
API 3000 mass spectrometer (Applied Biosystems, Foster City,
CA). The HPLC system used for analysis was a Shimadzu HPLC
LC-10Avp system (Shimadzu Scientific Instruments, Columbia,
MD), equipped with a Short Hot Pocket column heater
(Keystone Scientific, Inc., Bellefonte, PA) and analytical column
(Phenomenex Synergi MAX-RP 80A, C12, 4 μm, 2.0� 50 mm)
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at 50 �C. Multiple reaction monitoring scan mode was used for
quantitation. For MMAE quantitation, transition 732.7/170.3
was monitored for MMAF (internal standard) and 718.7/152.2
for MMAE. The LC-MS/MS assay had a lower limit of quantita-
tion of 0.018 ng/mL (0.025 nM) with linearity demonstrable up
to 18 ng/mL (25 nM) using a sample volume of 0.025 mL.

’RESULTS

Antibody/ThioMab Production and MMAE Conjugation.
The presence of a heterogeneous mixture of DAR species was
demonstrated by hydrophobic interaction chromatography
(HIC) as shown in a representative chromatogram for the anti-
STEAP1 ADC (Figure 2). The calculated average DARs for the
ADC and TDC used in PK and tissue distribution studies were
3.1 and 1.7 per mAb, respectively (Table 1).
DOTA Conjugation and Characterization. All four DOTA

conjugates retained antigen binding, measured as percent recov-
ery in a STEAP1-specific ELISA (Table 1). Radiometric mea-
surement of the average number of DOTA chelates attached per
antibody molecule gave values ranging from 1.5 to 1.7 for the
drug conjugates and from 2.2 to 2.5 for the non-drug-conjugated
molecules (Table 1). These values were in rough agreement with
estimates based on shifts of mass peaks before and after DOTA
conjugation, which showed a range of 1.7�2.3 for the drug
conjugates and 2.6�3.2 for the non-drug-conjugated molecules
(Table 1; see also Supporting Information).

Radiochemistry. Slightly lower radiochemical yields (Table 1)
were obtained for the ADC (61%) and TDC (78%) than for the
corresponding non-drug-conjugated antibody and ThioMab
(82% and 84%, respectively). Size-exclusion HPLC demonstrated
radiochemically pure (g97%) products (Table 1) with no evide-
nce of unconjugated 111In (see Supporting Information).
Pharmacokinetic Studies. The anti-STEAP1 total antibody

ELISA quantifies the antibody moiety irrespective of drug con-
jugation status, as the assay format is designed to capture both
unconjugated antibody and ADC variants. The anti-STEAP1
conventional mAb and ThioMab showed similar PK profiles
(Figure 3a), indicating that cysteine mutations had little impact
on antibody clearance. Indeed, the clearances of the conventional
mAb and ThioMab at rates of 7.27 ( 1.71 and 9.65 ( 2.33 mL/
day/kg, respectively, were comparable (Table 2). The two drug
conjugates had similar clearances, with 10.5 ( 1.42 and 9.56 (
2.53 mL/day/kg for the ADC and TDC, respectively. The ADC
total antibody cleared approximately 45% more rapidly than the
corresponding unconjugatedmAb at rates of 10.5( 1.42 and 7.27(
1.71 mL/day/kg (P < 0.05), respectively. In contrast, the TDC
had a similar clearance compared with the ThioMab at rates of
9.56( 2.53 and 9.65( 2.33 mL/day/kg, respectively. This reflects
the differential impact on the overall clearance of the antibody
depending on site and degree of conjugation.
The anti-STEAP1 conjugate ELISA format is designed to

measure any anti-STEAP1 antibody conjugated with one or
more MMAE drugs. This assay is not sensitive to incremental

Figure 2. Representative hydrophobic interaction chromatography (HIC) of anti-STEAP1 ADC with average drug-to-antibody ratio (DAR) of
approximately 3.5. The peak assignments are consistent with the conjugation of the linker�drug being primarily limited to the interchain cysteines of the
antibody and leading to a DAR distribution of mainly 0, 2, 4, 6, or 8.

Table 1. Summary of Analytical Data Obtained during Characterization, DOTA Conjugation, and 111In Radiolabeling of Anti-
STEAP1 (mAb), Thio-anti-STEAP1 (ThioMab), and the Two Corresponding MMAE Conjugates (ADC and TDC)

test material # MMAE (HIC)a # DOTA (radiometric)b # DOTA (MS)c ELISA recovery (%)d 111In labeling yield (%)e 111In labeling purity (%)f

mAb N/A 2.20( 0.148 2.6 73 82 98

ADC 3.1 1.50( 0.0787* 1.7 73 61 97

ThioMab N/A 2.47( 0.273 3.2 80 84 98

TDC 1.7 1.67( 0.139* 2.3 82 78 99
aHIC: hydrophobic interaction chromatography. b Performed in triplicate. c Estimated from differences between mass spectrometry (MS) peaks before
and after DOTA conjugation. dMeasured by ELISA after DOTA conjugation to verify immunoreactivity. eRadiolabeling performed using ∼30 MBq
111InCl and∼40 mg DOTA-mAb in 0.3 M ammonium acetate pH 7 at 37 �C for 1 h. fDerived by integration of size exclusion radiochromatogram. * P <
0.05 vs mAb by unpaired t test.
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changes in drug load, but can estimate the overall complete drug
loss from the ADC or TDC as unconjugated mAb is not
measured. The anti-STEAP1 ADC and TDC showed markedly
different conjugate PK profiles (Figure 4a). A summary of the PK
parameters for both anti-STEAP1 total antibody and conjugate
in plasma is presented in Table 2. The anti-STEAP1 ADC cleared
3 times as fast in terms of conjugated antibody relative to total
antibody (33.6( 4.27 and 10.5( 1.42 mL/day/kg, respectively).
However, it is difficult to distinguish whether biotransformation of

ADC is dominated by MMAE release (deconjugation) versus
proteolytic degradation of the antibody itself (total antibody
clearance). In contrast, the TDC showed only 1.3 times faster
clearance in terms of conjugated antibody compared to total
antibody clearance (12.5 ( 2.41 and 9.56 ( 2.53 mL/day/kg,
respectively). The clearance of the anti-STEAP1 ADC in terms of
conjugated antibody was almost three times faster than that of the
TDC (33.6 ( 4.27 and 12.5 ( 2.41 mL/day/kg, respectively).
Overall, the volume of distribution (V1) for all groups approxi-
mated to plasma volume in rats (31 mL/kg for a 250 g rat29),
ranging from 39.4 ( 0.704 to 47.3 ( 8.82 mL/kg.
Plasma concentration�time profiles of free MMAE, measured by

LC-MS/MS, following administration of the twoMMAE-conjugated

Figure 3. Mean total antibody concentrations in plasma of anti-
STEAP1, thio anti-STEAP1, and the two corresponding MMAE drug
conjugates in male rats following intravenous administration at 5 mg/kg.
Error bars are standard deviations. Data from (a) ELISA-derived PK
(solid lines) only and (b) both PK and radiometric tissue distribution
(dotted lines) are included. Data for 111In-labeled molecules in (b) was
dose normalized to 5 mg/kg for comparison with ELISA-derived data.

Table 2. Summary of Total Anti-STEAP1 Antibody Pharmacokinetics in Plasma of Anti-STEAP1 (mAb), Thio-anti-STEAP1
(ThioMab), and the Two Corresponding MMAE Drug Conjugates (ADC and TDC) in Male Rats (n =4)

test material dose (mg/kg) analyte CLa (mL/day/kg) V1 (mL/kg)

mAb 5 total antibody 7.27( 1.71 41.4 ( 2.31

ADC 5 total antibody 10.5( 1.42* 44.8( 6.00

conjugated antibody 33.6( 4.27* 47.3( 8.82

ThioMab 5 total antibody 9.65( 2.33 39.4( 0.704

TDC 5 total antibody 9.56( 2.53 42.9( 2.04*

conjugated antibody 12.5( 2.41* 42.2( 1.79*

aAbbreviations: CL, clearance;V1, volume of distribution of the central compartment (i.e., volume of initial dilution compartment). * P < 0.05 vs mAb by
unpaired t test.

Figure 4. (a) Mean total and conjugated antibody concentrations (by
ELISA) in plasma of anti-STEAP1 ADC and TDC inmale rats following
intravenous administration at 5 mg/kg. (b) Mean free MMAE concen-
trations (by LC-MS/MS) in plasma following administration of anti-
STEAP1 ADC and TDC in male rats. Error bars in both (a) and (b) are
standard deviations.
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anti-STEAP1 antibodies are presented in Figure 4b. Although
observed free MMAE concentrations were generally very low
(∼0.2 ng/mL or less) and detected only up to day 4 postdose for
both conjugated antibodies, the anti-STEAP1 ADC showed a
higher concentration of plasma MMAE at time points ranging
from 6 h through 4 days. The observed free MMAE exposure
measured by both Cmax and AUC was approximately four times
higher for the ADC than for the TDC (Cmax: 0.19( 0.02 vs 0.04(
0.02 ng/mL; AUC: 0.45 ( 0.05 vs 0.14 ( 0.03 ng/mL days,
respectively). These differences seem to exceed the roughly 2-fold
expected difference based on DAR; however, it is difficult to
distinguish between deconjugation versus total antibody catabolism
in explaining greater drug loss from the ADC relative to the TDC.
Tissue Distribution. Radiometrically derived (dose-normal-

ized) and ELISA-derived total antibody PK data were largely
comparable (Figure 3b), indicating similar blood exposures of all
four test articles. At 24 h postinjection, significantly (P < 0.05)
higher hepatic uptake of 111In was observed for anti-STEAP1 ADC

(1.76 ( 0.0878) than for unconjugated anti-STEAP1 (1.10 (
0.183%ID/g) (Figure 5a). Conversely, anti-STEAP1 TDC de-
monstrated lower cardiac uptake of 111In at 24 h (1.04 (
0.0497%ID/g) than unconjugated anti-STEAP1 (1.34 (
0.108%ID/g).
At 120 h postinjection, elevated hepatic uptake of 111In for

anti-STEAP1 ADC relative to unconjugated anti-STEAP1 was
maintained (0.791 ( 0.0648 vs 0.386 ( 0.00617%ID/g) with a
similar but less pronounced trend for anti-STEAP1 TDC and
its corresponding unconjugated ThioMab (0.610 ( 0.0155 vs
0.454 ( 0.0157%ID/g) (Figure 5b). Significantly (P < 0.05)
higher uptake for anti-STEAP1 ADC (1.24 ( 0.173) relative to
anti-STEAP1 (0.925 ( 0.0888) was also observed at 5 d in
spleen. Meanwhile, thio-anti-STEAP1 uptake in both heart
(0.768 ( 0.0252%ID/g) and lungs (1.50 ( 0.188%ID/g) was
higher than for all other variants, which ranged from 0.628 (
0.0476 to 0.691 ( 0.0323%ID/g in heart and from 0.923 (
0.131%ID/g to 0.962 ( 0.0975%ID/g in lungs. Similar trends

Figure 5. Tissue distribution of 111In-DOTA-labeled anti-Steap1 (black), thio-anti-Steap1 (gray), and the correspondingMMAE conjugates (white and
striped, respectively) in rats at (a) 24 h and (b) 120 h after intravenous injection. Data are presented as percentage of injected dose per gram of tissue
(mean %ID/g ( SD for 3 rats per group). Statistically significant differences are indicated by brackets (*P < 0.05).
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were observed in additional tissue distribution data at 1, 48, and
168 h postinjection (see Supporting Information).

’DISCUSSION

Considerable effort has been applied to understanding the
PK,30,31 tissue distribution,20 metabolism,32�34 and pharmaco-
logic effects19,35,36 of ADCs. Still, the inherent heterogeneity of
these complex macromolecular entities remains a prominent
challenge in understanding their properties in vivo during
nonclinical development. For example, conjugation through
interchain disulfides leads to ADCs with DAR ranging from 0
to 8, with each fraction potentially exhibiting a unique efficacy,
PK, and toxicity profile. In addition, the existing analytical
methods available for antibodies and small molecule drugs have
inherent technical limitations for complex ADCs. For example,
the performance of ELISA is sensitive to the heterogeneity of the
analytes, and susceptible to variation in recovery of each DAR
fraction.31 Assays used in this study demonstrated 80-120%DAR
analyte recovery (data not shown); however, it is not known if
these analytes are structurally identical to DAR species formed
in vivo.

The recent introduction of ThioMabs presents an opportunity
to control the drug load and site of attachment of drugmolecules,
thereby limiting heterogeneity by conjugation through geneti-
cally engineered cysteine sites15 and potentially improving the
overall PK characteristics. In this context, the current single-dose
study encompasses the evaluation of an anti-STEAP1 antibody,
the corresponding ThioMab variant possessing engineered cy-
steines, and two corresponding thioether-linked MMAE con-
jugates (ADC and TDC, respectively) to assess the impact of
conjugation site and drug load on PK and tissue distribution.

Plasma PK of anti-STEAP1 total antibody was measured by
both ELISA and radiometric detection. Anti-STEAP1 total anti-
body clearances of the two unconjugated antibodies were similar,
suggesting minimal impact on PK due to cysteine mutation
(Figure 3). The PK profile comparison between unconjugated
and conjugated variants reflects the impact of drug conjugation
on PK and disposition of the antibodies. An increase in total
antibody clearance of approximately 45% was observed for the
anti-STEAP1 ADC, while no change in clearance was observed
for the TDC, relative to their non-drug-conjugated counterparts.
The exact magnitude of the increased clearance of the ADC may
be somewhat affected by the inherent technical limitations of
ELISA for mixture analysis; however, the trend is clearly appar-
ent. Indeed, this trend toward faster plasma clearance of im-
munoconjugates relative to unconjugated antibodies (Figure 3a)
is consistent with previous studies.24 This suggests that con-
trolled conjugation with lower DAR and without structural
disruption of disulfide bonds (i.e., TDC) leads to minimal
alteration in antibody PK behaviors. However, generalizations
to other ADC platforms37 should not be assumed, and the
relationship between conjugation method and biological disposi-
tion must be independently established. In addition, a very good
overall agreement existed between ELISA- and radiometrically
derived PK, indicating that DOTA conjugation had no dramatic
effect on disposition kinetics (Figure 3b).

The enzyme labile, peptidic vc-MMAE linker is designed to be
stable in plasma, and has greatly improved stability in systemic
circulation and a superior safety profile compared to chemically
labile linkers such as hydrazone.22 However, ADCs in blood may
release some MMAE (i.e., deconjugate), resulting in changes in

the DAR distribution of the drug-loaded species and the un-
conjugated antibody. To gain further mechanistic insights into
ADC disposition and deconjugation, the plasma PK of conju-
gated antibody was measured by ELISA. The conjugate antibody
assay format is designed to capture any antibody with at least one
conjugated drug, such that the clearance encompasses both
complete deconjugation and antibody clearance. Its comparison
with total antibody clearance sheds light on the relative contribution
of each process. The anti-STEAP1 ADC (average DAR = 3.1)
showed a marked (approximately 3-fold) difference between con-
jugated antibody clearance and total antibody clearance. A similar
trend between clearance rates of total antibody and conjugate for
other immunoconjugates has been previously reported.38 In con-
trast, deconjugation hadmuch less impact (roughly 1.3-fold) on the
overall clearance in TDC (Table 2 and Figure 4a).

Deconjugation from anti-STEAP1 ADC and TDC involves
release of small molecules that may ultimately result in cytotoxic
free MMAE in circulation. Very low levels of free MMAE (below
1 ng/mL) were detected for either ADC or TDC (Figure 4b).
This, in part, reflects the stability of the linker and relatively
limited deconjugation of MMAE from conjugated antibody; it is
also likely that the result of the rapid distribution and clearance
rates of MMAE in relation to its production. Alternatively, there
may be additional drug catabolites other than free MMAE (e.g.,
Cys-MC-vc-PAB-MMAE) that are not detected by the MMAE-
specific free drug assay. Although the absolute MMAE concen-
trations in plasma are very low, a correlation may exist between
stability and MMAE levels in plasma. In this case, greater than
3-fold (based on AUC) higher free MMAE plasma levels were
observed compared to the TDC. However, the higher initial drug
load (roughly 2-fold) in the ADC likely contributes
to the higher level of MMAE observed in plasma. Nevertheless,
one plausible explanation for these observations is that conjuga-
tion through a precise number (two) of engineered cysteines
induced fewer disturbances in the overall antibody structure
relative to the unmodified antibody and a correspondingly more
stable molecule.

Since most ADC targets are selected for their low and
restricted expression in normal tissues, exploitation of the rat
as a nonbinding species provides an initial assessment of antigen-
independent disposition of ADCs. Overall, tissue distribution
trends were similar for all four radiolabeled antibody platforms at
all time points and were consistent with the expected behavior for
a typical nonbinding humanized antibody in rats (Figure 5, see
also Supporting Information). Concentrations in blood and in all
tissues decreased over time, with the exception of kidneys, where
nearly constant uptake values were sustained. This is likely due to
the continual clearance of low molecular weight 111In-labeled
metabolites (e.g., 111In-DOTA-lysine) being generated in liver
and in other sites of IgG catabolism.39 Elevated hepatic uptake
for anti-STEAP1 ADC and TDC relative to the non-drug-
conjugated proteins may be rationalized by higher hydrophobi-
cities of the drug conjugates, resulting in greater reticuloendothe-
lial system clearance. Blood-corrected uptake for liver and other
tissues may be calculated from the %ID/g values reported herein
based on reported fractional vascular volumes in rodents; how-
ever, this correction would affect antibodies and drug conjugates
to the same extent due to similar blood exposures.40,41

Robust characterization of all four derivatives was necessary in
order to ensure that observed differences, if any, in biological
disposition were indeed due to drug conjugation, as opposed to
inconsistencies in radiolabeling (Table 1). The lower observed
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radiochemical yields for the ADC and TDC than for the
corresponding non-drug-conjugated molecules may reflect the
influence of MMAE in sterically blocking lysine residues for
DOTA conjugation. Although approximately 80�90 lysine
residues are present in a typical IgG1,42 it is likely that many of
these may not be solvent-accessible, especially following con-
jugation of MMAE. Even though slightly higher incorporation of
DOTA was obtained for the non-MMAE-conjugated molecules,
the effects should be minor given that much larger changes in
isoelectric point (i.e., pI) would be necessary to invoke a
difference in tissue distribution or PK.42 Furthermore, the
ADC and TDC herein were, in fact, modified on average by
approximately one fewer molecule of DOTA than the respective
non-MMAE-conjugated counterparts as measured by both radio-
metric assay and mass spectrometry (Table 1). If the differences
in hepatic uptake (Figure 5), for instance, were due to DOTA
conjugation, then the trend observed herein would be incon-
sistent with a previous report that overconjugation with DOTA
causes increased hepatic accumulation.43 It is therefore more likely
that the conjugation of hydrophobic drugmoieties, not the slightly
lower DOTA conjugation yield, is responsible for the increased
hepatic uptake of anti-STEAP1-MMAE conjugates relative to the
mAb and ThioMab. Additionally, a STEAP1-specific ELISA con-
firmed that the immunoreactivities of the four variants were largely
retained following DOTA conjugation (Table 1).

The choice of 111In-DOTA as a probewas influenced by a desire
to increase the likelihood of detecting any differences in tissue-
specific uptake among the four tested platforms. Antibodies labeled
with metal radionuclides via DOTA or other polyaminopolycar-
boxylate chelators tend to accumulate in antigen-expressing tissues
following receptor-mediated endocytosis due to the residualizing
properties of this charged, highly polar probe.44 The exploitation of
DOTA as a carrier for 111In, a medium-energy gamma emitting
radionuclide with a 2.7 day decay half-life,45 and other metallic
radionuclides is well-documented.46�48

Conjugation with a small molecule drug through specific sites
on mAbs can potentially alter mAb hydrophobicity, charge,
polarity, and PK.42 ADCs with higher drug loads possess higher
intrinsic potency; however, they may also exhibit faster blood
clearance in terms of total antibody.24 However, it should be
emphasized that each antibody and drug platform should be
considered on a case-by-case basis; for instance, a lysine-modified
trastuzumab-maytansinoid ADC (DAR 3.3) showed similar PK
compared with the analogous TDC (DAR 1.8) modified through
engineered cysteines.37 In addition, the increased release of free
drug or toxic intermediates into systemic circulation or nontarget
organs could potentially shrink the therapeutic window.The ability
to define the DAR combined with the knowledge of PK and
distribution will afford us new opportunities in optimizing ADCs.

In conclusion, an anti-STEAP1 antibody, a ThioMab variant
possessing engineered cysteines, and two corresponding
thioether-linked MMAE conjugates were studied in order to
assess the impact of drug conjugation methodology on PK and
tissue distribution. MMAE conjugation through native cysteine
thiols comprising interchain disulfide bonds (average DAR 3.1)
resulted in an accelerated clearance of total antibody, while
conjugation through engineered cysteine thiols (average DAR
1.7) led to only a marginal difference in clearance. In addition, an
ELISA assay specific for MMAE-conjugated antibody indicated
that the ADC had faster clearance than the TDC, which is due in
part to a greater magnitude of drug deconjugation from the ADC.
Although very low in both cases, freeMMAEmeasured in plasma

was higher for the ADC relative to the TDC. Overall, modifica-
tion by either method had a noticeable, albeit minor, impact on
tissue distribution with a general trend toward increased hepatic
uptake and reduced levels in other highly vascular organs. Taken
together, these results indicate that the degree of overall struc-
tural modification of the antibody in an ADC has a correspond-
ing level of impact on the PK behavior and stability in vivo.
Accordingly, in addition to understanding the general chemical
stability of the linker, it is important to consider the degree of
structural modification of ADCs, the DAR distributions, and the
sites of modifications to gain insight into the potential impacts on
PK behavior and distribution.
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SUPPORTING INFORMATION 

S1. Size exclusion HPLC radiochromatograms of the radioimmunoconjugates used for 

tissue distribution. 

 

 



 

 

 

 

 



S2. Additional tissue distribution data at 1, 48, and 168 h post intravenous injection. 

 anti-STEAP1 anti-STEAP1 

ADC 

thio-anti-STEAP1 anti-STEAP1 

TDC 

1 hour %ID/g ± SD %ID/g ± SD %ID/g ± SD %ID/g ± SD 

lung 2.40 ± 0.47 3.53 ± 0.82 4.27 ± 1.14 3.12 ± 1.15 

liver 1.25 ± 0.11 2.11 ± 0.38 1.82 ± 0.47 2.31 ± 0.93 

kidneys 1.80 ± 0.59 2.11 ± 0.40 1.84 ± 0.27 1.88 ± 0.17 

heart 1.44 ± 0.18 1.72 ± 0.17 1.60 ± 0.26 1.46 ± 0.17 

spleen 1.36 ± 0.06 1.44 ± 0.10 1.56 ± 0.09 1.27 ± 0.20 

rt. femur 0.71 ± 0.10 0.79 ± 0.13 0.89 ± 0.15 0.68 ± 0.09 

gastroc. 0.29 ± 0.09 0.28 ± 0.04 0.23 ± 0.07 0.21 ± 0.03 

stomach 0.31 ± 0.08 0.23 ± 0.03 0.36 ± 0.09 0.50 ± 0.02 

sm. intest. 0.51 ± 0.11 0.58 ± 0.17 0.60 ± 0.04 0.46 ± 0.12 

lg. intest. 0.36 ± 0.10 0.30 ± 0.05 0.33 ± 0.10 0.49 ± 0.08 

wh. blood 10.89 ± 1.41 9.48 ± 0.69 12.08 ± 0.35 10.02 ± 0.91 

     

48 hour %ID/g ± SD %ID/g ± SD %ID/g ± SD %ID/g ± SD 

lung 1.64 ± 0.43 1.42 ± 0.22 2.74 ± 2.61 1.27 ± 0.13 

liver 1.14 ± 0.38 1.61 ± 0.03 0.93 ± 0.15 1.35 ± 0.13 

kidneys 2.67 ± 0.04 2.36 ± 0.12 1.85 ± 0.50 2.31 ± 0.07 

heart 1.02 ± 0.05 0.97 ± 0.04 1.04 ± 0.12 0.97 ± 0.08 

spleen 1.34 ± 0.12 1.28 ± 0.07 1.22 ± 0.07 1.19 ± 0.12 

rt. femur 0.55 ± 0.07 0.50 ± 0.07 0.50 ± 0.05 0.55 ± 0.04 

gastroc. 0.33 ± 0.08 0.32 ± 0.03 0.30 ± 0.01 0.30 ± 0.06 

stomach 0.41 ± 0.06 0.36 ± 0.04 0.37 ± 0.08 0.36 ± 0.02 

sm. intest. 0.47 ± 0.07 0.55 ± 0.08 0.41 ± 0.03 0.47 ± 0.03 

lg. intest. 0.46 ± 0.11 0.44 ± 0.08 0.45 ± 0.10 0.45 ± 0.09 

wh. blood 6.42 ± 0.27 5.49 ± 0.69 6.01 ± 0.77 5.78 ± 0.54 

     

168 hour %ID/g ± SD %ID/g ± SD %ID/g ± SD %ID/g ± SD 

lung 0.83 ± 0.14 0.88 ± 0.08 0.83 ± 0.00 0.82 ± 0.35 

liver 0.32 ± 0.04 0.47 ± 0.06 0.20 ± 0.02 0.29 ± 0.08 

kidneys 2.61 ± 0.27 2.27 ± 0.37 2.23 ± 0.21 1.83 ± 0.22 

heart 0.66 ± 0.11 0.51 ± 0.06 0.68 ± 0.04 0.60 ± 0.19 

spleen 0.82 ± 0.15 1.07 ± 0.12 0.89 ± 0.03 0.69 ± 0.14 

rt. femur 0.36 ± 0.05 0.38 ± 0.05 0.37 ± 0.03 0.31 ± 0.05 

gastroc. 0.20 ± 0.04 0.17 ± 0.01 0.20 ± 0.00 0.14 ± 0.01 

stomach 0.25 ± 0.03 0.23 ± 0.06 0.21 ± 0.02 0.24 ± 0.06 

sm. intest. 0.22 ± 0.03 0.29 ± 0.09 0.26 ± 0.04 0.29 ± 0.08 

lg. intest. 0.22 ± 0.03 0.23 ± 0.05 0.24 ± 0.02 0.26 ± 0.03 

wh. blood 3.58 ± 0.49 2.75 ± 0.26 3.98 ± 0.54 3.28 ± 0.85 



S3. Mass spectrometry data before and after DOTA conjugation.  

(a) Anti-Steap1 mAb before (top) and after (bottom) DOTA conjugation, average 

DOTA incorporation of 2.6 

 

 

 

 

 

 

 

 

 

Mass reconstruction of +TOF MS: 8.785 to 9.185 min from Sample 8 (Naked Ab HuAnti-Steap1)
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Mass reconstruction of +TOF MS: 8.785 to 9.185 min from Sample 8 (Naked Ab HuAnti-Steap1)
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Mass reconstruction of +TOF MS: 8.752 to 9.319 min from Sample 17 (Naked Ab HuAnti-Steap1) .
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Mass reconstruction of +TOF MS: 8.752 to 9.319 min from Sample 17 (Naked Ab HuAnti-Steap1) .
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(b) Anti-Steap1 ThioMab before (top) and after (bottom) DOTA conjugation, average 

DOTA incorporation of 3.2 

 

 

 

 

 

 

 

 

 

Mass reconstruction of +TOF MS: 8.719 to 9.086 min from Sample 12 (Naked Ab Thio- HuAnti-Steap1)
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Mass reconstruction of +TOF MS: 8.719 to 9.086 min from Sample 12 (Naked Ab Thio- HuAnti-Steap1)
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Mass reconstruction of +TOF MS: 8.835 to 9.252 min from Sample 21 (Naked Ab Thio- HuAnti-Steap1)
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Mass reconstruction of +TOF MS: 8.835 to 9.252 min from Sample 21 (Naked Ab Thio- HuAnti-Steap1)
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(c) Anti-Steap1 ADC before (top) and after (bottom) DOTA conjugation.  Average 

DOTA incorporation per Ab of 1.7 (~0.16 per each LC, ~0.67 per each HC) 

      Note that samples were completely reduced prior to analysis for ADC due to 

conjugation of vcMMAE using interchain disulfide bonds 

 

 

 

 

 

 

 

 

 

Mass reconstruction of +TOF MS: 8.600 to 10.284 min from Sample 33 (huAnti-Steap1 ADC-DOTA)
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Mass reconstruction of +TOF MS: 8.600 to 10.284 min from Sample 33 (huAnti-Steap1 ADC-DOTA)
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Mass reconstruction of +TOF MS: 8.600 to 10.284 min from Sample 33 (huAnti-Steap1 ADC-DOTA)
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Mass reconstruction of +TOF MS: 8.600 to 10.284 min from Sample 33 (huAnti-Steap1 ADC-DOTA)
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Mass reconstruction of +TOF MS: 8.501 to 10.351 min from Sample 30 (huAnti-Steap1 ADC)
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Mass reconstruction of +TOF MS: 8.501 to 10.351 min from Sample 30 (huAnti-Steap1 ADC)
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Mass reconstruction of +TOF MS: 8.501 to 10.351 min from Sample 30 (huAnti-Steap1 ADC)
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Mass reconstruction of +TOF MS: 8.501 to 10.351 min from Sample 30 (huAnti-Steap1 ADC)
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(d) Anti-Steap1 TDC before (top) and after (bottom) DOTA conjugation, average 

DOTA incorporation of 2.3 

 

 

 

Mass reconstruction of +TOF MS: 8.735 to 9.269 min from Sample 14 (Thio- HuAnti-Steap1 )
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Mass reconstruction of +TOF MS: 8.735 to 9.269 min from Sample 14 (Thio- HuAnti-Steap1 )
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Mass reconstruction of +TOF MS: 8.952 to 9.452 min from Sample 23 (Thio- HuAnti-Steap1)
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Mass reconstruction of +TOF MS: 8.952 to 9.452 min from Sample 23 (Thio- HuAnti-Steap1)
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Development of the Novel PEG-PE-Based Polymer for the Reversible
Attachment of Specific Ligands to Liposomes: Synthesis and in Vitro
Characterization
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’ INTRODUCTION

Liposomes have served as an efficient drug delivery system for
enhanced efficacy and decreased systemic toxicity of various
biologically active molecules.1,2 However, one of the major
disadvantages of liposomal drug delivery systems (DDS) is that
circulating liposomes are rapidly cleared when uptaken by cells
of the reticuloendothelial system (RES) in the liver and spleen.
To engineer liposomes capable of delivering therapeutic cargo
to sites other than the RES, long-circulating polymer-coated
(PEGylated) liposomes have been developed.1,2 The modifica-
tion of nanocarriers by conjugating PEG on the surface reduces
many undesirable side effects triggered in vivo by various
biological recognition mechanisms.3 This property of prolonged
systemic circulation also results in passive targeting of liposomes
even in the areas with a compromised vasculature such as infarcts
and tumors by the enhanced permeability and retention (EPR)

effect.4�9 Active targeting of liposomes to specific disease sites,
such as tumors and infarcts, could be achieved by surface modi-
fication of the liposomes with various ligands, such as tumor-
specific molecules including cancer cell-specific antinucleosome
antibody (mAb 2C5), proteins (transferrin), peptides (RGD),
and small molecules such as receptor ligands (folate) for anti-
cancer therapy and antimyosin mAb (2G4) for the therapy of the
myocardial infarction.10�16 Thus, pharmaceutical nanocarriers
can be endowed with the properties of both active and passive
targeting.17,18

In the case of active targeting of PEGylated liposomes, the tar-
geting moiety should be attached “above” the protective polymer

Received: April 27, 2011
Revised: August 18, 2011

ABSTRACT: Surface grafting of liposomes with the wide
variety of ligands including antibodies and other proteins is a
promising approach for targeted delivery of therapeutics. In this
paper, we describe a simple method of synthesizing a hydrazine-
functionalized poly(ethylene glycol)-phosphatidylethanolamine
(PEG-PE)-based amphiphilic polymer which can conjugate a
variety of ligands via a reversible, pH-cleavable bond. In this
method, the targeting ligand is attached to the distal end of the
PEG chain, which facilitates its easy access to the targeted site of
interaction. The reversible attachment of targeting ligands is
useful especially in multifunctional liposomal systems, where-
after successfully performing the function of targeting to the
specific site, the bulky ligands, such as proteins or antibodies, are cleaved off in response to an environmental stimulus to expose
some other functionalities such as ligands for intracellular penetration or organelle-specific targeting. To investigate the applicability
of the protocol, the model ligands monoclonal antinucleosome antibody 2C5 and antimyosin antibody 2G4, and glycoproteins
concanavalin A (Con-A) and avidin were conjugated to the synthesized polymer and incorporated into liposomes. In vitro assays
including biochemical, enzyme-linked immunosorbent, fluorescence microscopy, and flow cytometry were used to confirm three
key characteristics of the modified and/or liposome-attached proteins: successful conjugation of the targeting ligands to the
polymer, preservation of specific activity of the ligands after the conjugation and liposome attachment, and the facile pH-sensitive
ligand detachment. Monoclonal antibody 2C5 and 2G4, immobilized on the liposome surface, retained their binding affinity to
corresponding antigens as confirmed by ELISA. The Con A-bearing liposomes showed significantly higher agglutination in the
presence of its substrate mannan compared to plain liposomes (PL) and avidin-functionalized liposomes bound specifically with
biotin�agarose. The study on the pH-dependence showed that almost 80% of the hydrazone bond was cleaved after rather brief
preincubation of the immunoliposomes at pH 5 for 0.5 to 1 h. Fluorescence microscopy and flow cytometry analysis of cancer cells
(HeLa and MCF-7) treated with cancer cell-specific targeting ligand mAb 2C5-bearing liposomes showed enhanced cellular
binding. Studies at low pH clearly confirmed the easy cleavability of the targeting ligand from the liposomes resulting in significantly
less or virtually no cellular association.
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layer by coupling it to the distal end of a PEG chain to provide
accessibility of the ligand to the target organ or tissue.9,17,19 Lipo-
somes can also be endowed with other functionalities such as
enhanced intracellular penetration by surface attachment of cell-
penetrating peptides (CPPs), as well as enhanced intracellular
organelle recognition after cellular internalization by addition of
specific ligands that target subcellular organelles such as mito-
chondria, lysozomes, or nuclei.20,21

Therefore, it is important to optimize such multifunctional
nanocarriers by proper combination of several of the properties
including longevity in the circulation, targetability, intracellular
penetration, and organelle recognition to improve its efficacy.22

Another approach to prepare “smart” multifunctional liposomes
is to introduce the property of stimuli-sensitivity.23,24 In our
earlier study, we came up with a novel stimuli-sensitive multi-
functional nanocarrier, a PEGylated TAT-p-modified pH-sensi-
tive liposome.23,24 The PEG chains which provide the longevity
in systemic circulation for accumulation in a tumor or infarcted
tissue by passive targeting were cleaved off at lowered pH envi-
ronment of hypoxic areas to expose the previously hidden non-
specific cell penetrating function, such as TAT-p.

In our present study, we demonstrated a simplified synthesis
of hydrazine-functionalized PEG-PE-based amphiphilic polymer,
which could conjugate variety of ligands via the reversible, pH-
cleavable bond. Although the concept of end-group-hydrazine-
functionalized PEG�lipid conjugate has been reported,25 in our
study, we report a novel scheme of the modification of PEG-PE
via only two facile reaction steps to prepare hydrazine-function-
alized PEG-PE. The ligand�polymer conjugate was easily in-
corporated into the liposomes via its PE fragment. The targeting
ligands were attached to the distal end of the PEG-chain to have
sufficient freedom for various cellular interactions. Introducing a
pH-sensitive linkage between bulky targeting ligand and lipo-
some in the multifunctional liposomal system could be especially
useful for drug delivery into tumors or infarcted regions with the
lowered pH. After the successful target accumulation, lowered
pH in such areas could cleave off the targeting ligands (and
possible PEG) and expose other previously hidden (shielded)
nonspecific functionalities. The model ligands used to confirm
the applicability of our protocol were mAbs 2C5 and 2G4 and
proteins Con-A and avidin. In this paper, we confirm that the
suggestedmethod of using stimuli-sensitive polymer for the ligand
attachment can be successfully applied for the ligand conjugation,
preservation of its specific activity, and further pH-dependent
cleavage of these ligands attached to the liposomal surface.

’EXPERIMENTAL PROCEDURES

Materials. 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (PEG2K-PE), 1,2-dimyris-
toyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine
B Sulfonyl)(ammonium salt, Rh-PE), L-α-phosphatidylcholine
(egg, chicken), and 1,2-distearoyl-sn-glycero-3-phophoethanola-
mine-N-[amino(polyethylene glycol)2000](ammonium salt) (DSPE-
PEG2K-Amine) were purchased from Avanti Polar Lipids Inc.
(Alabaster, AL) and used without further purification. Cholester-
ol, chloroform-d, triethylamine, Con-A, avidin, α-methyl manno-
pyranoside, 5,50-dithio-bis (2-nitrobenzoic acid) (DTNB), N-
acetyl-L-cystein were purchased from Sigma (St. Louis, MO).
Sephadex G 25 superfine medium was from GE Healthcare
Biosciences Corp. (Piscataway, NJ, USA). 2-Iminothiolane-
HCl (Traut’s reagent), 4-(4-N-maleimidophanyl)butyric acid

hydrazide�HCl (MPBH), fluorescein isothiocyanate (FITC-NHS),
biotin-agarose, 2,4,6-trinitrobenzene sulfonic acid (TNBSA),
5% w/v solution in methanol, were purchased from Pierce
(Rockford, IL). Paraformaldehyde was purchased from Electron
Microscopy Sciences (Hatfield, PA). Fluoromount-G was from
Southern Biotech (Birmingham, AL). The mAb 2C5 was pro-
duced in ascites via the i.p. injection of 1.5� 106 hybridoma cells
into pristane-primed 4-week-old BALB/c male mice. The pro-
duction and purification of the mAb 2C5 were carried out by
Harlan Bioproducts (Indianapolis, IL) using the cells from our
laboratory. Cardiac myosin-specific mAb 2G4 of the immunoglo-
bulin IgG class available in our laboratory was collected and
purified from murine ascites according to the standard ammo-
nium sulfate precipitation method.15,26

Cell Culture. Human cervical carcinoma (HeLa) cells and
breast cancer cell line (MCF-7) were purchased from ATCC
(Manassas, VA). Dulbecco’s modified Eagle’s media (DMEM),
fetal bovine serum (FBS), and penicillin�streptomycin solution
were fromCellGro (KansasCity,MO).Cellswere grown inDMEM
supplemented with 10% FBS, 100 IU/mL of penicillin, streptomy-
cin, and 250 ng/mL amphotericin-B at 37 �C and 5% CO2.
Methods. Synthesis, Purification, and Characterization of Syn-

thesized Polymers. 1,2-Distearoyl-sn-glycero-3-phophoethano-
lamine-N-[thio(polyethylene glycol)2000](ammonium salt)
(DSPE-PEG-2K-SH). 6.2 mg (45.05 μM) of Traut’s reagent dis-
solved in 50 μL of methanol were added into the chloroform
solution (25mg/mL) of DSPE-PEG-2K-amine (25mg, 8.95 μM)
at room temperature (RT). The reaction mixture was stirred at
RT for 2 h. Chloroform was evaporated completely, the residue
dissolved in PBS and dialyzed using a cellulose ester membrane
(MWCO. 1 kDa, Spectrum Medical Industries, Houston, TX)
overnight. The dialysate was freeze�dried, weighed, dissolved in
chloroform at 5mg/mL, and stored at�80 �C. The quantification of
sulfhydryl groups was performed by DTNB assay using N-acetyl
cysteine for the preparation of the standard SH calibration curve.27

The yield of the reaction was calculated to be 60%. The freeze�dried
product (5 mg) was dissolved in deuterated (d)-chloroform (1 mL)
and analyzed by 1H NMR using Varian 500 mHz.
1,2-Distearoyl-sn-glycero-3-phophoethanolamine-N-[hydra-

zido(polyethylene glycol)2000](ammoniumsalt) (DSPE-PEG-2K-
CONHNH2). MPBH (13.1 mg, 36.9 μM) dissolved in PBS was
added into the solution ofDSPE-PEG-2K-SH (17.7mg, 6.2μM) in
PBS (pH 7.4). The reaction mixture was stirred at RT for 4 h and
put for dialysis using cellulose ester bag (MWCO 2 kDa) against
water overnight before freeze�drying. The hydrazide content of
the freeze�dried product was determined by the TNBSA assay
following the manufacturer’s protocol and using the MPBH for
the preparation of a standard calibration curve.28 The freeze�
dried fluffy solid was dissolved in chloroform at 10 mg/mL and
stored at�80 �C. The solid product (5�10 mg) was dissolved in
d-chloroform (1 mL) and characterized by 1H NMR using Varian
500 mHz spectroscopy. The conjugates were not chromatographi-
cally isolated after the coupling steps. All polymers were purified by
dialysis after the conjugation.
Liposome Preparation. Activation of Antibodies (mAb 2C5,

mAb 2G4) and proteins (Concanavalin A, Avidin). Antibodies
(mAbs 2C5, 2G4) and glycoproteins Con-A and avidin were
aldehyde-activated using freshly prepared Na periodate. 100 μL
of Na periodate (0.1 M) in water was added to 1.0 mL of the
antibody or protein solution (10 mg/mL) in the dark and stirred
for 10 min. The reaction was quenched by the addition of sodium
sulfite at a 2� molar excess over the periodate added. The
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aldehyde-activated antibodies or proteins were purified by gel filtra-
tion using a desalting spin column (Pierce) and used immediately.
Plain Liposomes (PL). Liposomes were prepared by the lipid

film hydration technique. Briefly, a dry lipid film was prepared
by rotary evaporation of a chloroform solution of all the ingre-
dients including eggPC/cholesterol or eggPC/cholesterol/Rh-
PE (in molar ratios of 65/30 or 64.5/30/0.5 with 5 mol % of
DOPE-PEG-2K) followed by the freeze�drying (Labconco, Freeze-
dry system, Freezone) for at least 4 h to remove the traces of the
solvent. The dry lipid film was hydrated in PBS, pH 7.4, at lipid
concentration of 4 mg/mL. The hydrated mixture was vortexed
vigorously for 5 min to form multilamelar vesicles and then
extruded through the 200-nm-pore-sized polycarbonate mem-
brane filters (Avanti Polar Lipids) 20 times to yield liposomes
with uniform particle sizes of 150�200 nm mean diameter.
Antibody/Protein-Grafted Liposomes. Antibodies or pro-

teins containing reactive aldehyde groups were incubated with
DSPE-PEG-2K-CONHNH2 in PBS (pH 7.4) overnight at 0 �C to
produce polymer�lipid conjugate-modified products. The freshly
prepared loosemicelles of antibody/protein conjugates (5 mol %
of the total liposomal lipid) were incubated with preformed PL
overnight at pH 7.4 for the transfer of the micelle components
to liposomes via the postinsertion technique. The antibody
or protein-grafted liposomes, 2C5-Hz-PEG-2K-DSPE-modified
liposomes (2C5-L), and 2G4-Hz-PEG-2K-DSPE-modified lipo-
somes (2G4-L), as well as avidin-Hz-PEG-2K-DSPE-modified
liposomes (avidin-L) and concanavalin-A-Hz-PEG-2K-DSPE-modi-
fied liposomes (Con-A--L) were separated from unbound anti-
body/protein by extensive dialysis using cellulose ester mem-
branes (MWCO300KDa) against PBS, pH 7.4, at 4 �Covernight.
Characterization of Liposomes.Zeta plus dynamic light scat-

tering equipment (Brookhaven Instruments, Holtsville, NY) was
used to determine the liposome size and size distribution. The
zeta potentials of formulations were measured by zeta phase
analysis light scattering (PALS) with an ultrasensitive zeta poten-
tial analyzer instrument (Brookhaven Instruments, Holtsville,
NY). The liposome suspension was diluted as needed with water

or a 1 M KCl solution to measure the particle size or zeta poten-
tial, respectively.
Determination of Immunoreactivity 2C5-L or 2G4-L by

ELISA. An indirect ELISA (using an enzyme-tagged secondary
Ab) was performed to assay the ability of the immunolipo-
somes to recognize the target antigens. ELISA microplates
were coated with 50 μL of 10 μg/mL nucleosomes for testing
2C5-L, or with 50 μL of 10 μg/mL cardiac myosin for testing
2G4-L overnight at 4 �C. The plates were rinsed with the TBST
buffer (Tris-buffered saline supplemented with 0.05% w/v
Tween-20) and coated with 10% FBS in Tris-buffered saline.
To the antigen-coated plates, 50 μL of 2C5-L or 2G4-L was
added at antibody concentration of 10 μg/mL and incubated
for 1 h at room temperature. Then, the plates were washed with
TBST and coated with 50 μL/well horseradish peroxidase�
antimouse IgG conjugate (ICN) at 1:5000 dilution. The con-
jugate was removed after 1 h incubation at room tempera-
ture, and the plates were again washed and incubated with
enhanced Kblue TMB peroxidase substrate (Neogen Corpora-
tion, Lexington, KY) for 15 min. The microplates were read at
dual wavelengths of 620 nm and at 492 nm using a Labsystems
Multiskan MCC/340 microplate reader installed with GEN-
ESIS-LITE Windows-based microplate software.
Interaction of Avidin-L with Biotin. To examine the binding

of Rh-PE-labeled avidin-L with biotin, two columns were pre-
pared with the same quantity of biotin�agarose. The columnwas
washed with PBS. Rh-labeled PL and avidin-L of same fluore-
scence intensity were passed through the column and first PBS
and then avidin-denaturing guanidine-HCl buffer, pH 1.5, were
used as eluents. The eluent was collected in 1 mL fractions. The
fluorescent intensity of each fraction was measured using a multi-
detectionmicroplate reader (Bio-Tek,Winooski, VT) at the 540/
625 nm excitation/emission wavelengths. The degree of reten-
tion of the corresponding preparation on the column indicative
of the preservation of the functional activity of the avidin to inter-
act with biotin was estimated by following the decrease in the
rhodamine fluorescence in the eluent.

Figure 1. Synthesis of the novel polymer, DSPE-PEG-2K-CONHNH2.



2008 dx.doi.org/10.1021/bc2002133 |Bioconjugate Chem. 2011, 22, 2005–2013

Bioconjugate Chemistry ARTICLE

Aggregation Assay for Con-A-L. The carbohydrate binding
activity and specificity of the Con-A in Con-A-L was examined
using an aggregation assay. The substrate for Con-A, mannan,
was dissolved in PBS, pH 7.4, at different concentrations, and
100 μL aliquots of the solution were added to a 25 μL suspension
of Con-A-L and PL in 96-well plates. The plates were shaken,
incubated for 20 min at room temperature, and transferred to a
LabsystemsMultiskanMCC/340 microplate reader to be read at
OD450 nm. Con-A in the presence of mannan aggregates, and
the increase in the turbidity of the system is indicative of the
preservation of Con-A’s functional activity after the conjugation
and immobilization on the liposome surface. The experiment was
also performed in the presence of 100 μM of the competitive
inhibitor, α-methyl mannopyranoside.
Labeling of Antibody (2C5) with Carboxyfluorescein (CF).

A 50 μL aliquot of 2 mM 5-CF succinimidyl ester (Molecular
Probes) in DMSOwas added to 2mL of a 12 μMsolution of 2C5
in 50 mM TBS, pH 9.0. The mixture was incubated overnight
at 4 �C, and free CF was removed by the dialysis against TBS.

The CF-labeled antibody was used to prepare 2C5-liposomes
(CF-2C5-L) following above procedure. The pHof 200 μL of CF-
2C5-L (1.2 μg of lipid/mL) in PBS, pH 7.4, was lowered to pH 5
by the addition of HCl (0.1 N). The mixture was incubated at
the room temperature for 1 h and dialyzed against PBS using a
300 KDa MWCO cellulose ester membrane. Fluorescence inten-
sity of the same amount of lipids in immunoliposomes was mea-
sured at pH7.4. Both the solutions after dialysis at pH7.4 andpH5
weremeasured using amultidetectionmicroplate reader (Bio-Tek,
Winooski, VT) at 485/528 nm excitation/emission wavelengths.
Cell Experiments. Interaction of 2C5-L with cancer cells in

vitro and pH-dependent cleavability of mAb 2C5. After the initial
passage in tissue culture flasks, HeLa cells were grown on cover-
slips placed in 6-well tissue culture plates. After the cells reached
60�70% confluence, the plates were washed with PBS and incu-
bated with 1% BSA in DMEM for 1 h at 37 �C, 5% CO2. Rh-PE
(Lissamine-rhodamine B-phosphatidyl ethanolamine)-labeled
2C5-L and Rh-PE-labeled PL, preincubated at pH 7.4 or pH 5 for
1 h, were added to a final lipid concentration of 0.1 mg/mL and

Figure 2. 1H NMR spectra of DSPE-PEG-2K-NH2, DSPE-PEG-2K-SH, and DSPE-PEG-2K-CONHNH2.
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incubated for 90 min at 37 �C, 5% CO2. After the incubation, the
cells were washed with PBS and the coverslips were mounted cell-
sidedownonglass slideswith fluorescence-free glycerol-basedmount-
ing medium (Fluoromount-G; Southern Biotechnology Associates)

and studied with a Nikon Eclipse E400 microscope under the bright
light or under the epifluorescence with a rhodamine filter.
FACS Analysis. Approximately 200 000 HeLa and MCF-7

cells were seeded in 6-well tissue culture plates. After the cells
reached 60�70% confluence, the plates were washed with PBS
and incubated with 1% BSA in DMEM for 1 h. The immunolipo-
somes were preincubated for 1 h at pH 7.4 or pH 5 and treated
with formulations at lipid concentration of 0.1mg/mL for 90min.
The cells were centrifuged and washed with ice-cold PBS at least
3 times before analysis using a BD FACS Caliber flow cytometer.
The cells were gated using forward versus side-scatter to exclude
debris and dead cells before analysis of 10 000 cell counts. The
data were analyzed with BD Cell Quest Pro Software.
Statistical Analysis. The data were tested for statistical signi-

ficance using the paired Student’s t test using GraphPad Prism 4
(GraphPad Software, Inc.; San Diego, CA). Any p value less than
0.05 was considered statistically significant.

’RESULTS AND DISCUSSION

Synthesis and Characterization of 1,2-Distearoyl-sn-gly-
cero-3-phosphoethanolamine-N-[thio(polyethylene glycol)-
2000](ammonium salt) (DSPE-PEG-2K-SH) and 1,2-Distearoyl-
sn-glycero-3-phophoethanolamine-N-[hydrazido(polyethylene
glycol)2000](ammonium salt) (DSPE-PEG-2K-CONHNH2).The

Figure 3. Size distribution of 2C5-L (A); 2G4-L (B) and Con-A-L (C) by the dynamic light scattering technique. A slight increase in size was observed
after antibody or protein attachment. The table represents mean diameter and the polydispersity index. Values are mean ( standard deviation.

Scheme 1. Schematic Representation of the Preparation of
Antibody- or Protein-Grafted Liposomes Using DSPE-
PEG-2K-CONHNH2 Polymer
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terminal hydrazine group-containing polymer DSPE-PEG-2K-
CONHNH2 was synthesized following the scheme presented in
the Figure 1. The starting polymer containing amine group was
transformed into a thiol-modified polymer by the reaction using
the Traut’s reagent. The reaction yield was 60% by the DTNB
assay. The next reaction with the cross-linking agent MPBH
yielded 89% of DSPE-PEG-2K-CONHNH2 calculated from the
TNBSA assay.
The polymers were characterized by 1HNMR in d-chloroform

using Varian 500 MHz spectrophotometer (see the data in the
Figure 2).

1H NMR of DSPE-PEG-2K-SH: δ 0.87�0.89 (t, 6H, (�CH2-
CH3)2), 1.25 (s, H from long chains of PE), 1.59�1.65 (m, 5H),
1.95�2.05 (m), 2.27�2.35 (m), 2.51�2.70 (m, �CH2CH2-
CH2SH), 3.14�4.4 (m), 5.2�5.24(m,1H), 7.89(bs, 1H,�NHCO).

1H NMR of DSPE-PEG-2K-CONHNH2: δ 0.87�0.89 (t, 6H,
(�CH2CH3)2), 1.25 (s), 1.58 (s), 2.02�2.69 (m), 3.14�4.4
(m), 5.21 (bs, 1H), 7.17�7.19 (m, 2H, Ar-H), 7.48�7.60 (m,
2H, Ar-H), 7.9 (bs, 1H, �NHCO).
Liposome Preparation and Characterization. Sizes of all

types of liposomes prepared according to the general Scheme 1
(PL, 2C5-L, 2G4-L, Con-A-L, avidin-L) determined by the dy-
namic light scattering ranged between 150 and 200 nm (Figure 3).
In all cases of the subsequent modification via the postinsertion
technique, the incorporation of the added ligands into the lipo-
somes was quantitative, since HPLC revealed no micelles of the
free polymer-modified ligand in the system. To estimate the
quantity of the protein bound to liposomes, the 2C5-L was used
labeled with CF. Protein concentration per microgram of lipid
was measured by the associated fluorescence at the excitation
wavelength of 490 nm and emission wavelength of 520 nm.
From the fluorescence data, approximately 150�200 protein
molecules of antibody were bound to the surface of a single
200 nm liposome. The calculations were based on the fact that,
while preparing the liposomes, the molar ratio of DSPE-PEG-2K-
CONHNH2 per antibody was 32/1 and that number of phos-
pholipid molecules per 200 nm liposomes was estimated to
be 25 � 104.29

Activity of mAbs 2C5 and 2G4 in 2C5-L and 2G4-L by
ELISA. To investigate whether various targeting ligands could be
successfully attached to the liposomal surface by this reversible
pH-sensitive hydrazone bond without losing their specific activ-
ity, the ELISA assay was performed to determine the interaction
of 2C5-L and 2G4-L with specific antigens for the liposome-
attached antibodies, nucleosomes, and cardiac myosin, respec-
tively. Figure 4 represents the data of the direct binding assay of
various preparations of liposomes with the corresponding anti-
gens. The 2C5-L and 2G4-L bind to the monolayers of their
corresponding antigens with the same efficiency as native free
antibodies. Control IgG2a isotype-matching mAb UPC10 was
attached onto the liposome surface following the same protocol.
All controls—PL, IgG-bearing liposomes (IgG-L), and native
IgG—demonstrated only a background binding to the antigens.
These results indicate that the hydrazone bond used to attach the
antibody was quite stable under the conditions used, and the
antibodies’ specific activity toward their antigens were comple-
tely preserved after covalent coupling to the distal tips of the PEG
chains of liposomes via the hydrazone bonds.
Binding of Avidin-L with Biotin�Agarose. To further

confirm the preservation of the specific properties of proteins
attached to liposomes using the suggested scheme, Rh-PE-
labeled PL and avidin-L were passed through the biotin�agarose

column (Figure 5). The results showed the free passage of PL
through the column (the fluorescence increase in initial fractions
of the eluent at 540/625 excitation/emission wavelength) and
complete retention of avidin-L on the column. In other words,
the avidin in avidin-L was capable of strong binding with biotin.
However, the treatment of the column with bound avidin-L
with avidin-denaturing buffer, pH 5, released the major part of
the fluorescence from the column via two possible mechanisms.
First, the buffer denatured the avidin protein, which compro-
mised the binding of avidin with the biotin�agarose and resulted
in the release of Rh-labeled liposomes. Second, the lowered pH
of this buffer could also degrade the hydrazone bond between
avidin and liposomes and also cause the liposome release
(fluorescence increase in the eluent). The result demonstrated
that the avidin was successfully attached to the distal end of the
polymer on the liposome surface and the specific activity of the
protein was completely retained after the conjugation.
Agglutination of Con-A-L. One more test was done with

Con-A-L and was based on the agglutination analysis of Con-A-L
in the presence of ConA’s polyvalent substrate mannan.30,31

Figure 6 shows the turbidity changes measured by the increase in
absorbance at OD450 nm in the suspensions of Con-A-L com-
pared to PL in the presence of mannan. However, in the presence
of the Con-A-specific low-molecular-weight competitive mono-
valent substrate, α-methyl mannopyranoside (100 μM), the tur-
bidity rise was significantly inhibited. These data also show that,
similar to avidin-L, the Con-A immobilized on the surface of
liposome via the DSPE-PEG-2K-CONHNH2 polymer preserved
its functional binding activity and carbohydrate specificity.

Figure 4. ELISA result for immunoliposomes. (A) Binding of 2C5-L to
the monolayer of the antigen (nucleohistone) in comparison to the
native mAb 2C5. (B) Binding of the 2G4-L to the monolayer of the
antigen (porcine cardiac myosin) in comparison to the native mAb 2G4.
The results show that the activity of the mAbs toward their antigens was
retained after the conjugation on to the surface of liposomes.
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In Vitro Assay with CF-Labeled mAb 2C5 (pH-Dependent
Degradation). To investigate the reversibility of the ligand
attachment to the liposome surface via a pH-sensitive degradable
bond at lowered pH values (mimicking to a certain extent intra-
tumoral and/or intracellular environment), the in vitro degrada-
tion study of the ligand-modified liposomes at pH 5 was per-
formed (Figure 7A). CF-labeled mAb 2C5 was conjugated at the
distal end of the DSPE-PEG-2K-CONHNH2 and incorporated
into liposomes (CF-2C5-L). The incubation of this liposome
preparation at pH 5 degraded the hydrazone bond in the linker
polymer and removed the labeled mAb 2C5 from the liposome,
which resulted in marked decrease in cell-associated Rh-PE
fluorescence. The result indicated that almost 80% of the hydra-
zone bond broke upon incubation of the preparation at pH 5,
resulting in removing the surface-attached mAb. Dialysis, when
continued at pH 5, provoked even more degradation to around
90%. This study proved the reversibility of the hydrazone bond
between mAbs (or any other ligands) and liposomes, which is
beneficial for the removal of the ligands attached via the proposed
polymer linker from the liposome surface when it could become
desirable at certain condition (for example, inside tumors or
inside cells when other liposome-attached functionalities are re-
quired to become deshielded).
Fluorescence Microscopy and FACS Analysis: Interaction

of 2C5-L with Cancer Cells in Vitro. Rhodamine-labeled 2C5-L
were incubated with cervical cancer cells (HeLa) (Figure 7B). To
enhance the cancer cell binding (eventual tumor accumulation),

the mAb 2C5 was used, which recognizes the surface of nume-
rous tumor, but not normal cells via the tumor cell surface-bound
nucleosomes.15,32,33 Because mAb 2C5 binds to a broad variety
of cancer cells, it may serve as a specific ligand for the delivery of
drugs and drug carriers into tumors. The fluorescence micro-
scopy result clearly demonstrated the successful recognition of
HeLa cells by 2C5-L, which resulted in enhanced rhodamine
fluorescence signal from the cell surface.
However, the preincubation of the 2C5-L at pH 5 resulted in

loss of the antibody from the liposome surface, therefore prevent-
ing the liposome-to-cell association. PL did not show any cell
association being kept at both pH values. The comparison of
panels a and c in Figure 7B clearly indicates the successful con-
jugation of the targeting moiety (mAb 2C5) on the liposome
surface, which resulted in more cellular association compared to
PL. At the same time, the comparison of panels a and b shows
that the action of the lowered pH eliminates the recognition
phenomena (i.e., detach the antibody from the liposome because
of linker degradation).
To further confirm the successful conjugation, the preserva-

tion of the functional specificity of the antibody as well as the
cleavability of the hydrazone bond at lowered pH, flow cytome-
try-based experiments were performed with two cancer cell lines
(HeLa and MCF-7) (Figure 8). FACS analysis confirmed the
result obtained using the fluorescence microscopy and clearly
demonstrated that the protocol used resulted in the successful
conjugation of the antibody to liposomes and significantly better
cellular association of 2C5-L compared to PL in both cell lines.
And again, the pH-dependent linker degradation and antibody
dissociation from the liposomal surface at lower pH (pH 5) was
confirmed resulting in less cellular association compared to pH
7.4 in both cell lines.
Introducing a pH-sensitive linkage between a bulky targeting

ligand and the liposome could be useful, for example, for drug deli-
very into tumors when decreased intratumoral pH after successful
target accumulation could cleave off the targeting ligands and expose
other functionalities such as ligands for enhanced cell penetration
and intracellular trafficking to the organelles of interests.
In conclusion, an easy and simple method for synthesizing

hydrazine-functionalized poly(ethylene glycol)-phosphatidyl

Figure 5. Binding of the Rh-PE-labeled avidin-L on biotin�agarose
column compared to that of the Rh-PE-labeled PL. (A) Fluorescence
intensity of the eluent collected in 1 mL fractions using PBS, pH 7.4, as
mobile phase. Strong interaction of the liposome surface-attached avidin
with biotin resulted in the complete retention of avidin-L in the column
compared to PL. (B) Fluorescence intensity of eluent (avidin-denatur-
ing buffer guanidine-HCl, pH 1.5) collected in 1 mL fraction. Slow
release of avidin-L from the column is observed as the denaturation of
the avidin progresses. The incubation of the column in denaturing buffer
at room temperature resulted in an abrupt increase of the fluorescence in
the eluent.

Figure 6. Agglutination analysis of Con-A-L in the presence of mannan
andα-methyl mannopyranoside. The turbidity (agglutination) increases
significantly with increasing concentration of mannan at OD 450
compared to PL (***p < 0.001, n = 5). In the presence of conA-specific
competitivemonovalent substrateα-methylmannopyranoside (100μM),
a significant inhibition of the Con-A-L aggregation by the mannan was
observed (**p < 0.05, n = 5). Results indicated the successful conjuga-
tion of Con-A onto the surface of liposome with full preservation of its
specific activity.
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ethanolamine polymer was developed. The polymer can readily
conjugate various targeting ligands to pharmaceutical nanocar-
riers, such as liposomes, easily via a pH-responsive reversible
hydrazone bond. Proteins avidin, Con-A, and monoclonal anti-
bodies 2C5 and 2G4 were successfully immobilized on the lipo-
some surface via the pH-responsive hydrazone bond. Various
in vitro assays confirmed that the targeting ligands retain their
specific functional activity. At the same time, the exposure of the
ligand-bearing liposomes to a lowered pH results in the degrada-
tion of the hydrazone bond and detachment of the ligand.
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’ INTRODUCTION

Previous work has demonstrated that chemically conjugated
antiporcine CD3 immunotoxin is a very effective T-cell depletion
reagent in pigs,1 and this reagent has played a role in the
maintenance of long-term hematopoietic stem cell transplants
in the absence of graft versus host disease.2�4 The chemically
conjugated immunotoxin was created by cross-linking the mono-
clonal antibody to a diphtheria toxin (DT) binding site mutant,
CRM9, such that the binding site of the immunotoxin was
dictated by the antibody moiety.5 However, several problems
were associated with the chemical conjugate including linkage
heterogeneity, low yield, and strict limitations in dosage due to
nonspecific neurological toxicity in pigs.1,6

Recombinant antihuman and antimonkey CD3 T-cell immu-
notoxins have been developed.7,8 These immunotoxins contain a
diphtheria toxin protein sequence that is truncated at amino acid
residue 390. The antibody moiety is placed C-terminal to the
truncated toxin DT390 to prevent any interference with the
translocation of biologically active diphtheria toxin A chain.9,10

However, it was found that when the scFv of an antihuman CD3
monoclonal antibody UCHT1 was fused to the C-terminus of
DT390, its binding activity was dramatically reduced by a factor
of 10. Adding a second scFv moiety separated with a (G4S)3
linker resulted in a 10-fold increase in binding activity compared

to a monovalent fusion immunotoxin. This fusion immunotoxin,
designated A-dmDT390biscFv(UCHT1), displayed an increase
in potency by 10- to 30-fold as compared with the corresponding
chemically conjugated immunotoxin and depleted 2.4 logs of
T-cells in the lymph node compartment of transgenic mice
expressing human CD3ε.11 The clinical trial for this immunotox-
in in five patients with cutaneous T-cell lymphoma has shown
promising results.12

In this paper, we present the development of the antiporcine
CD3 recombinant immunotoxin, A-dmDT390biscFv(2�6�
15). The VL (variable light chain) and VH (variable heavy
chain) of the antiporcine CD3 monoclonal antibody 898H2�
6�1513 were cloned by PCR, and the resulting sequence was
used to synthesize codon-optimized antiporcine CD3 scFv
(2�6�15) DNA sequence suitable for the Pichia pastoris
expression. The biscFv format antiporcine CD3 recombinant
immunotoxin was expressed in a diphtheria-toxin resistant yeast
Pichia pastoris strain and purified in a two-step chromatography
protocol. The in vivo porcine CD3T-cell depletion profile for this
immunotoxin was assessed.
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ABSTRACT: Anti-CD3 immunotoxins, which induce profound but tran-
sient T-cell depletion in vivo by inhibiting eukaryotic protein synthesis in
CD3+ cells, are effective reagents in large animal models of transplantation
tolerance and autoimmune disease therapy. A diphtheria toxin based
antiporcine CD3 recombinant immunotoxin was constructed by fusing
the truncated diphtheria toxin DT390 with two identical tandem single
chain variable fragments (scFv) derived from the antiporcine CD3 mono-
clonal antibody 898H2�6�15. The recombinant immunotoxin was ex-
pressed in a diphtheria-toxin resistant yeast Pichia pastoris strain under the
control of the alcohol oxidase promoter. The secreted recombinant im-
munotoxin was purified sequentially with hydrophobic interaction chroma-
tography (Butyl 650M) followed by strong anion exchange (Poros 50 HQ).
The purified antiporcine CD3 immunotoxin was tested in vivo in four
animals; peripheral blood CD3+ T-cell numbers were reduced by 80% and lymph node T-cells decreased from 74% CD3+ cells
pretreatment to 24% CD3+ cells remaining in the lymph node following 4 days of immunotoxin treatment. No clinical toxicity was
observed in any of the experimental swine. We anticipate that this conjugate will provide an important tool for in vivo depletion of
T-cells in swine transplantation models.
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’EXPERIMENTAL PROCEDURES

Cloning the VL and VH of the Antiporcine CD3 Mono-
clonal Antibody 898H2�6�15. To construct the antiporcine
CD3 recombinant immunotoxin, the scFv DNA sequence of
hybridoma 898H2�6�15 was obtained by RT-PCR. RNA was
isolated from the antiporcine CD3 hybridoma cell line
898H2�6�15 developed and characterized in our lab13 with
the RNeasy kit (Invitrogen). cDNA was generated from DNase
(Invitrogen) treated RNA using oligo dT primer and the Super-
script III kit (Invitrogen). Preliminary VH sequence was isolated
using a commercially available Mouse Ig Primer Set (EMD
BioSciences), specifically primers MuIgVH50-A and MuIgGVH30-
2. Gene-specific primers were designed and used for generating
cDNA (2�6�15 Hr-1) and for 50 rapid amplification of cDNA
ends (RACE) PCR (2�6�15 Hr-3, 2�6�15 Hr-4) (50 RACE
Kit, Invitrogen). The sequence of the 30 end was determined by
30 RACE (Invitrogen) using gene-specific primers 2�6�15 Hf-3
for generating cDNA, as well as 2�6�15 Hf-2 and 2�6�15
Hf-1 for PCR. To circumvent the expression of aberrant light
chain by hybridoma 898H2�6�15, saturating levels of a primer
specific for the aberrant chain (Ab Vk 50) along with the VL
primers UMIgVK 50 and MK-3Seq 30 were used to amplify light
chains.14 As previously, 50 sequence was determined by 50 RACE
using cDNA generated with gene-specific primers 2�6�15 Lr-1;
50 RACE PCR was performed with 2�6�15 Lr-2 and 2�6�15
Lr-3 (50 RACE Kit, Invitrogen). The sequence of the 30 end was
determined by generating cDNA with gene-specific primer
2�6�15 Lf-3 and 30 RACE PCR with 2�6�15 Lf-2 and
2�6�15 Lf-1 (30 RACE Kit, Invitrogen). All of the PCR primers
used to amplify the VL and VH are listed in Table 1. The VL and
VH DNA and derived amino acid sequences are shown in
Figure 1 (VL GenBank accession: JF918977; VH GenBank
accession: JF918978). The borders of 898H2�6�15 VL and
VH were determined according to Kabat et al (1987).18

Plasmid Construction. Codon optimization is necessary
to express DT390-based immunotoxins in Pichia pastoris.8 We
used the optimized DT390 nucleotide sequence described by

Woo et al. (2002) for the DT390 domain in the new antiporcine
CD3 immunotoxin. The DT390 has been modified to include an
NH2 terminal alanine (A) and double mutations (dm) to prevent
glycosylation in the eukaryotic expression system, Pichia pastoris.8,15

The antiporcine CD3 immunotoxin A-dmDT390biscFv (2�6�
15) was constructed using the scFv derived from the antiporcine
CD3 monoclonal antibody 898H2�6�15 following the strategy
used to construct A-dm-DT390biscFv (UCHT1) in Pichia pastoris8

except for the addition of an extraG4S linker betweenA-dm-DT390
and biscFv (2�6�15) (Figure 2). The codon-optimized scFv
(2�6�15) DNAwas synthesized using thePichia pastoris preferred
codons.16Ten primerswere designed for both theVL and theVHof
the 2�6�15 scFv (Table 2). The primer length was limited to
under 70 bases with a 21 base overlap between neighboring primers.
Ten picomoles of the first and the last primers and 2 pmol of the rest
of the primers were used in each PCR reaction (Pfu Turbo
polymerase, Aglient, dNTP mixture at 2.5 mM each). The PCR
program was 95 �C for 5 min, 25 cycles of 95 �C for 30 s, 55 �C for

Table 1. PCR Primers used for 2-6-15 VL and VH
Amplification

MuIgVH50-A: GGGAATTCATGAACTTGTGG

TTAAGCTGGGTTT

MuIgGVH30-2: CCCAAGCTTCCAGGGGCCAG

GGGATAGACGGGTGG

2�6�15 Hr-1: TGTTGTTTTGGCTGAGGAGA

2�6�15 Hr-3: TCCATATAGT CCCCCCGTCTT

2�6�15 Hr-4: TGTCCTCAGACCTCAGACTG

2�6�15 Hf-3: GAGGCTTAGTGAAGCCTGGA

2�6�15 Hf-2: TATACCATGTCTTGGGTTCGC

2�6�15 Hf-1: TGGAGTGGGTCGCATACATTA

Ab Vk 50: ACCTATTACTGTCAGCACATTA

UMIgVK 50: GACATTCTGATGACCCAGTCT

MK-3Seq 30: TACAGTTGGTGCAGCATCAGC

2�6�15 Lr-1: TTTCAGCTCCAGCTTGGTC

2�6�15 Lr-2: TGAGCGGCAAGTTATCACTT

2�6�15 Lr-3: AAGGAGCTTAGGAGGTTTCCC

2�6�15 Lf-3: CAGATGCATAACCAGCACTGA

2�6�15 Lf-2: GCTCCTTATTTCAGAAGGCAA

2�6�15 Lf-1: ATTCTCCAGCAGTGGCTATGG
Figure 1. Antiporcine CD3 monoclonal antibody 898H2�6�15 vari-
able light (VL) and variable heavy (VH) domain DNA and derived
amino acid sequence.

Figure 2. Schematic description of the antiporcine CD3 recombinant
immunotoxin A-dmDT390biscFv(2�6�15). The putative antigen
binding sites are shown as red spots.
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30 s, 72 �C for 1 min, and then extension for another 10 min.
Amplification products were analyzed by electrophoresis in 1%
agarose gels and purified using QIAquik Gel Extraction Kit
(Qiagen). BamHI digested VL PCR fragment was ligated to
BglII digested VH fragment using T4 ligase for 6 h. The first scFv

(2�6�15), amplified with primers 15L1a (carrying NcoI site) and
15 H10a (carrying BamHI site), was cloned into pET27b. The
second scFv (2�6�15), amplified with 15L1b (carrying BglII site)
and 15H10b (carrying stop codon and EcoRI site), was cloned into
pET17b. After sequence confirmation, the first and second scFv

Table 2. PCR Primers Used to Synthesize the Codon-Optimized scFv (2-6-15)

For 2�6�15 VL Domain

15L1a

50 C ATG CCA TGG GGT GGT GGT GGT TCT GAG ACT ACT GTT ACT CAA TCT CCA GCT TCT TTG 30

15L1b

50 GGA AGA TCT GGT GGT GGT GGT TCT GAG ACT ACT GTT ACT CAA TCT CCA GCT TCT TTG 30

15L2

50 ACA TCT AAT AGT AAC TTG CTC ACC AAT AGC CAT AGA CAA AGA AGC TGG AGA TTG AGT 30

15L3

50 GAG CAA GTT ACT ATT AGA TGT ATT ACT TCT ACT GAC ATT GAC GAC GAC ATG AAC 30

15L4

50 CTT TGG TGG CTT ACC TGG TCT TTG TTG GTA CCA GTT CAT GTC GTC GTC AAT GTC 30

15L5

50 AGA CCA GGT AAG CCA CCA AAG TTG TTG ATT TCT GAG GGT AAC ACT TTG AGA CCA 30

15L6

50 GTA ACC AGA AGA AGA GAA TCT AGA TGG AAC ACC TGG TCT CAA AGT GTT ACC CTC 30

15L7

50 AGA TTC TCT TCT TCT GGT TAC GGT ACT GAC TTC GTT TTC ACT ATT GAG AAC ATG 30

15L8

50 CAA ACA GTA GTA GTC AGC AAC GTC CTC AGA CAA CAT GTT CTC AAT AGT GAA AAC 30

15L9

50 GTT GCT GAC TAC TAC TGT TTG CAA TCT GAC AAC TTG CCA TTG ACT TTC GGT GCT 30

15L10

50 CGC GGA TCC ACC ACC ACC AGA ACC ACC ACC ACC CTT CAA CTC CAA CTT AGT ACC AGC ACC GAA AGT CAA TGG CAA 30

For 2�6�15 VH Domain

15H1

50 GGA AGA TCT GGT GGT GGT GGT TCT GAG GTT AAG TTG GTT GAG TCT GGT GGT GGT TTG GTT AAG CCA GGT GGT TCT 30

15H2

50 AGA GAA AGT GAA ACC AGA AGC AGC ACA AGA CAA CTT CAA AGA ACC ACC TGG CTT AAC CAA 30

15H3

50 GCT TCT GGT TTC ACT TTC TCT TCT TAC ACT ATG TCT TGG GTT AGA CAA ACT

CCA GAG AAG 30

15H4

50 AGA ACC ACC AGA AGA AAT GTA AGC AAC CCA CTC CAA TCT CTT CTC TGG AGT TTG TCT AAC 30

15H5

50 TAC ATT TCT TCT GGT GGT TCT AAC TCT TAC TAC TCT GAC TCT GTT AAG GGT AGA TTC 30

15H6

50 GTA CAA AGT GTT TCT AGC GTT GTC TCT AGA AAT AGT GAA TCT ACC CTT AAC AGA GTC 30

15H7

50 AAC GCT AGA AAC ACT TTG TAC TTG CAA ATG TCT TCT TTG AGA TCC GAG GAC ACT GCT 30

15H8

50 GTC CAT GTA GTC ACC TCT TCT AGC ACA GTA GTA CAT AGC AGT GTC CTC AGA TCT CAA 30

15H9

50 AGA AGA GGT GAC TAC ATG GAC TAC TGG GGT CAA GGT ACT TCT GTT ACT GTT TCT TCT 30

15H10a

50 CGC GGA TCC ACC ACC ACC AGA ACC ACC ACC ACC AGA AGA AAC AGT AAC AGA AGT 30

15H10b

50 CCG GAA TTC TTA AGA AGA AAC AGT AAC AGA AGT 30
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(2�6�15) were subcloned into pwPICZα-DT390 (NcoI-BamHI/
BglII-stop codon-EcoRI).8

Protein Expression and Purification in Pichia pastoris. The
linearized antiporcine CD3 immunotoxin construct, A-dmDT390-
biscFv (2�6�15) in pwPICZα, was transformed into a diphtheria-
toxin resistant yeast Pichia pastoris strain mutEF2JC307�8(2)17

and the transformants were selected on YPD plates containing
zeocin (100 μg/mL). Six colonies were randomly picked and
cultivated in small tubes containing 5 mL YPD (1% yeast extract,
2% peptone, and 2% dextrose) at 30 �C at 250 rpm for 24 h as
growth phase I, then in YPG (1% yeast extract, 2% peptone, 1%
glycerol) at 30 �C at 250 rpm for another 24 h as growth phase II.
The cultures were induced with methanol in 2 mL BMMYC (1%
yeast extract, 2% peptone, 100 mM potassium phosphate, pH 7.0,
1.34% yeast nitrogen base without amino acids, 4� 10�5 % biotin,
0.5% methanol, and 1% casamino acids) for 48 h at 25 �C at
225 rpm. Antifoam 0.02% (Emerald Performance Materials, cat #
KFO673) was added in all of the growth and induction medium.
1 mM PMSF (Phenylmethanesulfonyl fluoride, Sigma) was added
with methanol to inhibit the protein degradation during the
induction phase. The culture supernatants were analyzed on SDS-
PAGE under nonreducing condition. One clone (ZW130) was
selected and cultivated to purify A-dmDT390-biscFv (2�6�15).
Sodium sulfate (Fisher Scientific) was added to 1 L of culture
supernatant to a final concentration of 200 mM. The sample was
loaded onto 50mL Butyl 650M (Tosoh) in a 5 cm� 20 cmXK50
column (GE healthcare cat #18�1000�71). The bound
A-dmDT390-biscFv (2�6�15) was eluted with TGE buffer (5%
glycerol, 20 mM Tris HCl, pH 8.0, 1 mM EDTA, pH 8.0). Pooled
fractions (Figure 3A, elution fraction #2 to #8, 50 mL per fraction)
containing A-dmDT390-biscFv (2�6�15) were diluted 6-fold
with TE (20 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0) buffer
and loaded directly onto 10 mL of Poros 50HQ (Applied
Biosystems) in a 1.6 cm � 20 cm XK16 column (GE healthcare,
cat #18�8773�01). The bound A-dm-DT390-biscFv (2�6�15)
was elutedwith 150mMsodium borate in TGE buffer and 200mM
sodium borate +50 mM NaCl in TGE buffer. The immunotoxin
containing elution fractions were mixed, concentrated down with
Centricon Plus-70 (30 kDa cutoff, Millipore), dialyzed against PBS
pH 7.4 + 5% glycerol, filter sterilized, and stored at 80 �C.
HPLC Analysis. A-dm-DT390biscFv (2�6�15) final protein

product was analyzed with Shimadzu HPLC system using Super-
dex 200 size-exclusion column, 10/300 GL (GE healthcare, cat #
17�5175�01). The sample volume was 100 μL using 100 μL
loop. The flow rate was 0.35 mL/min. The running time was
120 min and the running buffer was 90 mM NaSO4, 10 mM
NaPO4, pH 8.0, 1 mM EDTA.
Porcine CD3Depletion Study in vivo. Four miniature swine,

aged two months, were brought to our AAALAC accredited
animal facility and were allowed to acclimate to their new
surroundings for one week. Three days prior to the start of
treatment, they were bled for baseline blood values: complete
blood counts, serum chemistry values, and flow cytometry
analysis of CD3+ T-cell populations. They were then injected
through a 23 g butterfly catheter, through a peripheral vessel,
with an intravenous (IV) bolus of undiluted A-dmDT390biscFv
(2�6�15) at a dose of 50 μg/kg, twice daily for 4 days. Prior to
each day’s injections, morning blood samples were taken to
monitor the aforementioned blood values. Each day’s values
were then compared to the pretreatment values. The animals
were also injected with 4 mg/kg diphenhydramine IV bolus
immediately prior to immunotoxin infusion to prevent any

unexpected anaphylactic reactions, of which none were observed.
To ensure that the full volume of immunotoxin was administered
to the animals, each dose was flushed with 10 mL of phosphate
buffered saline (pH between 6.5 and 7.5). The animals were
closely monitored for signs of change in clinical condition such as
lethargy and significant weight loss and no signs of toxicity were
seen in any animal. The animals were bled again on days 7 and 14
following the start of injections to monitor their T-cell recovery
and any possible toxicity.
The percentage of CD3+ T-cells in the peripheral blood was

determined by flow cytometry of heparinized whole blood
samples after staining with FITC conjugated swine specific
CD3 antibody (898H2�6�15, mouse IgGaK)13 using BD
FACS lysing solution whole blood staining procedure according
to the manufacturer (BD Biosciences, San Jose, CA). The
absolute T-cell count each day was calculated by multiplying
the percentage of CD3+ cells in the peripheral blood by the white
blood cell count. All experiments were approved by the Massa-
chusetts General Hospital Institutional Animal Care and Use
Committee.

’RESULTS AND DISCUSSION

Plasmid Construction for the Antiporcine CD3 Recombi-
nant Immunotoxin. The VL and VH DNA sequence and the
deduced amino acid sequences of antiporcine CD3 mAb 898H2�
6�15 are shown in Figure 1. According to Sreekrishna 1993,16 we
synthesized the codon-optimized scFv (2�6�15) and cloned it
into the truncated diphtheria toxin DT390 containing yeast Pichia
pastoris expression vector pwPICZα-A-dmDT390 between NcoI
and EcoRI to replace the biscFv (UCHT1) portion.8 Initially,
we utilized the single chain foldback diabody format as in the

Figure 3. Two-step purification of the antiporcine CD3 immunotoxin
A-dmDT390biscFv (2�6�15). (A) Capturing step with hydrophobic
interaction resin Butyl 650 M. (B) Second step purification with strong
anion exchange resin Poros 50HQ.
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antimonkey CD3 immunotoxin construct,7 but treatment with this
recombinant immunotoxin did not result in depletion of porcine
CD3+T-cells in vivo (data not shown).We speculate that this could
be because the single chain foldback diabody format is not suitable
for binding the porcine CD3 epitope. Even though both 898H2�
6�15 and FN18 recognize CD3 epsilon, it is likely that they bind
different conformational CD3 epitopes. The traditional biscFv
format, which was used in the antihuman CD3 recombinant
immunotoxin (Figure 2),8 was constructed. The bivalent immuno-
toxin is a multidomain protein containing the catalytic and translo-
cation domains of DT and two VL and two VH of the antiporcine
CD3 mAb 898H2�6�15. The VL and VH are joined by a 15
amino acid (G4S)3 linker (L) in the order of VL-L-VH-L-VL-L-VH.
Expression and Purification of the Antiporcine CD3 Re-

combinant Immunotoxin. The antiporcine CD3 recombinant
immunotoxin A-dmDT390biscFv (2�6�15) was expressed
using shaker flasks by scaling up from small tube expression as
described in the Experimental Procedures. The scaled-up ex-
pression level is about 20 mg/L. The secreted antiporcine CD3

immunotoxin in the supernatant was captured directly by
hydrophobic interaction chromatography resin Butyl 650 M
(Figure 3A). For second-step purification, a strong anion ex-
change resin Poros 50 HQ was used. Sodium chloride alone did
not work well for eluting the immunotoxin, as the glycosylated
yeast host protein was coeluted with the immunotoxin.19 Sodium
borate was chosen, as it would separate the immunotoxin from
the glycosylated yeast host protein and the aggregates. However,
the maximal solubility for sodium borate is restricted to 200 mM,
a concentration which is not strong enough to elute the majority
of the immunotoxin. To overcome this problem, we added
50 mM NaCl to the 200 mM sodium borate elution buffer to
increase the salt concentration. Themajority of the immunotoxin
was eluted with 200 mM sodium borate and 50 mM NaCl
(Figure 3B). As shown in Figure 4, after two step purification we
obtained the pure 95 kDa antiporcine CD3 recombinant im-
munotoxin. The purity reached around 95%. The final purifica-
tion yield was ∼13 mg per liter of the original harvested super-
natant. As shown in Figure 4A, A-dmDT390biscFv (2�6�15)
showed a second weak band migrating around 70 kDa. Western
blots identified it as a breakdown product.
Porcine CD3 T-cell Depletion in Vivo Using the Antipor-

cine CD3 Recombinant Immunotoxin. The CD3 T-cell deple-
tion function of this recombinant immunotoxin was assessed in
fourMGHminiature swine, aged two months. Results are shown
in Figure 5. This recombinant immunotoxin was given through
IV bolus at a dose of 50 μg/kg, twice daily for four days.
Complete blood counts, serum chemistry values, and CD3+
T-cell numbers were measured. The immunotoxin treatment
decreased the number of CD3+ T-cells in the peripheral blood to
approximately 20% of the pretreatment level (Figure 5A). There
was no significant effect on the number of peripheral B cells
(Figure 5B). The percent CD3+ T-cells in the lymph node
decreased from 74% pretreatment to 24% following 4 days of

Figure 4. AntiporcineCD3 immunotoxin A-dmDT390biscFv (2�6�15)
analysis. (A) NuPAGE 4�12% Bis-Tris gel analysis. (B) HPLC analysis.

Figure 5. Porcine CD3 T-cell depletion profile in vivo for four animals using antiporcine CD3 immunotoxin, A-dmDT390biscFv (2�6�15). (A) Absolute
number of CD3+ T-cells in the peripheral blood. (B) Absolute number of B cells in the peripheral blood. (C) Lymph node percent CD3+ T-cells.
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immunotoxin treatment reversing the ratio of T:B cells in the
lymph node (Figure 5C).
Clinically, no toxicities were observed in any of the treated

animals. No anaphylactic reactions were observed. Kidney
toxicity was not observed and renal values (blood urea nitrogen
and creatinine) remained within normal limits. Two animals
18316 and 19586 developedmild increases of liver enzymes from
baseline preimmunotoxin. Lactate dehydrogenase levels for
animal 18316 increased from 1166 u/L to 1960u/L and for
animal 19586 from 1722 u/L to 2017 u/L. Alkaline phosphatase
levels for animal 18316 increased from 102 u/L to 204 u/L. No
changes were observed in any of the other animals. Despite slight
increases from baseline lactate dehydrogenase and alkaline phos-
phatase levels, these enzymes remained well within the normal
limits in swine (575�3200 u/L for lactate dehydrogenase
and 92�295 u/L for alkaline phosphatase). The transaminase
remained normal and histopathology was unremarkable. In
summary, we did not observe any side effect after the imunotoxin
treatment. At the dose tested, the antiporcine CD3 recombinant
immunotoxin did not deplete CD3 T-cells as well as its counter-
part antihuman or antimonkey CD3 recombinant immuno-
toxins.7,12 The dose used in swine was at least two times higher
than the dose of its counterpart antihuman or antimonkey CD3
recombinant immunotoxins.7,12 It is possible that miniature
swine are more tolerant to the recombinant immunotoxin there-
by allowing even further increased dosing for improved depletion
effect. Given the absence of any signs of toxicity, we speculate
that it is possible to increase the current daily dose or extend the
administration days. A dosing study will need to be done to find
the maximal safe dose and best dosing strategy for improved
depletion. Since the half-life of recombinant antihuman CD3
immunotoxin is only 40 min,12 it may not be necessary to spread
8 doses over 4 days. It is also possible that increasing the affinity
of the scFv (2�6�15) similar to the affinity maturation ap-
proach used for the antimonkey CD3 recombinant immunotoxin
may improve depletion function. Affinity maturation of the scFv
(2�6�15) by yeast display20 is currently in progress to isolate a
higher affinity scFv (2�6�15) for improved porcine T-cell
depletion in vivo.
Although CD3+ T-cell depletion following antiporcine CD3

recombinant immunotoxin treatment was not complete, in
combination with other treatments, this reagent may provide
sufficient T-cell depletion for certain applications.
Compared with the corresponding chemical conjugate anti-

porcine CD3 immunotoxin (pCD3-CRM9), this recombinant
antiporcine CD3 immunotoxin [A-dmDT390biscFv(2�6�15)]
has the following advantages: (1) high production level suitable
for scale-up; (2) high purity and linkage homogeneity; (3) no
neurological toxicity. In contrast, the chemical conjugate anti-
porcine CD3 immunotoxin caused significant dose-dependent
neurotoxicity.6 These finding suggest that the mutated DT
binding domain of the chemical conjugate antiporcine CD3
immunotoxin can still bind to the porcine DT receptor. The
recombinant antiporcine CD3 immunotoxin does not contain the
DTbinding domain (Figure 2). As expected, we did not observe any
neurotoxicity in any of the animals treated with recombinant
antiporcine CD3 immunotoxin. A-dmDT390biscFv (2�6�15) is
a unique recombinant protein reagent that can be utilized in
experimental porcine models of transplantation tolerance, autoim-
mune disease therapy, andT-cell leukemia treatment, as well as graft
versus host disease studies.
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’ INTRODUCTION

For traditional drug delivery systems, only a small fraction of
the therapeutic agents reach the disease site. Targeted drug
delivery seeks to improve the accumulation of these agents in
the tissues of interest while reducing their relative concentration
in off-target sites. If successful, this would lead to a significant
improvement in treatment efficacy, while reducing drug
toxicity and/or dose. Accordingly, the use of nanoparticulate
systems to facilitate the targeted delivery of therapeutic agents
has been extensively explored in recent years.1�10 Drug
delivery nanoplatforms have included dendrimers, polymers,
liposomes, micelles, emulsions, and silica nanoparticles. Be-
yond their enhanced targeting capabilities and ability to carry
high drug payloads, nanoparticle-based drug delivery systems
have also been shown to provide protection of some drugs
against degradation and have enabled the efficient delivery of
substances with poor inherent solubility or low membrane
permeability.2

Among the many nanoparticulate systems that have been
reported, hollow nanometer-sized vesicles are particularly attrac-
tive due to the increased functionality imparted by their amphi-
philic structure. Specifically, hydrophilic compounds can be loaded
into the aqueous lumen of the nanovesicles, the hydrophobic
domain serves as a natural carrier environment for hydrophobic

drugs, and the exterior surface can be functionalized with mole-
cularly specific targeting ligands.

Polymer-based nanovesicles (i.e., polymersomes), prepared
from high molecular weight diblock copolymers, have a thick
hydrophobic domain, typically∼6�10 nm.11 This is significantly
larger than the hydrophobic domain of most liposomes, which
are typically ∼3 nm in thickness. Compared to liposomes, poly-
mersomes possess several beneficial properties, including in-
creased mechanical robustness and the ability to carry large
quantities of hydrophobic and hydrophilic molecules.11,12 The
vast majority of polymersomes are formed from diblock copoly-
mers with poly(ethylene glycol) (PEG) as the hydrophilic block.
This creates a relatively inert, brush-like outer shell, which
imparts “stealth”-like characteristics to the nanovesicles and
allows them to effectively avoid the reticuloendothelial system,
resulting in longer circulation times. Further, polymersomes can
be finely tuned through polymer selection to yield vesicles with
diverse functionality, i.e., biodegradability, biocompatibility, per-
meability, elasticity, and so forth.13�15 As a result of all these
characteristics, polymersomes have garnered a great deal of
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ABSTRACT: Block copolymer-based vesicles have recently
garnered a great deal of interest as nanoplatforms for drug
delivery and molecular imaging applications due to their unique
structural properties. These nanovesicles have been shown to
direct their cargo to disease sites either through enhanced per-
meability and retention or evenmore efficiently via active targeting.
Here, we show that the efficacy of nanovesicle targeting can be
significantly improved when prepared from polymer�lipid
blends compared with block copolymer alone. Polymer�lipid
hybrid nanovesicles were produced from the aqueous coassem-
bly of the diblock copolymer, poly(ethylene oxide)-block-poly-
butadiene (PEO-PBD), and the phospholipid, hydrogenated soy phosphatidylcholine (HSPC). The PEG-based vesicles, 117 nm in
diameter, were functionalized with either folic acid or anti-HER2/neu affibodies as targeting ligands to confer specificity for cancer
cells. Our results revealed that nanovesicles prepared from polymer�lipid blends led to significant improvement in cell binding
compared to nanovesicles prepared from block copolymer alone in both in vitro cell studies and murine tumor models. Therefore, it
is envisioned that nanovesicles composed of polymer�lipid blends may constitute a preferred embodiment for targeted drug
delivery and molecular imaging applications.
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interest as nanoplatforms for a range of biomedical applications,
including drug delivery, in vivo imaging, and cell mimicry.13,16�18

For example, it has recently been shown that both hydrophobic
paclitaxel and hydrophilic doxorubicin can be coloaded into
polymersomes to effectively treat tumors,13 porphyrins have
been loaded into the hydrophobic domain of polymersomes
creating highly fluorescent imaging agents,19,20 and gadolinium-
labeled dendrimers have been encapsulated within the lumen of
polymersomes to create highly efficient magnetic resonance
imaging (MRI) contrast agents.16,17 When administered intra-
venously, polymeric vesicles generally maintain a long circulation
time within the body and will nonspecifically accumulate within
tumors due to enhanced permeability and retention (EPR).
Although EPR can allow for a sufficient quantity of polymer-
somes to accumulate within tumors for effective treatment
and/or imaging, it is generally desirable to develop actively
targeted nanoplatforms to minimize nonspecific toxicity and/
or enhance the efficiency of therapy.21 Targeting, however,
can often be compromised by the brush-like PEG coatings on
the vesicle surface. Specifically, despite the benefits of pegyla-
tion in reducing polymer uptake by the reticuloendothelial
system, it has been shown that the presence of PEG on vesicle
surfaces can inhibit ligand-mediated targeting of the vesicle,
due to steric effects.22,23 Therefore, we hypothesized that the
efficiency of polymersome targeting could be improved by
diluting the surface density of PEG by integrating phospho-
lipids into the membrane bilayer.

Recently, phospholipid�block copolymer hybrid nanoparti-
cles have been reported and have drawn much attention.17,24,25

The main components of these hybrid nanoparticles are the
hollow polymeric scaffold with the incorporated phospholipid.
Such hollow vesicles possess the structural stability and mechan-
ical strength of polymer membranes and the biocompatibility
and biofunctionality of phospholipid membranes. Owing to their
unique structural properties, lipid�polymer hybrid vesicles may
constitute a preferred nanoplatform for targeted drug delivery
andmolecular imaging applications. For example, Kanger and co-
workers have prepared biofunctionalized lipid�polymer hybrid
nanocontainers with controlled permeability for triggered deliv-
ery of drugs or imaging agents.13,26

In this study, we show that polymer-based nanovesicles prepared
from polymer�lipid blends, as opposed to block copolymer
alone, exhibit a significant improvement in tumor cancer cell
binding. Specifically, lipid�polymer hybrid vesicles were pro-
duced from the aqueous coassembly of the diblock copolymer,
poly(ethylene oxide)-block-polybutadiene, and the phospholipid,
hydrogenated soy phosphatidylcholine (HSPC). The vesicles
were functionalized with either folic acid or HER2/neu-targeted
affibodies as targeting ligands to confer specificity for cancer cells.
HER2-affibodies comprise a new class of high-affinity ligands
based on a protein scaffold derived from the IgG-binding
domains of staphylococcal protein A.27 These small (6.5 kDa)
robust molecules have been shown to exhibit remarkable
specificity and affinity (pm range) for the HER2/neu receptor.
The key features of the developed nanomaterials include
nanometer-sized vesicles formed from self-assembly of amphi-
philic diblock copolymers and phospholipids, brush-like PEG
outer shell and tumor-targeting ligands conjugated onto hybrid
nanovesicles, which serve to localize the therapeutic agent to
the site of interest. Here, the design, assembly, characterization,
and tumor-cell targeting of the polymer�lipid hybrid vesicles
are discussed.

’EXPERIMENTAL PROCEDURES

Materials. Poly(ethylene oxide)-block-polybutadiene copoly-
mer (denoted PEO-PBD) was purchased from Polymer Source
(Dorval, Quebec, Canada). Average molecular weights of the
poly(ethylene oxide) and poly(butadiene) block were 600 and
1200, respectively. Hydrogenated soy phosphatidylcholine (HSPC),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(Lissamine
rhodamine B sulfonyl) (Rhod-PE), 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[poly(ethylene glycol)2000-N0-carboxy-
fluorescein] (DSPE-PEG2K-CF), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000]
(DSPE-PEG2000-Amine), and 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[folate(polyethylene glycol)-2000] (DSPE-
PEG2000-Folate) were obtained from Avanti Polar Lipids
(Alabaster, AL). ADIBO-dPEG4-NHS was synthesized in the
lab (see Supporting Information). All other chemical were used
as received. All buffer solutions were prepared with ultrapure
grade water.
Preparation of Giant Vesicles. Giant vesicles were prepared

by hydration of dry polymer/lipid films. Stock solutions of PEO-
PBD andHSPC in chloroformweremixed in the followingmolar
ratios: PEO-PBD/HSPC (100:0), PEO-PBD/HSPC (90:10),
and PEO-PBD/HSPC (75:25). The total amount of PEO-PBD
for each of the vesicle compositions was 1 mg. In all cases, a small
amount of the fluorescent label, Rhod-PE, was also added for
vesicle visualization. The solvent was removed using a direct
stream of nitrogen prior to vacuum desiccation for a minimum of
4 h. Giant (micrometer-sized) vesicles were formed by adding
2 mL sucrose (285 mM) solution to dried film and incubating in
a 65 �C water bath for more than 24 h.
Preparation of Nanometer-Sized Vesicles. Stock solutions

of PEO-PBD and HSPC in chloroform were mixed in the
following molar ratios: PEO-PBD/HSPC (100:0), PEO-PBD/
HSPC (90:10), and PEO-PBD/HSPC (75:25). The total amount
of PEO-PBD for each of the vesicle compositions was 1 mg. For
folate-receptor targeting, DSPE-PEG2000-Folate (10μL, 1mg/mL
in chloroform) was added to the PEO-PBD/HSPC mixture.
Rhod-PE (2.5 μL, 1 mg/mL in chloroform) was also added as a
fluorescent indicator for fluorescence microscopy images. For
flow cytometric study, DSPE-PEG2K-CF (2.5 μL, 1 mg/mL in
chloroform) instead of Rhod-PEwas used for vesicle preparation.
For Her2/neu-receptor targeting, DSPE-PEG2000-Amine (10 μL,
1 mg/mL in chloroform) was added to the PEO-PBD/HSPC
mixture. The solvent was removed using a direct stream of
nitrogen prior to vacuum desiccation for a minimum of 4 h.
Vesicles were formed by adding an aqueous solution (0.1M PBS,
pH 7.4) to the dried film and incubating in a 65 �Cwater bath for
0.5 h and then sonicating for another 1 h at the same tempera-
ture. Samples were subjected to 10 freeze�thaw�vortex cycles
in liquid nitrogen and warmH2O (65 �C), followed by extrusion
21 times through two stacked 100 nm Nuclepore polycarbonate
filters using a stainless steel extruder (Avanti Polar Lipids).
Micropipet Aspiration. The micropipet aspiration experi-

ment was performed as described previously.20,28 Briefly, micro-
pipets made of borosilicate glass tubing (Friedrich and Dimmock,
Milville, NJ) were prepared using a needle/pipet puller (model
720, David Kopf Instruments, Tujunga, CA) and microforged
using a glass bead to give the tip a smooth and flat edge. Pipettes
were filled with 290 mOsm PBS and mounted on a micromani-
pulator, and the pipet was connected via tubing to a manometer.
A negative pressure, produced through the manometer using a
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syringe, was created in the pipet to pick up a giant vesicle. The
pressure applied to the vesicle was increased in stepwise incre-
ments (4 cm H2O), and from this suction pressure (ΔP), the
membrane tension (T) for a fluid membrane can be calculated
fromLaPlace’s Law.29 The length of the vesicle extension into the
pipet in response to suction pressure was used to calculate the
resulting vesicle area strain, α t ΔA/A0. The area elastic
modulus was then measured by plotting α vs T in the high-
tension regime (T > 0.5 dyn/cm) and calculating the slope of this
tension�strain curve. Experiments were imaged using DIC
optics with a 40� objective and a Cohu black-and-white CCD
camera (Cohu, Inc., San Diego, CA). ImageJ software was used to
measure membrane extensions and vesicle diameters.
Cloning and Expression of HER2-Affibody and Copper

Free Click Conjugation. See Supporting Information.
Lipid Contents in Lipid�Polymer Hybrid Nanovesicles.

Lipid�polymer hybrid nanovesicles, i.e., 10 mol % HSPC/
90 mol % PEO-PBD and 25 mol % HSPC/75 mol % PEO-PBD,
were lyophilized either before or after extrusion and purification.
In these studies, samples were prepared in pure water. The
residual solid was weighed and resuspended in pure water.
Phospholipid content was determined by measuring the total
content of phosphorus in the sample.30 The polymer weight was
calculated as the dry weight minus the lipid weight. The molar
ratio of lipid to polymer was then calculated based on their
respective molecular weights.
Quantification the Targeting Ligand Number on Vesicle

Surface.The content of folate in the samples was determined by
quantitative UV spectrophotometric analysis using the molar
extinction coefficient value of 15 760 M�1 cm�1 at λ = 358 nm.
Background absorbance measurements were determined using

analogous samples with no folate. To calculate the number of
folate per vesicle, the number of vesicles in the purified sample
was calculated based on the amount of polymer and phospho-
lipid in each vesicle. For this calculation, the average diameter of
each vesicle formulation was measured via dynamic light scattering.
Further, the average area occupied by single polymer molecules
in the bilayer was previously determined to be ∼1 nm.14

The average area occupied by single phospholipid molecules in
the bilayer was previously determined to be∼0.65 nm,31 and the
thickness of the polymersome bilayer was considered to be
∼6 nm based on previous study.12 A similar approach was used
to quantify the content of Rhod-PE in each vesicle. The molar
extinction coefficient value used for Rhod was 93 000 M�1 cm�1

at λ = 568 nm.
Once the Rhod content per vesicle was established, it was

possible to quantify the number of conjugated HER2�affibody
per vesicle based on the ratio of absorbance of conjugated
fluorescent-HER2 affibody relative to incorporated Rhod-PE.
Notably, each HER2�affibody is labeled with a single near-
infrared dye, Hilyte Fluor 750. The content of Hilyte Fluor 750
was determined by spectrophotometric analysis using the molar
extinction coefficient value of 275 000 M�1 cm�1 at λ = 753 nm.

Figure 1. Schematic diagram of folate receptor or HER2/neu receptor-
targeted, polymer�lipid hybrid vesicles. Nanovesicles were formed
through the coassembly of the diblock copolymer PEO-PBD and the
phospholipid HSPC. Folate receptor targeting was achieved by doping
the vesicles with low percentage of PEG2000-DSPE-Folic acid. HER2/
neu receptor targeting was achieved by conjugation of HER2/neu targeted
affibodies to the vesicle surface via copper free click conjugation.

Figure 3. Elastic moduli of vesicles composed of PEO-PBD and HSPC
at three different molar ratios. Micropipet aspiration was used to
measure area elastic modulus (Ka) of giant vesicle formulations with
different compositions of PEO-PBD and HSPC. Inset: Image of a giant
polymerlipid hybrid vesicle (75 mol % PEO-PBD/25 mol % HSPC)
during aspiration procedure.

Figure 2. Fluorescent images of giant vesicles composed of PEO-PBD
and HSPC at three different molar ratios. Vesicles composed of 100%
PEO-PBD, 90% PEO-PBD/10% HSPC, or 75% PEO-PBD/25% HSPC
were doped with a low amount (<1 mol %) of the fluorescent
phospholipid Rhod-PE. Notably, it was observed that Rhod-PE was
incorporated into all of the vesicles in each sample.
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Cell Culture. KB cells (human nasopharyngeal epidermoid
carcinoma cells) were purchased from the America Type Tissue
Collection (ATCC) and cultured in RPMI 1640 folic acid free
media with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin at 37 �C in a humidified atmosphere containing 5%
CO2. T6�17 cells that were engineered to stably express the
Her2/neu receptor (T6�17) were kindly provided by Mark
Greene, MD/PhD (University of Pennsylvania). T6�17 cells
were cultured and maintained in Dulbecco’s modified Eagle’s
medium (DMEM), supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin at 37 �C and 5% CO2.
Cell Viability via MTT Assay. NIH 3T3 cells were seeded in

96-well plates at a density of 10 000 cells per well. After incu-
bation overnight (37 �C, 5% CO2), the medium in each well was
aspirated off and loaded with 100 μL of fresh medium containing
nanovesicles with four different formulations including 100mol%
PEO-PBD, 10 mol % HSPC/90 mol % PEO-PBD, 25 mol %
HSPC/75 mol % PEO-PBD, and 100 mol % HSPC. For PEO-
based vesicles, the final polymer (PEO-PBD) concentration in
the cultured media was 10 μM. For pure HSPC vesicles, the final
HSPC concentration in the cultured media was also 10 μM. After
incubation for 24 h, the nanoparticle containing medium in each
well was aspirated off and replaced with 100 μL of medium and
10 μL ofMTT reagent. The cells were incubated for 2 to 4 h, then
100 μL detergent reagent was added and left at room tempera-
ture in the dark for 2 h. The absorbance at 570 nm was measured
using a microplate reader. Analogous viability studies were
also conducted with the nanoparticle formulation consisting of
25 mol % HSPC/75 mol % PEO-PBD at PEO-PBD concentra-
tions of 0, 5, 10, 50, 100, and 200 μM.
Fluorescence Microscopy. Cells plated in 8 glass well plates

were washed once with PBS and then incubated in 200 μL of
RPMI (for KB cells) or DMEM (for T6�17) containing vesicles
for 2 h. For competitive inhibition experiments, cells were treated
with the same vesicles but in the presence of 1 mM free targeting
ligands in the media. The final PEO-PBD concentration in the
cultured media was 5 μM for all imaging experiments. Prior to
acquisition of fluorescence images, cells were washed with PBS
three times. All microscopy images were acquired with an
Olympus IX81 motorized inverted fluorescence microscope
equipped with a back-illuminated EMCCD camera (Andor),
an X-cite 120 excitation source (EXFO), and Sutter excitation
and emission filter wheels. Images of the Rhod-PE were acquired

using the filter set HQ545/30, HQ610/75, Q570LP. Images of
FITC fluorescence were acquired using the filter set HQ480/40,
HQ535/50, Q505LP. All filter sets were purchased from Chroma.
Flow Cytometric Analysis. Cells were dissociated from culture

flasks using PBS-based enzyme free dissociation buffer and trans-
ferred to sterile 96-well plates at a final concentration of 50 000 cells
per well. Targeted vesicles were added to the wells for 2 h at 37 �C.
The final polymer (PEO-PBD) concentration in the culturedmedia
was 5 μM for all flow cytometric experiments. For competitive
inhibition experiments, cells were treated with the same vesicles but
in the presence of 1 mM free targeting ligands in the media. Cells
were transferred to 1.5 mL centrifuge tubes and washed in triplicate
by pelleting cells at 1000 RCF for 3 min and then resuspending
in PBS. Cells were resuspended in 250 μL of PBS and seeded in a
96-well plate (50 000 cells per well) and analyzed using a Guava
Easycyte Plus system (Guava Technologies, Hayward, CA). Flow
cytometry data were analyzed using FlowJo software (TreeStar Inc.,
San Francisco, CA).
In Vivo Imaging.Approximately 6-week-old female Fox Chase

SCID mice (Charles River Laboratory, Charles River, MS) were
maintained in accordance with the Institutional Animal Care and
Use Committee of the University of Pennsylvania. Mice were
anesthetized via isoflurane and T6�17 cells were injected sub-
cutaneously into the back right flank (2 � 106 cells in 0.2 mL
PBS). Tumors were grown to an approximate size of 100 mm3.

Figure 4. Fluorescent images of giant lipid�polymer vesicles following surface modification with a fluorescent dye. Vesicles prepared with (A) 100%
PEO-PBD, (B) 90% PEO-PBD/10% HSPC, or (C) 75% PEO-PBD/25%HSPC were doped with low amount (<1%) of DSPE-PEG2K-NH2 and were
subsequently labeled with NHS-ATTO740. (D) For comparison, 100% PEO-PBD vesicles were also prepared in the absence of DSPE-PEG2K-NH2 for
NHS-ATTO740 surface conjugation.

Figure 5. Intensity-weighted size distribution of three different vesicle
formulations as measured by dynamic light scattering (DLS).
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Near-infrared (NIR) HER2-targeted nanovesicles were injected
retro-orbitally (100 μMPEO-PBD in 0.2 mL PBS). Postcontrast
images were collected 24 h postinjection. Fluorescent images
were acquired using a Pearl NIR imaging system. Region of
interest (ROI) analysis was performed using Pearl imaging
software. Mean fluorescence of the tumor was measured after
background subtraction.
Instrumentation. Dynamic light scattering (DLS) measure-

ments were performed on a Zetasizer Nano from Malvern Instru-
ments. The scattering angle was held constant at 90 �F. Fluores-
cence spectrameasurementswere acquired on a SPEXFluoroMax-3
spectrofluorometer (Horiba Jobin Yvon).

’RESULTS AND DISCUSSION

Evidence of Forming Polymer�lipid Blends in Giant
Vesicles. PEO-PBD are a class of synthetic amphiphilic diblock
copolymers in which hydrophobic PBD is linked to hydrophilic
PEG. When dispersed in aqueous medium, PEO-PBD with
appropriate hydrophilic volume fractions can self-assemble to
form polymeric vesicles.11 As shown in Figure S1, the PEO-PBD
selected for this study, PEO(600)-b-PBD(1200) (PEO-PBD),
was capable of forming giant vesicles utilizing a classical swelling
technique. Similarly, lipid�polymer hybrid nanovesicles could
be formed from the aqueous coassembly of PEO-PBD and the
phospholipid, hydrogenated soy phosphatidylcholine (HSPC).
A schematic of a targeted lipid�polymer hybrid vesicle func-
tionalized with either folic acid or HER2/neu-targeted affibodies
as targeting ligands to confer specificity for cancer cells is shown
in Figure 1. The ability to integrate phospholipids into the
membrane of polymer-based vesicles was confirmed by prepar-
ing micrometer-sized lipid�polymer hybrid vesicles with a low
molar percentage (0.5%) of fluorescent phospholipid 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (Rhod-PE). As shown in Figure 2, incorporation of
Rhod-PE into the vesicle membrane was evident at the resolu-
tion of the optical microscope, for vesicles doped with 0, 10, or
25 mol % HSPC. The phospholipid-based fluorescent probe
within polymer�lipid hybrid giant vesicles did not exhibit any

obvious amphiphile phase segregation on optically resolvable
length scales. However, the possibility of forming nanoscale lipid
domains below the length scale of optical resolution cannot be
ruled out.12,25,32

Membrane Elasticity. To provide evidence that HSPC was
successfully incorporated into the vesicle bilyaer, the elastic
modulus (Ka) for three types of vesicles, 100 mol % PEO-
PBD, 25 mol % HSPC/75 mol % PEO-PBD, and 100 mol %
HSPC, were obtained via micropipet aspiration. The Ka is a
common mechanical parameter of vesicle membranes that
measures the in-plane mechanical elasticity of the membrane,
and reflects the interfacial tension of the membrane interface.11

Because the interfacial tension is a function of the chemical
composition of the membrane, subtle changes in membrane
lipid/polymer composition can be detected through changes in
the membrane area elastic modulus.33,34 As shown in Figure 3,
polymersomes made from pure PEO-PBD were more elastic, as
illustrated by their significantly lower elastic modulus (Ka = 72
dyn/cm) than pure HSPC liposomes (Ka = 206 dyn/cm). When
PEO-PBD and HSPC were blended at a molar ratio 75:25, the
resulting vesicles exhibited an intermediate elastic modulus (Ka =
112 dyn/cm) between the Ka values of the pure lipid and pure
polymer vesicles. This intermediate elastic modulus provides
further support that the vesicles were indeed a blend of the
polymer and lipid.
Surface Chemistry of Hybrid Polymer�Lipid Vesicles. To

provide evidence that the outer surface of pure polymer and
polymer�lipid hybrid nanovesicles (10% and 25%HSPC) could
be modified with various functional molecules, a small percentage

Figure 6. (A) Cell viability of NIH 3T3 cells incubated with nanovesicles with different lipid/polymer compositions. (B) Cell viability of NIH 3T3 cells
incubated with 75% PEO-PBD/25%HSPC nanovesicles at different polymer concentrations. Viability was measured and normalized to cells grown in
the absence of any particles based on an MTT assay.

Table 1. Vesicle Diameters and Number of Targeting Agents
per Vesicle

vesicle composition

diameter

(nm)

folate/

vesicle

HER2/

vesicle

100 mol % PEO-PBD 105 310 24

90 mol %PEO-PBD/10 mol % HSPC 112 261 22

75 mol %PEO-PBD/25 mol % HSPC 117 193 21
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of amine-terminated phospholipid, DSPE-PEG2K-NH2, was first
doped into membrane during fabrication. The surface amines
were then labeled with the amine reactive dye ATTO740
(ATTO740-NHS ester) and visualized by fluorescence micro-
scopy. Figure 4 shows the fluorescence images obtained for giant
vesicles prepared from 100 mol % PEO-PBD, 10 mol % HSPC/
90 mol % PEO-PBD, and 25 mol % HSPC/75 mol % PEO-PBD
after conjugation of ATTO740. In all cases, conjugation of the
ATTO740 into the vesicles membrane was evident. To ensure
that the ATTO dye was specifically bound to the vesicle surface,
the nanovesicles were also prepared in the absence of DSPE-
PEG2K-NH2, and then incubated with ATTO740-NHS ester. In
contrast to the aminated nanovesicles, these control vesicles did
not exhibit a fluorescent signal, suggesting that the bound ATTO
dyes were conjugated through a surface chemical reaction and
not from nonspecific absorption. This result indicates that
biologically active molecules could be conjugated through the
reactive groups on the hybrid polymer�lipid vesicle surface.
Nanometer-Sized Vesicles Using Polymer�Lipid Blends.

Following the formation of micrometer-sized vesicles, the vesicle
size was reduced to the ∼100-nm-size range by subjecting the
sample to multiple freeze�thaw cycles and extrusion through a
100 nm polycarbonate filter. Dynamic light scattering (DLS)
presented in Figure 5 revealed that hybrid vesicles with 10 and
25 mol % HSPC had mean diameters of 112 and 117 nm, res-
pectively, while pure PEO-PBD vesicles had a mean diameter of
105 nm. To confirm that the lipid-to-polymer molar ratio was
unaffected by the extrusion and purification process, the lipid
content in samples containing nano- or giant hybrid vesicles was
determined by measuring the phosphorus content. The polymer
content was calculated by subtracting the measured lipid weight
from the total dry weight of the sample (see Experimental
Procedures section for details). These measurements indicated
that HSPC was incorporated into the hybrid membrane at the
predetermined molar ratios and that there was no significant loss
of HSPC during processing. To evaluate the ability to store
lipid�polymer hybrid nanovesicles, the hydrodynamic diameter
of the vesicles was measured by DLS for 10 days following
suspension in PBS buffer (0.1 mM phosphate, pH 7.4). It was
found that vesicles prepared with 10 and 25 mol %HSPC did not
exhibit any significant change in hydrodynamic diameter over
this time frame.
Viability. Prior to evaluating hybrid nanovesicles for targeting

living cells or tissues, their cytotoxicity was examined in a MTT
cell proliferation assay (MTT = 3-(4,5-dimethylthiazol-2-yl)2,5-
diphenyl-tetrazoilum bromide). Specifically, four different vesi-
cle samples, 100%HSPC, 100%PEO-PBD, 90%PEO-PBD/10%
HSPC, and 75% PEO-PBD/25% HSPC, were incubated with
NIH 3T3 fibroblasts for 24 h. Each vesicle was tested in triplicate.
Cell viabilities were normalized to a control cell sample that was
not incubated with any vesicles. As shown in Figure 6A, none of
the vesicle formulations had any significant effect on the pro-
liferation ofNIH 3T3 cells at a PEO-PBD concentration of 10μM.
The average cell viability of NIH 3T3 remained unaffected for
PEO-PBD concentrations up to 100 μM for the 75% PEO-PBD/
25% HSPC vesicles and only a very slight loss in viability (<8%)
was observed at 200 μM PEO-PBD (Figure 6B).
Targeting Efficiency of Lipid�Polymer Hybrid Vesicles in

Vitro. To demonstrate the feasibility of utilizing hybrid lipid�
polymer vesicles to target tumor cells, we developed two different
types of polymer�lipid vesicles, one targeting the folate receptor
and one targeting the HER2/neu-receptor. In the first approach,

the small molecule folic acid (folate) was used for tumor
targeting since folate specifically binds to folate receptors, which

Figure 7. In cellulo analysis of folate receptor-targeted nanovesicles
prepared with different lipid/polymer compositions. (A) Microscopy
images of KB cells that have been incubated with various folate receptor-
targeted vesicles prepared with PEO-PBD/HSPC at three different
molar ratios. The top two rows show phase contrast and fluorescence
images, respectively, collected in the absence of free folic acid in the
media. The bottom two rows show images collected in the presence of
1 mM free folic acid in the media. All vesicles were incubated with KB
cells for 2 h before images were acquired. Folate receptor targeting was
achieved by doping the vesicles with low percentage of PEG2000-DSPE-
Folic acid. All vesicles were also doped with a small amount of Rhod-PE.
(B) Flow cytometric analysis of KB cells following incubation with folate
receptor-targeted vesicles prepared with PEO-PBD/HSPC at three
different molar ratios. Normalized mean fluorescent intensities are
shown ( SD (n = 3). To confirm that cell binding was mediated
through the folate receptor, competitive inhibition studies were per-
formed by incubating KB cells with folate-targeted vesicles in the
presence of excess free folic acid.
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are frequently overexpressed on tumor cancer cells. KB cells were
used in this study as a model cell line to evaluate the targeting
capabilities of folic acid-labeled nanovesicles since they are
known to overexpress the folate receptor. Vesicles were prepared
with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[folate-
(polyethylene glycol)-2000] (PEG2000-DSPE-Folate) and
Rhod-PE at a fixed molar ratio of folic acid/Rhod per polymer.
A summary of the number of targeting ligands on each vesicle is
provided in Table 1. After a 2 h incubation with KB cells,
fluorescent images were acquired. A bright fluorescent signal
could be observed for KB cells incubated with polymer�lipid
hybrid vesicles, especially PEO-PBD vesicles doped with 25%
HSPC, as seen in Figure 7A. In contrast, very little fluorescence
was observed from cells incubated with vesicles that did not
containHSPC. To verify that uptake of the vesicles was mediated
through the folate receptor, competitive inhibition studies were
performed by incubating the folate receptor-targeted vesicles with
KB cells in the presence of excess free folic acid. Under these
conditions, fluorescence was significantly reduced; confirming that
cellular binding of the polymer�lipid hybrid vesicles was specifically
mediated by the folate receptor. Analogous findings were also
obtained via flow cytometry (Figure 7B). A clear shift in the mean
cellular fluorescence was observed between cells incubated with
folate-targeted lipid�polymer hybrid vesicles compared with cells
incubated with folate-targeted vesicles that did not contain HSPC.
To confirm that the difference in targeting efficiency between

pure polymer vesicles and lipid�polymer hybrid vesicles did not
result from the differing number of targeting ligands on each
vesicle, we further prepared 100 mol % PEO-PBD, 10 mol %
HSPC/90 mol % PEO-PBD, and 25 mol % HSPC/75 mol %
PEO-PBD vesicles with an equal number (n = 310) of folate
ligands and fluorescent lipids on their surface. As can be seen in
Supporting Information Figure S2, even at equal ligand densities,
the lipid-doped nanovesicles exhibited a significantly higher
degree of cell labeling than non-lipid-doped nanovesicles.
To evaluate whether polymer�lipid hybrid vesicles that had

targeting agents conjugated to their outer surface also exhibited

Figure 8. In cellulo analysis of Her2/neu receptor-targeted nanovesicles prepared with different lipid�polymer compositions. (A) Microscopy
images of T6�17 cells that have been incubated with HER2/neu receptor-targeted vesicles prepared with PEO-PBD/HSPC at three different
molar ratios. The top row shows phase contrast images, and the bottom row shows fluorescent images of the same cells. (B) Flow cytometric
analysis of T6�17 cells following incubation with HER2/neu receptor-targeted vesicles prepared with PEO-PBD/HSPC at three different molar
ratios. Normalized mean fluorescent intensities are shown ( SD (n = 3). To confirm that cell binding was mediated through the HER2/neu
receptor, competitive inhibition studies were performed by incubating T6�17 cells with HER2/neu-targeted vesicles in the presence of excess
free HER2/neu affibody.

Figure 9. In vivo analysis of HER2/neu receptor-targeted nanovesicles
prepared with different lipid/polymer compositions. (A) Fluorescence
images of T6�17 tumor-bearing mice 24 h postinjection of NIRHER2/
neu receptor-targeted vesicles prepared with PEO-PBD/HSPC at
two different molar ratios. Tumors are indicated by white arrows.
(B) Quantitative analysis of fluorescent images.
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improved cellular binding, preformed vesicles were coupled to
HER2/neu targeted affibodies via click conjugation.35 After
incubating the HER2-targeted nanovesicles with HER2/neu-
positive T6�17 cells for 2 h, fluorescent images were acquired.
As shown in Figure 8A, the HER2/neu-targeted nanovesicles
composed of 25%HSPC/75%PEO-PBD exhibited a significantly
higher degree of cell labeling than nanovesicles composed of
100%PEO-PBD. This was further supported by flow cytometric
analysis (Figure 8B). Competitive inhibition studies using a
molar excess of free HER2/neu affibody confirmed that the
binding was specific for the HER2/neu receptor.
Targeting Efficiency of Lipid�Polymer Hybrid Vesicles in

Vivo. To examine whether the incorporation of phospholipids
into polymeric vessicles could be used to improve the targeting of
HER2/neu-positive tumors in living subjects, near-infrared
(NIR) fluorescent images of mice with T6�17 cell xenografts
were acquired 24 h after retro-orbital injection of HER2-targeted
lipid�polymer hybrid vesicles or HER2-targeted pure polymeric
vesicles. As shown in Figure 9A, the HER2/neu-targeted nano-
vesicles composed of 25%HSPC/75%PEO-PBD exhibited a
significantly higher signal in the tumor compared with nano-
vesicles composed of 100%PEO-PBD. Notably, some fluores-
cent signal was also observed in the kidney for both samples.
Quantitative analysis of the NIR images revealed that HER2/
neu-targeted nanovesicles composed of lipid�polymer blends
exhibited more than a 1.5-fold improvement in tumor uptake
compared with images from nanovesicles composed of 100%
PEO-PBD (Figure 9B).

’CONCLUSION

In summary, we have demonstrated that incorporation of
HSPC into PEO-PBD-based nanovesicles can lead to a signifi-
cant improvement in the efficiency of cell surface receptor
targeting. It is hypothesized that incorporation of phospholipids
into the vesicle bilayer diluted the density of the PEG-brush on
the vesicle surface and as a result reduced the steric effect that
PEG exerted on the targeting ligand. This is consistent with
previous reports, which have also indicated that PEG-coatings
can inhibit ligand-mediated targeting of the vesicle.22,23 It is
envisioned that the use of phospholipids can be extended to any
polymer-based vesicles as a means to improve binding. There-
fore, we believe that polymer�lipid hybrid vesicles constitute a
promising nanoplatform for a broad variety of research areas,
ranging from targeted drug delivery to molecular imaging.
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Supplementary Materials and Methods. 

Synthesis. 

Scheme S1.a Synthesis of ADIBO-C3-amine. 
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aReagents and conditions: (a) NH2OH.HCl, pyridine, 60%; (b) PPA, 125 °C, 73%; (c) LiAlH4, 

ether, 58%; (d) pyridine, CH2Cl2, 71%; (e) pyridinium tribromide, 78%; (f) t-BuOK, THF, 88%; 

(g) K2CO3, aq MeOH, 58%. 

 

5,6-Dihydrodibenzo[b,f]azocine (2). A solution of dibenzosuberenone (25 g, 121 mmol) and 

hydroxylamine hydrochloride (6.81 mL, 164 mmol) in pyridine (70 mL) was refluxed for 20 h. 

The reaction mixture was concentrated and poured into 5% aqueous hydrochloric acid (with 

crushed ice), stirred for 20 min, filtered, and dried in the air to provide 28.1 g of crude 

dibenzosuberenone oxime, as a white precipitate. Dibenzosuberenone oxime (16 g, 72.3 mmol) 

was added to 250 mL polyphosphoric acid at 125 °C, the reaction mixture was stirred for 60 min 

at this temperature, poured onto crushed ice (~700 mL), stirred for another 30 min, and filtered. 

The filter cake was washed with water, and dried under vacuum to provide crude 

dibenzo[b,f]azocin-6(5H)-one 1 (11.6 g, 52.4 mmol, 73%) as a grey powder.  
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A suspension of 1 (7.4 g, 33.4 mmol) and lithium aluminum hydride (2.494 ml, 66.9 mmol) in 

anhydrous ether (200 mL) was refluxed for 15 h. The reaction mixture was quenched by water, 

filtered, and the filter cake was washed with ether. The filter cake was dispersed in ether (100 

mL), stirred for 10 min, and filtered. The combined organic layers were dried over MgSO4, 

solvent was removed under  vacuum, and the product purified by chromatography (hexanes:ethyl 

acetate 2:1) to provide 4.04 g (19.49 mmol, 58%) of 5,6-dihydrodibenzo[b,f]azocine (2). 1H: 

7.27-7.23 (m, 1 H), 7.2-7.1 (m, 3 H), 6.96-6.9 (m, 1 H), 6.9-6.8 (m, 1 H), 6.65-6.55 (m, 1 H), 

6.54-6.48 (m, 1 H), 6.40 (d, J = 8 Hz, 1 H), 6.38-6.29 (m, 1 H), 4.51 (d, J = 6.8 Hz, 2 H), 4.2 (br 

s, 1 H); 13C: 147.3, 139.3, 138.3, 134.9, 132.7, 130.3, 129.0, 128.1, 127.8, 127.6, 127.5, 121.8, 

118.1, 117.9, 49.6. HRMS (ESI+) calcd for C15H14N [M+H]+ 208.1126, found 208.1120. 

N-(6-(dibenzo[b,f]azocin-5(6H)-yl)-3-oxopropyl)trifluoroacetamide (3). 3-

(trifluoroacetamido) propanoyl chloride (0.92 g, 4.52 mmol) was added to a solution of 2 (0.75 g, 

3.62 mmol) and pyridine (0.859 g, 10.86 mmol) in CH2Cl2 (ca. 10 ml) at rt, and stirred for 30 

min. The reaction mixture was diluted with CH2Cl2 (ca. 20 mL), washed with water (2x30 mL), 

dried over anhydrous MgSO4 and the solvent was removed under reduced pressure. The residue 

was purified by chromatography (hexanes:ethyl acetate 2:3) to provide 958 mg (2.56 mmol, 71%) 

of 3 as yellowish oil. 

N-(3-Trifluoroacetamidopropanoyl)-5,6-dihydro-11,12-didehydrodibenzo[b,f]azocine (5). 

Pyridine hydrobromide perbromide (0.948 g, 2.97 mmol) was added to a solution of 3 (958 mg, 

2.56 mmol) in CH2Cl2 (4 ml) at rt, and the reaction mixture was stirred overnight. The reaction 

mixture was diluted with CH2Cl2 (20 mL), washed with 5% aqueous hydrochloric acid (20 mL), 

dried over MgSO4, and solvent removed under vacuum. The residue was passed through a short 

pad of silica gel (CH2Cl2) to give 1.1 g of crude N-(3-trifluoroacetamidopropanoyl)-5,6,11,12-

tetrahydro-11,12-dibromodibenzo[b,f]azocine (4) as an oil. Solution of crude 4 (1.1 g, 2.08 
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mmol) in THF (5 mL) was added to a solution of potassium t-butoxide (584 mg, 5.21 mmol) in 

THF (10 ml) at r.t., the reaction mixture was stirred for 1 h, diluted with ethyl acetate (20 mL), 

washed with 5% aqueous hydrochloric acid, brine, dried over MgSO4, and the solvent was 

removed under reduced pressure. The crude product was purified by chromatography 

(hexanes:ethyl acetate, 2:1 to 1:1) to afford 685 mg (1.83 mmol, 88%) of 5 as brown oil. 

N-(3-Aminopropionyl)-5,6-dihydro-11,12-didehydrodibenzo[b,f]azocine (ADIBO-C3-

amine, 6). Solution of K2CO3 (2 g, 14.47 mmol) in 15 mL of water was added to a solution of N-

(3-Trifluoroacetamidopropanoyl)-5,6-dihydro-11,12-didehydrodibenzo[b,f]azocine (5,  2.95 g, 

7.12 mmol) in MeOH (30 mL) at rt and stirred overnight. Solvents were removed under reduced 

pressure, the residue was redissolved in CH2Cl2:ethyl acetate (1:4), washed with brine and water. 

The organic layer was dried over anhydrous Na2SO4, and concentrated in vacuum. The crude 

product was purified by chromatography (CH2Cl2:MeOH 10:1 to 10:4) to provide 1.14 g (4.11 

mmol, 58%) of  6 as slightly yellow oil. 1H NMR (500 MHz): 7.68 (d, J = 7.5 Hz, 1 H), 7.45-7.33 

(m, 5 H), 7.29 (t, J = 7.5 Hz, 1 H), 7.25 (t, J = 7 Hz, 1 H), 5.15 (d, J = 14 Hz, 1 H), 3.16 (d, J = 

14 Hz, 1 H), 2.82-2.67 (m, 2H), 2.45-2.35 (m, 1 H), 2.01-1.92 (m, 1 H), 1.6-1.4 (br s, 2 H); 13C: 

172.14, 151.48, 148.01, 132.12, 129.08, 128.29, 128.21, 127.99, 127.63, 127.01, 125.43, 122.85, 

122.57, 114.97, 107.66, 55.25, 38.25, 38.15; HRMS (ESI+) calcd for C18H17N2O [M+H]+ 

277.1341, found 277.1339. 

 

Scheme S2.a Synthesis of ADIBO-PEG4-NHS Ester. 
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 aReagents and conditions: (a) Glutaric anhydride, CHCl3, 59%; (b) N-hydroxysuccinamide, 

EDC, CH2Cl2; (c) 1) Amino-dPEG®4-acid, DIEA, CH2Cl2; 2) N-hydroxysuccinamide, EDC, 

CH2Cl2, 41%. 

5-((3-(5,6-dihydro-11,12-didehydrodibenzo[b,f]azocin-5(6H)-yl)-3-oxopropyl)amino)-5-

oxopentanoic acid (7). Glutaric anhydride (323 mg, 2.83 mmol) was added to solution of amine 

6 (870 mg, 3.14 mmol) at r.t. in chloroform (20 ml) and the reaction mixture was stirred for 4 h at 

r.t. Solvent was removed in vacuum and the residue purified by chromatography (silica gel, 

CH2Cl2:MeOH 20:1) to provide carboxylic acid 7 (650 mg, 1.67 mmol, 59 %) as white waxy 

solid. 

5-((3-(5,6-dihydro-11,12-didehydrodibenzo[b,f]azocin-5(6H)-yl)-3-oxopropyl)amino)-5-

oxopentanoic acid N-hydroxysuccinamide ester (8). A solution of 7 (225 mg, 0.578 mmol), 

NHS (86 mg, 0.751 mmol), and EDC (150 mg, 0.780 mmol) in CH2Cl2 (ca. 2 mL) was stirred 

over overnight. The reaction mixture was diluted with CH2Cl2, washed with pH 6 buffer, dried 

over MgSO4 and concentrated. The residue was purified by chromatography on silica gel 

(CH2Cl2:MeOH 25:1) to provide 160 mg (0.32 mmol, 56 %) on NHS ester 8 as colorless oil. 

ADIBO-PEG4-NHS Ester (9). A solution of ADIBO-NHS ester (750 g, 1.538 mmol), amine-

dPEG4-acid (469 mg, 1.769 mmol), and DIEA (239 mg, 1.846 mmol) in CH2Cl2 (6 ml) was 

stirred for 1 h at r.t. EDC (442 mg, 2.308 mmol) was added to the reaction mixture followed by 

NHS (230 mg, 2 mmol). The reaction mixture was stirred for 3 h at r.t., diluted with CH2Cl2 (10 

mL), washed with 5% aq. HCl, and dried over anhydrous MgSO4. Solvent was removed in 

vacuum and the residue purified by chromatography (silica gel, CH2Cl2:iPrOH 20:1 to 10:1) to 

provide 460 g (0.626 mmol, 41 %) of ADIBO-PEG4-NHS ester 9 as yellow-to-slightly orange oil. 

1H NMR (500 MHz): 7.67 (d, 1 H), 7.41-6.90 (m, 7H); 6.58 (br, NH), 5.18 (d, 1H), 3.76-3.41 (m, 
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21H), 2.84 (s, 4H), 2.68 (t, 2H), 2.45 (t, 2H), 2.31 (m, 4H), 2.08 (p, 2H); HRMS (ESI+) calcd for 

C38H47N4O11 [M+H]+ 735.3241, found 735.3236.  

Cloning and Expression of HER2-Affibody. The HER2-Affibody was cloned and expressed 

as previously reported.1  Briefly, hybridized HER2-Affibody oligonucleotides were directly 

ligated with gel-purified NdeI-XhoI double digested pTXB1 vector (New England Biolabs, Inc) 

via the CloneEZ kit (Genscript). The pTXB1-HER2-Affibody vector was transformed in 

Rosetta™ 2(DE3)pLysS Competent Cells (Novagen). Bacterial cultures were grown to OD600 nm = 

0.6, and IPTG was added at a final concentration of 0.5 mM to induce T7 RNA polymerase-based 

expression. The cultures were allowed to express for 2 hours at 37 °C and were then pelleted by 

centrifugation at 10,000x g. Bacterial cell pellets were lysed by pulse sonication and HER2-

Affibody complexes were isolated by centrifugation at 15,000x g. HER2-Affibodies were 

purified via affinity purification with a chitin bead column. HER2-Affibodies were eluted from 

the chitin bead column following an overnight incubation in 50 mM MESNA. Elutions were 

concentrated using an Ultracell 3,000 (Millipore, Billerica, MA) and then used for expressed 

protein ligation. 

Expressed Protein Ligation. Expressed protein ligation was carried about between the 

thioester containing HER2-Affibody and an azido-fluorescent peptide (AzFP) with an N-terminal 

cysteine. The sequence of the AzFP was NH2-CDPEK(5-FAM)DSG-D(Azi)-CONH2. The K(5-

FAM) represents a lysine with a fluorescein covalently attached to its ε-amino group and the 

D(Azi) represents a glycine with a azido group attached to its side-arm.  The AzFP (0.1 mM) was 

incubated with approximately 0.01 mM HER2-Affibody. The EPL reaction was mixed overnight 

at room temperature. The EPL product and excess AzFPs were separated on a Superdex 30 

chromatography column. A detailed experimental has been reported previously.1  



    

 7 

Aza-Dibenzocyclooctene (ADIBO) Modification of Nanovesicles. Surface amines on 

nanovesicles were reacted with the amine-reactive ADIBO-dPEG4-NHS, diluted 10 times from 

stock in dimethyl sulfoxide (DMSO), in 0.1 M sodium phosphate buffer, pH 9. The linker was 

added at 100 times molar excess to the nanovesicles. All nanovesicle solutions were mixed for 

overnight at room temperature. Nanovesicles were purified via superdex 200 chromatography 

columns (GE Healthcare, Piscataway, NJ).  

Copper free click conjugation. Surface amines on nanovesicles were reacted with the amine-

reactive ADIBO-dPEG4-NHS, diluted 10 times from stock in dimethyl sulfoxide (DMSO), in 0.1 

M sodium phosphate buffer, pH 9. The linker was added at 100 times molar excess to the 

nanovesicles. All nanovesicle solutions were mixed for overnight at room temperature. 

Nanovesicles were purified via superdex 200 chromatography columns (GE Healthcare, 

Piscataway, NJ). ADIBO-modified nanovesicles were mixed with 30 µM of HER2-AzFP ligand 

in a pH neutral buffer.  Reactions were mixed overnight at room temperature and then purified on 

Superdex 200 columns equilibrated with PBS.  

HER2/neu-targeted near infrared (NIR) nanovesicles. To prepare HER2/neu-targeted 

nanovesicles for in vivo tumor imaging, expressed protein ligation was carried out between the 

thioester containing HER2-Affibody and an azido-NIR peptide (AzNIRP) with an N-terminal 

cysteine. Here, HiLyte Fluor™ 750 was used as NIR dye. HER2-AzNIRP was conjugated onto 

the surface of nanovesicles using similar procedures as those for the HER2-AzFP conjugation, as 

described above. 
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Supplementary Figures. 

 

Figure S1. Microscopy images of giant vesicles composed of pure diblock copolymer PEO-PBD. 

The vesicles were fluorescently labeled by incorporating the phospholipid Rhod-PE into the 

membrane bilayer: (A) phase contrast image and (b) fluorescence image. Fluorescence is seen in 

an individual giant vesicle. The diameter of the vesicle is approximately 50 μm. 

 

 

Figure S2. Flow cytometric analysis of KB cells following incubation with folate receptor-

targeted vesicles prepared with PEO-PBD/HSPC at three different molar ratios. Normalized 

mean fluorescent intensities are shown ± S.D (n=3). Vesicles prepared with PEO-PBD/HSPC at 
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three different molar ratios have same number of folate ligands and fluorescent lipids (n=310) on 

their surface.  
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’ INTRODUCTION

The marriage of synthetic polymers with naturally occurring
macromolecules has led to offspring that display complex bio-
macromolecular architectures thereby revolutionizing the field
of bioconjugations.1�6 Bioconjugates can be obtained from co-
polymers produced through atom transfer radical polymerization
(ATRP), as well as other controlled radical polymerization (CRP)
procedures, such as reversible addition�fragmentation chain trans-
fer (RAFT) and nitroxide-mediated polymerization (NMP).7�12

One of the key features of these CRP procedures is the ability to
produce copolymers with well-defined polymer architectures,
including linear, brush, and star-shaped molecules, with a high
content of functional chain ends.6,13�18 The polymer chain ends
have recently been used in further conjugations to install
biotin for avidin binding,19�21 carbohydrate conjugates for lectin
binding,22,23 or direct protein�polymer hybrids.4,24�36 A tetra-
functional RAFT initiator used in a “core-first” method of star
synthesis yielded a tetrafunctional maleimide star polymer that
was conjugated to lysozyme, generating a multiprotein star
polymer hybrid. In another example, tert-butyl acrylate was poly-
merized from a tetra-functional ATRP initiator and its bromo-
chain ends were substituted by reaction with sodium azide to
produce azide-terminated star polymers that were conjugated to
a peptide.24 The ease of obtaining multivalent functional poly-
meric architectures by CRP techniques has enriched the field
of bioconjugates and has the potential to lead to further novel
materials.

Polymer�oligonucleotide hybrids, a relatively new class of
biomacromolecules, are bioconjugates of significant promise.
Maynard et al.37 conjugated siRNA to a thiolated chain of a
poly(oligo(ethylene oxide)methacrylate) prepared using RAFT.
The disulfide linkage formed in this conjugate was labile under

reducing conditions. A more robustly linked polymer�DNA
hybrid was prepared from polymers synthesized using ATRP.38

DNA synthesized on beads was directly coupled to a phosphor-
amidite-terminated polystyrene that has, in previous research,
been used as an amphiphilic DNA block copolymer to encapsu-
late nanoparticles.39 Reaction of maleimide chain ends yielded
thioester-conjugated DNA aptamers. The aptamers, or single-
stranded DNA sequences that bind small-molecules, retained
in vitro functionality in binding to their target peptide. Proposed
applications for these polymer�oligonucleotide (DNA or RNA)
hybrids havemainly been therapeutic stabilization and delivery of
detection agents. However, DNA can provide other functional
and structural properties, in vitro, and in vivo,40�42 that can be
applied advantageously to polymer hybrids. Polymer�DNA
conjugates would thus provide nanoscale macromolecules that
could be controlled using sequence-specific hybridization and
other functional properties of DNA that are highly tunable
(Scheme 1).

DNA self-assembly and nanotechnology are well-developed
fields andDNA can be used to create three-dimensional materials
such as nanoscale objects,43�45 macroscopic crystals,46�48 and
DNA-based gels.49 DNA self-assemblies and origami50 are now
moving from static to dynamic systems.51,52 However, although
those designs are based solely or largely on DNA, ready access to
large (nanoscale) three-dimensional objects and their manipula-
tion, remains challenging. Large colloidal metal-based nanopar-
ticles can be improved in their utility with a functional coating of
DNA.53�60 Although nanoparticle�DNA hybrids and nanoscale
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ABSTRACT: Polymer biomolecule hybrids represent a power-
ful class of highly customizable nanomaterials. Here, we report
star-polymer conjugates with DNA using a “ligandless” Cu(I)
promoted azide�alkyne cycloaddition click reaction. The mul-
tivalency of the star-polymer architecture allows for the con-
comitant conjugation of other molecules along with the DNA,
and the conjugation method provides control over the DNA
orientation. The star-polymer DNA nanoparticles are shown to
assemble into higher-order nanoassemblies through hybridiza-
tion. Further, we show that the DNA strands can be utilized in
controlled disassembly of the nanostructures.
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objects are both easily prepared and are useful, the DNA coating
is nonspecific and the ability to custom tailor the coat and core is
limited. A polymer nanoparticle would provide a highly custo-
mizable core material when used with DNA, including the
possibility of concomitant molecules along with the DNA coat
through the use of an appropriate conjugation methodology.

One of the most convenient conjugation strategies is the
copper-catalyzed azide�alkyne cycloaddition (CuAAC) reac-
tion.61,62 This highly efficient reaction has risen to preeminence
among the various “click” reactions63 because the reacting azide
and alkyne groups do not cross react with biologically abundant
functional groups. The CuAAC reaction thus enables robust
bio-orthogonal conjugations in aqueous media.64,65 This click
reaction has been extensively applied to the synthesis of poly-
mers66,67 and protein�polymer hybrids.1,4,9,68 Besides the use
with polymers and biomolecules, particularly proteins, click
chemistry has been useful with synthetic and biochemically
obtained DNA. DNA can be obtained with a high density of
alkyne groups, and alkyne-modified DNA has been used with
CuAAC for a wide variety of applications.54,69�72 Although
CuAAC has seen widespread use in both polymer chemistry
and DNA supramolecular chemistry, the convergence of
polymeric material and DNA through click conjugations is
limited.67,73�75

We show that, by using CuAAC, ATRP based multivalent star
polymers can be readily conjugated to functionalized DNA.
Because click chemistry is used, simultaneous conjugation of
these multivalent polymer cores with DNA, as well as other
molecules, yields multicomponent-armed hybrids. We show that
a polymer core armed with DNA provides a novel nanoscale
material that can be designed quite simply, such that the DNA
arms of the star can be used to engender function. While DNA
can provide numerous useful functions, as a simple proof of
principle for star-DNA hybrids, we demonstrate the use of
hybridization properties of DNA to control the size of the star
polymer nanoparticles. The self-assembly of star-DNA particles
can be controlled and displacement with cDNA can reverse
the assemblies. This preliminary study expands the scope of
polymer�DNA hybrids by demonstrating how loading of DNA
onto a multivalent architecture can provide control over self-
assembly of polymer nanoparticles.

’RESULTS AND DISCUSSION

Click Conjugations of DNA and Concomitant Molecules
onto Star Polymers. Multiarm star polymers with peripheral

functional azide-terminated arms were prepared by the macro-
initiator “arm first” method. The macroinitiator was prepared
using 3-azidopropyl 2-bromophenylacetate as an ATRP initiator
for polymerization of OEO300MA (oligo(ethylene oxide) metha-
crylate with Mn = 300) targeting a degree of polymerization
DP = 49. The macroinitiator was then copolymerized with
ethylene glycol diacrylate (EGDA) under dilute conditions. The
star polymers were analyzed using multiangle laser light scattering
(MALLS) and determined to haveMn = 122 100, corresponding
to average 7 arms per star. These star polymers with azide-
terminated arms were conjugated with several different DNA
strands that bore a reactive alkyne using click chemistry.
Synthetic sequences of DNAwith an alkyne, either at the 50- or

30-terminus, were obtained using commercially available reagents
and protocols recommended by the manufacturer. For these
studies, several DNA sequences were prepared with either a 50-
phosphohexynyl or 30-O-propargyl group. In addition, some of
the DNA strands included a terminal fluorescent dye that was
incorporated during solid-phase synthesis using a commercially
available phosphoramidite. A summary of the sequences used in
this study is presented in Table 1.
Using recently optimized conditions to minimize DNA de-

gradation and oxidation,76 30-O-propargyl DNA strands (DNA1or
DNA2) were initially clicked to the star polymer. Under these
conditions, solutions of DNA and star-polymer in TRIS buffer
(pH 7.5) with sodium ascorbate and acetonitrile (ACN) as a minor
cosolvent (2%) were purged with argon gas, followed by addition of
a Cu2SO4 3 5H2O solution. The use of ACN helps stabilize Cu(I)
and prevents DNA degradation due to oxidative damage under
aqueous conditions, allowing successful conjugation of DNA
(Scheme 2i). This “ligandless”method, using ACN, is in keeping
with the philosophy of “click”-chemistry, which simplifies pur-
ification, as no additional triazole or other ligand molecules are
used in the click conjugation. Following the click reaction, the

Scheme 1. Strategy for Star Polymer�DNA Hybrids by Direct Conjugationa

aThese nanostructures would have high tunable control over design parameters. The star polymer�DNA conjugate would combine useful
characteristics of each material into one molecule.

Table 1. DNA Sequences Used in This Study

terminus

name sequence 50- 30-

DNA1 50-cgc aag aag agc aaa cgc Dy547 O-propargyl

DNA2 50-gcg ttt gct ctt ctt gcg Dy547 O-propargyl

DNA3 50-ggc cga cgt gct tcg gct cgt phosphohexynyl OH

DNA4 50-aat taa cga gcc gaa gca cgt phosphohexynyl OH

DNA5 50-acg agc cga agc acg tcg gcc OH OH
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star�DNA conjugates were purified by filtration through a
10 kDa molecular mass cutoff nanosep filter that removes the
solvent and ACN as well as unreacted DNA. The conjugation
was verified using IR spectroscopy (Supporting Information
Figure 1). Complete disappearance of the azide peak at 2200 cm�1

suggests that the star-polymers were essentially quantitatively
conjugated to the DNA1 and DNA2.
Because star-polymers include multiple arms, we sought to

demonstrate that click chemistry can be used to incorporate
multiple groups onto these arms in a one-step process. Thus,
DNA1, that included a 30-O-propargyl group and 50-flourescent
dye, along with a second fluorescent dye bearing an alkyne were
both used for the click reactionwith the star polymer (Scheme 2ii).

The two dyes—Dylight547 (Dy547; a Cyanine3(Cy3) equiv-
alent) on the DNA and Cyanine5 (Cy5)—clicked on the star-
polymer have known overlapping emission and absorbance
regions, respectively, such that, when they are close enough,
after excitation of the Dy547, the observed emission is from Cy5
due to F€orster resonance energy transfer (FRET). Following the
click reaction and purification of the stars to remove unreacted
dyes and DNA, we could observe the absorbance peaks of both
dyes (Figure 1A). As the Dy547 dye was at the 50-terminus of
the DNA and the click conjugation was at the 30-terminus, the
presence of the Dy547 absorbance peak indicated that the DNA
strand remained intact. Furthermore, we were able to observe
FRET emission of themulticonjugate star-DNA1-Cy5 (Figure 1B).

Scheme 2. Star Polymer Conjugation to DNA or DNA and Other Functional Molecules Using Click Chemistrya

aThe inset depicts the structure at the click linkages. The conjugations were performed using azide functionalized star polymers and 50-alkyne (i) and
30-alkyne 2 modifiers on the DNA, respectively. The 30-alkyne modifiers allow for 50-end modification of the DNA with useful probes.

Figure 1. Click conjugation permits concomitant loading of molecules along with DNA onto a star polymer. (A) Absorption spectrum of Star/DNA1/
Cy3 conjugate. (B) Fluorescence emission spectra showing FRET between fluorophores conjugated to the star polymer. All emission spectra were taken
with an excitation wavelength at 470 nm. The emission spectra of Cy5 (green; on baseline), Cy3 (yellow), and a 1:1 Dy547:Cy5 solution (red) show no
FRET between the fluorophores. Once DNA1 (carrying a Dy547 label) and Cy5 were conjugated to the star polymer, the emission spectrum of the
conjugate (black) was a result of FRET in the fluorophore pair confirming that the two were attached to the same star polymer.
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At the sample dilutions at which the fluorescence was measured,
even if the statistically highly improbable reaction outcome
produced star-polymer conjugates wherein some stars were only
DNA-conjugated while other stars were only dye-conjugated,
such a solution would not FRET. Solutions with only one dye or
even both dyes in solution together do not result in the FRET
emission peak. Thus, the emission due to FRET in the click-
conjugate star-polymer solution strongly indicates that both
DNA (with dye) and the dye molecule were click-conjugated
concomitantly onto the same stars. This shows the power of the
click chemistry approach to conjugate DNA as well as other
molecules directly onto star-polymers together, taking advantage
of the multivalency that the arms provide.
DNA-Directed Assembly of Soft Nanoparticle Hybrids.

The ability to conjugate DNA by click chemistry onto star-
polymers is significant as the functional properties of DNA can be
harnessed. While there is a vast array of function that can be
derived from DNA, we sought to demonstrate this quite simply
by using the hybridization properties of DNA. Using star�DNA
conjugates, star�DNA1 and star�DNA2, that include cDNA
sequences, we obtained supra-molecular star�DNA architec-
tures. DNA directed assembly was accomplished by heating solu-
tions of mixtures of the two star�DNA conjugates (at 1 nM) at
95 �C in aqueous buffered salt solution and cooling to room
temperature to anneal the DNA strands (Figure 2). We then
tested for controlled hybridization behavior by altering the ratios
of the star�DNA conjugates. Hybridization assembly of the
nanoparticles was studied by dynamic light scattering (DLS). As
expected, a relationship was found between hybridization ratio
and size of the final self-assembled supramolecular architecture.
Both star�DNA1 and star�DNA2 averaged approximately
4 nm. The resulting size of the 1:1 star�DNA1/star�DNA2
hybrid, Figure 2Aiii, was found to be approximately 9 nm, while a
particle size of approximately 20 nm (purple) was observed in the
1:10 star�DNA1/star�DNA hybrid, Figure 2Aiv, system. No
residual free stars were observed in the DLS traces thereby
demonstrating the fidelity of cDNA hybridization.
These results indicate that self-assembled nanoscale structures

can be readily created by using simple cDNA strands conjugated
onto star polymers. By simply controlling the ratios of the star�
DNA hybrids, one can control the size of the resulting particles.
Star polymers provide a powerful tool for obtaining these large

assemblies due to the controlled multivalent architecture un-
available to linear DNA systems. Through controlled hybridiza-
tion, these stars can be used as templates for the design of more
advanced DNA architectures. Additionally, nanoparticles with
DNA of other functions can be designed and obtained.
Reversible Self-Assembly of Soft Nanoparticles using

DNA Strand Invasion. The ability to controllably assemble
star�DNA conjugate particles can be expanded by gaining
control over the reverse disassembly process. The ability to
control DNA self-assembly using strand invasion techniques
has enabled DNA computation.77�80 In this scheme, if one of the
hybridized strands in a duplex includes a small, single-stranded
overhang or “toehold”, the duplex can be invaded by a cDNA
strand that includes the toehold region under ambient con-
ditions. This is typically done in linear DNA systems, and we
extended this technique to the star�DNA hybrids. DNA3
and DNA4, that include partially complementary regions, were
conjugated to star polymers, respectively. Additionally, the use
of the 50-phosphohexynyl-terminated DNA, rather than the
30-O-propargyl DNA, demonstrated how readily the orienta-
tion of the conjugated DNA strand can be selected, thereby
increasing the informational content loading. These DNA
strands were designed such that, upon hybridization assembly
of the star-DNA hybrids, a short unhybridized “toehold” region
would remain available for an invading strand. DNA5, which is
fully complementary to DNA3, can bind to the star�DNA3
conjugate displacing star�DNA4, in effect, disassembling the
particles. This invasion takes place at room temperature and
thus allows for detection using DLS.
Star�DNA3 and Star�DNA4 were hybridized (10 nM) at a

1:1 ratio at 95 �C in aqueous buffer (Figure 3; black and red bars).
The resulting complex had a mean diameter of 70 nm by DLS
(Figure 3B; green bar). This assembly of hybridized star�DNA3
to star�DNA4 at 10 nM concentrations is large, likely due to the
flexibility of the nonbinding region that allows for a larger
number of star�DNA to bind to one another. In contrast, the
star�DNA1/star�DNA2 complexes that were hybridized at
1 nM concentration and where the strands were completely
complementary with no flexible single-stranded region after
hybridization formed smaller assemblies.
To evaluate control over the assembly, single-stranded

DNA5 was used to disassemble the supramolecular structure.

Figure 2. Controlled DNA self-assembly of star polymers. (A) Scheme for DNAdirected self-assembly of star polymers. (B) DLS scans of star polymers
click conjugated to DNA1 (black-Ai) and DNA 2 (blue-Aii). DNA directed hybridization of these two stars yield larger assemblies shown in a 1:1
star�DNA1/star�DNA2 ratio (green-Aiii) and in a 1:10 star�DNA1/star�DNA2 ratio (purple-Aiv) at 1 nM concentrations.
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DNA5 was added in 100-fold excess over star�DNA3 to the
star�DNA3/star�DNA4 hybrid complex to reduce the supra-
molecular assemblies from the 70 nm mean size to a hybrid of
approximately 10 nm (yellow bar). The excess of invading DNA5
strand was to ensure adequate invasion of the crowded macro-
molecular complex at ambient temperature. When additional
DNA5 was added, up to a 300-fold excess over star-DNA3
(1:300), the system reduced further in size to a mean of 2 nm
(blue bar), close to that of the star�DNA complexes prior to
assembly. Thus, the resulting particle corresponded to a totally
disassembled star�DNA complex. The slightly larger mean size
of the final complex can be attributed to the fact that this
star�DNA complex is hybridized to DNA5. The phosphate
backbone of the DNA caused the arms of the star to extend
further due to charge repulsion, while in the parent nonhybri-
dized stars, the single-stranded DNA collapsed into the star arms.
Overall, these experiments demonstrate that assembled star�
DNA hybrids can be selectively invaded. This can lead to
star�DNA-based detection systems where not only the presence
but also the concentration of an invading strand or other stimulus
that DNA is sensitive to can be assayed.

’CONCLUSIONS

This paper reports successful DNA�polymer conjugation
to multifunctional star macromolecules using copper-catalyzed
azide�alkyne cycloaddition. The application of click chemistry to
the growing field of DNA�polymer hybrids represents a break-
through because of the orthogonal control and high yields of
this reaction. It is also useful because of ready availability of
well-designed azide-terminated polymers, synthesized via CRP
methodology.81 DNA-based computing and self-assembly cur-
rently relies on either linear DNA with a toehold region80,82 or
hybrid macromolecules with an uncontrolled number of DNA
arms formed by addition of DNA to nanoparticle templates.83�85

This report demonstrates how DNA-based assembly, as well as
polymeric systems, can be synergistically expanded in star
polymer�DNA hybrids. We have developed a procedure that
allows for preparation of star copolymers with a controllable
number of azide-terminated arms per star. These peripheral
functionalized stars can be clicked to alkyne DNA producing

hybrids with a known number of DNA strands per star, as well
as loading arms with DNA and other cargo simultaneously. The
control over loading and size distribution is essential for the
design and control over self-assembling nanoarchitectures.

’EXPERIMENTAL SECTION

Star Polymer and DNA Synthesis. These were synthesized
by standard methods. Details are included in Supporting Infor-
mation.
Click Conjugation of 30-O-Propargyl DNA and Cy5-Alkyne

to Azide Star-Polymers. Stock solutions of CuSO4, sodium
ascorbate, and Tris-HCl (pH 7.5) buffer were degassed by
bubbling argon through the solutions for 15 min prior to adding
DNA. A reaction with 2 μM oligonucleotide in 500 mM Tris
(pH = 7.5), 30 mg/mL of star polymer in THF (20 μL THF),
20mMCuSO4, and 40mM sodium ascorbate in 3:1 water/ACN.
The reaction was run for 2 h with shaking and purified with 10 K
nanosep filter (Millipore). The reaction was confirmed by dis-
appearance of the azide stretch at 2260 cm�1on IR (Supporting
Information Figure 1).
In the case of 30-O-propargyl DNA-Dy547 and concomitant

Cy5-alkyne conjugation to a single star polymer, 1.8 μM oligo-
nucleotide and 0.2 μM Cy5-alkyne were introduced into the
reaction mixture and the procedure as described above was fol-
lowed. The resulting purified multivalent conjugate was analyzed
using UV�vis spectroscopy (NanoDrop 1000) and emission
spectroscopy (NanoDrop 3300). FRET controls were done using
100 nM Cy3 (Dy547 equivalent), 100 nM Cy5 solutions.
Hybridization Assembly of Star�DNA Conjugates. DNA-

directed self-assembly of star polymers was achieved by heating
solutions of 3 mg/mL (1 nM DNA) star�DNA polymer con-
jugates to 95 �C for 2 min in 100 mM Tris, 1 mM EDTA, and
150 mM NaCl (TEN150 buffer) and cooling to room tempera-
ture over 10min. Following the hybridization cycles, star polymer
assembly size wasmeasured using dynamic light scattering (DLS)
on a Zetasizer Nano spectrophotometer (Malvern Instruments
Ltd.).
Controlled Disassembly of Star�DNA Nanoassemblies.

Strand invasion studies were carried out at a concentration of
10 nM star�DNA. After star�DNA3 and star�DNA4 hybridi-
zation, DNA5 was added to a final concentration of 1 μM and
3 μM for a 100- and 300-fold excess over star�DNA3, respec-
tively. Remeasurement of solutions following addition of the
invading DNA5 strand was carried out after 30 s of incubation at
room temperature.
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bS Supporting Information. Information on chemicals,
equipment (DLS, GPC, DNA synthesizer, UV�vis, fluorometer,
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using an invading DNA strand. (B) Mean area plots of DLS scans
indicate a large nanoassembly (green bars) formed using a 1:1 ratio of
smaller particles of star�DNA3 (black) and star�DNA4 (red) at 10 nM
concentration can be subsequently gradually disassembled by an invad-
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Chemicals and General Experimental 

Commercially available compounds were used without further purification unless 

otherwise noted. CuBr2 (98%), N,N,N’,N”,N”-pentamethyldiethylenetriamine 

(PMDETA, 98%) were purchased from Aldrich. CuBr (98%, Acros) was purified by 

stirring in acetic acid, filtered, washed with 2-propanol and then dried under vacuum. 

Oligo(ethylene oxide) monomethyl ether methacrylate (average molecular weight ~300, 

OEOMA) and ethylene glycol diacrylate (EGDA, 90%) were purchased from Aldrich and 

purified by passing through a column filled with basic alumina to remove the inhibitor 

and/or antioxidant. Phosphoramidites with labile PAC protecting groups and appropriate 

reagents for solid phase synthesis of DNA were purchased from ChemGenes or Glen 

Research and the CPG columns for standard DNA synthesis were purchased from 

Biosearch. The 5'-phosphohexynyl modifier and Dylight 547 phosphoramidites were 

purchased from Glen Research. CPG columns for 3'-O-propargyl DNA were purchased 

from ChemGenes. Copper sulfate pentahydrate (CuSO4·5H2O) was purchased from 

Sigma Aldrich. HPLC grade acetonitrile (ACN) was purchased from Fisher.  Sodium 

ascorbate was purchased from Alfa Aesar. Other solvents and reagents not otherwise 

specified were purchased from Fisher. 

 Molecular weight and polydispersity were measured by GPC (Polymer 

Standards Services-PSS) columns (guard, 10
5
, 10

3
, and 10

2
 Å), with THF eluent at 35 °C, 

flow rate 1.00 mL/min, and differential refractive index (RI) detector (Waters, 2410). 
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Toluene was used as the internal standard to correct for any fluctuation of the THF flow 

rate. The apparent molecular weights and polydispersity were determined with a 

calibration based on linear polystyrene standards using WinGPC 6.0 software from PSS. 

The detectors employed to measure the absolute molecular weights (Mw,MALLS) were a 

triple detector system containing RI detector (Wyatt Technology, Optilab REX), 

viscometer detector (Wyatt Technology, ViscoStar) and a multi-angle laser light 

scattering (MALLS) detector (Wyatt Technology, DAWN EOS) with the light 

wavelength at 690 nm. Absolute molecular weights were determined using ASTRA 

software from Wyatt Technology. DNAs were synthesized as described below. Infrared 

spectra (IR) were obtained on a JASCO FTIR 6300 instrument. UV-vis spectra were 

obtained on a NanoDrop 1000 spectrophotometer. Emission spectra were obtained on a 

NanoDrop 3300.  

DNA synthesis 

Solid phase oligonucleotide synthesis was performed on a MerMade 4 instrument 

(Bioautomation). Synthesis of the oligonucleotides was conducted on commercially 

available solid support columns and performed with standard commercially available 

phosphoramidites as directed by the manufacturer. Cleavage off the solid support and 

base deprotection of the oligonucleotides was performed by using ammonium hydroxide 

at 65°C for 2 h and standard protocols for PAC protected amidites as recommended by 

the manufacturer. Desalting and purification was conducted using a C18 columns 

(Waters) using protocols recommended by the manufacturer, with elution of the full 

length desired DNAs with ACN and water. 
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Star polymers synthesis and characterization 

The azido group containing macroinitiator (N3-POEOMA-Br MI) was obtained through 

ATRP of OEOMA from 3-azidopropyl 2-bromophenylacetate according to the procedure 

previously published
1
 Number average molecular weight of linear N3-POEOMA-Br MI 

Mn=14,700, average degree of polymerization, DP= 49. 

 The star polymer was prepared via arm-first method
2
 The ratio of reagents [N3-

POEOMA-Br]0/[EGDA]0/[CuBr]0/[CuBr2]0/[PMDETA]0 was 1/10/0.9/0.1/1. A clean and 

dry Schlenk flask was charged with N3-POEOMA-Br (0.31 g, 0.026 mmol initiating 

sites), EGDA (0.044 mL, 0.26 mmol), CuBr2 (0.0006 g, 0.002 mmol), PMDETA (0.006 

mL, 0.026 mmol) and 1.0 mL of DMF. The flask was degassed by five freeze-pump-thaw 

cycles, during the final cycle the flask was filled with nitrogen, and CuBr (3.6 mg, 0.025 

mmol) was quickly added to the frozen mixture. The flask was sealed with a glass stopper 

and then evacuated and backfilled with nitrogen five times before it was immersed in an 

oil bath at 60 °C. Samples were withdrawn at timed intervals to measure polymer 

molecular weight by GPC. The reaction was stopped after 18 h via exposing the catalyst 

complex to air and dilution with THF. The solution was filtered through a column filled 

with neutral alumina to remove the copper complex, and then precipitated in diethyl ether 

to remove the unincorporated MIs. Apparent number average molecular weight of the 

purified star polymer is 43,000, and the absolute molecular weight of obtained star 

polymer determined by GPC MALLS is 122,100. The average arm number per star was 

calculated to be ~7, each arm has one azide group.  
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Supporting Figure 1. IR spectra of starpolymers before (green) and after (red) click 

reaction with alkyne DNA. 

 

 

References: 

 

1. Li, W.; Yoon, J. A.; Matyjaszewski, K., Dual-Reactive Surfactant Used for 

Synthesis of Functional Nanocapsules in Miniemulsion. Journal of the American 

Chemical Society 2010, 132, (23), 7823-7825. 

 

2. Gao, H.; Matyjaszewski, K., Arm-First Method As a Simple and General Method for 

Synthesis of Miktoarm Star Copolymers. Journal of the American Chemical Society 

2007, 129, (38), 11828-11834. 

 

 



Published: August 06, 2011

r 2011 American Chemical Society 2038 dx.doi.org/10.1021/bc200249u | Bioconjugate Chem. 2011, 22, 2038–2042

ARTICLE

pubs.acs.org/bc

Construction of a bFGF-Tethered Extracellular Matrix Using a
Coiled-Coil Helical Interaction
Eiry Kobatake,* Ryota Takahashi, and Masayasu Mie

Department of Biological Information, Graduate School of Bioscience and Biotechnology, Tokyo Institute of Technology B-28 4259,
Nagatsuta, Midori-ku, Yokohama, 226-8501, Japan

bS Supporting Information

’ INTRODUCTION

Scaffolds with signaling molecules where cells can adhere,
proliferate, and differentiate efficiently are essential for tissue
engineering. Biomaterials providing such an environment for
cells play an important role in most tissue engineering applica-
tions. In designing materials to allow specific cellular responses,
recent strategies for tissue engineering applications have focused
on the design of biomimetic materials. These biomaterials, which
mimic functions of the extracellular matrix (ECM), are able to
interact with surrounding tissues through specific molecular
recognition motifs.1,2 The incorporation of soluble signaling
molecules such as growth factors and cell-binding properties
into scaffold materials is one strategy to achieve biomolecular
recognition of materials by cells.3�6 In designing these strategies,
supplementary steps for chemical or physical modification of the
biomaterials are required. To avoid such troublesome processes,
we previously constructed a fusion protein by genetic engineer-
ing, designated ERE-EGF, which is easy to immobilize onto
hydrophobic surfaces and which also enhances cell adhesion and
cell proliferation.7,8

Most signaling molecules are recognized and bound to their
receptors on cell surfaces. After transducing signals into cells,
they are internalized by endocytosis and digested. When the
signaling molecule is immobilized on a scaffold by covalent
bonding, some problems such as decreased recognition efficiency
by the receptor, loss of activity, or malignant transformation
caused by continuous signaling should be considered. One
approach to overcome these problems is to utilize noncovalent
bonding between the signaling molecule and the scaffold. Some
experimental approaches include tethering of a growth factor to

its substrate by engineering noncovalent bonding interactions
between them. Boucher et al. utilized a coiled-coil interaction of
E and K coils to immobilize epidermal growth factor (EGF) on a
silicone surface.9 A polyhistidine tag has been fused with EGF in
order to immobilize EGF on a Ni2+-bearing substrate.10 Some
growth factors have domains that bind to the ECM. Utilizing a
similar approach, the collagen-binding domain from fibronectin
has been introduced into growth factor proteins.11�13 These
fusion proteins had higher cell-growth activity when added to
collagen than did soluble forms of the same proteins when they
were added to cells on a collagen matrix. This method is effective
for tissue engineering, which requires collagen as an ECM;
however, other binding domains are needed to apply this method
to other noncollagen ECM surfaces.

In order to immobilize signaling molecules to various types of
ECM through noncovalent bonding interactions, the present
study investigated proteins engineered to form coiled-coil di-
mers. Specifically, one peptide capable of forming a coiled-coil
structure was fused with a growth factor protein, and another
peptide with similar properties was fused with an ECMprotein. A
typical and well-studied coiled-coil dimer in nature is the leucine
zipper of the yeast transcription factor GCN4.14 However, this
protein is a homodimer, and there is no interhelical ionic inter-
action. Another well-studied coiled-coil structure is the hetero-
dimer of the Fos/Jun leucine zipper.15 Unfavorable interhelical
electrostatic interactions destabilize the homodimer form, thereby
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ABSTRACT: A novel method for construction of biomaterials for tissue engineering was
developed. Noncovalent associations between extracellular matrix (ECM) and growth factors were
achieved by engineering recombinant versions of both proteins that included helical peptides that
could form a coiled-coil structure. The helix A peptide, which is capable of forming a coiled-coil
helical structure, was fused with a matrix protein that contains a cell-adhesive RGD sequence. The
helix B peptide, which is also capable of forming a coiled-coil helical structure, was fused with basic
fibroblast growth factor (bFGF). Each protein retained its original activity of promoting cell
adhesion and cell proliferation, respectively. These recombinant proteins associated noncovalently
through coiled-coil helix formation between helix A and helix B. The resulting complex combined
the functions of both proteins, and this method of joining proteins with different functionalities
could be used to develop biomaterials for tissue engineering.
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favoring heterodimer formation. On the basis of these studies,
O0Shea et al. designed two peptides, designated ACID-p1 (helix A)
and BASE-p1(helix B), which associate preferentially to form a
stable, parallel, coiled-coil heterodimer with a leucine zipper and
with favorable electrostatic interactions.16

In this study, the ERE protein, which has been described
elsewhere,7 was used as the ECM. In ERE, an RGD sequence
found in the cell adhesion region was inserted between two other
sequences, thus mimicking the ECM. Both of these peptide
sequences contain 12 repeats of the polypeptide sequence Ala-
Pro-Gly-Val-Gly-Val (APGVGV) designated as E. These kinds of
sequence motif called elastin like polypeptides (ELPs) are found
in elastin, which provides strength and flexibility in the ECM.
ELPs have been paid attention as biomaterials for tissue repair.17�19

On the other hand, basic fibroblast growth factor (bFGF) was
used as a model signaling molecule since it has a wide variety of
activities such as cell proliferation and differentiation. Helix A and
helix B were fused at the N-terminus of bFGF and at the
C-terminus of ERE, and the resulting proteins were designated
as HA-FGF and ERE-HB, respectively. The structure of the
complex formed between HA-FGF and ERE-HB through coiled-
coil interactions is shown schematically in Figure 1. HA-FGF was
immobilized via coiled-coil helix formation on a cell-culture plate
whose surface was coated with ERE-HB, and the cell behavior on
the surface was investigated.

’EXPERIMENTAL PROCEDURES

Materials. Plasmid pBluescriptSKII (-) was obtained from
Toyobo. Plasmid pET32c and E. coli Bl21 (DE3) were purchased
from Novagen. E. coli KRX was obtained from Promega. Synthe-
sized DNA fragments were purchased from Texas Genomics Japan.
Synthesized oligopeptides were purchased form Sigma-genosis.
Restriction enzymes and ligase were purchased from Toyobo and
Takara Bio. All other chemicals were of analytical grade.
Construction of Plasmids. A pBS-FGF plasmid encoding a

mouse bFGF gene was constructed previously. The DNA frag-
ment encoding helix A was inserted at the 50-end of the bFGF
sequence of pBS-FGF. The helix A-bFGF fusion gene was
inserted into pET32-c for expression, and the resulting plasmid
was designated as pET-HA-FGF. A pBS-ERE plasmid encoding
the ERE sequence was created as described elsewhere.20 This
plasmid has 12 repeats of APGVGV (E12) and RGD, as well as
another E12 (the ERE sequence). The DNA fragment encoding
(GGGS)4 as a linker peptide was inserted at the 30-end of the
ERE sequence of pBS-ERE. TheDNA fragment encoding helix B

was inserted into the pET32c expression vector (pET32c-helix B).
The fusion gene of ERE and (GGGS)4 was inserted at the 50-end
of helix B of the pET32c-helix B. The resulting plasmid was
designated as pET-ERE-HB. The DNA sequences of HA-FGF
and ERE-HB with their translated sequences are shown in
Supporting Information (Figure S1).
Protein Expression and Purification. E. coli KRX cells were

transformed with plasmids and then were grown at 37 �C in an
LB medium supplemented with ampicillin, to an OD660 = 0.6.
After induction of protein expression with lamnose (0.1%) and
isopropylthio-β-D-galactoside (1 mM), cells were cultured at
30 �C for another 4 h. Cells were harvested by centrifugation at
4 �C and then washed with PBS. After centrifugation, the cell
pellet was resuspended in Bug Buster Reagent (Novagen) with
benzonate nuclease (Novagen) and disrupted by gentle rotation.
After centrifugation, the supernatant was applied to a TALON
metal affinity resin (Clontech). After washing, the bound pro-
teins were obtained by digesting with enterokinase (Novagen)
for 16 h at room temperature. The enterokinase was removed by
applying the digest onto EKapture agarose (Novagen).
Cell Proliferation Activity by Soluble HelixA-bFGF Fusion

Protein.To investigate the growth factor activity of helixA-bFGF
(HA-FGF), human umbilical vein endothelial cells (HUVEC)
were utilized. The HUVEC cell line was purchased from Kurabo
and maintained at 37 �C under 5% CO2 in HuMedia EG-2
supplemented with 2% FBS, 10 ng/mL human EGF, 1 mg/mL
hydrocortisone, 50 mg/mL gentamicin, 50 ng/mL amphotericin
B, 5 ng/mL human bFGF, and 10 mg/mL heparin. HUVECs
were seeded on a 96-well plate (coaster3595) at 2 � 103 cells/
well, and HA-bFGF or bFGF was added to the HuMedia EG-2
without hFGF-b. The cells were incubated at 37 �C in a
humidified atmosphere of 95% air and 5% CO2. The culture
medium was changed every 2 days. The day on which proteins
were added was defined as day 0. The cell growth was observed
every day under microscopy, and the numbers of cells on days 1,
3, 5, and 7 were estimated, using the Cell Counting Kit (CCK-8)
(DOJINDO). The activity was evaluated at 450 nm as described
in the CCK-8 kit.
Cell Adhesive Activity. Cell adhesion assays were performed

in a 96-well plate (costor3361). The surfaces of the wells were
coated with 10 nM of ERE-helix protein (ERE-HB). A fibro-
nectin-coated surface was used as a positive control. BSA-coated
and noncoated surfaces were used as negative controls. After
incubation for 3 h at 37 �C, each well was washed with PBS, and
then the wells were blocked with a 0.1% BSA solution for 2 h at
37 �C. HUVECs, prepared in a HuMedia-EG2 medium at 104

cells/well, were seeded in each plate. After 4 h of incubation at
37 �C, wells were washed with HuMedia-EG2. The remaining
number of adhesive cells on the plate was examined using a CCK-
8 kit.
Protein Binding Through a Coiled-Coil Structure. The

surface of the wells of a 96-well plate (coster3361) was coated
with 100 nM of ERE-HB and incubated for 3 h at 37 �C. After
blocking with 0.1% BSA, various concentrations (10 nM, 100 nM,
and 1 μM) of HA-FGF (100 μL) were added and the plates were
incubated for 3 h at 37 �C. A solution of 100 μL of 1/5000 diluted
rabbit anti-bFGF antibody (SIGMA) was reacted for 40 min at
30 �C. Finally, peroxidase-labeled antirabbit IgG antibody was
reacted for 40 min at 30 �C. After thorough washing with PBS-T,
HRP substrate (KPL) was added and the reaction was stopped
after 2 min by adding 1 N HCl, then absorbance at 450 nm was
measured using a microplate reader.

Figure 1. Design concept for the bFGF-ERE complex with a coiled-coil
structure. Fusion proteins with helix A-bFGF (HA-FGF) and ERE-helix
B (ERE-HB) were constructed, and they were noncovalently associated
due to coiled-coil formation between the helix A and helix B moieties.
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Growth Factor Activity of Adsorbed bFGF. The surface of
wells of a 96-well plate was modified with HA-FGF by attaching a
coiled-coil structure with ERE-HB as described in the previous
section. HUVECs suspended in HuMedia-EG2 without bFGF at
2.0 � 103 cells/well were seeded on the plate. The culture
medium was changed every 2 days. The numbers of cells on each
day were counted using the CCK-8 kit. The growth kinetics of
the remaining attached cells were followed for 5 days.

’RESULTS AND DISCUSSION

Expression and Purification of Proteins. E. coli KRX was
used as the host strain for the expression of theHA-bFGF and the
ERE-HB thioredoxin fusion proteins. In our previous work,
bFGF with a His-tag at the N-terminus was expressed in an
insoluble fraction, and it had no bFGF activity even after
refolding. Therefore, HA-bFGF was expressed as a fusion with
thioredoxin at its N-terminus. LaVallie et al. reported that the
fusion to thioredoxin increases the solubility of heterologous
proteins synthesized in the E. coli cytoplasm, and that thioredoxin
fusion proteins usually accumulate to high levels.21 Also, in the
case of expression of ERE-HB, thioredoxin was chosen as a fusion
partner because the ERE-HB contains hydrophobic domains.20

These fusion proteins with an attached helical peptide region
were expressed at high levels in both the soluble and insoluble
fractions. The proteins in the soluble fraction could be purified in
a single step using a TALON metal affinity gel followed by the
digestion with enterokinase to remove the His-tag and thior-
edoxin moieties. The expected sizes from their amino acid
sequences of the HA-FGF and ERE-HB proteins after digestion
with enterokinase are 21.1 kDa and 19.5 kDa, respectively. The
estimated molecular weights of the proteins from SDS-PAGE
(SI Figure S2) were a little larger than the expected sizes, but acidic
protein10 and elastin-like polypeptide22 sometimes appeared
larger than the calculated molecular weight in SDS-PAGE. Since
the proteins bound to columns specifically and they were digested
with enterokinase, we used them as objective proteins for the
next experiments.
Growth Factor Activity of the Free Form of bFGF. Growth

factor activities of HA-FGF and bFGF were investigated by
adding 20 nM of each protein to the HUVEC culture medium.
HUVECs are known to require the addition of bFGF as an
essential factor for proliferation in low serum culture conditions.
The growth curves of HUVECwithHA-FGF or bFGF are shown
in Figure 2. HUVECs grew well in the presence of bFGF or

HA-FGF, while the same cells did not grow at all without bFGF.
Increased cell numbers were observed in culture withHA-FGF as
well as bFGF. These results indicate that HA-FGF retained the
cell growth activity of bFGF even after fusion with helix A.
Cell Adhesion Activity of ERE-HB. The HUVECs were seeded

onERE-HB-coated, fibronectin-coated, BSA-coated, andnoncoated
cell culture plates (Figure 3). After 4 h of incubation, the numbers of
cells were counted in each plate. Cells were attached to the wells and
spread on the fibronectin-coated plate, which was the positive
control. However, cell attachment to the wells was barely observed
on a BSA-coated plate or a noncoated plate (negative controls).
In contrast, cells attached readily to the ERE-HB-coated plate
(prepared with a coating concentration of 10 nMERE-HB) as well
as to a fibronectin-coated plate. Indeed, cells do not generally
adhere to noncoated and BSA-coated plates, so the observed
enhancement of cell adhesion to the ERE-HB-coated plates indi-
cated that the ERE-HB protein itself must have adhered to the
plate. The ERE protein adsorption to the plate surface was thus
assumed but not examined further, given that this has already been
reported elsewhere.20 Because of the strong hydrophobicity of the
repeated APGVGV sequence, the ERE adsorbed well onto a
hydrophobic plate surface via hydrophobic bonding interactions.
Even in this adsorbed state on the solid-phase surface, relatively
hydrophilic regions of ERE-HB, such as the RGD sequence and
the helix B sequence that was fused with an extremely hydrophilic
sequence, retain their structure. The cell attachment on the ERE-
HB-coated plate, according to our previous work,20 should be
attributed to the RGD sequence in ERE-HB.
Binding of HA-FGF Through Coiled-Coil Structure Forma-

tion with ERE-HB. Various concentrations of the HA-FGF were
bound to the 96-well plate whose surface was coated with 100
nM of ERE-HB. The amounts of HA-FGF on the surface were
indicated using an anti-bFGF antibody (rabbit) andHRP-labeled
antirabbit IgG. As shown in Figure 4A, the amounts of HA-FGF
bound on the surface increased in a concentration-dependent
manner. However, the possibility of nonspecific adsorption of
HA-FGF should be considered. To confirm the specific binding
between HA-FGF and ERE-HB, ERE and bFGF without the
attached helix domains were used for control experiments. In
these experiments, 100 nM HA-FGF or bFGF was reacted with
the surface coated with ERE-HB or ERE. The FGF moiety was
detected as described above using an anti-FGF antibody, and the
result is shown in Figure 4B. Among the four combinations

Figure 2. Cell growth with the soluble forms of the proteins. The cell
growth activities of cultures with HA-FGF (2), with bFGF (b), and
without bFGF (9) were investigated by adding each protein to the
HUVEC culture medium.

Figure 3. Cell adhesion activity of ERE-HB. Each protein was coated on
a 96-well plate surface and HUVECs were then seeded. After 4 h of
incubation at 37 �C, each well was washed and the remaining numbers of
cells were determined. The positive control was fibronectin and samples
were represented as the ratio of the number of cells attached to
fibronectin-coated wells.
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tested, only the combination of HA-FGF and ERE-HB showed
increased binding of bFGF. This indicates that the binding of
HA-FGF to ERE-HB was specific. The FGF binding levels
detected using the other three combinations were similar, and
they should be considered background signals due to nonspecific
adsorption.
In order to verify that the binding between HA-FGF and ERE-

HB was due to the formation of a coiled-coil structure between
helix A and helix B fused with their respective proteins, compe-
titive inhibition of the binding of HA-FGF in the presence of
helix A or helix B peptide was performed. A 100 nM HA-FGF
solution wasmixed with various concentrations (1 nM to 10 μM)
of helix A or helix B, and the mixture was reacted with the ERE-
HB-coated plate surface. The amounts of HA-FGF bound to the
surface were determined as described above. The absorbance
based on the bFGF surface signal was plotted against the
concentration of helix A or helix B (Figure 5). The binding of
bFGF was inhibited by addition of either helix A or helix B
peptide in a concentration-dependent manner. These results
indicated that the binding between HA-FGF and ERE-HB was
due to formation of a coiled-coil structure between helix A and
helix B from each protein.
bFGF Activity on the Plate Surface. HUVECs were seeded

on the plate whose surface was modified with HA-FGF through
coated-ERE-HB, and their growth curves were measured
(Figure 6). On the ERE-HB-coated plate without HA-FGF,
which was used as a negative control, clear cell growth was not
observed (data not shown). As a control experiment, 100 nM

b-FGF without the attached helical peptide was added to the
culture medium for seeding HUVECs. In this case, the growth
curve was almost the same as that seen in the experiment without
bFGF. A little growth was observed at 3 days of culture, but no
cell growth was observed after that. Since the culture medium
was exchanged at 2 days, bFGF that did not bind to ERE-HB
should have been washed out. On the other hand, significant cell
growth was observed when HA-FGF was immobilized on the
ERE-HB-coated surface. The cells still grew well at 5 days
of culture. These results suggest that the FGF moiety in the
HA-FGF remained active even after immobilization on the plate
surface, presumably through forming a coiled-coil structure with
the ERE-HB. The effect of bFGF was sustained for a longer time
period because the bFGF was retained in the matrix due to
noncovalent bonding.

’CONCLUSION

In this study, a novel method for construction of biomaterials
for tissue engineering was developed. A designed extracellular
matrix (ERE) and bFGF were combined with a noncovalent
bonding by formation of coiled-coil structure. The resulting
complex showed good cell adhesive and proliferation activities.

One advantage of this technique is that the growth factor or a
matrix can be changed depending on the kind of target cell being
studied. Preliminary experiments using a system that connected
helix B with epidermal growth factor (EGF) yielded similar

Figure 5. Competitive inhibition of binding of HA-FGF to ERE-HB
using helixA and helix B peptides. TheHA-FGF solution was mixed with
various concentrations of helix A or helix B peptide, and the mixture was
reacted to the ERE-HB-coated plate surface. The amounts of HA-FGF
bound on the surface were determined using anti-bFGF antibody
(rabbit) with an HRP-labeled antirabbit IgG secondary antibody.

Figure 6. Cell growth with immobilized HA-bFGF. HUVECs were
seeded on the plate whose surface was modified with HA-FGF through
coated-ERE-HB (2). bFGF without helix A peptide (b) or only buffer
(9) was added to the culture medium at day 0 as a control experiment.

Figure 4. Binding of HA-FGF to ERE-HB with a coiled-coil structure
on the solid-phase surface. (a) Various concentrations of HA-FGF were
reacted with ERE-HB adsorbed on the 96-well plate surface, and the
amounts of bound HA-FGF were determined using anti-bFGF antibody
(rabbit) with an HRP-labeled antirabbit IgG secondary antibody. (b)
The HA-FGF or bFGF was added to the surface coated with ERE-HB or
ERE, and the amounts of immobilized bFGF moiety on each well were
determined using an anti-bFGF antibody (rabbit) with an HRP-labeled
antirabbit IgG secondary antibody.
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encouraging results. In addition, we are beginning to apply this
technique to construct an in vitro nerve system.
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DNA sequence 

ATGAGCGATAAAATTATTCACCTGACTGACGACAGTTTTGACACGGATGTACTCAAAGCGGACGGGGCGA

TCCTCGTCGATTTCTGGGCAGAGTGGTGCGGTCCGTGCAAAATGATCGCCCCGATTCTGGATGAAATCGC

TGACGAATATCAGGGCAAACTGACCGTTGCAAAACTGAACATCGATCAAAACCCTGGCACTGCGCCGAAA

TATGGCATCCGTGGTATCCCGACTCTGCTGCTGTTCAAAAACGGTGAAGTGGCGGCAACCAAAGTGGGTG

CACTGTCTAAAGGTCAGTTGAAAGAGTTCCTCGACGCTAACCTGGCCGGTTCTGGTTCTGGCCATATGCA

CCATCATCATCATCATTCTTCTGGTCTGGTGCCACGCGGTTCTGGTATGAAAGAAACCGCTGCTGCTAAA

TTCGAACGCCAGCACATGGACAGCCCAGATCTGGGTACCGACGACGACGACAAGGCCATGGGAGCTCAAT

TAGAAAAAGAATTACAAGCATTAGAAAAAGAAAATGCGCAGCTGGAATGGGAACTGCAAGCCCTGGAGAA

AGAGCTCGCTCAAGGTATGGCTGCCAGCGGCATCACCTCGCTTCCCGCACTGCCGGAGGACGGCGGCGCC

GCCTTCCCACCAGGCCACTTCAAGGACCCCAAGCGGCTCTACTGCAAGAACGGCGGCTTCTTCCTGCGCA

TCCATCCCGACGGCCGCGTGGATGGCGTCCGCGAGAAGAGCGACCCACACGTCAAACTACAACTCCAAGC

AGAAGAGAGAGGAGTTGTGTCTATCAAGGGAGTGTGTGCCAACCGGTACCTTGCTATGAAGGAAGATGGA

CGGCTGCTGGCTTCTAAGTGTGTTACAGAAGAGTGTTTCTTCTTTGAACGACTGGAATCTAATAACTACA

ATACTTACCGGTCACGGAAATACTCCAGTTGGTATGTGGCACTGAAACGAACTGGGCAGTATAAACTCGG

ATCCAAAACGGGACCTGGACAGAAGGCCATACTGTTTCTTCCAATGTCTGCTAAGAGCCCATGA 

 

Protein sequence 

MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTAPK

YGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHMHHHHHHSSGLVPRGSGMKETAAAK

FERQHMDSPDLGTDDDDKAMGAQLEKELQALEKENAQLEWELQALEKELAQGMAASGITSLPALPEDGGA

AFPPGHFKDPKRLYCKNGGFFLRIHPDGRVDGVREKSDPHVKLQLQAEERGVVSIKGVCANRYLAMKEDG

RLLASKCVTEECFFFERLESNNYNTYRSRKYSSWYVALKRTGQYKLGSKTGPGQKAILFLPMSAKSP* 

 

 

 

Figure S1 (A) DNA and protein sequences of HA-FGF with thioredoxin-tag. Blue, tag 

sequence including thioredoxin, histidine-tag, and enterokinase recognition site (italic); 

red: helix A sequence; underline, bFGF. 

 

 

 

 



 

DNA sequence 

ATGAGCGATAAAATTATTCACCTGACTGACGACAGTTTTGACACGGATGTACTCAAAGCGGACGGGGCGA

TCCTCGTCGATTTCTGGGCAGAGTGGTGCGGTCCGTGCAAAATGATCGCCCCGATTCTGGATGAAATCGC

TGACGAATATCAGGGCAAACTGACCGTTGCAAAACTGAACATCGATCAAAACCCTGGCACTGCGCCGAAA

TATGGCATCCGTGGTATCCCGACTCTGCTGCTGTTCAAAAACGGTGAAGTGGCGGCAACCAAAGTGGGTG

CACTGTCTAAAGGTCAGTTGAAAGAGTTCCTCGACGCTAACCTGGCCGGTTCTGGTTCTGGCCATATGCA

CCATCATCATCATCATTCTTCTGGTCTGGTGCCACGCGGTTCTGGTATGAAAGAAACCGCTGCTGCTAAA

TTCGAACGCCAGCACATGGACAGCCCAGATCTGGGTACCGACGACGACGACAAGGCCATGGGATATCTGT

GGATCCTGGCACCGGGTGTTGGCGTGGCACCGGGTGTTGGCGTGGCACCGGGTGTTGGCGTGGCACCGGG

TGTTGGCGTGGCACCGGGTGTTGGCGTGGCACCGGGTGTTGGCGTGGCACCGGGTGTTGGCGTGGCACCG

GGTGTTGGCGTGGCACCGGGTGTTGGCGTGGCACCGGGTGTTGGCGTGGCACCGGGTGTTGGCGTGGCAC

CGGGTGTTGGCGTGGCACCAAAGATCCTGGGCCGTGGTGACAGCAAGATCCTGGCACCGGGTGTTGGCGT

GGCACCGGGTGTTGGCGTGGCACCGGGTGTTGGCGTGGCACCGGGTGTTGGCGTGGCACCGGGTGTTGGC

GTGGCACCGGGTGTTGGCGTGGCACCGGGTGTTGGCGTGGCACCGGGTGTTGGCGTGGCACCGGGTGTTG

GCGTGGCACCGGGTGTTGGCGTGGCACCGGGTGTTGGCGTGGCACCGGGTGTTGGCGTGGCACCAAAGAT

CGGCGGTGGATCTGGCGGTGGATCTGGCGGTGGATCTGGCGGTGGATCTCAGATCCTAGCTCAATTAAAA

AAGAAATTACAGGCTTTAAAAAAAAAGAACGCTCAGCTGAAATGGAAGCTCCAAGCGTTAAAGAAAAAGT

TAGCTCAAGAGATCTTGTGA 

 

Protein sequence 

MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTAPK

YGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHMHHHHHHSSGLVPRGSGMKETAAAK

FERQHMDSPDLGTDDDDKAMGYLWILAPGVGVAPGVGVAPGVGVAPGVGVAPGVGVAPGVGVAPGVGVAP

GVGVAPGVGVAPGVGVAPGVGVAPGVGVAPKILGRGDSKILAPGVGVAPGVGVAPGVGVAPGVGVAPGVG

VAPGVGVAPGVGVAPGVGVAPGVGVAPGVGVAPGVGVAPGVGVAPKIGGGSGGGSGGGSGGGSQILAQLK

KKLQALKKKNAQLKWKLQALKKKLAQEIL* 

 

 

 

Figure S1 (B) DNA and protein sequences of ERE-HB with thioredoxin-tag. Blue, tag 

sequence including thioredoxin, histidine-tag, and enterokinase recognition site (italic); 

underline, ERE; yellow, (GGGS)4 linker; red, helix B sequence   



 

 

 

 

 

 

Figure S2 SDS-PAGE analysis of purified HA-FGF (A) and ERE-HB (B). The purified 

proteins were stained with coomasie brilliant blue. Lane 1 and 4, molecular mass 

standard proteins; lane 2, thioredoxin-HA-FGF; lane 3, HA-FGF; lane 5, 

thioredoxin-ERE-HB; lane 6, ERE-HB 
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’ INTRODUCTION

Nanoparticle�DNA conjugates1,2 are widely used in nano-
assembly,3,4 bionanotechnologies,5�7 and nanoelectronics.8,9 In
a classical approach, thiol-containing DNA oligonucleotides
are used to stabilize the Au-NPs. Covalent interaction bet-
ween the thiol attached to the end of the DNA and noble
metal atoms results in coating of the particle with DNA. These
particles are stable and can bind particles coated with comple-
mentary sequences via hybridization. This reaction guided
by DNA�DNA bimolecular recognition leads to the formation
of various multiparticle structures.2,10,11 We have recently re-
ported the synthesis of stable conjugates between silver nano-
particles and four-stranded G-quadruplexes.12 The conjugates
were formed during incubation of silver particles with G-quad-
ruplexes, containing phosphorothioate anchor residues at both
ends of the DNA, at near-equimolar concentrations. In the
conjugates, each pair of particles was connected by a G-quad-
ruplex. Increasing the DNA-to-particle ratio in the incubation
from 1 to 3�5 resulted in the formation of aggregates that fall out
of solution.

Here, we report that incubation of 15 nm gold nanoparticles
(Au-NPs) with more than 15-fold molar excess of the G-quad-
ruplexes, comprising phosphorothioate residues at both ends
of the DNA, unexpectedly yields stable nonaggregated DNA-
coated Au-NPs. Phosphorothioate residues located on their
surface can, however, anchor them to citrate-stabilized Au-NPs.
Incubation of a 30-fold excess of the latter particles with former
ones leads to the formation of flower-shaped structures in which
a central citrate-stabilized Au-NP is surrounded by several (5�6)
DNA-coated ones. Interparticle interactions in the structure lead
to a shift of the surface plasmon absorption resonance, which
strongly depends on the length of the DNA molecules connect-
ing Au-NPs in the structure.

’EXPERIMENTAL PROCEDURES

Unless otherwise stated, reagents were obtained from Sigma-
Aldrich (USA) and were used without further purification.
DNA Samples. The deoxyoligonucleotides, a5G5a5, a5G10a5,

a5G20a5, were purchased from Alpha DNA (Montreal, Canada).
The four-stranded G-quadruplexes composed of 5, 10, and 20
tetrad were prepared as described in our recent work.12

Synthesis of NPs. 15 nm Gold Nanoparticles. Au-NPs with a
diameter of 15 nm were prepared by the reduction of HAuCl4
with sodium citrate essentially as described.13 100 mL of 1 mM
HAuCl4 solution was heated in a 250 mL round-bottom flask to
boiling on the hot plate under reflux. Then, 10 mL of a 38.8 mM
sodium citrate solution was added quickly under vigorously
stirring. The solution turns deep red in approximately 5 min
after the addition of citrate. The solution was refluxed with
stirring for an additional 15 min. The mixture was cooled down
to room temperature and centrifuged at 10 000 rpm for 20 min at
20 �C in a Sorval SS-34 Rotor. A clear supernatant was carefully
discarded, and the pellet was suspended in 4�5 mL of residual
supernatant. The resulting nanoparticles were screened for their
size and uniformity by TEM, revealing an average diameter of
15 ( 2 nm. The UV�vis spectra showed a characteristic
absorption peak at 520 nm. Concentration of the particles
was calculated using an extinction coefficient (ε) of 4.2 � 108

M�1 cm�1 at 520 nm.14

60 nm Gold Nanoparticles. Au-NPs with a diameter of 60 nm
were also prepared by the reduction of HAuCl4 with sodium
citrate.13 50 mL of 0.01% HAuCl4 solution were heated in a
250mL round-bottom flack to boiling on a hot plate under reflux.
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ABSTRACT:Here, we describe the preparation of stable 15 nm
gold nanoparticles (Au-NPs) coated with parallel-stranded
G-quadruplexes (G4-DNA), comprising phosphorothioate re-
sidues on both sides of the DNA. Phosphorothioate residues
located on the surface of the coated particles can anchor them to
noncoated ones. Their incubation with more than 20-fold
excess of 15 nm citrate-stabilized Au-NPs leads to the formation
of flower-shaped structures comprising a central noncoated
particle and five to six G-quadruplex-coated ones at the periph-
ery, as revealed by TEM imaging analysis. The absorption band
of the structures is shifted toward long wavelengths compared
to individual particles not connected to each other. We show a strong dependence of plasmon coupling strength on the length of the
DNA connecting Au-NPs.



2044 dx.doi.org/10.1021/bc200257e |Bioconjugate Chem. 2011, 22, 2043–2047

Bioconjugate Chemistry ARTICLE

Then, 260 μL of 1% sodium citrate solution was added quickly
under vigorously stirring. The solution turns purple in approxi-
mately 5 min after the addition of sodium citrate. The mixture
was refluxed with stirring for additional 10 min and cooled down
to room temperature. The particles were centrifuged at 4500 rpm
for 5min at 20 �C on a table Eppendorf centrifuge (model 5424).
A clear supernatant was carefully discarded, and the pellet was
suspended in 2 mL of residual supernatant. The resulting nano-
particles were screened for their size and uniformity by TEM,
revealing an average diameter of 60( 5 nm. The UV�vis spectra
showed a characteristic absorption peak at 536 nm. Concentra-
tion of the particles was calculated using an extinction coefficient
(ε) of 5.3 � 1010 M�1 cm�1 at 536 nm.15

Gel Electrophoresis. The DNA-NP samples were loaded
onto 1.5% agarose gel 7 � 7 cm2 and electrophoresed at 4 �C
at 130 V for 30 min. Tris-Acetate-EDTA (TAE) buffer, contain-
ing 40 mM Tris-Acetate and 1 mM EDTA, in addition to being
used to prepare the agarose, also served as the running buffer.
TEM Measurement. A 5 μL aliquot of a sample solution in

20 mMTAE (pH 8.8) was dropped onto a carbon-coated copper
grid (400 mesh). The grids (before depositing) were negatively
glow-discharged using an Emitech K100X glow discharger. After
incubation for 5 min at ambient temperature, the excess solution
was removed by blotting with filter paper. TEM imaging was
performed on a TEM JEM model 1200 EX instrument operated
at an accelerating voltage of 120 kV.
Absorption Spectroscopy. Absorption spectra were recorded

with a Jasco V-630 spectrophotometer (Japan).

’RESULTS

Here, we used a four-stranded G-quadruplex DNA containing
a central fragment flanked by phosphorothioated adenine resi-
dues on either side to coat Au-NPs. The parallel-stranded
tetramolecular G-quadruplexes were prepared using oligonu-
cleotides containing 5, 10, or 20 central G-base fragment flanked
by two runs of 5 phosphorothioated adenines on either side as
described in our recent publication.12 Stable G-guadruplexes
coated particles were obtained by gradually increasing NaCL
concentration in a mixture of citrate-stabilized Au-NPs with
15-fold molar excess of the 10 tetrad quadruplexes as follows.
The 15 nm particles (absorption is approximately equal to 30 at
520 nm) prepared as shown in the Experimental Procedures
section were incubated at 42 �C with G-quadruplexes in the
presence of 25 mMNaCL for 1 h. Then, the salt concentration in
the incubation was increased to 100 mM, and then one hour later
to 200mM. The sample was incubated for another hour at 42 �C.
No precipitate was formed during the incubation; the sample
remained clear and red. In contrast, the incubation at DNA to
particle ratios lying in the range from 2 to 5 leads to spontaneous
aggregation of the particles and their precipitation out of the
solution. These aggregates did not enter the gel (see Figure 1,
lanes 1 and 2) in contrast to the particles obtained during the
incubation at high (15 or higher) DNA to Au-NP ratios. The
latter particles move as a relatively narrow single band in the gel
(see Figure 1, lanes 3 and 4). We thus suggest that at high DNA
concentrations (DNA to NP ratios) complete surface coverage
is achieved before the particles collide and stick together
(see schematic drawing in Scheme. 1). Due to steric reasons,
the reactive phosphorothioate residues on the surface of a fully
coated particle cannot bind to the metal core of another coated
particle. No noticeable changes in the absorption spectrum were

Figure 1. Electrophoresis of G-quadruplex-coated Au-NPs. 15 nm
citrate-stabilized Au-NPs (absorption at 520 nm is equal to 30) were
incubated with 2 μM (lane 1), 5 (lane 2), 15 (lane 3), and 20 μM
(lane 4) 10 tetrad G-quadruplexes functionalized with phosphor-
othioated adenine residues at either side of the DNA molecule in the
presence of 25 mMNaCL for 1 h at 42 �C. Then, the salt concentration
was increased to 100 mM and one hour later to 200 mM. The samples
were incubated for another hour at 42 �C and loaded onto a 1.5%
agarose gel and electrophoresed at 130 V for 30 min at 4 �C.

Scheme 1. Schematic Drawing of Au-NPs (Red Spheres)
Interaction with G-Quadruplexes (Four Closely Spaced Black
Parallel Lines) Functionalized with Phosphorothioate Resi-
dues (Short Red Fragments at Each Sides of Each Black Line)a

a (A) At near-stoichiometric concentrations, interaction of Au-NPs
with the DNA molecules results in the formation of long nanoparticle
chains. In the chain, the particles are connected by G-quadruplex
molecules. (B) At high DNA concentrations (DNA to NP ratios), a
complete surface coverage is achieved before the particles collide and
stick together.
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observed during incubation of the particles for 14 h at 42 �C in
the presence of 0.2 M NaCL. These particles can be chromato-
graphed in contrast to citrate-stabilized ones, which precipitate in
columns. High stability enabled us to use size-exclusion chro-
matography to purify the particles from nonbound DNA and
from a minor fraction of multiparticle structures formed during
the incubation. The size exclusion chromatography also enabled
us to prepare particles with narrow size distribution. The particles
were eluted from Sepharose CL-6B column (16 � 350 mm) in
10 mM Na-Pi (pH 7.4) in two peaks (data not presented). The
first peak was eluted close to the void volume of the column and
contained violet-colored multiparticle complexes. The second
peak was eluted approximately 10 mL after the first one and
contained individual red Au-NPs. The latter peak was collected
and the particles were concentrated by centrifugation at 10 000 rpm
for 20 min on a table centrifuge. The morphology of the particles
was elucidated by TEM. As seen in Figure 3A, the particles are
uniform and spherical with diameters of 15 ( 0.5 nm.

Despite their inability to interact with each other, the G-quad-
ruplex-coated particles can efficiently bind to citrate-stabilized
ones. Incubation of these two types of particles at near-equal
concentrations yielded large multiparticle aggregates which do
not enter the electrophoretic gel (data not shown). Incubation of
30-fold excess of the quadruplex-coated particles with citrate-
stabilized ones, however, resulted in the formation of uniform
structures that move as a narrow violet band through the gel
(see Figure 2, lanes 3 and 4). The slice corresponding to the band
was cut out of the gel with a razor blade. After electroelution
into a dialysis bag, the sample was subjected to TEM analysis. As
seen in the TEM image (see Figure 3B), the structures comprise
a central particle and 5�6 ones in the periphery. They resemble

blue wildflowers, so we will refer to them as “NP-flowers”
throughout the work. We have shown that the absorption
spectrum of NP-flowers is red-shifted with respect to that of
Au-NPs not connected to each other (compare blue and black
curves in Figure 4). The red-shifted absorption is due to dipolar
electromagnetic coupling between the plasmons of closely
spaced nanoparticles in the flower. To investigate the depen-
dence of the coupling strength on the distance between particles,
we prepared Au-NPs coated with 5, 10, and 20 tetrad G-quad-
ruplexes functionalized with phosphorothioated residues at both
ends as described above (see Scheme 1).We have shown that the
stability and the reactivity of Au-NPs are independent of the
length of G-quadruplex molecules. To prepare NP-flowers,
15 nm citrate-stabilized Au-NPs were incubated with 30-fold
excess of the 5, 10, or 20 tetrad quadruplex-coated 15 nm

Figure 2. Electrophoretic purification of NP-flowers. Citrate-stabilized
Au-NPs (lane 1) coated with 5 tetrad G-quadruplexes (lane 2) and
products of 2 h incubation of citrate-stabilized Au-NPs with 30-fold
excess of 5 (lane 3) and 10 tetrad (lane 4) coated Au-NPs in 50 mMNa-
Pi buffer (pH = 7.4) at 42 �C. 20 μL aliquots of each sample were loaded
onto a 1.5% agarose gel and electrophoresed at 130 V for 30 min at 4 �C.

Figure 3. TEM images of (A) 15 nmG-quadruplex coated particles and
(B) NP-flowers. The particles were prepared by incubation of 2 μM
citrate-stabilized Au-NPs with 20 μM 10 tetrad G-quadruplexes func-
tionalized with phosphorothioated adenine residues as shown in
Figure 1. NP-flowers were prepared by incubation of citrate-stabilized
Au-NPs with 30-fold excess of Au-NPs coated with 10 tetrad G-quad-
ruplexes as shown in Figure 2. The slice corresponding to a violet band
(see Figure 2, lane 4) was cut out of the gel with a razor blade,
electroeluted into a dialysis bag, deposited on 400 mesh copper carbon
grids, and visualized by TEM. The insert is an enlarged image of one of
the flowers.
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Au-NPs. The products were separated by the electrophoresis. As
clearly seen in Figure 2 (lanes 3�4), incubation of particles
coated with 5 or 10 tetrad G-quadruplexes results in the
appearance of a violet band corresponding to NP-flowers. We
have shown by TEM (data not presented) that the average
number of particles is independent of the length of DNA and is
approximately equal to 6. The length of G-quadruplex molecules
has, however, a noticeable effect on the shape of the absorption
spectrum of the flowers. As seen in Figure 4, the spectrum of
NP-flowers made of 20 tetrad G-quadruplexes is similar to that of
Au-NPs not connected to each other (compare red and black
curves). The spectrum of the 10 tetrad-based NP-flowers is,
however, noticeably red-shifted compared to that of individual
Au-NPs (compare green and black curves in Figure 4). The shift
is even more pronounced for the 5 tetrad-based structures (blue
curve in Figure 4). These results are in line with the dependence

of plasmon coupling strength on the distance between metal
particles (for review, see refs 16�18).

We have also synthesizedNP-flowers composed of a big (60 nm)
central Au-NP particle and smaller (15 nm) peripheral ones. These
flowers were prepared by incubation of a 30-foldmolar excess of the
10 tetrad quadruplex-coated 15 nm Au-NPs with citrate-stabilized
60 nm ones using the experimental strategy described above. The
reaction mixture was electrophoresed, the area of the gel corre-
sponding to the blue band (see Figure 5A) was cut out of the gel,
and the structures were electroeluted and analyzed by TEM. As can
be clearly seen in the TEM image (see Figure 5B), the structures are
composed of many peripheral particles surrounding a bigger central
one. Some of peripheral particles are seen as dark spots on top of
a central one. Image analysis of more than hundred individual
structures revealed that the average number of particles in these
NP-flowers is equal to 10( 5. As expected, the absorption plasmon
band of the flowers is broader and red-shifted compared to that of
the particles not connected to each other (compare red curve with
blue and black ones in Figure 5C).

’DISCUSSION

We have demonstrated that incubation of Au-NPs with a
strong excess of G-quadruplexes, comprising phosphorothioate
residues, yields stable nanoparticles. These particles do not
aggregate even at relatively high (0.2 M) salt concentrations
and can be purified and analyzed by electrophoresis and chro-
matography. Reactive phosphorothioate residues situated on the
particle surface covalently bind to gold and silver atoms and can
covalently attach the particles to metal electrodes, and other
noncoated or weakly coated metal particles. This property can be
used for covering metal surfaces and metal electrodes with
densely packed particles. The particles can also be used to anchor
long DNA molecules to metal surfaces. The method of nano-
particle coating described here is not limited to gold nanoparti-
cles. We produce a similar coating protocol for coating silver
particles as well as quantum nanodots.

These particles can be assembled into NP-flowers. We have
shown that addition of a small amount (less than 10%) of citrate

Figure 4. Absorption spectra of NP-flowers. 15 nm Au-NPs (black
curve) and 20 (red curve), 10 (green curve), and 5 (blue curve) tetrad-
based NP-flowers. The particles and the flowers were prepared as shown
in Figures 1 and 2, respectively. The samples were electroeluted from the
gel and measured.

Figure 5. Preparation and properties of big NP-flowers: (A) Electrophoretic separation of NP-flowers from individual Au-NPs. 15 nm Au-NPs coated
with 10 tetrad G-quadruplexes (lane 1) and products of 60 nm citrate-stabilized Au-NPs incubation with 30-fold excess of 15 nm Au-NPs coated with
10 tetrad G-quadruplexes (lane 2) in 50 mMNa-Pi buffer (pH = 7.4) for 2 h at 42 �C. 20 μL aliquots of each sample were loaded onto a 1.5% agarose gel
and electrophoresed at 130 V for 30min at 4 �C. (B) TEM image of the flowers. A slice corresponding to the violet band (A, lane 2) was cut out of the gel,
and the structures were electroeluted, deposited on 400 mesh copper carbon grids, and visualized by TEM. (C) Absorption spectra of 15 nm Au-NPs
coated with 10 tetradG-quadruplexes (black curve), 60 nm citrate-stabilized Au-NPs (blue curve), andNP-flowers (red curve) electroeluted from the gel
(see panel A, lane 2).
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Au-NPs to G-quadruplex-coated particles results in the forma-
tion of NP-flowers. In the flower, the central citrate Au-NP is
surrounded by several quadruplex-coated ones (see Figures 3B
and 5B). The flowers composed of identical 15 nm particles are
seen in the TEM image (see Figure 3) as planar 2D structures.
We have analyzed hundreds of TEM images, but no structures
containing additional particles on top of a central one have been
found. In contrast, the “flowers” composed of 60 and 15 nm
Au-NPs contain many smaller particles on top of a central bigger
one (see Figure 5B). We can speculate that a planar arrangement
is thermodynamically most favorable due to the repulsion
of negatively charged peripheral particles in the NP-flower. We
also cannot exclude the possibility that the preference of planar
arrangement is governed by interaction of the NP-flower with
the surface and that in aqueous solutions the flowers are shaped
differently. Further theoretical and experimental studies are
needed to address this issue.

We have demonstrated that the absorption spectrum of
NP-flowers is red-shifted with respect to that of Au-NPs not
connected to each other (see Figures 4 and 5C). The red shift is
due to a strong dipolar electromagnetic coupling between
the plasmons of closely spaced nanoparticles in the NP-flower.
It is well-known that the coupling strength and extent of
the coupling-induced red shift increases with decreasing inter-
particle distance within an individual structure.19,20 Indeed, we
have shown that the degree of the red shift strongly depends
on the length of the G4-DNA linker connecting Au-NPs in the
flower. G4-DNA structures are much more stable and rigid
compared to canonical ds DNA. Even short G-quadruplexes
composed of 5�10 tetrads are stable at room temperature in
contrast to corresponding double-helical DNA molecules that
dissociate into single strands. This enabled us to bring the
particles very close together and to investigate plasmon coupling
in NP-flowers.

The shift is very pronounced for NP-flowers composed of the
particles coated with 5 tetrad G-quadruplexes, and is negligible
for those composed of 20 tetrad G-quadruplex-coated ones
(see Figure 4). This suggests that the strength of coupling in
the flower drops with increasing interparticle separation distance
from 1.6 (the length of the 5 tetrad G-quadruplex)21 to 6.4 nm.

The shift in the plasmon absorption of the NP-flowers from
520 nm (absorption maximum of Au-NPs) to the direction of
the biological window along with high stability of the structures
make them potentially useful for laser photothermal diagnostics
and therapy.
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’ INTRODUCTION

Over the past two decades, radiopharmaceuticals based on
antibodies have assumed an increasingly prominent role in both
diagnostic and therapeutic nuclear medicine. This trend is
particularly evident in the field of positron emission tomography
(PET), in which a wide variety of effective antibody-based
radiotracers have been developed against an array of cancer
biomarkers.1�3 Indeed, while some promising imaging agents
have been labeled with long-lived nonmetallic radionuclides such
as 124I, the majority of antibody-based PET bioconjugates have
employed positron-emitting radiometals, including 64Cu, 86Y,
and, most recently, 89Zr.4�8 In these systems, radiometals offer
significant advantages over their nonmetallic cousins, most
notably decay characteristics that result in high image quality,
radioactive half-lives that complement the biological half-lives of
the antibody vectors, and enhanced control and ease of radi-
olabeling through the use of chelating moieties.

Despite their benefits, however, these chelating moieties are
the source of a somewhat confounding issue in the study of
radiometalated antibodies. Put simply, different radiometals

require different chelators. For example, the small, hard 89Zr4+

cation shows very high affinity for the multiple oxygen donors
of the chelator desferrioxamine (DFO), while the larger and softer
64Cu2+ cation exhibits higher thermodynamic and kinetic stabi-
lity when bound to chelators bearing nitrogen donors in addition
to oxygens, for example, 1,4,7,10-tetraazacyclo-dodecane-1,4,7,10-
tetraacetic acid (DOTA) and 1,4,8,11-tetraazabicyclo[6.6.2]hexa-
decane-4,11-diyl)diacetic acid (CB-TE2A).6,9 Further, different
chelators often require dramatically different synthetic strategies
for antibody couplings.10 In an isolated case of one antibody and
one radiometal, these facts do not present a problem. However,
they do create a significant obstacle to the versatility of radio-
metalated bioconjugates. To wit, given a particular monoclonal
antibody, the development of a 64Cu-CB-TE2A-mAb conjugate
for PET, a 89Zr-DFO-mAb conjugate for PET, and a 225Ac-DOTA-
mAb conjugate for therapy would require three different routes

Received: June 4, 2011
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ABSTRACT: A modular system for the construction of radio-
metalated antibodies was developed based on the bioorthogo-
nal cycloaddition reaction between 3-(4-benzylamino)-1,2,4,
5-tetrazine and the strained dienophile norbornene. The well-
characterized, HER2-specific antibody trastuzumab and the
positron emitting radioisotopes 64Cu and 89Zr were employed
as a model system. The antibody was first covalently coupled to
norbornene, and this stock of norbornene-modified antibody
was then reacted with tetrazines bearing the chelators 1,4,7,10-
tetraazacyclo-dodecane-1,4,7,10-tetraacetic acid (DOTA) or
desferrioxamine (DFO) and subsequently radiometalated with 64Cu and 89Zr, respectively. The modification strategy is simple
and robust, and the resultant radiometalated constructs were obtained in high specific activity (2.7�5.3 mCi/mg). For a given initial
stoichiometric ratio of norbornene to antibody, the 64Cu-DOTA- and 89Zr-DFO-based probes were shown to be nearly identical in
terms of stability, the number of chelates per antibody, and immunoreactivity (>93% in all cases). In vivo PET imaging and acute
biodistribution experiments revealed significant, specific uptake of the 64Cu- and 89Zr-trastuzumab bioconjugates in HER2-positive
BT-474 xenografts, with little background uptake in HER2-negative MDA-MB-468 xenografts or other tissues. This modular system—
one in which the divergent point is a single covalently modified antibody stock that can be reacted selectively with various chelators—will
allow for both greater versatility and more facile cross-comparisons in the development of antibody-based radiopharmaceuticals.
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for antibody modification. Not only would this require addi-
tional time to develop and optimize each pathway, but the
disparate routes would also mandate differing reaction condi-
tions for each antibody, opening the door for differences in
immunoreactivity and chelator/antibody ratio and ultimately
making meaningful comparisons among the various radiophar-
maceuticals more difficult. Consequently, a modular system—
one in which the divergent point is a single covalently modified
antibody stock that can be reacted selectively with various
chelators—would resolve these issues and allow for more
versatility and cross-comparisons in the development of anti-
body-based radiopharmaceuticals.

The chemical requirements of such a modular system—
selectivity, biocompatibility, bioorthogonality—make it an almost
perfect application for the use of click chemistry. Coined by
K. Barry Sharpless, the term “click chemistry” broadly defines a
group of chemical reactions by which twomolecular components
can be joined via a selective, rapid, clean, bioorthogonal, and
biocompatible ligation.11�13 By far, the most popular example of
click chemistry is the Cu(I)-catalyzed [3 + 2] Huisgen cycloaddi-
tion between an azide and alkyne.14 This reaction has already
been widely employed in the development of radiotracers, par-
ticularly 18F-based PET probes.15�18 The application of this
technology to radiometal-based probes has lagged behind, how-
ever, most likely due to concerns over metal contamination by
the catalyst itself, though “clickable” chelators based on both the
Cu(I)-catalyzed reaction and other Cu(I)-free systems have
become more common in the literature in recent years.19�22

Very recently, another promising “click” variant has come to
light: the inverse electron demand Diels�Alder reaction between a
tetrazine moiety and a strained alkene dienophile (Figure 1).23�25

Like other click reactions, the ligation is selective, fast, biocom-
patible, and bioorthogonal, and unlike many Diels�Alder reac-
tions, the coupling is irreversible, forming stable pyridazine
products after the retro-Diels�Alder release of dinitrogen from
the reaction intermediate. A number of different tetrazine-
strained alkene pairs have been explored for the reaction, though
the combination of 3-(4-benzylamino)-1,2,4,5-tetrazine (Tz)
and either norbornene- or trans-cyclooctene-derivatives seems
well-suited for biological applications. To date, the ligation has
been employed in a variety of settings: the modification of
oligonucleotides;26 fluorescence imaging with small molecules,
antibodies, and nanoparticles;23,24,27,28 SPECT imaging with
antibodies;29 and 18F-PET imaging with peptides.30,31 However,
to the best of the authors’ knowledge, no application of this
technology to positron-emitting radiometals has yet been made.

Herein, we report the development of a modular strategy for
the construction of radiolabeled antibodies using the tetrazine-
norbornene click reaction. The synthetic pathway involves three
simple steps: (1) creation of a common stock of norbornene-modi-
fied antibody via peptide coupling; (2) ligation of a chelator-modified

tetrazine moiety to the norbornene-modified antibody; and (3)
radiolabeling of the resultant construct (Figure 2). For this proof
of concept investigation, we have chosen the positron-emitting
radiometals 64Cu and 89Zr, the chelators DOTA and DFO, and
the antibody trastuzumab. 64Cu and 89Zr are the two most
common radionuclides employed in antibody-based PET bio-
conjugates, and DOTA and DFO, respectively, are the most
common chelators employed with these two metals.6,9,10,32�34

The antibody at hand, trastuzumab (Herceptin, Genentech),
is an extremely well-characterized antibody specific to the human
epidermal growth factor receptor 2 (HER2, also known as ERBB2).
Overexpression of HER2 has been shown to be associated with
augmented metastatic potential, increased tumor aggression, and
poor prognosis for disease-free survival for patients with a variety
of malignancies, most notably breast, ovarian, and colorectal
cancer.35�38 Trastuzumab alone has been employed as a ther-
apeutic agent, and conjugates of both the antibody and its
derivative fragments have been synthesized bearing a wide variety
of radionuclides—including 64Cu, 86Y, 111In, 124I, 99mTc, and
89Zr—for PET and SPECT imaging of HER2 expression.39�47 It
is our hope that this modular methodology will aid in both the
expansion of the comparative study of antibodies labeled with
different radionuclides and the development of novel antibody-
based radiopharmaceuticals. Since more and more antibodies
and dienophiles are being developed, this modular approach will
likely lead to the rapid development of many novel imaging
agents.28 Importantly, while we have used positron-emitting
radionuclides in this study due to our laboratory’s area of expertise,
this modular system need not be applied only to PET radiometals
but rather can be used across the spectrum of metallic radio-
nuclides, encompassing those employed for SPECT and radio-
therapy as well.

’EXPERIMENTAL PROCEDURES

Materials. All chemicals, unless otherwise noted, were ac-
quired from Sigma-Aldrich (St. Louis, MO) and were used as
received without further purification. All water employed was
ultrapure (>18.2MΩ cm�1 at 25 �C,Milli-Q,Millipore, Billerica,
MA), and was passed through a 10 cm column of Chelex resin
(Bio-Rad Laboratories, Hercules, CA) before use. DMSO was of
molecular biology grade (>99.9%: Sigma, D8418), and all other
solvents were of the highest grade commercially available.
1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid mono-
N-hydroxysuccinimidylester (DOTA-NHS) was purchased from
Macrocyclics Inc. (Dallas, TX). N-Succinyldesferrioxamine B
was prepared according to published procedures.48 All instru-
ments were calibrated and maintained in accordance with
standard quality-control procedures.49 UV�vis measurements
were taken on a Cary 100 Bio UV�vis spectrophotometer. NMR
spectroscopy was performed on a Bruker 500 MHz NMR with
Topsin 2.1 software for spectrum analysis. HPLC was performed
using a Shimadzu HPLC equipped with a C-18 reversed-phase
column (Phenomenex Luna analytical 4.6 � 250 mm or Semi-
Prep 21.2 � 100 mm, 5 μm, 1.0 or 6.0 mL/min), 2 LC-10AT
pumps, a SPD-M10AVP photodiode array detector, and a
gradient of 0:100 MeCN/H2O (both with 0.1% TFA) to 100:0
MeCN/H2O over 15 min].

64Cu was purchased from Washington University, St. Louis,
where it was produced on the Washington University School of
Medicine Cyclotron (model CS-15, Cyclotron Corp.) by the
64Ni(p,n)64Cu reaction and purified as previously described to

Figure 1. Tetrazine�norbornene ligation.
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yield [64Cu]CuCl2 with an effective specific activity of 200�
400 mCi/μg (7.4�14.8 GBq/μg).50 89Zr was produced at
Memorial Sloan-Kettering Cancer Center on an EBCO TR19/9
variable-beam energy cyclotron (Ebco Industries Inc., British
Columbia, Canada) via the 89Y(p,n)89Zr reaction and purified in
accordance with previously reported methods to yield 89Zr with a
specific activity of 5.28�13.43 mCi/μg (195�497 MBq/μg).51

All buffers used for 64Cu and 89Zr labeling were passed through
Chelex resin before use. Activity measurements were made using
a Capintec CRC-15R Dose Calibrator (Capintec, Ramsey, NJ).
For accurate quantification of activities, experimental samples
were counted for 1 min on a calibrated Perkin-Elmer (Waltham,
MA) Automatic Wizard2 Gamma Counter. Both 64Cu and 89Zr
labeling reactions were monitored using silica-gel impregnated
glass-fiber instant thin layer chromatography paper (Pall Corp.,
East Hills, NY) and analyzed on a Bioscan AR-2000 radio-TLC
plate reader using Winscan Radio-TLC software (Bioscan Inc.,
Washington, DC). Human breast cancer cell lines BT-474 and
MDA-MB-468 were obtained from the American Type Culture
Collection (ATCC, Manassas, VA) and were grown by serial
passage.
Synthesis of 3-(4-Benzylamino)-1,2,4,5-tetrazine (Tz). The

protocol from Deveraj et al. was employed for the synthesis with
slight modifications.24 4-(Aminomethyl)-benzonitrile hydro-
chloride (0.84 g, 0.005 mol) formamidine acetate (2.08 g, 0.02
mol), and elemental sulfur (0.16 g, 0.005 mol) were added to a
dry, 50 mL round-bottom flask. Anhydrous hydrazine (2 mL)
was then added to the flask, and the resultant orange reaction
mixture was stirred for 20 h. After the allotted time, 1% HCl(aq)
(50 mL) was slowly added to the reaction mixture, and the
resultant solution was stirred for 10 min and subsequently
filtered through a medium glass frit. The remaining orange
solution was cooled in an ice bath to 0 �C, and a solution of
1.7 g of NaNO2 in 15 mL of water was then added dropwise to
the reaction mixture. While still cooled in an ice bath, acetic acid
(50 mL) was added slowly, and the reaction mixture immediately
turned bright pink. After allowing this solution to warm to room
temperature over the course of 3 h, the solvent was evaporated at
50 �C and 20 Torr on a rotary evaporator. The resultant red
crude solids were dissolved in 250 mL of water with 0.1% TFA.

The aqueous solution was adsorbed onto a C18 column (Waters
C18 Sep-Pak, Waters Corp., Milford, MA), washed with copious
amounts of water, and eluted with acetonitrile. This bright pink,
organic solution was evaporated to dryness, and the red crude
was purified by flash chromatography (CombiFlash automated
chromatography system, Teledyne Isco Inc., Lincoln, NE) using
a gradient of 100% CHCl3 (0.01% TFA) from 0 to 4 min
followed by 0:100 MeOH (0.01%TFA)/CHCl3 (0.01% TFA)
to 30:70 (0.01%TFA)/HCl3 (0.01%TFA) over 16min. After the
removal of solvent, the pure product was obtained in 35% yield
(0.33 g, 0.0018 mol). 1H NMR (500 MHz, D2O), δ, ppm: 10.46
(s, 1H), 8.54 (d, 2H), 7.77 (d, 1H), 4.41 (s, 2H). ESI-MS: 188.1
[M+H]+. HPLC tR = 7.1 min.
Synthesis of N1-(5-(4-((4-(1,2,4,5-Tetrazin-3-yl)benzyl)-

amino)-4-oxobutanamido)pentyl)-N1-hydroxy-N4-(5-(N-hy-
droxy-4-((5-(N-hydroxyacetamido)pentyl)amino)-4-oxobu-
tanamido)pentyl)succinamide (Tz-DFO). 3-(4-Benzylamino)-
1,2,4,5-tetrazine (8 mg, 0.045 mmol) was dissolved in DMSO
(3 mL), and diisopropylethylamine (16 μL, 0.09 mmol) was
added to this solution. After 15 min of stirring at RT, the pink
DMSO solution was added to a second, premixed solution of
N-succinyldesferrioxamine B (60 mg, 0.09 mmol) and benzotria-
zole-1-yl-oxy-tris-(dimethylamino)-phosphonium hexafluoro-
phosphate (BOP, 53 mg, 0.12 mmol) in DMSO (3 mL). The
combined reaction was stirred overnight and subsequently
purified via C18 cartridge (Waters C18 Sep-Pak, Waters Corp.,
Milford, MA) and semipreparative reverse-phase HPLC. The
purified product was obtained in 50% yield (molecular weight =
852.9, 19 mg, 0.023 mmol). 1H NMR (500 MHz, DMSO-d6), δ,
ppm: 10.59 (s, 1H), 9.64 (s, 1H), 9.59 (s, 1H), 8.49 (m, 1H), 8.44
(d, 2H), 7.9�7.7 (m, 3H), 7.51 (d, 2H), 4.44 (d, 2H), 3.5�3.5
(m, 6H), 3.05�2.95 (m, 6H), 2.55 (t, 4H), 2.45�2.35 (m, 4H),
2.25 (t, 4H), 1.97 (s, 3H), 1.52�1.48 (m, 6H), 1.40�1.36 (m,
6H), 1.23�1.20 (m, 6H). ESI-MS: 831.5 [M+H]+, 853.6
[M+Na]+. HPLC tR = 10.2 min.
Synthesis of 2,20,200-(10-(2-((4-(1,2,4,5-Tetrazin-3-yl)ben-

zyl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,
7-triyl)triacetic acid (Tz-DOTA). 3-(4-Benzylamino)-1,2,4,5-
tetrazine (20 mg, 0.12 mmol) was dissolved in PBS (5 mL, pH
8.5), and diisopropylethylamine (40 μL, 0.24 mmol) was added

Figure 2. Schematic of a modular strategy for the construction of 89Zr- and 64Cu-modified antibody bioconjugates using the tetrazine-norbornene ligation.
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to this solution. This solution was then added to solid DOTA-
NHS (50mg, 0.065mmol), and the resultant solution was stirred
overnight at room temperature. The reaction was subsequently
purified via C18 cartridge (Waters C18 Sep-Pak, Waters Corp.,
Milford, MA) and semipreparative reverse-phase HPLC. The
purified product was obtained in 62% yield (molecular weight =
573.6, 23 mg, 0.04 mmol). 1H NMR (500 MHz, DMSO-d6), δ,
ppm: 10.61 (s, 1H), 9.11 (br s, 1H), 8.50 (d, 2H), 7.62 (d, 2H),
4.50 (s, 2H), 4.42�4.38 (m, 4H), 3.65 (br s, 4H), 10.61 (s, 1H),
3.65�3.55 (m, 8H), 3.18�3.14 (m, 8H). ESI-MS: 574.5
[M+H]+, 596.1 [M+Na]+, 612.2 [M+K]+. HPLC tR = 8.1 min.
Antibody Modification. A protocol similar to that published

by Devaraj et al. was employed for antibody modification.24

5-Norbornene-2-carboxylic acid (40 mg, 0.29 mmol) was in-
cubated with 1.3 equiv of disuccinimidyl carbonate (100mg, 0.39
mmol) and 1 equiv of pyridine (23 mg, 0.29 mmol) in dry
acetonitrile (3 mL) for 2 h at room temperature. After 2 h, the
solvent was removed via rotary evaporation, and the crude
norbornene-succinimidyl ester product was recovered. Trastu-
zumab (purchased commercially as Herceptin, Genentech, San
Francisco, CA) was purified using centrifugal filter units with a
30 000 molecular weight cutoff (Amicon Ultra 4 Centrifugal
Filtration Units, Millipore Corp., Billerica, MA) and phosphate
buffered saline (PBS, pH 7.4) to remove α�α-trehalose dihy-
drate, L-histidine, and polysorbate 20 additives. After purification,
the antibody was taken up in PBS pH 8.0. Subsequently, 300 μL
of antibody solution (150�250 μM) were combined with 100 μL
PBS pH 8.0 and 1.5, 3, or 5 equiv of the crude norbornene-NHS
ester in 10 μL of either DMF or DMSO. The reaction was
incubated at room temperature for 2 h, followed by centrifugal
filtration to purify the resultant antibody conjugate.
To perform the chelator ligation, 100 μL antibody solution

(75�150 μM, PBS pH 7.4) was combined with 200 μL buffer
(PBS pH 7.4) and a 10-fold molar excess of either Tz-DOTA or
Tz-DFO in 10 μL DMSO (molar excess calculated based on
initial norbornene reaction stoichiometry). The reaction was
incubated at RT for 5 h and subsequently purified using
centrifugal filtration to yield the completed DOTA- and DFO-
modified antibodies. The final bioconjugates were stored in PBS
pH 7.4 at 4 �C.
Labeling of DOTA-T/N-trastuzumab with 64Cu. DOTA-T/

N-trastuzumab (0.2�0.3 mg) was added to 200 μL labeling
buffer (50mMNH4OAc, pH 5.5, though 50mMNaOAc, pH 5.5
also is sufficient). [64Cu]CuCl2 (29.6�37MBq, 800�1000 μCi)
in approximately 1�3 μL 0.1 M HCl were then added to the
antibody solution, and the resultant solution was incubated at
room temperature for 1 h. After 1 h, the reaction progress was
assayed using ITLC with an eluent of 50 mM EDTA, pH 5. The
resultant 64Cu-DOTA-T/N-trastuzumab was purified using
either size-exclusion chromatography (Sephadex G-25 M, PD-
10 column, 30 kDa, GE Healthcare; dead volume = 2.5 mL,
eluted with 200 mL fractions of PBS, pH 7.4) or centrifugal
column filtration. The radiochemical purity of the final radiola-
beled bioconjugate was assayed by radio-TLC and was found to
be >99% in all preparations. In the ITLC experiments, 64Cu-
DOTA-T/N-trastuzumab remains at the baseline, while 64Cu2+

ions and [64Cu]Cu-EDTA elute with the solvent front.
Labeling of DFO-T/N-trastuzumab with 89Zr. DFO-T/N-

trastuzumab (0.2�0.3 mg) was added to 200 μL buffer (PBS, pH
7.5). [89Zr]Zr-oxalate (29.6�37 MBq, 800�1000 μCi) in 1.0 M
oxalic acid was adjusted to pH 7.2�8.5 with 1.0MNa2CO3. After
evolution of CO2(g) stops, the

89Zr solution was added to the

antibody solution, and the resultant mixture was incubated at
room temperature for 1 h. After 1 h, the reaction progress was
assayed using ITLC with an eluent of 50 mM EDTA, pH 5. The
resultant 89Zr-DFO-T/N-trastuzumab was purified using either
size-exclusion chromatography (Sephadex G-25 M, PD-10 col-
umn, 30 kDa, GEHealthcare; dead volume = 2.5 mL, eluted with
200mL fractions of PBS, pH 7.4) or centrifugal column filtration.
The radiochemical purity of the final radiolabeled bioconjugate
was assayed by radio-TLC and was found to be >99% in all
preparations. In the ITLC experiments, 89Zr-DFO-T/N-trastu-
zumab remains at the baseline, while 89Zr4+ ions and [89Zr]-
EDTA elute with the solvent front.
Chelate Number.The number of accessible DFO and DOTA

chelates conjugated to the antibodies was measured by radio-
metric isotopic dilution assays followingmethods similar to those
described by Anderson et al. and Holland et al.34,42,52,53 All
experiments were performed in triplicate.
Immunoreactivity.The immunoreactivity of the 64Cu-DOTA-

and 89Zr-DFO-T/N-trastuzumab bioconjugates was determined
using specific radioactive cellular-binding assays following proce-
dures derived from Lindmo et al.54,55 To this end, BT-474 cells
were suspended in microcentrifuge tubes at concentrations of 5.0,
4.0, 3.0, 2.5, 2.0, 1.5, and 1.0� 10 6 cells/mL in 500 μL PBS (pH
7.4). Aliquots of either 64Cu-DOTA- or 89Zr-DFO-T/N-trastu-
zumab (50 μL of a stock solution of 10 μCi in 10mL of 1% bovine
serum albumin in PBS pH 7.4) were added to each tube (n = 4;
final volume: 550 μL), and the samples were incubated on a mixer
for 60 min at room temperature. The treated cells were then
pelleted via centrifugation (3000 rpm for 5min), resuspended, and
washed twice with cold PBS before removing the supernatant and
counting the activity associated with the cell pellet. The activity
data were background-corrected and compared with the total
number of counts in appropriate control samples. Immunoreactive
fractions were determined by linear regression analysis of a plot of
(total/bound) activity against (1/[normalized cell concentration]).
No weighting was applied to the data, and data were obtained in
triplicate.
Stability Measurements. The stability of the 64Cu-DOTA-

and 89Zr-DFO-T/N-trastuzumab bioconjugates with respect to
radiochemical purity and loss of radioactivity from the antibody
was investigated in vitro by incubation of the antibodies in human
serum for 48 h (64Cu) or 7 d (89Zr) at room temperature and
37 �C. The radiochemical purity of the antibodies was deter-
mined via radio-TLC with an eluent of 50 mM EDTA pH 5.0
(vide supra).
Cell Culture. Human breast cancer cell lines BT474 and

MDA-MB-468 were obtained from the American Tissue Culture
Collection (HTB-20 andHTB-132, respectively, ATCC, Bethes-
da, MD) and maintained in a 1:1 mixture of Dulbecco’s Modified
Eagle medium: F-12 medium, supplemented with 10% heat-
inactivated fetal calf serum (Omega Scientific, Tarzana, Ca),
2.0 mM glutamine, nonessential amino acids, and 100 units/mL
penicillin, and 100 units/mL streptomycin in a 37 �C environ-
ment containing 5%CO2. Cell lines were harvested and passaged
weekly using a formulation of 0.25% trypsin/0.53 mM EDTA in
Hank’s Buffered Salt Solution without calcium and magnesium.
Xenograft Models.All experiments were performed under an

Institutional Animal Care and Use Committee-approved proto-
col, and the experiments followed institutional guidelines for the
proper and humane use of animals in research. Six- to eight-week-
old Athymic nu/nu female mice (NCRNU-M) were obtained
from Taconic Farms Incorporated (Hudson, NY). Animals were
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housed in ventilated cages, were given food and water ad libitum,
and were allowed to acclimatize for approximately 1 week prior
to treatment. Prior to tumor inoculation, mice were subcuta-
neously implanted with 0.72 mg 60 day release 17β-estradiol
pellets (SE-121, Innovative Research of America, Sarasota,
Florida) using a 10 gauge trocar. After several days, BT474
tumors were induced on the right shoulder by a subcutaneous
injection of 3.0 � 106 cells in a 100 μL cell suspension of a 1:1
mixture of fresh media/BD Matrigel (BD Biosciences, Bedford,
Ma). MDA-MB-468 tumors were induced on the left shoulder by
a subcutaneous injection of 2.0 � 106 cells in the same manner
(the number of cells injected was varied as described to com-
pensate for cell growth rates and thus provide approximately the
same tumor size at the time of radiopharmaceutical injection).
Acute Biodistribution. Acute in vivo biodistribution studies

were performed in order to evaluate the uptake of the 64Cu-
DOTA- and 89Zr-DFO-conjugated antibodies in mice bearing
bilateral, subcutaneous BT-474 and MDA-MB-468 tumors
(100�150 mm3, 4 weeks postinoculation). Mice were rando-
mized before the study and were warmed gently with a heat lamp
for 5 min before administration of 64Cu-DOTA-T/N-trastuzu-
mab (0.74�1.11MBq [20�30 μCi] in 200 μL 0.9% sterile saline)
or 89Zr-DFO-T/N-trastuzumab (0.56�0.74 MBq [15�20 μCi]
in 200 μL 0.9% sterile saline) via intravenous tail vein injection
(t = 0). Animals (n = 4 per group) were euthanized by CO2(g)
asphyxiation at 6, 12, 24, 36, 48, and 72 h (64Cu) or 6, 24, 48, 72,
96, and 120 h (89Zr). After asphyxiation, 13 organs (including
both tumors) were removed, rinsed in water, dried in air for 5
min, weighed, and counted in a gamma counter calibrated for
either 64Cu or 89Zr. Counts were converted into activity using a
calibration curve generated from known standards. Count data
were background- and decay-corrected to the time of injection,
and the percent injected dose per gram (%ID/g) for each tissue
sample was calculated by normalization to the total activity
injected.
Small-Animal PET Imaging. PET imaging experiments were

conducted on either a microPET Focus 120 (89Zr) or a micro-
PET R4 (64Cu) rodent scanner (Concorde Microsystems).56

Mice bearing bilateral, subcutaneous BT-474 (right shoulder)
and MDA-MB-468 (left shoulder) tumors (100�150 mm3, 4
weeks postinoculation) were administered 64Cu-DOTA-T/N-
trastuzumab (11.1�12.9 MBq [300�345 μCi] in 200 μL 0.9%
sterile saline) or 89Zr-DFO-T/N-trastuzumab (10.7�11.8 MBq
[290�320 μCi] in 200 μL 0.9% sterile saline) via intravenous tail
vein injection (t = 0). Approximately 5 min prior to the
acquisition of PET images, mice were anesthetized by inhalation
of 2% isoflurane (Baxter Healthcare, Deerfield, IL)/oxygen gas
mixture and placed on the scanner bed; anesthesia was maintained
using 1% isoflurane/gas mixture. PET data for each mouse were
recorded via static scans at various time points between 6 and
120 h. Aminimum of 20million coincident events were recorded
for each scan, which lasted between 10 and 45 min. An energy
window of 350�700 keV and a coincidence timing window of 6
ns were used. Data were sorted into 2D histograms by Fourier
rebinning, and transverse images were reconstructed by filtered
back-projection (FBP) into a 128 � 128 � 63 (0.72 � 0.72 �
1.3 mm3) matrix. The image data were normalized to correct for
nonuniformity of response of the PET, dead-time count losses,
positron branching ratio, and physical decay to the time of
injection, but no attenuation, scatter, or partial-volume averaging
correction was applied. The counting rates in the reconstructed
images were converted to activity concentrations (percentage

injected dose [%ID] per gram of tissue) by use of a system
calibration factor derived from the imaging of a mouse-sized
water-equivalent phantom containing 64Cu or 89Zr. Images were
analyzed using ASIPro VM software (Concorde Microsystems).
Labeling Norbornene-Trastuzumabwith [64Cu]-Tz-DOTA.

Tz-DOTA (5 μL of 1 mM solution in DMSO) was added to
labeling buffer (50 mM NH4OAc, pH 5.5), and [64Cu]CuCl2
(40.7�55.5 MBq [1100�1500 μCi]) in 0.1 M HCl were added
to the reaction mixture. The resultant solution was incubated for
1 h at 85 �C, followed by purification via C18 cartridge (Waters
C18 Sep-Pak, Waters Corp., Milford, MA) and radiochemical
purity analysis via analytical HPLC (tR = 10 min). The purified,
radiolabeled [64Cu]-Tz-DOTA was then added to a solution of
norbornene-modified trastuzumab (0.4 mg, initial reaction stoi-
chiometry of 5:1 norbornene/mAb) in PBS pH 7.4. The reaction
mixture was allowed to incubate at 37 �C for 3 h. After 3 h, the
progress of the reaction was assayed with radio-TLC using an
eluent of 50 mm EDTA pH 5.0, and the radiolabeled antibody
was purified with centrifugal filtration using centrifugal filter
units with a 30 000 molecular weight cutoff (Amicon Ultra 4
Centrifugal Filtration Units, Millipore Corp., Billerica, MA) and
phosphate buffered saline (PBS, pH 7.4). The radiochemical
purity of the final radiolabeled bioconjugate was assayed again by
radio-TLC and was found to be >99% in all preparations. In the
radio-TLC experiments, 64Cu-DOTA-T/N-trastuzumab remains
at the baseline, while 64Cu2+ ions, [64Cu]Cu-Tz-DOTA, and
[64Cu]Cu-EDTA elute with the solvent front.
Statistical Analysis.Data were analyzed by the unpaired, two-

tailed Student’s t test. Differences at the 95% confidence level
(P < 0.05) were considered to be statistically significant.

’RESULTS AND DISCUSSION

Chemical Synthesis. 3-(4-Benzylamino)-1,2,4,5-tetrazine
(Tz) was successfully synthesized through the reaction of
4-(aminomethyl)-benzonitrile hydrochloride, formamidine acet-
ate, and elemental sulfur to form a dihydrotetrazine intermediate
((4-(1,2-dihydro-1,2,4,5-tetrazin-3-yl)phenyl)methanamine),
followed by oxidation with NaNO2 to form the aromatic tetra-
zine product. A method similar to that published by Devaraj et al.
was employed; however, a number of small changes—for
example, the use of 1% HCl(aq) rather than acetic acid in an
intermediate step—were made and were found to considerably
raise yields from the reported 20% to 35�40%. The product was
characterized via UV�vis, 1HNMR, 13CNMR, and ESI-MS, and
all data match that described in the original synthetic report.24

Given the particularly promising nature of this cycloaddition
reaction, the optimization of this synthesis was an important task.
Tz was chosen as the particular tetrazine-based moiety for this
line of experimentation due to its convenient, primary-amine
coupling handle and its balance of reactivity and stability. To be
sure, other tetrazine-based molecules with possible conjugation
sites exist, but water instability (dimethyl 1,2,4,5-tetrazine-3,6-
dicarboxylate), poor reactivity (1,2,4,5-tetrazine-3,6-diamine or
3,6-bis-(4-aminophenyl)-1,2,4,5-tetrazine), or instability (6-(6-
(pyridin-2-yl)-1,2-dihydro-1,2,4,5-tetrazin-3-yl)pyridin-3-amine)
render them unsuitable to the development of a modular system
such as this.29,57�59 Tz-DOTA and Tz-DFO (Scheme 1) were
synthesized from Tz via simple peptide coupling reactions using
the commercially available mono-NHS-ester of DOTA or N-succi-
nyldesferrioxamine B and benzotriazole-1-yl-oxy-tris-(dimethyl-
amino)-phosphonium hexafluorophosphate (BOP), respectively.
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Upon synthesis, both molecules were purified via reversed-phase
HPLC and fully characterized by UV�vis, 1H NMR, 13C NMR,
and ESI-MS. Importantly, Tz-DOTA exhibits high water solubi-
lity, but Tz-DFO does not. Consequently, DMSO was used as
the stock solvent and delivery vehicle for both Tz-DOTA andTz-
DFO throughout the investigation in order to ensure that the
antibodies in different branches of the modular pathway were
exposed to exactly the same reaction conditions. Indeed, given
the ease of synthesis of both Tz-DOTA and Tz-DFO, it is easy to
envision the creation of a complete library of tetrazine-modified
chelators—ranging from Tz-AmBaSar to Tz-HBED to Tz-
DTPA—in order to maximize the utility and versatility of this
modular construction strategy.
Antibody Modification, Radiolabeling, and Characteriza-

tion. The radiolabeled trastuzumab bioconjugates were con-
structed via a modular three-step procedure (Figure 2). A
common stock of norbornene-modified mAb was first produced
via the room-temperature aqueous coupling of an NHS-ester of
5-norbornene-2-carboxylic acid with the exposed lysines of
trastuzumab. After purification, the resultant norbornene-mod-
ified antibodies were then incubated for 5 h at room temperature
with a 10-fold excess (based on norbornene loading) of the
appropriate tetrazine-modified chelator—Tz-DOTA for 64Cu or
Tz-DFO for 89Zr—and purified via centrifugal filtration or size
exclusion chromatography. The bioconjugates were radiometa-
lated with 64Cu or 89Zr at room temperature under either acidic
(pH 5.5) or basic (pH 7.2�8.5) conditions, respectively. The
crude radiochemical yields varied according to the initial nor-
bornene loading of the antibody; however, after purification via
centrifugal filtration, the 64Cu-DOTA- or 89Zr-DFO-T/N-tras-
tuzumab conjugates were isolated with RCP>99% (n= 3 for each

construct). Themodification and radiolabeling strategy is simple,
robust, and relatively rapid, and no antibody aggregation or
precipitation issues were observed. Unlike other methods for the
modification of mAbs with DOTA or DFO, overnight incuba-
tions, wide swings in buffer pH, and temperatures over room
temperature are not required.60�64 Importantly, we also ob-
served that the tetrazine-norbornene ligation and subsequent
radiolabeling proceeded almost identically whether performed
the day of norbornenemodification of the antibody or four weeks
later (and likely after much longer periods of time, provided the
antibody is stored at 4 �C). The radiolabeling of the DOTA- and
DFO-modified trastuzumab conjugates is likewise robust, with
the reaction providing similar yields with freshly prepared or
four-week-old mAbs.
A number of chemical and in vitro tests were performed in

order to characterize the chelator-modified and radiolabeled
antibody constructs. Three different initial reaction stoichiome-
tries of norbornene:mAb—1.5:1, 3:1, and 5:1—were employed
to investigate the effect of different chelator loadings on the
performance of the antibody. After the ligation of the variably
norbornene-loaded antibodies with either Tz-DOTA or Tz-
DFO, radiometric isotopic dilution experiments were performed
in order to determine the number of accessible chelates on each
antibody. The results, shown in Table 1, clearly illustrate that
increasing initial loadings of norbonene result in higher numbers
of chelates per antibody. Given the quantitative nature of the
tetrazine/norbornene ligation and the proximity of the number
of chelates per antibody to the initial modification stoichiometry
in each case, calculating the loading of norbornenes per antibody
was deemed unnecessary. The combined yield of the modifica-
tion and ligation reactions is relatively consistent across all three

Scheme 1. Synthetic Route to Tz-DOTA and Tz-DFO

Table 1. Chemical and Biological Characterization Data for 64Cu-DOTA-T/N- and 89Zr-DFO-T/N-trastuzumab Bioconjugates

radionuclide chelator initial Nor/mAb reaction stoichiometry chelates/mAba specific activity (mCi/mg) immunoreactive fractionb stabilityc

64Cu DOTA 1.5 1.0( 0.2 3.2( 0.4 0.96 ( 0.05 >98%

3 2.3( 0.4 3.1( 0.2 0.95 ( 0.03 >96%

5 3.7( 0.7 5.3( 0.5 0.94 ( 0.02 >96%
89Zr DFO 1.5 1.1( 0.3 2.7( 0.2 0.96 ( 0.03 >98%

3 2.2( 0.3 2.9( 0.3 0.96 ( 0.04 >98%

5 3.8( 0.9 4.3( 0.4 0.93 ( 0.05 >97%
a n = 3 for all experiments presented. bDetermined prior to in vivo experimentation. cCalculated for incubation in human serum at 37 �C for 48 h (Cu) or
7 d (Zr).
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stoichiometries (∼40�60%), and the results are generally con-
sistent with antibody ligations using tetrazine/dienophile pairs
reported by Devaraj et al.,Haun et al., and Rossin et al.23,28,29 Just
as importantly, the number of chelates per antibody is, within
error, identical for both the DOTA-T/N-trastuzumab and DFO-
T/N-trastuzumab conjugates, a critical facet for such a modular
system. Not surprisingly, the varying chelate numbers also played
a role in the specific activities obtained for each antibody. All of
the antibody conjugates were labeled in high specific activity
(>2.0 mCi/mg). Interestingly, the specific activities of both the
64Cu-DOTA-T/N-trastuzumab and 89Zr-DFO-T/N-trastuzu-
mab conjugates only roughly correlate with the number of
chelates per antibody: those for 64Cu-DOTA-T/N-trastuzumab
range from 3.2 ( 0.4 mCi/mg to 5.3 ( 0.5 mCi/mg, though
the specific activities for bioconjugates with initial nor/mAb
ratios of 1.5:1 and 3:1 are within error of each other. Similarly,
the specific activities of the 89Zr-DFO-T/N-trastuzumab
conjugates range from 2.7 ( 0.2 mCi/mg to 4.3 ( 0.4 mCi/
mg, but again, the specific activities of the two conjugates with
fewer DFO/mAb are statistically identical. Given the different
specific activities of the original radiometals, comparisons
between the specific activities of the two types of construct
have little merit; however, the specific activities obtained in
this investigation are consistent with those reported for other
64Cu-DOTA-based and 89Zr-DFO-based antibody bioconju-
gates in the literature.6,10,34,42,45

The immunoreactive fractions of the 64Cu-DOTA- and 89Zr-
DFO-conjugates were determined via specific in vitro cellular
association assays using the HER2/neu positive BT-474 breast
cancer cell line.54 Regardless of the number of chelates per
antibody, all six conjugates exhibited immunoreactive fractions
greater than 0.93 (n = 3 for each radiolabeled antibody). Blocking
experiments performed with the addition of a vast excess (>500-
fold) of unlabeled trastuzumab showed virtually no radioactive
antibody binding and thus demonstrated the specificity of the
64Cu-DOTA- and 89Zr-DFO-T/N-trastuzumab. To assay the
stability of radiolabeled bioconjugates, the 64Cu-DOTA- and
89Zr-DFO-T/N-trastuzumab formulations were incubated in
human serum for 48 h and 7 d, respectively. Radio-TLC with
an eluent of 50 mM EDTA (pH 5.0) illustrated that both sets of
conjugates were >96% stable after the incubation period in all
cases (Table 1).
Acute Biodistribution Studies. Acute biodistribution experi-

ments and small animal PET imaging were performed in order to
assay the in vivo efficacy of the 64Cu and 89Zr-bioconjugates. For
all in vivo investigations, the trastuzumab bioconjugates with an
initial nor/mAb stoichiometry of 5:1 were chosen, though similar
results would be expected for all three ratios given the uniformly
high immunoreactivity, stability, and specific activity observed in
all of the constructs. In the biodistrubution experiment, nude
mice bearing bilateral BT-474 (HER2-positive) and MDA-MB-
468 (HER2-negative) were injected via tail vein with either 64Cu-
DOTA-T/N-trastuzumab (0.74�1.11MBq [20�30 μCi] in 200
μL 0.9% sterile saline, specific activity: 5.1 mCi/mg) or 89Zr-
DFO-T/N-trastuzumab (0.56�0.74 MBq [15�20 μCi] in 200
μL 0.9% sterile saline, specific activity: 4.7 mCi/mg). Animals
(n = 4 for each time point) were euthanized by CO2(g)
asphyxiation at 6, 12, 24, 36, 48, and 72 h (64Cu) or 6, 24, 48,
72, 96, and 120 h (89Zr). The organs (including tumors) of each
animal were harvested and weighed, the amount of activity in
each was counted on a gamma counter, and the %ID/g for each
organ was calculated.

In the 64Cu-DOTA-T/N-trastuzumab biodistribution experi-
ment (Table 2), high specific uptake is observed in the HER2-
positive BT-474 tumor, with the %ID/g increasing from 10.4 (
4.6 at 6 h to 55.1( 2.3 at 72 h (tumor/muscle ratios of 17.3( 7.1
and 68.8 ( 8.0, respectively). By comparison, far lower levels of
64Cu-DOTA-T/N-trastuzumab uptake were seen in the HER2-
negative MDA-MB-468 tumors. As expected, over the course of
the experiment a concomitant decrease in the %ID/g in the
blood (from 19.2( 5.2 at 6 h to 11.8( 1.3 at 72 h) also occurred.
The organs with the highest background uptake were the lungs,
liver, and spleen, though the uptake in these organs was at its
highest point at 6 h, and by 72 h, the tumor/organ ratios for each
of these organs were 5.8 ( 0.3, 6.8 ( 0.8, and 8.0 ( 1.6,
respectively (see Supporting Information for complete table of
tumor/organ ratios). Low levels of uptake were observed in the
heart, stomach, small intestine, large intestine, kidney, muscle,
and bone. Taken together, these results plainly indicate that
64Cu-DOTA-T/N-trastuzumab is an effective imaging agent for
the delineation of theHER2-positive BT-474 xenografts. Perhaps
just as importantly, these results are consistent with those
previously reported for 64Cu-DOTA-T/N-trastuzumab conju-
gates, though the literature investigation usedHER2-positive and
HER2-negative non-small cell lung cancer cell lines.65 Interest-
ingly, far lower background liver uptake was observed in our
study, and while comparisons between different tumor models
systems may bear some risks, this discrepancy suggests a lower
rate of 64Cu decomplexation in our system.
Similarly positive results were observed in the 89Zr-DFO-T/

N-trastuzumab biodistribution experiments (Table 3). Initially
very high blood activity levels decreased over the course of the
experiment, from 42.2( 8.8%ID/g at 6 h to 18.2( 3.3%ID/g at
120 h. More importantly, high specific uptake was observed in
the HER2-positive BT474 tumors, peaking at over 75%ID/g at
72 h postinjection (tumor to muscle ratio: 34.1 ( 12.7). In
contrast, the uptake in the HER2-negative MDA-MB-468 tu-
mors was significantly lower, starting at 11.2( 5.80%ID/g at 6 h
and peaking at 120 h at 17.6 ( 3.9%ID/g. Highest background
uptake was observed in the lungs, liver, spleen, and kidney, with
uptake values ranging from 7 to 17%ID/g and typically decreas-
ing over the course of the experiment. Maximum tumor to organ

Table 2. Biodistribution Data of 64Cu-DOTA-T/N-trastuzu-
mab versus Time in Mice Bearing Bilateral s.c. BT-474
(HER2-positive) and MDA-MB-468 (HER2-negative) Xeno-
grafts (n = 4 for Each Time Point)

6 h 12 h 24 h 48 h 72 h

blood 19.2( 5.2 16.2( 4.1 10.5( 3.6 11.2( 1.6 11.8( 1.3

HER2+ tumor 10.4( 4.6 23.9( 4.6 26.1( 4.8 44.0( 7.7 55.1( 2.3

HER2- tumor 6.2( 1.1 8.6( 2.7 9.0 ( 0.9 8.7( 2.5 11.7( 1.3

heart 4.9( 1.1 6.7( 2.7 4.3( 0.8 4.3 ( 1.2 5.7( 3.1

lungs 12.2( 1.2 9.5( 1.5 6.4( 2.3 8.0( 1.3 9.5( 0.4

liver 11.5( 2.0 10.1( 0.4 9.7( 1.3 6.4( 0.2 8.1( 0.9

spleen 11.1( 5.5 10.1( 1.4 10.6( 2.3 5.7( 0.4 6.9( 1.4

stomach 1.9 ( 0.7 1.0( 0.4 2.4( 0.3 1.3( 0.3 1.8( 0.2

sm intestine 3.5( 1.5 2.1 ( 0.3 3.5( 1.6 2.2( 0.1 2.6( 0.1

lg intestine 2.0( 0.3 1.7( 0.1 3.1 ( 1.7 1.4( 0.3 2.0( 0.4

kidney 5.5( 0.9 4.9( 1.0 2.9( 1.6 4.0( 0.4 4.5( 0.4

muscle 0.6( 0.2 0.7( 0.4 0.6( 0.3 1.0( 0.2 0.8( 0.1

bone 3.1( 2.7 1.4( 0.1 3.6( 0.4 1.1 ( 0.2 2.6( 1.1
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ratios for the lungs, liver, spleen, and kidney were 6.2 ( 2.6
(72 h), 5.6 ( 1.3 (96 h), 6.6 ( 3.2 (120 h), 9.8 ( 3.4 (72 h),
respectively (see Supporting Information for complete table of
complete tumor/organ ratios). As in the case of 64Cu-DOTA-T/
N-trastuzumab, after the earliest time points, only low levels of
uptake were detected in the stomach, small intestine, large
intestine, and muscle. Interestingly, distinct bone uptake is also
observed, with %ID/g values ranging from 12.1 ( 0.8 at 6 h to
15.2 ( 1.9 at 72 h. This is certainly not a surprise, for residual
bone uptake of 89Zr has been reported on a number of occa-
sions, and a recently publication by Abou et al. has shown that
bone uptake is the in vivo fate of a number of species of 89Zr,
including [89Zr]Zr-oxalate, [89Zr]Zr-chloride, [89Zr]Zr-citrate.34,42,66

While a full discussion of the metabolic fate of 89Zr-DFO-T/
N-trastuzumab or 89Zr-DFO is, of course, out of the scope of this
work, it is interesting to note that the bone uptake does not
increase dramatically over the course of the experiment, suggest-
ing that the majority of 89Zr deposition in the bone occurs very
soon after injection.
Overall, these results are generally consistent with those

previously reported for 89Zr-trastuzumab bioconjugates by
Munnink et al. and Holland et al.42,43 No other data have been
published on the uptake of 89Zr-trastuzumab in HER2-negative
MDA-MB-468 tumors; however, the uptake value obtained at
24 h in this study (13.4( 4.1%ID/g) is remarkably similar to the
value obtained at the same time point in the blocking experiment
(200 μg additional unlabeled trastuzumab) performed by
Holland et al. with BT-474 cells: 13.5 ( 4.8%ID/g. While this
latter experiment is not, of course, directly comparable, it does
help establish a baseline for the nonspecific tumor uptake of radi-
olabeled antibody.
Overall, two key differences are evident upon comparing the

biodistribution data obtained with 89Zr-DFO-T/N-trastuzumab
and 64Cu-DOTA-T/N-trastuzumab. The first, increased bone
uptake in the 89Zr-DFO-T/N-trastuzumab experiment, is easily
explained: free 89Zr4+ is a bone-seeking radiometal, while free
64Cu2+ has not been shown to accumulate in bone. Second, the
HER2-specific tumor uptake and background signal (including
initial blood levels) are higher in the 89Zr-DFO-T/N-trastuzu-
mab biodistribution than at the corresponding time points in
the 64Cu-DOTA-T/N-trastuzumab experiment. For example,
at 6 h, the blood levels for 89Zr-DFO-T/N-trastuzumab are

42.2 ( 8.8%ID/g, while they are 19.2 ( 5.2%ID/g for 64Cu-
DOTA-T/N-trastuzumab. Later, at 48 h, the uptake in the
HER2-positive BT-474 tumor for 89Zr-DFO-T/N-trastuzumab
is 72.2( 7.9%ID/g, while for 64Cu-DOTA-T/N-trastuzumab, it
is 44.0 ( 7.7%ID/g. Moreover, at 48 h, the liver uptake of 89Zr-
DFO-T/N-trastuzumab stands at 12.8 ( 2.7%ID/g, while it is
6.4 ( 0.2%ID/g for 64Cu-DOTA-T/N-trastuzumab at the same
time point. It is possible that these variations in background
uptake result from differences in themetabolism of the 89Zr-DFO-
and 64Cu-DOTA-modified antibodies. The increase in HER2-
specific uptake of the 89Zr-DFO-T/N-trastuzumab is somewhat
more puzzling, though these data are consistent with that ob-
tained in other investigations of 64Cu- and 89Zr-trastuzumab.42,65

In the case of small peptides, it has been previously reported that
the identity of the radiometal may play a role in the uptake of
otherwise identical radiopharmaceuticals;67 however, given the
vast size of antibodies, it is far less likely that the identity of the
radiometal would exert as strong an influence in this case.
Experiments are currently underway to further elucidate the
origins of the differences between the pharmacodynamics of two
conjugates.
Despite these differences, the biodistribution data plainly

illustrate that both radiolabeled constructs are selectively and
significantly taken up in the HER2-positive tumors. In addition,
and perhaps more important in light of the goals of the inves-
tigation, the overall trends observed in uptake and tumor/organ
ratio are strikingly similar in the two experiments.
Small Animal PET Imaging. Small animal PET imaging

experiments were performed in order to further evaluate the
in vivo behavior of the two radiometalated bioconjugates. In each
case, nude mice (n = 5 for each construct) bearing bilateral
BT-474 (HER2-positive) and MDA-MB-468 (HER2-negative)
xenografts were injected via tail vein with either 64Cu-DOTA-T/N-
trastuzumab (11.1�12.9 MBq [300�345 μCi]) or 89Zr-DFO-
T/N-trastuzumab (10.7�11.8 MBq [290�320 μCi]). The
animals were subsequently imaged periodically from injection
(t = 0 h) to 48 h (64Cu) or 120 h (89Zr). The results clearly
indicate that both constructs are taken up significantly and
selectively in the HER2-positive BT-474 tumors (shown in
Figures 3 and 4). In the case of 64Cu-DOTA-T/N-trastuzumab,
high blood pool activity and some background uptake are evident
at the early time points, but over the course of the experiment, the

Table 3. Biodistribution Data of 89Zr-DFO-T/N-trastuzumab versus Time inMice Bearing Bilateral s.c. BT-474 (HER2-positive)
and MDA-MB-468 (HER2-negative) Xenografts (n = 4 for Each Time Point)

6 h 24 h 48 h 72 h 96 h 120 h

blood 42.2 ( 8.8 37.4( 3.4 24.1( 6.1 24.1( 8.2 20.2( 2.1 18.2( 3.3

HER2+ tumor 22.9( 6.6 48.6( 6.9 64.0( 6.8 75.1( 7.6 72.2 ( 7.9 69.8( 3.9

HER2- tumor 11.2( 5.0 13.4( 4.1 14.5( 8.8 16.8( 2.7 16.7( 6.8 17.6( 1.7

heart 24.1( 5.7 17.7( 6.9 6.0( 3.2 9.6( 3.8 8.5( 3.2 10.4( 0.9

lungs 15.5( 2.4 15.8( 5.4 10.5( 4.6 11.9( 4.8 13.8( 8.1 12.9( 3.2

liver 24.2( 5.0 17.6( 4.7 16.0( 6.5 15.8( 1.4 12.8( 2.7 13.5( 7.3

spleen 11.3( 1.2 14.2( 5.3 15.0( 5.1 14.9( 5.2 12.6( 6.5 10.8( 5.3

stomach 6.7( 1.4 3.1( 0.2 2.5( 0.7 2.0( 0.5 1.9( 0.4 1.8( 0.3

small intestine 8.4( 1.7 6.3( 0.3 7.9( 2.9 4.8( 1.1 3.8( 0.9 4.4( 0.8

large intestine 4.5( 1.0 2.1( 0.6 1.7( 0.2 2.3 ( 0.9 1.0( 0.3 1.4( 0.5

kidney 15.9( 5.4 13.3( 1.2 7.0( 1.3 11.6( 2.6 10.2( 0.3 8.7( 2.9

muscle 2.2( 0.6 2.3( 0.2 1.6( 0.5 2.2( 0.4 2.2( 0.2 2.5( 0.2

bone 12.1( 0.8 13.2( 2.4 14.6( 3.8 15.2 ( 1.9 14.7( 3.1 15.1( 1.5
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signal in the BT-474 tumor increases significantly to a point at
which it is easily the most intense feature in the PET image.
Similarly, for 89Zr-DFO-T/N-trastuzumab, some blood pool
activity is evident at the earliest time point, but the tumor uptake
increases steadily in the subsequent time points along with a
concomitant decrease in any background activity. The images
produced by the two conjugates are very similar, a result that is
consistent with the sum of the data collected in this investigation.
In each case, very little background uptake is evident in either the
HER2-negative MDA-MB-468 tumor or other organs. The only
significant differences, as in the biodistribution experiments, are
enhanced tumor and background uptake in the 89Zr-DFO-T/N-
trastuzumab images compared to those from 64Cu-DOTA-T/N-
trastuzumab and slight bone uptake of the former construct. The
bone uptake is not evident in the images displayed in Figure 5 but
can be spotted (though faint) in a maximum intensity projection
(see Supporting Information). Just as important as the imaging
similarities between the two constructs in this study, the images

obtained here are consistent with those reported for other 89Zr-
and 64Cu-trastuzumab radioagents in the literature.
Radiolabeling Trastuzumab with a Two-Step Ligation

Strategy. The modular strategy described to this point com-
prises three simple steps: norbornene modification, tetrazine-
chelator ligation, and radiometalation. However, the versatility of
the tetrazine-norbornene ligation makes an alternate route possible
as well: a two-step procedure in which a norbornene-modified
antibody is reacted with a radiometalated, chelator-modified
tetrazine (Figure 5). Indeed, similar ligations of dienophiles with
radiolabeled tetrazines have already been employed with success
with 18F and 111In, though in these cases, a transcyclooctene
dienophile was employed rather than a norbornene.29�31 To
demonstrate the feasibility of such a strategy with PET radiometals,
Tz-DOTA (5 nmol) was radiolabeled with 64Cu (1.1�1.5 mCi)
in 50 mMNH4OAc pH 5.5 via incubation at 85 �C for 1 h (n = 3
trials). After the 1 h incubation, the labeling reaction was purified
via radio-HPLC, and the product was obtained in an uncorrected

Figure 3. PET images of 64Cu-DOTA-T/N-trastuzumab (11.1�12.9 MBq [300�345 μCi] in 200 μL 0.9% sterile saline) in mice bearing bilateral BT-
474 (HER2-positive, right shoulder) andMDA-MB-468 (HER2-negative, left shoulder) tumors between 6 and 48 h postinjection. The transverse (top)
and coronal (bottom) planar images intersect the center of the tumors.

Figure 4. PET images of 89Zr-DFO-T/N-trastuzumab (10.7�11.8MBq [290�320 μCi] in 200 μL 0.9% sterile saline) inmice bearing bilateral BT-474
(HER2-positive, right shoulder) and MDA-MB-468 (HER2-negative, left shoulder) tumors between 6 and 120 h postinjection. The transverse (top)
and coronal (bottom) planar images intersect the center of the tumors.
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radiochemical yield of 80 ( 3% with greater than 99% radio-
chemical purity and a specific activity of 160 ( 5 mCi/μmol.
Subsequently, this 64Cu-Tz-DOTA was incubated with norbor-
nene-modified trastuzumab (0.4 mg, 1.3 nmol, initial norbor-
nene/mAb stoichiometry of 5:1) in PBS pH 7.4 (200 μL) at
37 �C. The progress of the reaction was monitored with radio-
TLC, and after 3 h, the reaction was gauged to have reached
completion. After purification via centrifugal filtration, the com-
pleted 64Cu-DOTA-T/N-trastuzumab conjugate was isolated in
∼75% radiochemical yield and in >99% radiochemical purity
with a specific activity of 1.0( 0.4mCi/mg. Granted, this specific
activity is somewhat lower than that obtained with the three-step
method; however, further optimization, though outside of the
scope of the work at hand, could no doubt raise this specific
activity to levels on par with that achieved with the three-step
strategy.
Ultimately, it is our belief that the three-step method is

preferable as a modular strategy for radiolabeling antibodies.
This method holds the key advantage of only involving a single
and relatively rapid radiochemical step, thereby minimizing the
amount of radiochemistry needed for the creation of the
bioconjugates while simultaneously maximizing specific activ-
ities. However, it is clear from the work currently in the literature
—particularly that of Devaraj et al. and Rossin et al.—that the
two-step method holds significant potential as a strategy for
pretargeted antibody or peptide imaging.23,24,27�29,31 In this
application, a dienophile-modified biomolecule is first injected
into a tumor-bearing animal and is permitted time to achieve its
optimal biodistribution. Subsequently, a fluorophore- or radio-
nuclide-modified tetrazine moiety is injected into the same
animal and, due to the bioorthogonal nature of the tetrazine-
dienophile ligation, could selectively react with the dienophile-
modified biomolecule, resulting in specific localization of the
marker. Indeed, both the optical and nuclear pretargeting
strategies have shown very promising results. It is important to
note, though, that the pretargeting systems described in the
literature employ more reactive, less stable trans-cyclooctene

dienophiles instead of the more stable, less reactive norbor-
nene dienophile used in this study. Experiments are cur-
rently underway toward the creation of a pretargeting system
for positron-emitting radiometals employing more reactive
dienophiles.

’CONCLUSION

In summary, herein we report the development of a modular
system for the radiometalation of antibodies using the inverse
electron demand Diels�Alder cycloaddition between tetrazine
and norbornene. The strategy involves three facile, rapid, and
biocompatible steps: modification of an antibody with norbor-
nene, ligation of a chelator-modified tetrazine, and radiometala-
tion. In this proof of concept investigation, the methodology was
employed to create bioconjugates of the HER2-specific antibody
trastuzumab bearing the positron-emitting radiometals 64Cu and
89Zr in high radiochemical purity and specific activity. For a given
initial loading of norbornene, the DOTA- and DFO-modified
constructs were shown to have identical numbers of chelates per
antibody, and all of the radiolabeled 64Cu-DOTA- and 89Zr-
DFO-bioconjugates displayed high serum stability and immu-
noreactivity. Finally, both radiolabeled bioconjugates were used
in in vivo biodistribution and PET imaging studies with mice
bearing HER2-positive (BT-474) and HER2-negative (MDA-
MB-468) breast cancer xenografts. Both antibody constructs
were shown to have significant and specific uptake in the HER2-
positive tumor with low uptake in the HER2-negative tumor and
other tissues.

This strategy does not necessarily offer a significant improve-
ment in facility compared to popular DOTA-NHS or DFO-NCS
antibody modification protocols; more importantly, however, it
creates a modular platform in which a common, covalently
modified antibody can be modified with a wide variety of
chelators and radiometals. Given that different radiometals often
require different chelators—and thus the use and optimization of
different modification pathways—this methodology could no
doubt aid in the rapid and robust construction of diverse radio-
pharmaceuticals from a single antibody stock. Further, this
modular system could facilitate the creation of meaningful compar-
isons between bioconjugates labeled with different radiometals:
as we have shown, because the chelator-modified antibodies are
synthesized using identical ligation conditions, the immunor-
eactivity and chelator/antibody ratios of the resultant bioconju-
gates are likewise nearly identical regardless of the identity of the
tetrazine�chelator pair.

Ultimately, therefore, this modular methodology has the
potential not only to significantly aid in the synthesis and
development of new radiometalated bioconjugates for PET,
SPECT, and radiotherapy, but also to advance cross-pollination
and constructive comparisons between radiopharmaceuticals
employing diverse metallic radionuclides.

’ASSOCIATED CONTENT

bS Supporting Information. Tables of tumor to muscle
uptake ratios from 89Zr-DFO-T/N-trastuzumab and 64Cu-DOTA-T/
N-trastuzumab biodistribution experiments and maximum in-
tensity projection PET image of 89Zr-DFO-T/N-trastuzumab
indicating residual bone uptake. This material is available free of
charge via the Internet at http://pubs.acs.org.

Figure 5. Schematic of the two-step radiolabeling strategy based on the
ligation of norbornene-modified antibody and 64Cu-labeled Tz-DOTA.
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Table S1. Tumor to organ ratios obtained from data collected in biodistribution experiment employing  

64
Cu-DOTA-T/N-trastuzumab in mice bearing bilateral s.c. BT-474 (HER2-positive) and MDA-MB-

468 (HER2-negative) xenografts (n = 4 for each time point) 

 6 h 12 h 24 h 48 h 72 h 

HER2+/Blood 0.5 ± 0.3 1.5 ± 0.5 2.5 ± 1.0 3.9 ± 0.9 4.7 ± 0.5 

HER2+/HER2- 1.7 ± 0.8 2.8 ± 1.0 2.9 ± 0.6 5.1 ± 1.7 4.7 ± 0.5 

HER2+/Heart 2.1 ± 1.1 3.6 ± 1.6 6.1 ± 1.6 10.2 ± 3.4 9.7 ± 5.3 

HER2+/Lungs 0.9 ± 0.4 2.5 ± 0.6 4.1 ± 1.6 5.5 ± 1.4 5.8 ± 0.3 

HER2+/Liver 0.9 ± 0.4 2.4 ± 0.5 2.7 ± 0.6 6.9 ± 1.2  6.8 ± 0.8 

HER2+/Spleen 0.9 ± 0.6 2.4 ± 0.6 2.5 ± 0.7 7.7 ± 1.5 8.0 ± 1.6 

HER2+/Stomach 5.5 ± 3.1 23.9 ± 10.6 10.9 ± 2.4 33.8 ± 9.8 30.6 ± 3.5 

HER2+/Sm. Inst. 3.0 ± 1.8 11.4 ± 2.7 7.5 ± 3.7 20.0 ± 3.6 21.2 ± 1.1 

HER2+/Lg. Inst.  5.2 ± 2.4 14.1 ± 2.8 8.4 ± 4.9 31.4 ± 8.7 27.6 ± 5.6 

HER2+/Kidney 1.9 ± 0.9 4.9 ± 1.4 9.0 ± 5.2 11.0 ± 2.2 12.2 ± 1.2 

HER2+/Muscle 17.3 ± 9.6 34.1 ± 20.6 43.5 ± 23.2 44.0 ± 11.7 68.9 ± 8.9 

HER2+/Bone 3.4 ± 3.3 17.1 ± 3.5 7.3 ± 1.6 40.0 ± 10.1 21.2 ± 9.0 
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Table S2. Tumor to organ ratios obtained from data collected in biodistribution experiment employing  

89
Zr-DFO-T/N-trastuzumab in mice bearing bilateral s.c. BT-474 (HER2-positive) and MDA-MB-468 

(HER2-negative) xenografts (n = 4 for each time point) 

 6 h 24 h 48 h 72 h 96 h 120 h 

HER2+/Blood 0.5 ± 0.2  1.3 ± 0.7  2.7 ± 1.1 3.1 ± 0.5 3.6 ± 0.5 3.8 ± 0.7 

HER2+/HER2- 2.0 ± 1.1 3.6 ± 1.2 4.4 ± 2.7 4.5 ± 0.8 4.3 ± 1.8 4.0 ± 0.4 

HER2+/Heart 1.0 ± 0.4 2.7 ± 1.1 10.7 ± 5.8 7.8 ± 3.2 8.5 ± 3.3 6.7 ± 0.7 

HER2+/Lungs 1.5 ± 0.5 3.1 ± 1.1 6.1 ± 2.7 6.3 ± 2.6 5.2 ± 3.1 5.4 ± 1.4 

HER2+/Liver 0.9 ± 0.3 2.8 ± 0.8 4.0 ± 1.7 4.8 ± 0.6 5.6 ± 1.3 5.2 ± 2.8 

HER2+/Spleen 2.0 ± 0.6 3.4 ± 1.4 4.3 ± 1.5 5.0 ± 1.8 5.7 ± 3.0 6.5 ± 3.2 

HER2+/Stomach 3.4 ± 1.2 15.7 ± 2.4 25.6 ± 7.7 37.6 ± 10.1 38.0 ± 8.9 38.8 ± 6.8 

HER2+/Sm. Inst. 2.7 ± 1.0 7.7 ± 1.2 8.1 ± 3.1 15.6 ± 3.9 19.0 ± 4.9 15.9 ± 3.0 

HER2+/Lg. Inst.  5.1 ± 1.9 23.1 ± 7.4 37.6 ± 5.9 32.7 ± 13.2 72.2 ± 22.9 49.9 ± 18.0 

HER2+/Kidney 1.4 ± 0.6 3.7 ± 0.6 9.1 ± 2.0 6.5 ± 1.6 7.1 ± 0.8 8.0 ± 2.7 

HER2+/Muscle 10.4 ± 4.1 21.1 ± 3.5 40.0 ± 13.2 34.1 ± 7.1 32.8 ± 4.6 27.9 ± 2.7 

HER2+/Bone 1.9 ± 0.6 3.7 ± 0.8 4.4 ± 1.2 4.9 ± 0.8 4.9 ± 1.2 4.6 ± 0.5 
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Figure S1. Maximum intensity projection from PET image of 
89

Zr-DFO-T/N-trastuzumab trastuzumab 

(0.56 – 0.74 MBq [15-20 µCi] in 200 µL 0.9% sterile saline) in a mouse bearing bilateral BT-474 

(HER2-positive, right shoulder) and MDA-MB-468 (HER2-negative, left shoulder) at t = 96 h. The 

white lines are shown to illustrate the HER2-positive tumor, HER2-negative tumor, and residual bone 

uptake.  
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ABSTRACT: We report the synthesis and characterization of
two amine reactive fluorescent dyes with efficient two-photon
absorption (2PA) properties and high fluorescence quantum
yields. Bioconjugation of these dyes with the DC-101 antibody
proved to be useful for selectively imaging the vascular
endothelial growth factor receptor 2 (VEGFR-2) in cells
expressing this receptor in vitro and in “whole” mounted
excised tumors (ex vivo) by two-photon fluorescence
microscopy (2PFM). The penetration depths reached within
the tumors by 2PFM was over 800 μm. In addition, the
concentration of dye required for incubation of these bioconjugates was in the picomolar domain, the probes possessed very
good photostability, and the 2PFM setup did not require any additional means of increasing the collection efficiencies of
fluorescent photons to achieve the relatively deep tissue imaging that was realized, due, in large part, to the favorable
photophysical properties of the new probes.

■ INTRODUCTION

The development of methodologies and materials to image
cancer tumors is an area of increasing interest in the chemical
and biomedical communities. The conjugation of fluorescent
dyes with antibodies and peptides, used as targeting vectors, is a
common strategy to selectively image tumors. In the interest of
following tumor growth and drug efficacy, researchers have
targeted the vasculature rather than the tumor itself to
determine tumor size, morphology, and characteristics by
different technologies (immunohistochemistry, fluorescence
microscopy, photoacoustic microscopy, etc).1−5

Angiogenesis is the process of forming new blood vessels to
support tissue growth. This fundamental physiological process
promotes embryonic development, tissue repair, and fertility,
although it also promotes chronic inflammation, tumor growth,
and tumor metastasis.6 Tumors, in particular, rely on
angiogenesis for their continued growth. It has been
demonstrated that solid tumors will not grow larger than 2−
3 mm in diameter in the absence of new blood vessels and
require angiogenesis to form metastases.7 Vascular endothelial
growth factor (VEGF) is a protein that stimulates vascular
endothelial cell growth, survival, and proliferation. Thus, VEGF
facilitates survival of existing vessels, contributes to vascular
abnormalities that may impede effective delivery of antitumor
compounds, and stimulates new vessel growth.8−10

The VEGF family consists of five members (VEGF-A,
VEGF-B, VEGF-C, VEGF-D, and placental growth factor),
which show different affinities for one of the three VEGF
tyrosine kinase receptors (VEGFR-1, VEGFR-2, and VEGFR-
3). VEGFR-1 and VEGFR-2 are expressed in vascular
endothelial cells. Moreover, there is evidence that VEGFR-2
is the major mediator of VEGF-driven responses in endothelial
cells and it has been considered to be crucial in angiogenic
processes.10

In 2005, Backer and co-workers reported the use of a
boronated polyamidoamine dendrimer able to target vascula-
ture by means of a VEGF-containing bioconjugate that directed
the dendrimer to a specific receptor (VEGFR). The
incorporation of a near-infrared (NIR) dye (Cy5) was
employed to track the bioconjugate. The targeting of tumor
vasculature endothelial cells, rather than the tumor itself, was
achieved, since endothelial cells in tumor neurovasculature
express a significantly greater number of VEGFR-2 when
compared to quiescent endothelial cells.11 More recent work
has demonstrated the use of VEGF bioconjugates containing
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NIR fluorescent dyes to study the possible expression of
VEGFRs in bladder inflammation.12

The use of two-photon absorption (2PA) fluorophores offers
several advantages over their one-photon NIR counterparts. In
the nonlinear absorption process, the fluorescence emission is
proportional to the square of the intensity of the incident light,
providing the system with numerous intrinsic advantages, e.g.,
deeper penetration, more confined excitation areas, less
scattering, and minimal photodamage outside of the focal
volume.13

The scientific community has access to a wealth of efficient
1PA fluorescent dyes with emissions that range from the UV to
the IR and that are commercially available. However, there is a
need to develop new dyes with high fluorescence quantum
yields and 2PA cross sections that meet the high photostability
demands that two-photon fluorescence microscopy (2PFM)
imposes for repeated three-dimensional (3D) imaging. We
previously described a strategy to create 2PA amine reactive
probes that can be conjugated to proteins or antibodies.14,15 In
this work, we introduce the synthesis and characterization of
two new fluorescent amine reactive dyes based on a fluorenyl
core. The fluorophore design was based on a small series of
efficient 2PA dyes that were recently reported.16 The
architecture of the fluorophores involved a fluorenyl core
flanked by a triple bond−thiophene bridge (π) that led to an
electron withdrawing group on one side (A). On the other, the
fluorenyl core was tethered to the anti-VEGFR-2 that served as
a donor (D). This resulted in systems that have a D−π−A
dipolar structure.
These probes were used to prepare VEGFR-2 antibody

bioconjugates (anti-VEGFR-2) that selectively bound to the
VEGFR-2 in vascular endothelial cells that overexpress this
specific receptor in in vitro experiments. Furthermore, the
conjugation of these new 2PA dyes to the VEGFR-2 antibody
was used to image tumor vasculature of whole-mounted excised
tumors by 2PFM (Figure 1). In vitro, and, more significantly, ex

vivo, thick tumor 2PFM imaging was accomplished, revealing
the 3D tumor microvasculature morphology.

■ EXPERIMENTAL SECTION

Materials and Methods. Key intermediates 1, 2, and 7
were prepared as described in the literature.15,16 All reactions
were carried out under N2. Microwave-assisted procedures were
carried out in a CEM Discover unit microwave in 10 mL closed
vessels; temperature, pressure, and power were programmed at

a maximum value (as indicated), depending on the reaction. All
other reagents and solvents were used as received from
commercial suppliers. 1H and 13C NMR spectra were recorded
in CDCl3 on a Varian NMR spectrometer at 500 and 125 MHz,
respectively. Mass analyses (APCI, atmospheric pressure
chemical ionization) were performed at University of Florida.
The analyses were carried out on a Finnigan LCQ
Quadrupole Ion Trap (Thermo Finnigan). Monoclonal antihu-
man VEGFR-2/KDR-Fluorescein isothiocyanate bioconjugate
was obtained from R&D Systems and was used as a positive
control without further treatment.
Synthetic Procedures and Characterization. Syn-

thesis of 2-(5-(9,9-Bis(2-(2-ethoxyethoxy)ethyl)-7-nitro-9H-
fluoren-2-yl)thiophen-2-yl)benzothiazole (3). In a 10 mL
vessel, under nitrogen, 9,9-bis(2-(2-ethoxyethoxy)ethyl)-2-
iodo-7-nitro-9H-fluorene (1; 200 mg, 0.335 mmol), 2-(5-
(tributylstannyl)thiophen-2-yl)benzothiazole (2; 207 mg, 0.408
mmol), and Pd(PPh3)2Cl2 (6 mg, 0.008 mmol) were dissolved
in toluene (2 mL). The mixture was heated in the microwave
for 25 min, at 130 °C, 150 psi, and 150 W, filtered through a
Celite plug, and purified by column chromatography using as a
solvent a mixture of hexane/ethyl acetate (2:1) to yield 216 mg
(98%) of a light orange solid. mp 75.7−76.5 °C. 1H NMR (500
MHz, CDCl3) δ 8.26−8.34 (m, 2H, Ph-H), 8.06 (d, J = 8.06
Hz, 1H, Ph-H), 7.89 (d, J = 8.06 Hz, 1H, Ph-H), 7.73−7.84 (m,
4H, Ph-H), 7.69 (d, J = 3.93 Hz, 1H, Thy-H), 7.49−7.52 (m,
1H, Ph-H), 7.48 (d, J = 3.93 Hz, 1H, Thy-H), 7.38−7.42 (m,
1H, Ph-H), 3.34−3.40 (m, 4H, CH2), 3.27−3.31 (m, 4H,
CH2), 3.15−3.22 (m, 4H, CH2), 2.79−2.93 (m, 4H, CH2),
2.45−2.56 (m, 4H, CH2), 1.10 (t, J = 6.98 Hz, 6H, CH3).

13C
NMR (125 MHz, CDCl3) δ 161.1, 153.9, 152.1, 151.2, 147.7,
147.5, 146.3, 138.6, 137.0, 135.0, 134.8, 129.7, 126.8, 126.0,
125.6, 124.8, 123.9, 123.2, 122.2, 121.7, 121.0, 120.2, 119.3,
70.4, 69.8, 67.1, 66.8, 52.5, 39.6, 15.2. MS (APCI) m/z calcd
[M + H]+ 659.2244, found 659.2256.

Synthesis of 7-(5-(Benzothiazol-2-yl)thiophen-2-yl)-9,9-
bis(2-(2-ethoxyethoxy)ethyl)-9H-fluoren-2-amine (4). In a
10 mL vessel, under nitrogen were dissolved 2-(5-(9,9-bis(2-
(2-ethoxyethoxy)ethyl)-7-nitro-9H-fluoren-2-yl)thiophen-2-yl)-
benzothiazole (3; 300 mg, 0.45 mmol) and 10% Pd/C (30 mg)
in a 1:1 mixture of THF/EtOH (4 mL). NH2NH2·2H2O (300
mg, 6.0 mmol) was added to the mixture dropwise at room
temperature, and then the solution was heated in the
microwave to 110 °C, 100 W, and 100 psi for 30 min. The
mixture was filtered though a silica plug with ethyl acetate, and
after the solvent was removed under reduced pressure, the
material was purified by column chromatography using as a
solvent ethyl acetate to yield 280 mg (97%) of a dark yellow
solid. mp 120.8−121.4 °C. 1H NMR (500 MHz, CDCl3) δ 8.04
(d, J = 7.88 Hz, 1H, Ph-H), 7.86 (d, J = 7.88 Hz, 1H, Ph-H),
7.59−7.67 (m, 3H, Ph-H, Thy-H), 7.55 (d, J = 7.69 Hz, 1H,
Ph-H), 7.45−7.50 (m, 2H, Ph-H), 7.34−7.40 (m, 2H, Ph-H,
Thy-H), 6.75 (d, J = 7.99 Hz, 1H, Ph-H), 6.68 (dd, J = 7.99 Hz,
J = 1.92 Hz, 1H, Ph-H), 3.38−3.44 (m, 4H, CH2), 3.33−3.37
(m, 4H, CH2), 3.21−3.26 (m, 4H, CH2), 2.77−2.86 (m, 4H,
CH2), 2.31−2.46 (m, 4H, CH2), 1.13 (t, J = 7.05 Hz, 6H,
CH3).

13C NMR (125 MHz, CDCl3) δ 161.3, 153.8, 151.1,
149.0, 148.8, 146.7, 141.6, 135.3, 134.6, 130.8, 130.7, 129.6,
129.6, 125.4, 125.1, 123.3, 122.8, 121.46, 121.1, 120.1, 119.0,
114.5, 109.8, 70.1, 69.7, 67.0, 66.6, 50.9, 39.9, 15.1. MS (APCI)
m/z calcd [M + H]+ 629.2502, found 629.2508.

Synthesis of 2-(5-(9,9-Bis(2-(2-ethoxyethoxy)ethyl)-7-iso-
thiocyanato-9H-fluoren-2-yl)thiophen-2-yl)benzothiazole

Figure 1. Depiction of a VEGFR-2 expressing tumor. Tumor cells
induce the formation of new vasculature by expressing a higher
concentration of VEGFR-2 which enables tumor growth. After they
are treated with a 2PA fluorescent antibody bioconjugate, the tumor
vessels can be imaged by 2PFM.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc200299z |Bioconjugate Chem. 2011, 22, 2060−20712061



(5). In a two-neck round-bottom flask and under nitrogen, a
solution of 7-(5-(benzothiazol-2-yl)thiophen-2-yl)-9,9-bis(2-(2-
ethoxyethoxy)ethyl)-9H-fluoren-2-amine (4; 250 mg, 0.398
mmol) in chloroform (2 mL) was combined with an aqueous
solution of CaCO3 (103 mg, 1.03 mmol) in an ice bath.
Thiophosgene (0.042 mL, 0.44 mmol) was added to the vial
dropwise while stirring the mixture, and the reaction proceeded
for 4 h. After completion, a 10% HCl solution was added until
the gas formation ceased. The mixture was poured into water,
extracted with methylene chloride, dried over magnesium
sulfate, and purified by column chromatography using as a
solvent a mixture of hexane/ethyl acetate (2:1) to yield 200 mg
(74%) of a light orange solid. mp 103.2−104.0 °C. 1H NMR
(500 MHz, CDCl3) δ 8.04 (d, J = 8.10 Hz, 1H, Ph-H), 7.86 (d,
J = 8.10 Hz, 1H, Ph-H), 7.70−7.73 (m, 1H, Ph-H), 7.61−7.68
(m, 4H, Ph-H, Thy-H), 7.46−7.50 (m, 1H, Ph-H), 7.41 (d, 1H,
J = 4.10 Hz, Thy-H), 7.34−7.39 (m, 1H, Ph-H), 7.32 (d, J =
1.68 Hz, 1H, Ph-H), 7.21 (dd, J = 7.97 Hz, J = 1.68 Hz, 1H, Ph-
H), 3.36−3.42 (m, 4H, CH2), 3.30−3.35 (m, 4H, CH2), 3.18−
3.23 (m, 4H, CH2), 2.78−2.91 (m, 4H, CH2), 2.38−2.47 (m,
4H, CH2), 1.12 (t, J = 7.11 Hz, 6H, CH3).

13C NMR (125
MHz, CDCl3) δ 161.0, 153.7, 151.1, 150.3, 148.0, 139.6, 139.0,
136.2, 135.4, 134.7, 133.1, 130.2, 129.6, 129.5, 124.2, 122.9,
121.5, 121.4, 121.1, 120.92, 120.85, 120.7, 120.6, 120.4, 70.1,
69.6, 66.9, 66.6, 51.8, 39.6, 15.1. MS (APCI) m/z calcd [M +
H]+ 671.2066, found 671.2068. UV−vis (DMSO) λmax 397 nm.

Synthesis of 1-(7-(5-(Benzothiazol-2-yl)thiophen-2-yl)-9,9-
bis(2-(2-ethoxyethoxy)ethyl)-9H-fluoren-2-yl)-3-butylthiour-
ea (6). In a small vial under nitrogen, a mixture of 2-(5-(9,9-
bis(2-(2-ethoxyethoxy)ethyl)-7-isothiocyanato-9H-fluoren-2-
yl)thiophen-2-yl)benzothiazole (5; 56 mg, 0.083 mmol) and n-
butylamine (0.074 mL, 1.0 mmol) at room temperature was
stirred for 1 h. The remaining n -butylamine was removed under
vacuum, and the residue was purified by column chromatog-
raphy with hexane/ethyl acetate (1:1) to yield 50 mg (80%) of
a bright yellow solid. mp 67.0−68.0 °C. 1H NMR (500 MHz,
CDCl3) δ 8.04 (d, J = 8.13 Hz, 1H, Ph-H), 7.84−7.94 (m, 2H,
Ph-H, N−H), 7.67−7.73 (m, 4H, Ph-H), 7.66 (d, J = 4.01, 1H,
Thy-H), 7.47−7.52 (m, 1H, Ph-H), 7.42 (d, 1H, J = 4.01 Hz,
Thy-H), 7.35−7.40 (m, 1H, Ph-H), 7.32 (d, J = 1.46 Hz, 1H,
Ph-H), 7.21 (d, J = 7.74 Hz, 1H, Ph-H), 6.34−6.39 (m, 1H, N−
H), 3.62−3.69 (m, 2H, CH2), 3.32−3.41 (m, 4H, CH2), 3.24−
3.30 (m, 4H, CH2), 3.12−3.21 (m, 4H, CH2), 2.78−2.98 (m,
4H, CH2), 2.36−2.44 (m, 4H, CH2), 1.57−1.65 (m, 2H, CH2),
1.35−1.43 (m, 2H, CH2), 1.10 (t, J = 6.96 Hz, 6H, CH3), 0.95
(t, J = 7.55 Hz, 3H, CH3).

13C NMR (125 MHz, CDCl3) δ
180.6, 161.1, 153.72, 153.71 150.1, 148.1, 140.1, 138.3, 136.1,
134.68, 134.67, 132.8, 129.5, 123.8, 122.9, 121.5, 121.4, 120.63,
120.61, 120.60, 120.48, 120.47, 120.0, 70.0, 69.6, 67.1, 66.5,
51.9, 39.6, 31.0, 20.2, 15.1, 15.0, 13.9. MS (APCI) m/z calcd
[M + H]+ 744.2958, found 744.2952. UV−vis (DMSO) λmax
400 nm.

Preparation of Bioconjugate B1. A mixture containing
1000 μL of monoclonal DC-101 antibody (4 mg/mL) and
1000 μL of NaHCO3 (1 M) was combined with a fresh solution
of isothiocyanate 5 in DMSO in a 1:6 molar protein/dye
proportion and incubated for 1 h in the dark at room
temperature. A mixture containing 100 μL of polyclonal
VEGFR-2 antibody (1 mg/mL) and 100 μL of NaHCO3 (1 M)
was combined with a fresh solution of isothiocyanate 5 in
DMSO in a 1:10 molar protein/dye proportion and incubated
for 2 h in the dark at room temperature. The biconjugate was
purified by using disposable PD-10 desalting columns from GE

equilibrated and eluted with PBS buffer 7.4. Fractions
containing the bioconjugate were identified using a spectro-
photometer by monitoring bands at 280 and 400 nm. The
degree of labeling was determined to be 3.

Synthesis of 2-(5-((9,9-Bis(2-(2-ethoxyethoxy)ethyl)-7-
nitro-9H-fluoren-2-yl)ethynyl)thiophen-2-yl)benzothiazole
(8). In a 10 mL vessel, under nitrogen, 9,9-bis(2-(2-
ethoxyethoxy)ethyl)-2-iodo-7-nitro-9H-fluorene (1; 413 mg,
0.725 mmol), 2-(5-ethynylthiophen-2-yl)benzothiazole (7; 175
mg, 0.725 mmol), Pd(PPh3)2Cl2 (21 mg, 0.03 mmol), and CuI
(5.7 mg, 0.03 mmol) were dissolved in a 1:4 mixture of Et3N/
toluene (3 mL). The mixture was heated in the microwave for 1
h, at 130 °C, 150 psi, and 150 W, filtered through a Celite plug,
and purified by column chromatography using as a solvent a
mixture of hexane/ethyl acetate (2:1) to yield 505 mg (74%) of
a light orange solid. mp 105.0−106.5 °C. 1H NMR (500 MHz,
CDCl3) δ 8.33 (d, J = 2.00 Hz, 1H, Ph-H), 8.26 (dd, J = 8.36
Hz, J = 2.00 Hz, 1H, Ph-H), 8.02 (d, J = 7.95 Hz, 1H, Ph-H),
7.85 (d, J = 7.95 Hz, 1H, Ph-H), 7.73−7.79 (m, 2H, Ph-H,
Thy-H), 7.66−7.68 (m, 1H, Ph-H), 7.54−7.60 (m, 2H, Ph-H,
Thy-H), 7.46−7.50 (m, 1H, Ph-H), 7.36−7.40 (m, 1H, Ph-H),
7.31 (d, J = 3.92 Hz, 1H, Thy-H), 3.35−7.42 (m, 4H, CH2),
3.27−3.31 (m, 4H, CH2), 3.15−3.21 (m, 4H, CH2), 2.80−2.93
(m, 4H, CH2), 2.43−2.54 (m, 4H, CH2), 1.12 (t, J = 6.85 Hz,
6H, CH3).

13C NMR (125 MHz, CDCl3) δ 160.5, 153.8, 151.1,
147.5, 146.0, 138.8, 138.6, 134.9, 133.3, 133.1, 128.6, 128.5,
126.9, 126.7, 126.6, 123.4, 123.3, 121.7, 121.4, 119.2, 119.1,
96.0, 84.2, 70.3, 69.7, 66.9, 66.7, 52.3, 39.4, 15.2. MS (APCI)
m/z calcd [M + H]+ 683.2244, found 683.2231.

Synthesis of 7-((5-(Benzothiazol-2-yl)thiophen-2-yl)-
ethynyl)-9,9-bis(2-(2-ethoxyethoxy)ethyl)-9H-fluoren-2-
amine (9). In a 10 mL vessel, under nitrogen, 2-(5-((9,9-bis(2-
(2-ethoxyethoxy)ethyl)-7-nitro-9H-fluoren-2-yl)ethynyl)-
thiophen-2-yl)benzothiazole (8; 250 mg, 0.366 mmol) and 10%
Pd/C (25 mg) were dissolved in a 1:1 mixture of THF/EtOH
(4 mL). NH2NH2·2H2O (220 mg, 4.4 mmol) was added to the
mixture dropwise at room temperature, and then the solution
was heated in the microwave to 110 °C, 100 W, and 100 psi for
30 min. The mixture was filtered though a silica plug with ethyl
acetate, and after the solvent was removed under reduced
pressure, the material was purified by column chromatography
using as a solvent a mixture of hexane/ethyl acetate (1:3) to
yield 200 mg (84%) of a light orange solid. mp 110−111 °C.
1H NMR (500 MHz, CDCl3) δ 8.03 (d, J = 8.09 Hz, 1H, Ph-
H), 7.84 (d, J = 8.09 Hz, 1H, Ph-H), 7.52−7.57 (m, 2H, Ph-H,
Thy-H), 7.43−7.52 (m, 4H, Ph-H), 7.35−7.39 (m, 1H, Ph-H),
7.28 (d, J = 4.09 Hz, 1H, Thy-H), 6.71−6.74 (m, 1H, Ph-H),
6.64−6.68 (m, 1H, Ph-H), 3.79 (s, 2H, NH2), 3.39−3.46 (m,
4H, CH2), 3.32−3.39 (m, 4H, CH2), 3.20−3.26 (m, 4H, CH2),
2.74−2.85 (m, 4H, CH2), 2.29−2.44 (m, 4H, CH2), 1.15 (t, J =
7.02 Hz, 6H, CH3).

13C NMR (125 MHz, CDCl3) δ 160.6,
153.7, 151.3, 148.1, 147.1, 142.0, 137.7, 134.7, 133.0, 131.8,
130.6, 128.1, 127.4, 125.6, 125.5, 122.9, 121.7, 120.8, 118.9,
118.0, 115.1, 113.9, 110.2, 97.2, 82.2, 70.1, 69.7, 67.0, 66.7,
50.9, 39.9, 15.4. MS (APCI) m/z calcd [M + H]+ 653.2502,
found 653.2510.

Synthesis of 2-(5-((9,9-Bis(2-(2-ethoxyethoxy)ethyl)-7-iso-
thiocyanato-9H-fluoren-2-yl)ethynyl)thiophen-2-yl)-
benzothiazole (10). In a two-neck round-bottom flask and
under nitrogen, a solution of 7-((5-(benzothiazol-2-yl)-
thiophen-2-yl)ethynyl)-9,9-bis(2-(2-ethoxyethoxy)ethyl)-9H-
fluoren-2-amine (9; 178 mg, 0.273 mmol) in chloroform (2
mL) was combined with an aqueous solution of CaCO3 (80
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mg, 0.80 mmol) in an ice bath. Thiophosgene (0.026 mL, 0.34
mmol) was added to the vial dropwise while stirring the
mixture, and the reaction proceeded for 4 h. After completion, a
10% HCl solution was added until the gas formation ceased.
The mixture was poured into water, extracted with methylene
chloride, dried over magnesium sulfate, and purified by column
chromatography using as a solvent a mixture of hexane/ethyl
acetate (2:1) to yield 170 mg (90%) of a bright yellow solid.
mp 86−88 °C. 1H NMR (500 MHz, CDCl3) δ 8.05 (d, J = 7.97
Hz, 1H, Ph-H), 7.87 (d, J = 7.97 Hz, 1H, Ph-H), 7.63−7.67 (m,
2H, Ph-H), 7.53−7.61 (m, 3H, Ph-H, Thy-H), 7.47−7.52 (m,
1H, Ph-H), 7.37−7.42 (m, 1H, Ph-H), 7.30−7.33 (m, 2H, Ph-
H), 7.21−7.24 (m, 1H, Ph-H), 3.39−3.45 (m, 4H, CH2), 3.30−
3.35 (m, 4H, CH2), 3.18−3.23 (m, 4H, CH2), 2.75−2.85 (m,
4H, CH2), 2.34−2.45 (m, 4H, CH2), 1.15 (t, J = 7.01 Hz, 6H,
CH3).

13C NMR (125 MHz, CDCl3) δ 160.4, 153.7, 151.2,
149.4, 139.8, 138.8, 138.1, 135.5, 134.7, 132.3, 130.5, 126.8,
126.5, 126.2, 124.9, 123.1, 123.0, 121.60, 121.58, 121.4, 121.2,
120.9, 120.6, 120.0, 96.4, 83.3, 70.1, 69.6, 67.3, 66.6, 51.7, 39.5,
15.1. MS (APCI) m/z calcd [M + H]+ 695.2067, found
695.2076. UV−vis (DMSO) λmax 391 nm.

Synthesis of 1-(7-((5-(Benzothiazol-2-yl)thiophen-2-yl)-
ethynyl)-9,9-bis(2-(2-ethoxyethoxy)ethyl)-9H-fluoren-2-yl)-3-
butylthiourea (11). In a small vial under nitrogen, a mixture of
2-(5-((9,9-bis(2-(2-ethoxyethoxy)ethyl)-7-isothiocyanato-9H-
fluoren-2-yl)ethynyl)thiophen-2-yl)benzothiazole (10; 58 mg,
0.083 mmol) and n -butylamine (0.074 mL, 1.0 mmol) at room
temperature was stirred for 1 h. The remaining amine was
removed under vacuum, and the residue was recrystallized from
hexane/ethyl acetate (9:1) to yield 48 mg (75%) of a light
yellow solid. mp 118.5−119.5 °C. 1H NMR (500 MHz,
CDCl3) δ 8.05 (d, J = 8.07 Hz, 1H, Ph-H), 7.88 (d, J = 8.07 Hz,
1H, Ph-H), 7.78 (s, 1H, N−H), 7.66−7.73 (m, 2H, Ph-H),
7.54−7.62 (m, 3H, Ph-H, Thy-H), 7.48−7.53 (m, 1H, Ph-H),
7.37−7.43 (m, 1H, Ph-H), 7.29−7.33 (m, 2H, Ph-H, Thy-H),
7.15−7.22 (m, 1H, Ph-H), 6.36 (s,1H, N−H), 3.62−3.71 (m,
2H, CH2), 3.34−3.43 (m, 4H, CH2), 3.22−3.32 (m, 4H, CH2),
3.10−3.22 (m, 4H, CH2), 2.74−2.97 (m, 4H, CH2), 2.34−2.45
(m, 4H, CH2), 1.61 (quintuplet, J = 7.05 Hz, 2H, CH2), 1.40
(sextuplet, J = 7.05 Hz, 2H, CH2), 1.13 (t, J = 7.05 Hz, 6H,
CH3), 0.96 (t, J = 7.83 Hz, 6H, CH3).

13C NMR (125 MHz,
CDCl3) δ 180.6, 168.1, 160.4, 153.7, 149.2, 140.4, 138.2, 138.1,
134.7, 132.9, 132.7, 128.5, 128.4, 126.9, 126.5, 126.5, 126.3,
123.1, 121.54, 121.5, 121.4, 121.3, 120.2, 120.1, 96.4, 83.1, 70.0,
69.6, 67.1, 66.5, 51.9, 45.5, 39.6, 30.9, 20.2, 15.1, 13.8. MS
(APCI) m/z calcd [M + H]+ 768.2958, found 768.3010. UV−
vis (DMSO) λmax 391 nm.

Preparation of Bioconjugate B2. A mixture containing
1000 μL of monoclonal DC-101 antibody (4 mg/mL) and
1000 μL of NaHCO3 (1 M) was combined with a fresh solution
of isothiocyanate 10 in DMSO in a 1:6 molar protein/dye
proportion and incubated for 1 h in the dark at room
temperature. The bioconjugate was purified by using disposable
PD-10 desalting columns from GE equilibrated and eluted with
PBS buffer 7.4. Fractions containing the bioconjugate were
identified using a spectrophotometer by monitoring bands at
280 and 391 nm. The degree of labeling was determined to be
3.

Preparation of IgG Containing Bioconjugate. A mixture
containing 190 μL of IgG antibody (21.16 mg/mL) in 890 μL
of PBS buffer pH = 7.4 and 1000 μL of NaHCO3 (1 M) was
combined with a fresh solution of isothiocyanate 10 in DMSO
in a 1:6 molar protein/dye proportion and incubated for 1 h in

the dark at room temperature. The bioconjugate was purified
by using disposable PD-10 desalting columns from GE
equilibrated and eluted with PBS buffer 7.4. Fractions
containing the bioconjugate were identified using a spectro-
photometer by monitoring bands at 280 and 391 nm. The
degree of labeling was determined to be 3.
Measurements. Spectra of amine reactive probes and

model compounds were acquired in DMSO solutions with
concentrations on the order of 10−6 M at room temperature
using 1 cm quartz cuvettes. Absorption spectra were recorded
with an Agilent 8453 UV−visible spectrophotometer. Steady-
state fluorescence spectra were measured with a PTI Quanta-
master spectrofluorimeter in the photon counting regime of the
PMT using an L-format configuration. The fluorescence spectra
were corrected for the spectral dependence of the PMT.
Fluorescence quantum yields were determined relative to 9,10-
diphenylanthracene in cyclohexane. Absorption spectra of
bioconjugates B1 and B2 were measured in PBS buffer using
1 mm quartz cuvettes.
Two-photon absorption spectra were measured by the two-

photon fluorescence (2PF) method relative to Rhodamine B in
methanol,17 using solutions with concentrations of approx-
imately 10−4 M in spectroscopic grade DMSO following a
previously reported methodology.16

Cell Culture and Incubation. PAE (porcine aortic
endothelial) and PAE/KDR (commercially available porcine
aortic endothelial expressing 2 × 105 VEGFR-2 per cell) were
cultured in F-12 nutrient mixture (Ham’s medium, Invitrogen)
containing 10% fetal bovine serum (FBS) (Atlanta Biologicals)
and 1% penicillin/streptomycin, at 37 °C, under a 5% CO2
environment. Cells were cultured on no. 1 round 12 mm
coverslips that were previously treated with poly-D-lysine. The
treated coverslips were placed in 24-well plates, and 60,000
cells/well were seeded and incubated at the same conditions as
indicated above until 75−85% confluency was reached on the
coverslips. Cells were then fixed with a 3.7% solution of
paraformaldehyde in pH = 7.4 PBS buffer for 10 min. The
fixing agent was extracted and washed (2×) with PBS. To
reduce autofluorescence, a fresh solution of NaBH4 (1 mg/mL)
in pH = 8 PBS buffer was used to treat the fixed cells (2x).
Subsequently, cells were permeabilized with a 0.1% saponin
solution in PBS containing 5% BSA. After permeabilization,
PAE-KDR cells were incubated for 1 h at room temperature in
a solution containing 0.4 μM solution of bioconjugate B2 and
the monoclonal antihuman VEGFR−2/KDR−fluorescein
isothiocyanate bioconjugate (25 μg/mL) in culture media.
PAE (negative control) and PAE-KDR cells were incubated for
2 h in a 0.4 μM solution of bioconjugate B2 in PBS. The dye
solutions were extracted by succion, and the coverslipped cells
were washed abundantly with PBS (4×). The coverslipped cells
were then washed with buffer PBS (2×) and mounted on
microscope slides using Prolong Gold (Invitrogen) as a
mounting media.
Tissue Immunofluorescence Staining. For the imaging

of tumor endothelial cells, 10 μm thick sections were prepared
from OCT-embedded frozen blocks. Tumor sections were
incubated with rat antimouse CD31 antibody (BD Bioscience,
San Diego, CA) and then Alexa Fluor 594-conjugated antirat Ig
(Invitrogen).
Mouse Models and Tumor Excision. Lewis lung

carcinoma cells were purchased from ATCC (Manassas, VA)
and cultured in DMEM (Invitrogen) supplemented with 10%
FBS. Experiments involving mice were done in accordance with
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protocols approved by the Sanford-Burnham Medical Research
Institutional Animal Care and Use Committee. Seven-week-old
male C57BL/6 mice were purchased from Harlan Laboratories
(Indianapolis, IN) and acclimated for 1 week upon delivery.
Each mouse was injected subcutaneously into the right flank
with 3 × 106 of Lewis lung carcinoma cells suspended in 0.1 mL
of PBS. DC-101 antibody or mouse control IgG conjugated
with 2PA probe (bioconjugate B2) was injected at a dose of

13.4 nmol (600 μg as a protein) per mouse via the tail vein 10
days after the inoculation of tumor cells. Two hours after the
injection of the bioconjugate probe, mice were perfused with
PBS and then 10% neutral-buffered formalin via the left
ventricle under deep anesthesia with isoflurane. Tumors were
excised and fixed with 10% neutral-buffered formalin for 18 h at
4 °C. After fixation, tumors were rinsed twice with PBS and cut
into two pieces at the center of the tumors; one was used for

Scheme 1. Synthesis of B1

Scheme 2. Synthesis of B2
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3D two-photon fluorescence imaging, and the other was
embedded in OCT compound (Sakura Finetek, Torrance, CA)
for immunohistochemistry analysis.
One-Photon Fluorescence Imaging. Cell Imaging.

One-photon confocal fluorescence microscopy was performed
on a Leica SP5 II equipped with a spectral scanner.
Micrographs of the fixed cells were taken under the following
conditions: excitation of B2 was done at 405 nm, excitation of
the FITC anti-VEGFR-2 conjuagte was done at 476 nm; and
fluorescence collection of both channels was done by setting
the spectral window range from 490 to 620 nm. A water
immersion, 63×, 1.3 N. A. objective was used for cell imaging.

Tissue Sections. One-photon fluorescence microscopy
images were recorded on an Olympus IX-81 DSU microscope
equipped with a Hamamatsu EM-CCD C9100 digital camera.
One-photon fluorescence images were taken using a custom-
made filter cube (Ex:377/50; DM:409; Em:525/40) for
bioconjugates B2, a FITC filter cube (Ex:477/50; DM:507;
Em:536/40) for FITC anti-VEGFR-2, and a TexRed filter cube
(Ex:477/50; DM:507; Em:536/40) for the Alexa Fluor 594-
CD31 antibody bioconjugate.
Two-Photon Fluorescence Imaging. Two-photon fluo-

rescence microscopy (2PFM) imaging was performed on a
modified Olympus Fluoview FV300 laser scanning microscopy
system equipped with a broadband, tunable Coherent Mira
Ti:sapphire laser (200 fs pulse width, 76 MHz repetition rate),
pumped by a 10 W Coherent Verdi frequency doubled
Nd:YAG laser. The Ti:sapphire laser, tuned and mode locked
to 700 nm (for cell imaging) or to 820 nm (for “whole” tumor
for imaging), was used as the two-photon excitation source.
Two-photon induced fluorescence was collected by a 60×
(UPLANSAPO, N.A. = 1.35 Olympus) or, for ex vivo tumor
imaging, with a 10× (UPlanFl, N. A. = 0.30) microscope
objective. A high transmittance (>95%) short-pass filter (cutoff
685 nm, Semrock) was placed in front of the PMT detector
within the FV300 scanhead in order to filter off background
radiation from the laser source (700 or 820 nm). The optical
nonlinearity (quadratic dependence) for two-photon excitation

was verified with dye 11-doped poly(methyl methacrylate)
films (see Figure S4 in the Supporting Information). The
average laser power used for excitation of the tumors from mice
injected with B2 was 22 and 90 mW for all the control samples.

■ RESULTS AND DISCUSSION

Synthesis of New Fluorescent Probes and Preparation
of Bioconjugates. The synthesis of the 2PA amine reactive
probes 5 and 10 was achieved in short reaction times and high
yields by using microwave-assisted synthesis, as illustrated in
Schemes 1 and 2, respectively. Briefly, fluorene derivative 1 was
coupled to intermediates 2 and 7 by either Stille or Sonogashira
coupling to yield nitro derivatives 3 and 8, respectively. These
nitro derivatives were reduced to the corresponding amine
intermediates 4 and 9.18 Transformation of these amines into
the corresponding isothiocyanates 5 and 10 was performed by a
previously reported method. 14,15,19

In order to better understand the scope and properties of
these probes, conjugation with n-butylamine was performed to
generate model compounds 6 and 11, which have optical
properties closely resembling those of the bioconjugates. Once
obtained, amine reactive probes and models were structurally
and photophysically characterized.
The amine-reactive probes, isothiocyanates 5 and 10, were

conjugated to anti-VEGFR-2 for 2 h at room temperature in a
10:1 molar ration of dye/protein. Purification was achieved by
using a commercially available, Sephadex packed, GPC column.
The antibody of choice for this conjugation was DC-101,
mainly because the epitiope for this antibody is extracellular. In
these studies, where mice were going to be injected with the
antibody conjugate, it was clear that the location of the
antigenic determinant had to be on the surface of the
endothelial cells of the tumor vessels in order to maximize
the labeling efficiency of the bioconjuagte. Furthermore, DC-
101 (Bevacizumab) has been FDA approved for the treatment
of nonsmall cell lung cancer, colon cancer, and breast cancer
and is currently being studied for the treatment of ovarian,
prostate, renal, pancreatic, and liver cancers.

Figure 2. Normalized absorption (left) and fluorescence (right) spectra of compounds 5, 6, 10, and 11 in DMSO.

Table 1. Linear Absorption Maximum (λ abs
max), Emission Maximum (λ em

max), Fluorescence Quantum Yield (Φ), Molar
Absortivity Coefficient (εmax), Fluorescence Lifetime (τ), Photodecomposition Quantum Yield (η), and Figure of Merit (FM) of
Compounds 5, 6, 10, and 11 in DMSO

compd λ abs
max, nm λ em

max, nm Φa εmax, ×10−3 M−1.cm−1 τ, ns η, 106 FM, ×10
−6 GM

5 397 ± 1 469 ± 1 0.80 ± 0.05 61 0.95 ± 0.08
6 400 ± 1 583 ± 1 1.00 ± 0.05 53 2.00 ± 0.08 4.23 ± 0.04 13 ± 2
10 391 ± 1 466 ± 1 0.70 ± 0.05 60 0.85 ± 0.08
11 391 ± 1 580 ± 1 0.20 ± 0.05 54 0.79 ± 0.08 1.60 ± 0.02 23 ± 3

aFluorescence quantum yield measured relative to 9,10-diphenylanthracene in cyclohexane.
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Photophysical Properties. Photophysical characterization
was performed for amine-reactive probes 5 and 10 and model
compounds 6 and 11 (Figure 2). Table 1 reveals that there are
intense absorption maxima for amine-reactive probes and
model compounds located between 390 and 400 nm, whereas
there was a red shift in the emission maxima when the dyes
were conjugated to n-butylamine due to the dipolar nature of
the model adducts. In addition, a larger Stokes shift was
observed for the more conjugated model compound 11.
In our previous studies, we observed that the presence of

isothiocyanate groups in the fluorene system plays an important
role by quenching the fluorescence of the dye, possibly by
inducing intersystem crossing and allowing the molecule to
relax by nonradiative pathways, but the fluorescence seems to
be restored (switched on) upon conjugation.14,15 Interestingly,
in the case of these new dyes, this effect was not observed. For
probe 5, the quantum yield increased upon conjugation to the
amine, as was observed previously for a similar molecule.
However, for probe 10, there was a significant decrease in the
fluorescence quantum yield after conjugation with n-butylamine
(Table 1). This important result suggests that luminescent
properties cannot be predicted on the basis of only the
similarities between structures.
In 2PFM applications where the upconverted fluorescence of

the probe is directly interrogated, the efficiency of the probe
depends on basically three parameters, namely the two-photon
absorption cross section, the fluorescence quantum yield, and
the quantum yield of photodecomposition. The first two
parameters are of utmost importance and reflect the probability
that the probe has to absorb two photons at a specific
wavelength and the ratio of photons the molecule emits by
means of fluorescence in relation to the photons it has
absorbed, respectively. Combined, the two-photon absorption
cross section and the fluorescence quantum yield constitute a
parameter referred to as the action cross section, which is the
product of these values (δΦ). The parameter that is frequently
overlooked is the photodecomposition quantum yield (η),
which is a good indicator of how quickly a fluorofore
photobleaches per photons absorbed. The figure of merit, FM,
is the action cross section normalized by the photo-
decomposition quantum yield (FM = δΦ/η) and is a more
comprehensive parameter for evaluating the overall effiency of a
fluorescent probe. In the particular case of compounds 6 and

11 (Table 1), the effiencies were quite favorable when
compared to fluorescein (FM = 6 × 106 GM).
The lifetimes for these series of compounds were also

measured in DMSO at concentrations of approximately 10−6

M, as shown in Table 1. A difference of 1.2 ns was found
between the fluorescence lifetime of models 6 and 11. Even
though they have similar fluorescence maxima, with this
difference in lifetime, it may be possible to distinguish between
bioconjugates containing these dyes and different antibodies or
vectors by fluorescence lifetime imaging microscopy (FLIM).
Anisotropy values of samples were measured under one-

photon excitation in poly-THF at concentrations of approx-
imately 10−6 M, while two-photon absorption (2PA) cross
sections of model compounds were determined by the
fluorescence method using DMSO solutions in concentrations
of ca. 10−5 M. Rhodamine B in methanol was employed as a
standard17 (Figure 3). Both compounds have a significant 2PA
cross section value within the measured range (700−940 nm).
Anisotropy spectra exhibited a constant value at the wavelength
where the maximum of linear absorption was located,
corresponding to the first electronic transition S0 → S1 (one-
photon allowed); in this region, there is a decrease in the 2PA
cross section value. The anisotropy began to decrease below
350 nm, reaching a minimum at around 325 nm leading to a
second “plateau”; this may correspond to a higher electronic
transition S0→ Sn, a two-photon allowed transition, resulting in
a high 2PA cross section at this excitation wavelength.
A maximum in the 2PA spectra within the frame of the main

linear absorption band was observed at around 820 nm for both
model compounds. This transition correlated nicely to that
responsible for the shoulder located at around 425 nm in the
linear absorption spectrum. These dyes can be excited by 2PA
at wavelengths as long as 850−900 nm, with the fluorescence
emission ranging from 400 to 800 nm. These probes have great
versatility because they can be efficiently excited over a range of
wavelengths and their emission is in the visible to NIR range,
required for deep tissue imaging.
After bioconjugation of the isothiocyanates with the selected

antibody and purification by gel permeation chromatography,
fractions containing the bioconjugates were analyzed by UV−
vis spectrometry. Figure 4 shows the absorption spectra of
isothiocyanate 10 (red) and biconjugate B2 (green). The
concentration of the protein in the bioconjugate was

Figure 3. Normalized absorption (dash lines), two-photon absorption cross section (symbols and lines), and anisotropy (2×, solid lines) of model
compounds 6 (A) and 11 (B).
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determined to be ca. 50 μM, and the degree of labeling (DOL)
was found to be 3. The concentration of the dye in the purified
solution was estimated to be ca. 0.4 μM by using the extinction
coefficient of the model compound. Preparation of bioconju-
gates following this method was performed more than once to
evaluate the reproducibility of the method; repeated prepara-
tion of B1 and B2 generated these same results consistently.
Cell Imaging. To study the scope of the new bioconju-

gates, probes B1 and B2 were incubated with porcine aortic
endothelial (PAE-KDR) cells that express VEGFR-2, as it is
known that this receptor is found in higher concentrations
when angiogenesis is occurring.10 Preliminary studies demon-
strated that fluorescence images obtained with B2 were
superior to those obtained with B1 (not shown). Thus,
bioconjugate B2 was used for the subsequent experiments.
PAE-KDR cells were coincubated with a commercially available
fluorescent bioconjugate containing fluorescein isothiocyanate
and a monoclonal VEGFR-2 antibody (DC101), as a positive
control, and our DC101 bioconjugate B2. After 1 h of

Figure 4. Normalized absorption of isothiocyanate 10 (red, solid line)
and bioconjugate B2 (green, dashed line).

Figure 5. One-photon confocal micrographs of PAE-KDR and PAE cells. Cells were incubated with VEGFR-2 antibody-FITC conjugate (red) and
DC101 bioconjugate (B2, green). Parts A, B, and C show the magnification of the area enclosed by the blue box in parts D, F, and G. Colocalization
corroborates the VEGFR-2 selectivity (C and G) of B2. Fluorescence in negative control PAE cells (H and I) is much lower in intensity and less
specific than that in PAE-KDR (A−G). Scale bars: 5 μm in A and 20 μm in part G.
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incubation, epifluorescence micrographs of the incubated cells
revealed a high degree of colocalization between the two probes
(Figures 5A−G). Figure 5C shows very good coloacalization of
the commercial FITC antibody and bioconjugate B2. To
examine the selectivity of bioconjugate B2 toward the VEGFR-
2, porcine aortic endothelial (PAE) cells that do not
overexpress the receptor were used as a negative control.
There is more evident autofluorescence in panel F; these are
separate images. In panel B the field of view was reduced as a
result of digitally zooming in that particular area; subsequently,
the histograms of each micrograph are significantly different.
This was particularly evident after no-neighbor deconvolution
was performed on each micrograph. Micrographs of PAE cells
showed little to no specific fluorescence when incubated with
B2 (Figure 5I) or the VEGFR-2 antibody FITC conjugate
(Figure 5H).
In the interest of comparing the difference resulting from

exciting by one- versus two-photon absorption, PAE-KDR cells
that had been previously incubated with B2 were imaged by
exciting at 405 and 810 nm, respectively. Collection of the one-
photon fluorescence was confocal, as it was passed through a
120 μm pinhole (Figure 6 B). On the other hand, the
upconverted fluorescence on the 2PFM was collected keeping
the microscope pinhole completely open (Figure 6C).

Fluorescence appeared to be much more localized in the
2PFM (Figure 6C) than in its one-photon counterpart. This is
likely due to the fact that in the confocal image a significant
proportion of the fluorescence being collected is autofluor-
escence, since the molecule is being excited at 405 nm. One the
other hand, in 2PFM autofluorescence is not as much of a
concern with excitation at 815 nm; that is, most of what is
collected is fluorescence from bioconjuagte B2.
Whole Tumor Ex Vivo Imaging. Microscopy of biological

specimens deep within the tissue is severely limited by
scattering of visible light. However, many relevant physiological
events occur within the tissue of living organisms. Imaging
features deeper within tissue at micrometer resolutions has
been possible by 2PFM because scattering decreases with
increasing wavelengths. Within biological tissue only unscat-
tered (ballistic) photons are effective in exciting molecules by
the absorption of two-photons.20,21 Efficient 2PA fluorophores
with high two-photon absorption cross sections at near IR
wavelengths have been previously reported.16,22 Thus, 2PFM
benefits from the use of near IR light that is less likely to be
scattered in tissue. The maximum imaging penetration depth
within biological tissue (zmax) has been estimated to be linearly
dependent on the scattering length for excitation light in tissue,
ls
(ex), but logarithmically dependent on the collection efficiency

Figure 6. One- and two-photon fluorescence micrographs of PAE-KDR (porcine aortic endothelial cells expressing VEGFR-2) incubated with
bioconjugate B2 (15 μM, 45 min, A−C) and PAE-KDR; PAE cells without B2 incubation (D−I) . A, D, and G are DIC images; B, E, and H are X−Y
projections of one-photon confocal fluorescence (excitation, 405 nm; emission, spectral scanner window 480−620 nm). C, F, and I are X−Y
projections along the Z-axis of two-photon fluorescence micrgraphs (excitation, 810 nm; emission, spectral scanner window 480−620 nm). The 20
μm scale bar in part A applies for parts B and C. The 20 μm scale bar in part I applies for D−I.
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of the system (fraction of fluorescent photons detected) and on
the two-photon action cross section (δΦ)21,23 Limitations in
most Ti:sapphire laser sources (1 W, 100 fs, 80 MHz, 680−
1000 nm) restrict what can be done with these sources to
increase imaging depth. These new, more efficient probes aim
to increase the two-photon action cross section of the probe to
enable imaging at greater depths in tissue.
Most efforts in improving the image quality and penetration

depth of 2PFM have been oriented toward increasing the
collection efficiencies of the emitted fluorescence photon,24

microscope objective,21 or repetition rates of the excitation
source.25 Herein, the focus has been to optimize the two-
photon action cross section of fluorophores 6 and 11 in order
to maximize the 2PFM imaging penetration within tumor
tissue.16 The optimal dye (10) was conjugated to the DC-101
antibody to facilitate observation of the formation of new
vessels that overexpress VEGFR-2 receptor deep within the
tumor.
A solid tumor is comprised of cancer cells and host stromal

cells alike.26,27 Neoplastic and host cells rely on blood
vasculature to supply themselves with nutrients and get rid of
toxins. All of these cells are exposed to hypoxic and acidic
microenvironment that induces the production of positive or
negative regulators of angiogenesis. In the past 20 years, more
than 20 angiogenic stimulators have been discovered, with
VEGF being one of the most important factors. Vascular
function is key in determining the tumor microenvironment.
Vasculature in healthy tissue is very well structured; in contrast,

tumor vessels have very poor morphology and are conformed
by immature cells in a meshlike architecture that confers a leaky
property to the vessel. Because of its deep penetration, 2PFM
offers an excellent means of monitoring tumor microenviron-
ment, angiogenesis regulation, and normalization of tumor
vasculature by antiangiogenic agents.28,29

The initial efficiency and selectivity of bioconjugate B2 was
evaluated in C57BL/6 male mice. Lewis lung carcinoma cells (3
× 106 cell/site) were implanted subcutaneously into the mice
flanks. Eleven days postransplantation the tumor diameter had
reached approximately 10 mm, and the mice were tail vein
injected with 400 μg of the DC-101 bioconjugate B2. After 2 h
the mice were perfused with PBS and sacrificed by formalin
injection to the heart. Tumors were excised and fixed, and half
was kept “whole” for tumor ex vivo microscopy and the other
half for immunofluorescent histological experiments. The
“whole” tumors were mounted on a glass coverslip and
immobilized for imaging. 2PFM was conducted using both low
(10×) and high (60×, oil immersion) N.A. objectives. The
upconverted fluorescence was filtered prior to reaching the
PMT (long pass 690 nm).
The whole tumor ex vivo 2PFM imaging experiments showed

excellent results, allowing the visualization of vasculature over
800 μm deep in the tumor tissue (Figure 7). In Figure 7, the
orange boxes (A−F) show layers corresponding to optical
sections along the Z-axis (blue). The optical plane X−Y
sections (X-axis in red, Y-axis in green) (Figure 7B, D, and F) at
738, 533, and 82 μm, respectively, show the fluorescence

Figure 7.Whole mount tumor 2PFM micrographs of excised Lewis lung carcinoma excised tumors. Each mouse was tail vein injected with 400 μg of
DC-101 bioconjugate B2 (cartoon in G). Orange boxes (A, C, E) or squares (B, D, F) show 40 μm optical sections along the Z-axis. Parts B, D, and
F are X−Y (red-green axes) plane projections along the Z-axis (blue) of optical sections centered at 740, 540, and 40 μm, respectively; parts A, C,
and E show the relative position of the corresponding optical section in the Z-axis. The projection of the X−Y planes along the Z-axis (H) shows an
image of chaotically intertwined vessels within the tumor. Micrographs were collected at 820 μm, 10×. Tissue penetration exceeded 830 μm. Scale
bars: F, 20 μm; H, 10 μm.
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contribution of these optical layers along the Z-axis.
Fluorescence from two-photon excitation of the probe was
recorded up 830 μm into the tumor. The relative position of
these planes along the Z-axis can be seen in the micrographs
shown in Figure 7A, C, and E, where the corresponding optical
plane (orange square) is shown in the respective projection of
the X−Z plane along the Y-axis. Projection of the X−Y planes
along the Z-axis by the reconstruction of all of the optical
planes (H) shows an image of chaotically intertwined vessels
within the tumor where VEFGR-2 was overexpressed. The
micrographs reveal how sensitive the 2PA phenomenon is to
movements in the objective along the Z-axis and illustrates how
useful this dye can be to reveal the formation of vasculature by
2PFM. Furthermore, the penetration that was achieved through
a medium with such a wide distribution of refractive indices
illustrates the potential of these efficient 2PA probes in
monitoring the formation and development of vasculature in
tumors by 2PFM imaging.
The selectivity of probe B2 toward the tumor is evidenced by

the excellent contrast observed in the micrographs in Figure 7;
that is, there was very little nonspecific fluorescence within the
tumors, mainly attributable to autofluorescence. The bio-
conjugate was also specific to tumors. This observation was
verified by the 2PFM images of key organs of the mice that had
been injected with B2 (Supporting Information Figure S1).
The organs and glands observed were kidneys, liver, heart,
brain, lung, and spleen. Primarily only autofluorescence from
native structures within each organ (e.g., elastin in muscle and
actin in the heart) or residual dye that was being excreted
(kidney) was observed.
Tissue sections (400 μm thick) of the tumors of the mice

that had been injected with B2 were costained with an Alexa
Fluor 594-CD31 antibody to confirm, by fluorescence
colocalization, that probe B2 was, indeed, targeting vasculature
(Figure 8). The tissue section was fixed and permeabilized for
incubation with the Alexa Fluor 594-CD31 conjugate for 1 h at
room temperature. Figure 8B shows the epifluorescence (1PA)
corresponding to the sites where the DC-101 bioconjugate B2
had accumulated 2 h following the tail vein injection. The
vasculature was imaged by fluorescence of the Alexa Fluor 594
dye (Figure 8C). The overlay of micrographs B and C is shown
in Figure 8D, where a high degree of colocalization can be
observed for many vessels. As expected, not all vessels
colocalized, presumably because some expressed higher levels
of the VEGFR-2 than others.
The selectivity of the B2 conjugate to the VEGFR-2 was also

investigated by making an IgG conjugate with isothiocyanate
10, which was injected in the same dose and conditions in
control mice. Model compound 11 was also injected into
different control mice under the same conditions to
demonstrate the specificity of the monoclonal antibody B2.
Only nonspecific fluorescence was observed from imaging these
tumors by 2PFM (Supporting Information Figure S2).

■ CONCLUSIONS
We developed and synthesized new two-photon absorbing
fluorescent amine reactive probes and bioconjugates. Photo-
physical characterization was performed for amine reactive
probes, model compounds, and bioconjugates. The new probes
demonstrated a number of desirable characteristics and optical
properties, including high photostability and target selectivity.
Successful imaging by one- and two-photon excitation with the
bioconjugate B2 in cells was performed, demonstrating that the

new bioconjugates selectively bind VEGFR-2 in cell culture,
tissue sections, and whole tumors. The DC-101 bioconjugate
B2 is a powerful new probe for selectively imaging the vascular
endothelial growth factor receptor 2 (VEGFR-2) in cells
expressing this receptor in vitro and in “whole” mounted excised
tumors (ex vivo) by two-photon fluorescence microscopy
(2PFM) imaging. This selectivity imparted excellent contrast in
2PFM micrographs that captured tumor vasculature features up
to 800 μm within the tumor, despite the refractive index
heterogeneity that is characteristic of this type of tissue. These
images were recorded without having to increase the collection
efficiency of fluorescent photons, without additional artifacts,
and with a relatively low numerical aperture objective, fully
exploiting the working distance of this objective. Since the
tumors were “whole” mounted without prior treatment, the
conditions are close to those of the in vivo environment. Hence,
the new bioconjugate should be a candidate to continue with in
vivo imaging of tumor models, through, e.g., a dorsal skinfold
chamber where the first layers of tissue are significantly easier
to access.

■ ASSOCIATED CONTENT

*S Supporting Information
1H NMR and 13C NMR data. Two-photon fluorescence
micrographs of excised whole mount organs and glands of
the mice that had been injected with bioconjuagte B2 (negative
control) and 2PFM of other negative controls are shown. A
picture of the scanning process while taking a 2PFM
micrograph is shown as is verification of the quadratic
dependence of the microscope system for two-photon
excitation, and a spectral scan vs solution emission spectrum
of model probe 11. This material is available free of charge via
the Internet at http://pubs.acs.org.

Figure 8. Micrographs of tissue sections (400 um thick) of tumors
excised from a mouse injected with B2. The bright field image is
shown in part A, and one-photon epifluorescence micrographs are
shown parts B and C. An overlay of DC-101 bioconjugate B2 (B) and
Alexa Fluor 594-CD31 antibody conjugate (C) is shown in part D;
colocalization confirms that probe B2 targeted vasculature.
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Figure S1. Two-photon fluorescence micrographs of excised whole mount organs and 

glands of the mice that had been injected with bioconjuagte B2 (negative control). Images 

were obtained from the Z-axis projection all X-Y plane optical sections of the organs.  A 

brain;  B heart; C kidney; D liver; E muscle; an F spleen. Micrographs were collected at 

820 µm, 60 x. In these images mainly autofluorescence from native structures within each 

organ (elastin in muscle E and actin in the heart B, for example) or residual dye that was 

being excreted (kidney, C) was observed because very little to no conjugate resided in 

these organs (background was very modest). No vasculature formation was evidenced. 

 

 

 



 

 

Figure S2. Whole mount tumor 2PFM micrographs of excised Lewis Lung Carcinoma 

excised tumors. Mice were tail vein injected 400 µg of IgG bioconjugate (A and B) or 

model dye 21 (C). Non specific fluorescence in A can be attributed to autofluorescence 

of the tissue and residual unbound dye. 

 

 

 

 

 

 

 

 

 

Figure S3. “Whole”-tumor mounted on microscope stage while being scanned by 810 

nm, 200 fs excitation to excite the 2PA bioconjugate. In this inverted setup the tumor was 

immobilized between two cover slips and scanned layer by layer from below. 

Upconverted (two-photon induced) epifluorescence was collected either by a 10 or a 60x 

objective. 3-D reconstruction of the images was done in Amira 5.3 (Figure 7).   

 



 

Figure S4. Quadratic dependence of the collected mean fluorescence on the average 

excitation. A solution of 11 in PMMA was excited at 815 nm at different powers. 

 

 



 

Figure S5. Emission spectra of bioconjugate 11 in DMSO (dashed line) and in a PMMA 

polymer film. The spectrum in DMSO solution was taken in a PTI spectrofluorimeter. 

The spectrum of 11 in the polymer film was taken on a Leica SP5 II equipped with a 

spectral scanner by taking a spectral scan of the region of interest (slit width 5 nm, step 

size 3 nm). 
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’ INTRODUCTION

Discovery of molecular targets on, e.g., cancer cells, has
boosted the development of targeting agents. mAbs especially
are gaining momentum for use in diagnosis and disease-selective
therapy. At present, 5 mAbs have been approved by the FDA for
diagnosis and 28 mAbs for therapy, either in naked form or
conjugated to a toxic drug or radionuclide. Most of the approved
therapeutic mAbs are intact immunoglobulins, and the majority
are used for systemic treatment of cancer. In addition, hundreds
of new mAbs are under development worldwide. Since intact
mAbs have slow kinetics, it takes 3�6 days before optimal tumor-
to-normal tissue ratios are obtained. When intact mAbs are used
for nuclear imaging, imaging on the day of injection and at low
radiation burden is virtually impossible, because low tumor
uptake may be masked by high blood-pool activity. Further-
more, when mAbs are used for delivery of toxic agents like in

radioimmunotherapy, highly radiosensitive bone marrow will be
exposed continuously to a large fraction of the injected radio-
activity resulting in dose-limiting myelosuppression. Clearly,
achieving high tumor-to-blood ratios within a short time period
after injection would provide benefit for both imaging and
therapeutic applications. Strategies to prevent excessive exposure
of normal tissues to toxin�mAb or radionuclide�mAb conju-
gates include the use of antibody fragments,1 cleavable linkers,2,3

local delivery,4 antibody-directed enzyme prodrugs (ADEPT),5

and pretargeting.6�11 Several pretargeting approaches are under
investigation: (strept)avidin�biotin,12�14 hapten/antibody,15

and DNA/DNA interactions.16,17 All these pretargeting strategies

Received: June 8, 2011
Revised: August 19, 2011

ABSTRACT: The application of intact monoclonal antibodies
(mAbs) as targeting agents in nuclear imaging and radioimmuno-
therapy is hampered by the slow pharmacokinetics of these
molecules. Pretargeting with mAbs could be beneficial to reduce
the radiation burden to the patient, while using the excellent
targeting capacity of the mAbs. In this study, we evaluated the
applicability of the Staudinger ligation as pretargeting strategy
using an antibody�azide conjugate as tumor-targeting molecule
in combination with a small phosphine-containing imaging/
therapeutic probe. Up to 8 triazide molecules were attached to
the antibody without seriously affecting its immunoreactivity,
pharmacokinetics, and tumor uptake in tumor bearing nude mice. In addition, two 89Zr- and 67/68Ga-labeled desferrioxamine (DFO)-
phosphines, a 177Lu-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-phosphine and a 123I-cubyl phosphine probe
were synthesized and characterized for their pharmacokinetic behavior in nude mice. With respect to the phosphine probes, blood
levels at 30 min after injection were <5% injected dose per gram tissue, indicating rapid blood clearance. In vitro Staudinger ligation of
3.33 μM antibody�azide conjugate with 1 equiv of radiolabeled phosphine, relative to the azide, in aqueous solution resulted in
20�25% efficiency after 2 h. The presence of 37% human serum resulted in a reduced ligation efficiency (reduction max. 30% at 2 h),
while the phosphines were still >80% intact. No in vivo Staudinger ligation was observed in a mouse model after injection of 500 μg
antibody�azide, followed by 68 μg DFO-phosphine at t = 2 h, and evaluation in blood at t = 7 h. To explain negative results in mice,
Staudinger ligation was performed in vitro in mouse serum. Under these conditions, a side product with the phosphine was formed and
ligation efficiency was severely reduced. It is concluded that in vivo application of the Staudinger ligation in a pretargeting approach in
mice is not feasible, since this ligation reaction is not bioorthogonal and efficient enough. Slow reaction kinetics will also severely restrict
the applicability of Staudinger ligation in humans.
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are based on biological interactions and suffer from several
disadvantages, like the endogenous nature of the pretargeting
ligand, the immunogenicity of the recognizing moiety, the large
size of the recognizing moiety preventing fast imaging and
effective therapy, and the weak binding of the interacting
molecules. Using a covalent, nonbiological recognition system
in a pretargeting approach could circumvent most of these
drawbacks.

In the present study, we evaluated the possibility to use the
Staudinger ligation18�23 as the strategy for covalent conjugation
in a pretargeting approach. The Staudinger ligation is a bioortho-
gonal reaction between a phosphine and an azide resulting
in a covalent adduct with N2 and methanol as byproducts. Next
to the Staudinger ligation, other bioorthogonal reactions,24�26

that might be applied in biological systems, are the ring-
strain promoted azide�alkyne cycloaddition27�30 and tetrazine
ligation,31�34 as published during the course of our studies.

To utilize the Staudinger ligation in a pretargeting strategy, a
mAb needs to be functionalized with an azide handle. This azide
handle should be relatively small and not alter the targeting
properties of the mAb. The pretargeted mAb�azide will accu-
mulate in target tissue by binding to a disease-specific antigen,
while unboundmAb�azide will be cleared from the blood via the
liver and spleen. Next, a small phosphine-containing diagnostic
or therapeutic probe can be injected, which reacts covalently with
the azide handle on the mAb (Scheme 1).

In this paper, we report on the coupling of triazide 1a
(Figure 1) to the anti-CD44v6 chimeric mAb (cmAb) U36
and the determination of the optimal triazide-to-mAb molar
ratio for in vivo tumor targeting. To get a variety of imaging and
therapeutic possibilities, DOTA and DFO-based phosphine
derivatives were synthesized. DOTA can be used for labeling
with Gd (MRI), 177Lu (SPECT/therapeutic), 111In (SPECT),
90Y (therapeutic), and 67/68Ga (SPECT/PET)whereas DFO can
be used for labeling with 89Zr (PET), 67/68Ga, and 90Nb (PET).
In addition, an iodine-cubyl-phosphine was developed, which
can be labeled with different PET, SPECT, or therapeutic iodine
radionuclides. 89Zr- and 67/68Ga-DFO-phosphines 2 and 3,
177Lu-DOTA-phosphine 4, and 123I-cubyl-phosphine 5 were
prepared (Figure 1) and evaluated for their in vitro and in vivo
ligation characteristics.

’EXPERIMENTAL PROCEDURES

General Methods and Materials. The characteristics of the
head and neck squamous cell carcinoma (HNSCC) cell lines
HNX-OE and 11B, as well as the selection, production, and
characterization of cmAb U36, have been described before.35

cmAb U36 binds to the v6 region of CD44 (CD44v6), and is
capable of selective tumor targeting of HNSCC as demonstrated
in clinical trials.36 131I (66.4 GBq/mL in 0.1 M NaOH) was
obtained from Perkin-Elmer. The syntheses of triazide 1a and
phosphines 2�5 are described in the Supporting Information.
Dialysis after reaction of triazide 1a with cmAb U36 was
performed with a Slide-a-Lyzer cassette from Pierce Biotechnol-
ogy (cutoff 20 kDa) against PBS. mAb concentrations were
measured by using the bicinchoninic acid (BCA) assay (Pierce)
(UV-meter: Anthos 2001; data-analysis: Microwin) according to
the suppliers instructions using naked cmAb U36 as a standard
protein. HPLC analysis of antibody modification, 131I-radiolabeled
cmAb U36, antibody-Staudinger product stability, and in vivo Stau-
dinger ligationwere performed using a JascoHPLC system equipped
with a Superdex 200 10/30 GL size exclusion column (GE Health-
care Life sciences) using a mixture of 0.05M sodium phosphate, 0.15
M sodiumchloride (pH6.8), and 0.01MNaN3 as the eluent at a flow
rate of 0.5 mL/min. The radioactivity of the eluate was monitored
using an inlineNaI(Tl) radiodetector (Raytest Sockett). The ratios of
triazide/cmAb U36 and phosphine/cmAb U36-triazide represent an
average number of triazides or phosphines per mAb molecule,
assuming Poisson distribution as generally observed in these types
of mAb modifications.37 Instant thin layer chromatography (iTLC)
analysis of radiolabeled antibodies was carried out on silica impreg-
nated glass fiber sheets (Pall Corp., East Hills, NY) using 20 mM
citrate buffer (pH 5.0) as the mobile phase. Purification and isolation
of 131I-labeled cmAb U36-triazide conjugates and of cmAb U36-
Staudinger product were performed with PD10 columns (GE
Healthcare Life Sciences, NJ, USA). Gel electrophoresis was per-
formed on a Phastgel system (Pharmacia Biotech, Amersham
Biosciences) using preformed 7.5% SDS-PAGE gels under nonredu-
cing conditions, followed by phosphor imager analysis (B&L-Isogen
Service Laboratory). In vitro binding characteristics of the 131I-cmAb
U36-triazide conjugates were determined in an immunoreactivity
assay essentially as described by Lindmo et al.,38 using a serial dilution

Scheme 1. Schematic Presentation of a mAb-Based Pretargeting Strategy Using the Staudinger Ligation
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of 0.2% glutaraldehyde-fixed 11B cells and a fixed amount of 131I-
labeled cmAb U36-triazide conjugate (95 ng). After overnight
incubation at 4 �C, the cell suspension was centrifuged and the
specific binding calculated as the ratio of cell-bound radioactivity to
the total amount of applied radioactivity. This was corrected for
nonspecific binding, as determined with a 500-fold excess of non-
radioactive U36-triazide. All binding assays were performed in
triplicate. Single isotope counting was performed with a γ-well
counter (Wallac LKB-CompuGamma 1282; Pharmacia) for 89Zr,
67Ga, 68Ga, 123I, 131I, and 177Lu.
cmAb U36 Modification with Triazide 1a and 131I-Radio-

labeling. cmAb U36 (4 mg; 11.53 mg/mL) was mixed with PBS
(600 μL) and 1 M carbonate buffer pH 9.6 (30 μL) after which
triazide 1a (10, 15, 20, or 40 equiv) in DMF (20 μL) was added
and incubated for 30 min at room temperature. The cmAb
U36-triazide products were purified by dialysis until all un-
conjugated triazide was removed (assessed by HPLC-monitor-
ing at 260 nm). After dialysis, the concentration of the cmAb
U36-triazide product was determined by BCA assay. The
average number of triazide molecules attached per mAb
molecule was determined by HPLC using the UV absorption
of triazide 1b at 260 nm of the crude conjugation mixture. Next
to the conjugation reaction, a mock reaction was performed
without cmAb U36 resulting in fully hydrolyzed triazide 1b.

The difference in area corresponds to the amount of triazide 1
that was attached to cmAb U36 (see Supporting Information).
131I-labeling of cmAb U36-triazide conjugates was done ac-
cording to Tijink et al.39 and is described in the Supporting
Information. Radiochemical purity was determined by iTLC
analysis, mAb integrity by HPLC and SDS-PAGE analysis
followed by phosphor imaging, and immunoreactivity by a
cell-binding assay.
Radiosynthesis of Phosphine Probes. Radiolabeling yield

and percentage of oxidation were determined by HPLC analysis.
The radiolabeling of the synthesized phosphine probes required
extra precautions, because of the sensitivity of the phosphine for
oxidation to phosphine oxide. Therefore, an appropriate anti-
oxidant was used that did not affect the chelation itself. The
preparation of 89Zr- and 67/68Ga-DFO-phosphines 2 and 3,
177Lu-DOTA-phosphine 4, and 123I-cubyl-phosphine 5 are de-
scribed in the Supporting Information.
Biodistribution of 131I-cmAbU36-triazide Conjugates and

Radiolabeled Phosphines 2�5. Radiolabeled cmAb U36-tri-
azide conjugates were injected in nude mice bearing subcuta-
neously implanted xenografts of the tumor line HNX-OE, while
radiolabeled phosphines were injected in tumor-free nude mice.
Female mice (athymic nu/nu, 21�31 g; Harlan CPB), were
8�10 weeks old at the time of the experiment. All animal

Figure 1. Selected pretargeting components for the Staudinger ligation as used in this study: triazide 1 for coupling to a mAb; DFO-phosphines 2 and 3
(for radiolabeling with 89Zr and 67/68Ga), DOTA-phosphine 4 (for radiolabeling with 177Lu), and 123I-cubyl phosphine 5 as phosphine probes.
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experiments were performed according to National Institute of
Health principles of laboratory animal care and Dutch national
law (“Wet op de proefdieren”. Stb 1985, 336). Five groups of four
mice were injected via the retroorbital plexus with 185 kBq 131I-
cmAb U36-triazide conjugate (100 μg in 100 μL), in which the
triazide was coupled to the cmAb at different molar ratios
(triazide-to-mAb molar ratio 0, 4, 6, 8, and 15). The mean tumor
size at start of the experiment was 104( 58 mm3. Blood samples
were taken at 5, 24, and 48 h post injection (p.i.). At 72 h p.i., the
mice were anesthetized, bled, killed, and dissected. Blood, tumor,
skin, tongue, sternum, heart, lung, liver, spleen, kidney, bladder,
muscle, thighbone, colon (content), ileum (content), stomach
(content), and thyroid were weighed and the amount of radio-
activity in each tissue was assessed in a γ-well counter. Radio-
activity uptake was calculated as the percentage of the injected
dose per gram of tissue (%ID/g).
Six groups of four mice were injected intravenously (i.v.) via

the tail vein with 0.4 MBq 89Zr-DFO-phosphine 2 (1.52 μg,
1.3 nmol), 1.1MBq 68Ga-DFO-phosphine 2 (1.52 μg, 1.3 nmol),
0.4 MBq 89Zr-DFO-phosphine 3 (1.52 μg, 1.4 nmol), 1.1 MBq
68Ga-DFO-phosphine 3 (1.52 μg, 1.4 nmol), 0.4 MBq 177Lu-
DOTA phosphine 4 (1.50 μg, 1.7 nmol), or 0.8 MBq 123I-cubyl-
phosphine 5 (1.00 μg, 1.3 nmol). After 5, 10, 15, 30, 45, 60, and
90 min blood samples were taken and after 120 min, the mice
were anesthetized, bled, killed, and dissected as described above.
In Vitro Staudinger Ligation. Staudinger ligation efficiency

was assessed by SDS-PAGE analysis of the reaction mixture
followed by phosphor imager analysis. Equivalents of phosphine
added for ligation were related to the reacting counterpart,
the azide functionality. All Staudinger ligation experiments were
performed with a cmAb U36-triazide conjugate containing on
average 8 triazide 1molecules (and thus 24 azide functionalities)
and is further designated “cmAb U36-triazide”. Standard reac-
tions were performed with 1.67 nmol (0.25 mg, 40 nmol azide
functionalities) cmAb U36-triazide and 1 equiv of phosphine
(40 nmol, 44 μg) in 0.5 mL (6 v/v% ethanol) PBS at 37 �C for
2 h. The following characteristics were examined: (a) the in vitro
stability of the phosphine probes 2 and 4 expressed as the
chemical half-life; (b) the reactivity of phosphines 2 and 4
with cmAb U36-triazide in PBS; (c) the influence of the
temperature on Staudinger ligation efficiency; and (d) the
influence of the composition of the reaction medium on
Staudinger ligation efficiency. The in vitro stability of the
phosphine probes was examined by incubating 90 nmol/mL
89Zr- or 67Ga-DFO-phosphine 2 (10 MBq/mL) or 177Lu-
DOTA-phosphine 4 (7 MBq/mL) in PBS and in 10% or 37%
freshly prepared human serum at 37 �C with 6 v/v% ethanol. At
different time points (30, 75, and 120min), aliquots were taken.
Serum proteins were precipitated by the addition of a 2-fold
excess (v/v) of acetonitrile, and after centrifugation, the super-
natant was analyzed by radio-HPLC. The data obtained at 30,
75, and 120 min were plotted on a semi logarithmic scale,
whereafter extrapolation to 50% decomposition gave the
chemical half-life.
In Vitro Stability of cmAb U36-Staudinger Products. For

evaluation of the in vitro stability of the cmAb U36-Staudinger
ligation products, samples containing 40 μg of the PD10
purified cmAbU36-Staudinger product, resulting from a reaction
of cmAb U36-triazide with 89Zr/67Ga-DFO-phosphine 2 or
177Lu-DOTA-phosphine 4, were added to freshly prepared
human serum, mouse serum or 0.9% NaCl (1:4 v/v dilution;
sodium azide added to 0.02%) (n = 2). The samples were

incubated at 37 �C in a CO2-enriched atmosphere (5% CO2).
After 2, 24, and 48 h incubation, aliquots were taken and analyzed
by radio-HPLC. Fractions of 0.5 mL were assessed for radio-
activity in a γ-counter and used for determination of the recovery
of the HPLC column.
In Vivo Staudinger Ligation. Tumor-free nude mice were

used for evaluation of in vivo Staudinger ligation in blood. By
doing so, quantitative information about the ligation efficiency
in vivo can easily be obtained. Three mice were injected with
500 μg cmAb U36-triazide (0.2 mL) via the retroorbital plexus
followed by 68 μg 67Ga-DFO-phosphine 2 two hours later via the
tail vein. As control, three mice were injected only with 68 μg
67Ga-DFO-phosphine 2. At 5, 10, 15, 30, 60, and 90 min after
injection of the phosphine probe, blood samples were taken; and
after 5 h, the mice were anesthetized, bled, killed, and dissected as
described above. Blood samples of 5 h p.i. of the phosphine were
also analyzed by HPLC. To this end, the serum was separated
from the blood by centrifugation and diluted to 25% serum with
saline. HPLC-fractions of 0.5 mL were assessed for radioactivity
in a γ-counter to determine whether in vivo Staudinger ligation
had occurred.
Statistical Analysis. All values are given as mean ( SD.

Statistical analysis was performed on pharmacokinetics, tissue
uptake, and tumor-to-blood ratios between different groups of
mice with the Student’s t-test (SPSS) for paired data. Two-sided
significance levels were calculated and p < 0.05 was considered
statistically significant.

’RESULTS

Synthesis of 131I-cmAb-Triazide Conjugates and Their
Biodistribution. cmAb U36 was reacted with 10, 15, 20, or 40
equiv of triazide 1a in order to determine the maximum loading
of triazide to cmAb U36 without affecting its integrity, immu-
noreactivity, and in vivo targeting behavior (Scheme 2). The
average number of triazide molecules attached to the antibody
was determined by UV-HPLC and appeared to be 4, 6, 8, and 15,
respectively, which means that, within the applied stoichiometry,
the efficiency of modification was 37�42%. Subsequent radio-
labeling of these conjugates with 131I resulted in overall radio-
labeling yields of >70% after purification. As a control, cmAb
U36 without any triazide groups was also radiolabeled. The
radiochemical purity of all 5 products was >99%, and there was a
gradual decrease of the immunoreactivity upon increase of the
substitution ratio from 91% (131I-cmAb U36 without triazide) to
87%, 85%, 79%, and 46% for cmAb U36 containing, respectively, 4,
6, 8, and 15 triazide molecules. SDS-PAGE analysis (Figure 2)
showed an increased percentage of apparent high molecular weight
product at higher substitution ratio (20% for cmAb U36�15
triazide), while also a change in the apparent molecular weight of
the monomeric cmAb U36 (normally ∼150 kDa) was observed.
For assessment of the optimal triazide-to-mAb molar ratio for

in vivo tumor targeting, five groups of four mice were injected
with 131I-cmAb U36-triazide conjugate with, respectively, 0, 4, 6,
8, and 15 triazide molecules attached. At 5, 24, 48, and 72 h p.i.,
blood samples were drawn to determine the pharmacokinetics.
The blood clearance of the different 131I-labeled cmAb U36-
triazide conjugates did not show distinctive differences (p >
0.05), albeit the conjugate with the highest triazide-to-cmAb
U36 molar ratio (cmAb U36�15 triazide) tended to exhibit a
faster blood clearance (Figure 3). At 72 h p.i. the %ID/g in
tumor, blood, normal tissue, and gastrointestinal contents was
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determined and depicted in Figure 4 for a selected panel of
tissues. The tumor uptake of unconjugated 131I-labeled cmAb
U36 was 23.0 ( 3.5%ID/g, and was at the same level when 4
triazide groups were attached (23.1 ( 3.4%ID/g). However,
tumor uptake tended to decrease at higher triazide-to-cmAb U36
molar ratio. A tumor uptake of 16.4( 3.7 and 18.7( 6.3%ID/g,
respectively, was observed when 6 or 8 triazide groups were
attached to cmAb U36. Tumor uptake of conjugates containing

15 triazide groups was 10.5 ( 1.9%ID/g, which is significantly
lower than for all the other four conjugates (p < 0.05). No
distinctive increased uptake in any of the normal organs was
observed at higher triazide-to-cmAb U36 molar ratios. The 131I-
cmAb U36 conjugate with 15 triazide groups showed a signifi-
cantly lower (1.05 ( 0.20) tumor-to-blood ratio than the other
131I-cmAb U36-triazide conjugates (1.49( 0.24 to 1.81( 0.19)
(p < 0.05). This parameter also indicates worse tumor targeting
when too many triazide groups are attached to the mAb.
The cmAb U36-triazide conjugate with 8 triazide groups was
used in subsequent in vitro Staudinger ligation experiments and
will be designated “cmAb U36-triazide” hereafter.
Biodistribution of Phosphine Probes. The pharmaco-

kinetics and biodistribution of 89Zr- and 68Ga-DFO-phosphines
2 and 3, 177Lu-DOTA phosphine 4, and 123I-cubyl-phosphine 5
were examined in tumor-free nude mice. All six probes showed
fast blood clearance, and after 30 min, less than 5%ID/g was still
present in the blood (Figure 5). The phosphines are mainly
excreted via the gastrointestinal and urinary tract with elevated
uptake in liver (8.1 ( 1.8%ID/g) and spleen (3.2 ( 1.3%ID/g)
for 177Lu-DOTA phosphine 4, and in kidney for 89Zr-
DFO-phosphine 2 (4.1 ( 0.6%ID/g), 89Zr-DFO-phosphine 3
(2.0 ( 0.2%ID/g), and 177Lu-DOTA-phosphine 4 (1.4 ( 0.2%
ID/g) at 2 h p.i (Figure 6). The blood kinetics of 68Ga-DFO-
phosphine 2 and 68Ga-DFO-phosphine 3 were comparable,
while there was a difference between 89Zr-DFO-phosphine 2
and 89Zr-DFO-phosphine 3, the latter clearing faster. 177Lu-
DOTA-phosphine 4 showed comparable blood kinetics to 89Zr-
DFO-phosphine 3. 123I-cubyl-phosphine 5 cleared significantly
faster than the other probes and therefore this probe was not
further evaluated in Staudinger ligation experiments.
Because the labeling of DFO-phosphine 3 resulted in a

higher percentage of oxidation of the phosphine, it was decided
to select DFO-phosphine 2 for Staudinger ligation experiments.
For evaluation of the effect of the chelate on ligation efficiency,
DOTA-phosphine 4 was also included.
In Vitro Staudinger Ligation in PBS.The chemical half-life of

89Zr- and 67Ga-DFO-phosphines 2 and 177Lu-DOTA-phosphine
4 in PBS in the absence of cmAb U36-triazide was examined at
37 �C. All three phosphines were only slowly oxidized in PBS
with a chemical half-life of about 10 h. Staudinger ligation
efficiency was investigated using cmAb U36-triazide in com-
bination with each of the phosphine probes in aqueous
solution. No significant difference in reactivity was observed
for the three phosphines; Staudinger ligation efficiency was
always between 20% and 25% after 2 h at 37 �C. The kinetics of

Figure 2. SDS-PAGE analysis of 131I-cmAb U36-triazide conjugates
with, respectively, 0, 4, 6, 8, and 15 triazide 1 molecules attached.

Figure 3. Pharmacokinetics of 131I-cmAb U36-triazide conjugates
containing, respectively, 0, 4, 6, 8, or 15 triazide 1 molecules in nude
mice bearing HNX-OE tumors.

Scheme 2. Modification Reaction of cmAb U36 with Triazide 1a Resulting in cmAb U36-Triazide Conjugates with, Respectively,
0, 4, 6, 8, and 15 Triazide 1 Molecules Attached



2077 dx.doi.org/10.1021/bc200298v |Bioconjugate Chem. 2011, 22, 2072–2081

Bioconjugate Chemistry ARTICLE

the Staudinger ligation were determined with 67Ga-DFO-
phosphine 2 under standard conditions for shorter and longer
periods. After 10 min, about 5% Staudinger ligation efficiency
was observed, which increased to 32% after 5 h. Temperature
dependency of the Staudinger ligation was examined with
177Lu-DOTA phosphine 4 after 2 h incubation at 4 �C, room
temperature, and 37 �C (standard temperature). The Stau-
dinger ligation efficiency was found to be strongly tempera-
ture dependent, being 5% at 4 �C, 8% at room temperature,
and 20% at 37 �C. Interestingly, when the reaction mixture
contained 0.04% sodium dodecyl sulfate (SDS), the ligation
efficiency was nearly twice as high (40�45% after 2 h at
37 �C).24
Once formed, the Staudinger products (89Zr- and 67Ga-DFO-

Staudinger-cmAb U36 and 177Lu-DOTA-Staudinger-cmAb U36)
remained more than 93% intact upon 48 h incubation at 37 �C

under the applied conditions (0.9% NaCl or 80% mouse or human
serum). The 67Ga-DFO-Staudinger cmAb-U36 product was the
least stable in mouse serum (93% intact after 48 h incubation),
while in human serum and 0.9% NaCl, the product was over
96% intact after 48 h incubation. The other two Staudinger
ligation products were very stable in all three media for 48 h
(>98% intact).
In Vitro Staudinger Ligation in Human Serum. In the

absence of cmAb U36-triazide, all three phosphine probes
remained >90% intact in 10% human serum and >80% intact
in 37% human serum after 2 h at 37 �C. Staudinger ligation took
place in the presence of 10% and 37% human serum; however,
the kinetics of all probes were slowed down with 30% compared
with the reaction in PBS and with 50% for 89Zr-DFO phosphine
2 in 37% human serum.
In Vivo Staudinger Ligation. In vivo Staudinger ligation in

blood of tumor-free mice was studied via the sequential admin-
istration of cmAb U36-triazide and 67Ga-DFO-phosphine 2.
Blood kinetics and biodistribution of 67Ga were not significantly
different for mice which received cmAb U36-triazide plus
phosphine in comparison with mice which did not receive cmAb
U36-triazide, e.g., the blood levels at 5 h p.i. of the phosphine
were 0.20 ( 0.04 vs 0.14 ( 0.05%ID/g. HPLC analysis of these
blood samples did not reveal evidence for the presence of
the cmAb U36-Staudinger product (Figure 7).
In Vitro Staudinger Ligation in Serum of Different Animal

Species.To explain the absence of Staudinger product formation
in mice, in vitro Staudinger ligations experiments were performed
in mouse serum and in serum of a panel of other animal species.
67Ga-DFO-phosphine 2 was reacted with cmAb U36-triazide in
50% pig, goat, rabbit, human, and mouse serum for 2 h at 37 �C.
In 50% mouse serum, Staudinger ligation was virtually absent
(∼95% reduction), and a side product was observed (Figure 8).
The other sera did allow Staudinger ligation, although not as
efficient as in PBS. Staudinger ligation in 50% human and goat

Figure 4. Biodistribution of 131I-cmAb U36-triazide conjugates with, respectively, 0, 4, 6, 8, or 15 equiv of triazide 1 attached in nude mice bearing
HNX-OE tumors at 72 h after injection.

Figure 5. Pharmacokinetics of 89Zr- and 68Ga-DFO-phosphines 2,
89Zr- and 68Ga-DFO-phosphine 3, 177Lu-DOTA phosphine 4, and
123I-cubylphosphine 5 in tumor-free nude mice.
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serum gave 30% reduction of ligation efficiency compared
to PBS. Ligation efficiency in 50% pig and rabbit serum was,
respectively, 50% and 75% reduced compared to PBS (Figure 8),

the latter also showing the extra band on SDS-PAGE. Reduced
ligation efficiency and the extra band were also observed when
Staudinger ligation was performed in rat serum. Decreasing the
percentage of mouse serum resulted in an increase in Staudinger
ligation up to 4% efficiency in the presence of 37% mouse serum
and 8% efficiency in 10% mouse serum. Reduced Staudinger
ligation efficiency in mice was also observed when 177Lu-DOTA-
phosphine 4 instead of 67Ga-DFO-phoshine 2 was used. In
search for an explanation for the extra band on SDS-PAGE and
the reduced Staudinger ligation efficiency in mouse serum,
Staudinger ligation was also performed in the presence of mouse
serum albumin. The ligation, however, was as efficient as in PBS.
Dialysis of mouse serum before use (4.5 and 20 kDa cutoff) did
not improve the low ligation efficiency and still gave the
prominent extra band on SDS-PAGE. Finally, upon oxidation
of the phosphine in advance, followed by incubation in mouse
serum, no side product was observed by SDS-PAGE analysis.

’DISCUSSION

The Staudinger ligation has until now been applied in the field
of chemical biology and organic chemistry, but not in the field of
radiochemistry nor in a pretargeting approach with mAbs. The
Staudinger ligation is a bioorthogonal reaction, which implies
that phosphine and azide react with each other and not with
other bioavailable molecules in the body. Therefore, we investi-
gated the applicability of this bioorthogonal reaction in a
pretargeting concept with antibodies for tumor diagnosis and
therapy. In the present paper, we developed the synthesis of
mAb�azide conjugates and radiolabeled phosphines and eval-
uated their in vivo pharmacokinetic behavior as well as their
in vitro and in vivo reactivity in Staudinger ligation.

cmAb U36 was chosen as the model mAb, because this mAb
has shown high and selective tumor uptake in cancer patients.
Moreover, cmAb U36 internalizes just to a limited extent, and
this is expected to be a favorable characteristic for pretargeting.
On the basis of the work of Bertozzi,23 the amide containing azide
1a was designed having a trivalent azide branch to increase the
number of azides that are attached per lysine.19,24 cmAb U36 was
reacted with different amounts of triazide 1a and subsequently
radiolabeled with 131I to evaluate the in vivo behavior. Since the

Figure 6. Biodistribution of 89Zr-DFO-phosphine 2 (red bars), 68Ga-DFO-phosphine 2 (green bars), 89Zr-DFO-phosphine 3 (light blue bars), 68Ga-
DFO-phosphine 3 (purple bars), 177Lu-DOTA-phosphine 4 (blue bars), and 123I-cubyl-phosphine 5 (light salmon bars) in nude mice at 2 h after
injection for a larger selection of tissues and a smaller selection of tissues (inset).

Figure 7. Representative HPLC diagram of mouse blood taken 5 h p.i.
of the phosphine of a mouse that received cmAb U36-triazide and 67Ga-
DFO-phosphine 2 (black line). As a reference, the HPLC diagram of the
in vitro prepared Staudinger product of this reaction is depicted (red line).

Figure 8. SDS-PAGE analysis of a Staudinger ligation reaction of cmAb
U36-triazide with 1 equivalent of 67Ga-DFO-phosphine 2 in the
presence of 50% serum of different sources after 2 h at 37 �C: (A)
PBS, no serum, (B) pig serum, (C) goat serum, (D) rabbit serum, (E)
human serum, (F) mouse serum.
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applied radiolabeling method does not impair the immunoreac-
tivity and in vivo pharmacokinetic behavior of cmAb U36,40 any
change is caused by the number of triazide 1 groups that are
attached to cmAb U36. A series of conjugates with, on average, 4,
6, 8, and 15 equiv of triazide 1 attached to cmAb U36 was
produced (Scheme 2). The in vitro and in vivo evaluation revealed
that up to 8 triazide 1 groups (24 azide functionalities) could be
attached to cmAb U36 without substantially affecting the im-
munoreactivity, pharmacokinetics, tumor uptake, and tumor-to-
blood ratio. These characteristics became clearly impaired, how-
ever, when 15 triazide 1 groups were coupled per mAbmolecule,
a phenomenon also observed earlier in the development of
186Re-MAG3-labeled conjugates.37

Several radiolabeled phosphine probes were synthesized,
differing in radioisotope, chelate, and linker. The major radio-
chemical challenge was the protection of the phosphine moiety
against oxidation to phosphine oxide (see Supporting Informa-
tion for experimental details). In the radiolabeling of DFO-
phosphine 2 and 3 with 89Zr, radiolytically formed oxidative
species in the 89Zr stock solution and in the reaction mixture
needed to be scavenged. Sodium sulfite proved to be an excellent
antioxidant. In this way, 45 μg/12 MBq/mL 89Zr-DFO-phos-
phine 2 and 3 could be prepared with less than 10% oxidation
caused by radiolabeling. Because 67Ga was purified over a
chromafix column just prior to use, the addition of an antioxidant
was found to be unnecessary during the preparation of 67Ga-
DFO-phosphine 2. However, for the in vivo experiment with a high
dose 68Ga-DFO-phosphine 2 and 3, addition of an antioxidant to
the reaction mixture appeared necessary. In this case, not sodium
sulfite but a stannous sulfate containing gentisic acid solution proved
adequate. A concentration of 270 μg/314 MBq/mL 68Ga-DFO-
phosphine 2 with 8% oxidation or 68Ga-DFO-phosphine 3 with
13% oxidation could be prepared. Since addition of antioxidants like
gentisic acid or ascorbic acid did not inhibit oxidation, the prepara-
tion of 177Lu-DOTA phosphine 4 was restricted to the use of fresh
177Lu and execution of the labeling at pH 8. In this way, oxidation
caused by radiolabeling was limited to 15% and 91 μg/25MBq/mL
177Lu-DOTA-phosphine 4 could be prepared. 123I-cubyl-phosphine
5 had to be synthesized from 123I-cubyl carboxylic acid and linker�
phosphine because direct labeling of a Br-analogue of 5 resulted in
completely oxidized phosphine. Following this procedure, 95μg/72
MBq/mL 123I-cubyl-phosphine 5 could be prepared with less than
10% oxidation.

In vivo evaluation of the six radiolabeled phosphine probes
revealed that blood clearance was very fast with a half-life time of
less than 15 min. This means that the reaction of the phosphine
probes with pretargeted mAb�triazide conjugate should be very
fast for making Staudinger ligation an efficient option for in vivo
pretargeting strategies.

The stability of 89Zr- and 67Ga-DFO-phosphine 2 and 177Lu-
DOTA-phosphine 4 in PBSwas satisfactory, since the chemical half-
life was about 10 h at 37 �C. However, their reactivity with cmAb
U36-triazide was rather slow, taking the observed fast pharmacoki-
netics into account: after 2 h, Staudinger ligation efficiency was
20�25% at 37 �C, which means that per cmAb U36 molecule on
average 5 to 6 out of 24 azide 1 groups have reacted. The presence of
human serumdid not affect the stability of the three probes, but their
reactivity was reduced compared to PBS.

Although the circulation time of the probes was less than the
reaction time in vitro, we speculated that it may still be enough to
achieve conjugation in vivo. Therefore, we attempted to demon-
strate in vivo Staudinger ligation in a pretargeting approach in

tumor-free mice. HPLC analysis of the mouse blood revealed
that the activity still present in the blood was not from cmAb
U36-Staudinger product (Figure 7). To explain the complete
absence of in vivo Staudinger ligation, we performed in vitro
Staudinger ligation in mouse serum as well as in serum of other
animal species. In the presence of mouse serum, the Staudinger
ligation efficiency was severely reduced. SDS-PAGE analysis re-
vealed that Staudinger ligation efficiency was primarily hampered by
the formation of a side product. This side product was only formed
when the phosphine was intact and not oxidized in advance.
Identification of this side product was without success, and the
molecular basis for the formation of this product is still not known.
Apparently, larger molecules in mouse serum are involved, since in
dialyzed mouse serum, the extra band on SDS-PAGE was still
formed with concomitant reduction of Staudinger ligation effi-
ciency. Tests in serum of other animals revealed that reduced
Staudinger ligation efficiency and the formation of the extra band
was not limited to mouse serum.

These results seem to be in contrast with those of the group of
Bertozzi who reported on successful in vivo Staudinger ligation in
mice.20 In this study, azide groups were introduced on target cells
by daily injection of the unnatural sugar peracetylated N-α-
azidoacetylmannosamine (Ac4ManNAz, 300 mg/kg) to mice for
7 days resulting in a total dose of about 52 mg azide per mouse
(122 μmol), which is ∼3000 times more than we used in our
research. Staudinger ligation in the splenocytes was confirmed by
administration of 16 μmol phosphine-FLAG (∼300 times more
than used here) 24 h after the last injection of Ac4ManNAz. In
this in vivo model system, in which pretargeting is not disease
selective, the side reaction of the phosphine as we observed in
mouse serum might be less dominant due to the very large
amounts of azide and phosphine-FLAG used and the fact that
intraperitoneal injections were applied. Therefore, in our opinion
the results obtained in this way can not be directly translated to
pretargeting approaches with mAbs.

Apart from not being bioorthogonal in rodents, chemical
possibilities to increase the Staudinger ligation efficiency seem
to be rather limited, and we have strong scientific doubts whether
the Staudinger ligation can be made more efficient. Its kinetics
are a function of subtle folding/defolding of the azide function-
ality at the mAb molecule and the accessibility and reactivity of
the phosphorus atom within the triphenylphosphine methyl
ester moiety. The mAb�triazide conjugate used was the best
in the series of mono- to nonavalent azide, whereas removal of
the amide next to the azide resulted in a 2-fold decrease of the
efficiency (unpublished results). Variation around the phos-
phorus atom is very limited, since the triphenyl moiety is
necessary for Staudinger ligation and to protect against oxidation
of the phosphorus atom. And finally, introduction of an SDS
moiety either in the triazide handle or in the phosphine probe is
not expected to lead to a major breakthrough, because the
observed increase in the presence of SDS in the reaction medium
was only 2-fold. Therefore, we conclude that the Staudinger
ligation is not the method of choice for pretargeting approaches
in humans. We foresee that this also holds for the very recently
reported so-called traceless Staudinger ligation.41 This approach
makes use of diphenylphosphines which are even more prone to
oxidation than the triphenylphosphines used here for in vivo
pretargeting. Possibly, the tetrazine ligation34 is, because the
reaction kinetics of this bioorthogonal reaction are reported to be
at least 1000� faster than the Staudinger ligation.
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General methods and materials 

All starting reagents and solvents were obtained from commercial sources and used without 

further purification unless otherwise stated. N-succinyl desferrioxamine (N-suc-DFO) 15
1
, t-

butyl-2-(2-(2-aminoethoxy)ethoxy)ethylcarbamate (19)
2 

and 4-iodocubane carboxylic acid
3 

have been prepared according to literature procedures. Compounds 6, 8, 9, 10, 18, 26 and 27 

have been prepared and isolated in slightly modified procedures as compared to those 

described, avoiding large excesses of hexa-ethylene glycol for the preparation of 8, avoiding 

higher temperatures wth NaN3 in the synthesis of 9 and improving the yield in the preparation 

of 18. Analytical data of 6, 8, 9, 10, 18, 26 and 27 are in line with those reported. Water was 

distilled and deionized (18 mΩcm
-1

) by means of a milli-Q water filtration system (Millipore, 

USA). The labeling buffers for 
177

Lu labeling of DOTA-phosphine 4 were treated with 

Chelex-100 resin (BioRad Laboratories, USA) overnight.  

 

1
H, 

13
C, 

19
F and 

31
P nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 

AC, a Bruker Avance 250 MHz, a Bruker MSL 400 MHz, a Bruker 500 MHz spectrometer, a 

Varian Mercury Vx 400 MHz or a Varian Gemini 300 MHz spectrometer, where spectra were 

recorded at a temperature of 25 °C. Chemical shifts (δ) are given in ppm, internally referenced 

to residual solvent resonances (
1
H: δ = 7.29 ppm, 

13
C: δ = 77.0 ppm). ATR-FT-IR 

characterizations were done on a PerkinElmer Spectrum One machine. Mass spectrometry on 

isolated compounds was done using a Voyager DE-PRO MALDI-TOF-MS spectrometer 

(Perceptive Biosystems, USA), usually applying positive and reflector mode conditions and 

using α-cyano hydroxy cinnamic acid (CHCA) as matrix material. LC-MS/PDA analysis on 

prepared materials was carried out using a LC-10AD (Shimadzu, Japan) in combination with 

a Surveyor LCQ Fleet MS-spectrometer and a Surveyor PDA-plus detector (Thermo Fisher 

Scientific Inc., USA), and applying an Alltech Alltima HP C18 3µ column (Grace Alltech, 

USA). High resolution mass spectra (HRMS, ESI) were recorded on a micrOTOF-Q 

spectrometer (Capillary voltage: -4500V; collision energy: 5eV).  

Column chromatography was performed with Baker 7024–02 silica gel (40 mm, 60 L) or 

Screening Devices 60Å silica gel or Merck standardized aluminum oxide 90. Thin-layer 

chromatography (TLC) was performed on Merck TLC-plates on aluminium sheets (Silica gel 

60 F254 or neutral aluminium oxide 60 F254) Compounds on the TLC plates were visualised by 

UV light. Preparative reversed phase (RP) chromatography was done on a Biotage SP1 flash 

purification system (Biotage AB, Sweden) using a SiliCycle C18 RP column (SiliCycle Inc., 

Canada) and applying linear gradients of MeCN in water. 



3 

HPLC analysis of the synthesis of phosphine 2 and 3 was done with a Chromspher 5 C18, 

250x4.6 mm column (Varian) or a X-Terra MS C18 5 µm 3.9x150 mm column (Waters), 

using MeCN and 10 mM phosphate buffer (pH 6.0) as the eluent. The radioactivity of the 

eluate was monitored using an inline NaI radiodetector (Raytest Sockett). Sep-pak cartridges 

(Waters) were used to purify compound 16, 22, 24 and 30. 

177
Lu (9.25 GBq/mL in 0.05 M HCl) was obtained from Perkin-Elmer, 

89
Zr (1 GBq/mL in 1 

M oxalic acid) from IBA molecular, 
67

Ga-citrate (74 MBq/mL) from Covidien, 
68

Ga from a 

68
Ge/

68
Ga generator from Eckert & Ziegler Isotope Products, and 

123
I (50 GBq/mL in 0.01M 

NaOH) from Cyclotron BV.  

HPLC analysis of radiolabeled phosphines 2, 3 and 4 was done with a Chromspher 5 C18, 

250x4.6 mm column (Varian) or a X-Terra MS C18 5 µm 3.9x150 mm column (Waters), 

using MeCN and 10 mM phosphate buffer (pH 6.0) as the eluent for 
67/68

Ga-DFO-phosphine 2 

and 3 and 
177

Lu-DOTA-phosphine 4, and MeCN and 50 mM phosphate buffer (pH 3.25) for 

89
Zr-DFO-phosphine 2 and 3. HPLC analysis of 

123
I-cubyl-phopshine 5 was done with a 

Chromasil 100 C18 column (Phenomenex) using EtOH and water or MeCN, water and 

diisopropylamine as eluent. The radioactivity of the eluate was monitored using an inline 

NaI(Tl) radiodetector (Raytest Sockett). Light C18 sep-pak cartridges (Waters) were used to 

isolate 
89

Zr-DFO-phosphine 2 and 3 from the labeling mixture. Single isotope counting was 

performed with a  γ-well counter (Wallac LKB-CompuGamma 1282; Pharmacia) for 
89

Zr, 

67
Ga, 

68
Ga, 

123
I and 

177
Lu. 
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Synthesis of azide 1a 

 

Scheme S1 Synthesis of azide 1a 

 

2-Azidoacetic acid (6)
4 

Bromo acetic acid (6.3 g; 45 mmol) was dissolved in dimethyl sulfoxide (DMSO) (15 mL) 

and NaN3 was added in portions (3.6 g, 55 mmol) under stirring and cooling with an ice bath. 

After 10 min, the resulting gel was broken-up by adding DMSO (15 mL) and by vigorous 

stirring. The mixture was stirred overnight at room temperature (RT), then 1 M NaOH was 

added to increase the pH (>10), and the mixture was again stirred overnight. Water (300 mL) 

was added, the reaction mixture was acidified to pH<2 with 1 M HCl and was then extracted 

with diethyl ether (150 mL) (ethyl acetate is also possible
4
, but we have observed that in time 

acid 6 gives transesterification in this solvent). The combined ether layer was washed with 1 

M HCl (75 mL) and dried with Na2SO4. Addition of toluene and removal of the diethyl ether 

resulted in 26.7 g (87%) of a 15% (w/w) solution of 6 in toluene. A sample of the ether 

solution was evaporated down for analysis. 
1
H-NMR (400 MHz, CDCl3): δ = 10.7 (bs, 1H, 

COOH), 4.0 (s, 2H, CH2N3) ppm; 
13

C-NMR (CDCl3): δ = 174.4, 50.0 ppm. 
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2,3,5,6-Tetrafluorophenyl 2-azidoacetate (7)   

A toluene solution of 6 (0.97 g of solute, 9.6 mmol), 2,3,5,6-tetrafluorophenol (TFP) (1.84 g, 

11.1 mmol) in CHCl3 (3 mL), and pyridinium p-toluene sulfonic acid (0.24 g; 0.96 mmol) 

were stirred at RT in a water bath.  A solution of N,N’-dicyclohexylcarbodiimide (DCC) (2.34 

g, 11.4 mmol) in CHCl3 (3 mL) was added dropwise and the reaction mixture was stirred 

overnight under a N2 atmosphere. The solvent was removed, MeCN (25 mL) was added and 

the resulting white suspension was stirred overnight at 4 °C. After filtration, solvent 

evaporation and silica column chromatography with a CHCl3/heptane gradient, 1.6 g (67%) of 

pure product 7 was obtained. 
1
H-NMR (400 MHz, CDCl3): δ = 7.09–7.03 (m, 1H, Ph-H), 4.28 

(s, 2H, CH2N3) ppm; 
13

C-NMR (100 MHz, CDCl3): δ = 164.5, 146.0 (d, J (FC) = 252 Hz), 

140.4 (d, J (FC) = 234 Hz), 129.1, 103.9 (t, J (FC) = 22.8 Hz), 49.7 ppm; 
19

F-NMR (375 

MHz, CDCl3): δ = -138.3, -152.7 ppm; ATR-FT-IR: ν = 2109 1797, 1645, 1523 cm
-1

. 

 

2-(2-(2-(2-(2-(2-Hydroxyethoxy)-ethoxy)-ethoxy)-ethoxy)-ethoxy)-ethyl p-tosylate (8)
5,6 

Tosyl chloride (18.0 g, 94.5 mmol) was added in portions to a stirred and ice-cooled solution 

of hexaethylene glycol (25.4 g, 90.0 mmol) in dry pyridine (35 mL). The mixture was stirred 

overnight under an argon atmosphere at 4 °C, then crushed ice and 10 M HCl (45 mL) were 

added, and the mixture was extracted with CHCl3 (200 mL). The combined organic layer was 

washed with water (75 mL), dried with Na2SO4 and concentrated in vacuo to yield an oil 

containing mono- and difunctionalized hexaethylene glycol. Purification was performed on a 

silica column using a CHCl3/MeOH gradient resulting in an oil. Yield: 16.5 g (42 %). 
1
H-

NMR (400 MHz, CDCl3): δ = 7.79 (d, 2H, J = 8.7 Hz, Ph-H), 7.36 (d, 2H, J = 8.7 Hz, Ph-H), 

4.18 (t, 2H, J = 4.7 Hz, CH2OTs), 3.72–3.53 (m, 22H, OCH2), 2.89 (bs, 1H, OH), 2.43 (s, 3H, 

Ph-CH3) ppm; 
13

C-NMR (100 MHz, CDCl3): δ = 144.6, 132.8, 129.7, 127.8, 72.3, 70.5-70.1, 

69.1, 68.5, 61.5, 21.4 ppm. 

 

2-(2-(2-(2-(2-(2-Hydroxyethoxy)-ethoxy)-ethoxy)-ethoxy)-ethoxy)-ethyl azide (9)
5,6

  

The tosylate 8 (16.5 g, 37.8 mmol), NaN3 (3.5 g, 53.8 mmol) and dry DMSO (20 mL) were 

stirred at RT under an argon atmosphere for 3 days. Water (50 mL) and a few mL of a 

saturated NaHCO3 solution were added to the reaction mixture and the aqueous solution was 

extracted with CHCl3 (100 mL). The combined organic layer was washed with water (50 mL), 

dried with Na2SO4 and concentrated in vacuo to yield 11.1 g of oily product (95%). 
1
H-NMR 

(400 MHz, CDCl3): δ = 3.72–3.53 (m, 22H, OCH2), 3.39 (t, 2H, J = 4.9 Hz, CH2N3), 2.78 (bs, 
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1H, OH) ppm; 
13

C-NMR (100 MHz, CDCl3): δ = 72.4, 70.5-69.9, 61.6, 50.6 ppm; ATR-FT-

IR: ν = 2101 cm
-1

. 

 

2-(2-(2-(2-(2-(2-Azido ethoxy)-ethoxy)-ethoxy)-ethoxy)-ethoxy)-ethyl p-tosylate (10)
5,6

 

Tosyl chloride (5.5g, 28.8 mmol) was added in portions to a stirred and ice-cooled solution of 

9 (7.5 g; 24.4 mmol) in dry pyridine (10 mL).  The mixture was stirred overnight under an 

argon atmosphere at 4 °C, then iced water (100 mL) was added and the mixture was stirred 

for 5-10 min. A 10 M HCl solution (10 mL) was added, and the aqueous solution was 

extracted with CHCl3 (100 mL). The combined organic layer was washed with acidic water (1 

M HCl, 75 mL), dried with Na2SO4 and concentrated in vacuo to give 10 (10.4 g, 92%) as a 

clear yellowish oil. 
1
H-NMR (400 MHz, CDCl3): δ = 7.80 (d, 2H, J = 8.7 Hz, Ph-H), 7.36 (t, 

2H, J = 8.7 Hz, Ph-H), 4.16 (t, 2H, J = 4.7 Hz, CH2OTs), 3.70–3.56 (m, 20H, OCH2), 3.38 (t, 

2H, J = 5.0 Hz, CH2N3), 2.43 (s, 3H, Ph-CH3) ppm; 
13

C-NMR (100 MHz, CDCl3): δ = 144.6, 

132.8, 129.7, 127.8, 70.5-70.3, 69.8, 69.1, 68.5, 50.5, 21.5 ppm. 

 

Methyl-3,4,5-tris[2-(2-(2-(2-(2-(2-azidoethoxy)-ethoxy)-ethoxy)-ethoxy)-ethoxy)-ethoxy]-

benzoate (11)   

The tosylate 10 (10.4 g, 22.5 mmol), methyl gallate (1.24 g, 6.75 mmol), K2CO3 (9.2 g, 67 

mmol), tetrabutyl ammonium bromide (70 mg) and dimethyl formamide (DMF) (67 mL) were 

heated overnight under argon atmosphere at 65 °C.  The product was isolated by pouring the 

resulting suspension into a citric acid solution (1 M, 200 mL) and extracting the aqueous 

solution with several portions of CHCl3 (300 mL). The combined organic layer was 

concentrated in vacuo and co-evaporated with toluene to give 9.6 g of a crude brown oil.  

Silica column chromatography with a dimethoxyethane/heptane gradient afforded 11 in 

quantitative yield (7.0 g). The product contained a small amount of alcohol 9 that was formed 

due to hydrolysis of the tosylate 10. This contaminant was not removed from the mixture after 

this step, but after the next. 
1
H-NMR (400 MHz, CDCl3): δ = 7.31 (s, 2H, Ph-H), 4.24–4.16 

(m, 6H, PhOCH2), 3.88 (s, 3H, COOCH3), 3.85 (t, 4H, J = 4.9 Hz, PhOCH2CH2), 3.79 (t, 2H, 

J = 4.9 Hz, PhOCH2CH2), 3.74–3.60 (m, 54H, CH2O), 3.38 (t, 6H, J = 5.2 Hz, CH2N3) ppm; 

13
C-NMR (100 MHz, CDCl3): δ = 166.4, 152.1, 142.4, 124.8, 108.9, 72.2, 70.6-70.3, 69.8, 

69.4, 68.7, 52.0, 50.5 ppm. 
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3,4,5-Tris[2-(2-(2-(2-(2-(2-azidoethoxy)-ethoxy)-ethoxy)-ethoxy)-ethoxy)-ethoxy]-benzoic 

acid (12)  

The methyl ester 11 (2.1 g, 2.0 mmol) and NaOH (120 mg, 3.0 mmol) were stirred overnight 

at RT in a 8/1 MeOH/H2O (10 mL) solution. MeOH was evaporated, the solution acidified 

with 1 M HCl (5 mL) and the product was extracted in CHCl3 (25 mL). Drying with Na2SO4 

and concentration in vacuo of the solution yielded 1.8 g of crude product that was purified 

over an alumina column (to remove the contaminant 9), by applying an eluent mixture of 

CHCl3/MeOH/H2O 6/3/1. The fractions containing the product were pooled and concentrated. 

The oily residue was dissolved in CHCl3 and the resulting solution was washed with a 1 M 

HCl solution (10 mL). Evaporation of the CHCl3 yielded the product 12 as an oil (1.9 g, 

91%). 
1
H-NMR (400 MHz, CDCl3): δ = 7.39 (s, 2H, Ph-H), 4.27–4.17 (m, 6H, PhOCH2), 

3.86 (t, 4H, J = 5.0 Hz, PhOCH2CH2), 3.79 (t, 2H, J = 5.1 Hz, PhOCH2CH2), 3.75–3.60 (m, 

54H, CH2O), 3.38 (t, 6H, J = 5.1 Hz, CH2N3) ppm; 
13

C-NMR (100 MHz, CDCl3): δ = 169.5, 

152.0, 142.6, 124.7, 109.2, 72.2, 70.5, 70.4-70.3, 69.7, 69.4, 68.6, 50.4 ppm; ATR-FT-IR: ν = 

2100, 1713, 1586 cm
-1

. MALDI-TOF-MS: [M+Na]
+
 = 1060.3. 

 

3,4,5-Tris[2-(2-(2-(2-(2-(2-aminoethoxy)-ethoxy)-ethoxy)-ethoxy)-ethoxy)-ethoxy]-benzoic 

acid  (13) 

A solution of the acid 12 (200 mg) in dioxane (5 mL) and 28% ammonia in water (2 mL) was 

placed under an N2 atmosphere.  Pd/C (10%, ca. 20 mg) was added and the mixture was then 

shaken under a H2 pressure of 50 psi until FT-IR analysis showed the absence of azide groups.  

The Pd/C was filtered off and the filtrate was concentrated to produce 13 as an oil (100 % 

yield). This was used in the next synthetic step without further purification. 
1
H-NMR (400 

MHz, CDCl3): δ = 7.36 (s, 2H, Ph-H), 4.3 (bs, 6H, NH2), 4.25 (t, 4H, J = 5.0 Hz, PhOCH2), 

4.19 (t, 2H, J = 5.1 Hz, PhOCH2), 3.85 (t, 4H, J = 5.0 Hz, PhOCH2CH2), 3.79 (t, 2H, J = 5.1 

Hz, PhOCH2CH2), 3.75–3.60 (m, 54H, CH2O), 2.99 (t, 4H, J = 5.2 Hz, CH2NH2), 2.95 (t, 2H, 

J = 5.2 Hz, CH2NH2) ppm. 

 

3,4,5-Tris[2-(2-(2-(2-(2-(2-(2-azidoacetamido)-ethoxy)-ethoxy)-ethoxy)-ethoxy)-ethoxy)-

ethoxy]-benzoic acid (14) 

The activated ester 7 (200 mg, 0.80 mmol) was added to a solution of 13 (185 mg, 0.19 

mmol) and diisopropylethylamine (DIPEA) (250 mg) in CHCl3 (3 mL).  The reaction mixture 

was stirred overnight at RT and was then washed with 1 M HCl (2 mL). The solvent was 

evaporated and the residue was purified by RP-chromatography applying a SiliCycle C18 RP 
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column. The oily product 14 was isolated in 95% yield. 
1
H-NMR (400 MHz, CDCl3): δ = 

7.35 (s, 2H, Ph-H), 7.00 (bs, 2H, NH), 6.95 (bs, 1H, NH), 4.27–4.17 (m, 6H, PhOCH2), 3.95 

(s, 6H, CH2N3), 3.85 (t, 4H, J = 5.0 Hz, PhOCH2CH2), 3.79 (t, 2H, J = 5.1 Hz, PhOCH2CH2), 

3.75–3.60 (m, 54H, CH2O), 3.45 (t, 6H, J = 5.1 Hz, CH2NH) ppm; 
13

C-NMR (100 MHz, 

CDCl3): δ = 168.4, 167.1, 167.0, 152.1, 142.7, 124.7, 109.5, 72.3, 70.7, 70.5-70.3, 70.1, 69.6, 

69.4, 68.8, 52.4, 39.1 ppm; ATR-FT-IR: ν = 2102, 1678 cm
-1

; LC-MS: [M+H]
+
 = 1209.3, 

[M+2H]
2+

 = 605.50. 

 

Succinimidyl 3,4,5-tris[2-(2-(2-(2-(2-(2-(2-azidoacetamido)-ethoxy)-ethoxy)-ethoxy)-ethoxy)-

ethoxy)-ethoxy] benzoate (1a) 

The acid 14 (250 mg; 0.21 mmol) and N,N’-disuccinimidyl carbonate (DSC) (75 mg; 0.29 

mmol) were dissolved in MeCN (4 mL) and few drops of pyridine. After overnight stirring, a 

second portion of DSC (35 mg; 0.14 mmol) was added, and the mixture was stirred for 2 h 

more. At completion of the reaction, as confirmed by 
1
H-NMR analysis, the solvent was 

evaporated and CHCl3 (10 mL) was added. The organic solution was washed with an ice-cold 

aqueous solution of diluted HCl and NaCl (10 mL), dried with Na2SO4 and concentrated to 

give a turbid oil. Dissolution in 1/1 CHCl3/diethyl ether, filtration and concentration of the 

filtrate in vacuo gave a quantitative amount of product 1a. 
1
H-NMR (400 MHz, CDCl3): δ = 

7.39 (s, 2H, Ph-H), 6.94 (bs, 3H, NH), 4.26 (t, 2H, J = 5.0 Hz, PhOCH2), 4.20 (t, 4H, J = 4.9 

Hz, PhOCH2), 3.96 (s, 6H, CH2N3), 3.86 (t, 4H, J = 4.9 Hz, PhOCH2CH2), 3.79 (t, 2H, J = 

4.8 Hz, PhOCH2CH2), 3.73–3.67 (m, 6H, CH2O), 3.67–3.55 (m, 42H, CH2O), 3.59 (t, 6H, J = 

4.9 Hz, CH2O), 3.48 (q, 6H, J = 5.3 Hz, CH2NH), 2.91 (bs, 4H, CH2CO) ppm; 
13

C-NMR (100 

MHz, CDCl3): δ = 169.2, 166.9, 161.2, 152.4, 144.2, 119.3, 109.9, 72.4, 70.6, 70.5-70.3, 70.1, 

69.4, 69.3, 68.9, 52.3, 39.1, 25.5 ppm; ATR-FT-IR: ν = 2103, 1738 cm
-1

; MALDI-TOF-MS: 

[M+Na]
+
 = 1328.6. 
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cmAb U36 modification with triazide 1a  

cmAb U36 (MW ~ 150 kDa, 4 mg, 27 nmol) was reacted with 10, 15, 20 and 40 equivalents 

(270, 405, 540 and 1080 nmol) of triazide 1a (dissolved in DMF, max. 20 µL) in 1 mL total 

volume for 30 minutes. In parallel a mock reaction was performed with triazide 1a without 

cmAb U36 resulting in fully hydrolyzed triazide 1b. For determination of the average number 

of triazide 1 molecules attached per mAb molecule, the crude reaction mixtures were injected 

on HPLC equipped with a Superdex
TM

 200 10/30 GL size exclusion column (GE healthcare 

Life sciences) using a mixture of 0.05 M sodium phosphate, 0.15 M sodium chloride (pH 6.8) 

and 0.01 M NaN3 as the eluent at a flow rate of 0.5 mL/min. The retention times of the cmAb 

U36 was 25.6 min, of the hydrolyzed azide 1b 40.1 min and of NHS 42.6 min. In the mock 

reaction the area of the hydrolyzed triazide 1b at 40.1 min corresponded to the amount of 

triazide used in the reaction. In the modification reaction the area of the hydrolyzed triazide 

1b at 40.1 min corresponded to the amount of triazide that had not reacted. The percentage of 

triazide that had reacted, was be calculated for the difference of the hydrolyzed triazide 

between mock reaction and modification reaction.    

 

131
I-labeling of cmAb U36-triazide compounds. 

In short: 20 mL β-scintillation vials were coated with 25 µg iodogen (Pierce, Rockford, IL, 

USA) in dichloromethane, dried under a stream of N2 gas, resulting in a thin coating of 

iodogen at the bottom surface of the vial. The vials were stored under N2 atmosphere. To a 

iodogen-coated glass vial, successively 50 µL 0.5 M NaH2PO4 (pH 7.4), 450-X-Y µL 0.1 M 

Na2HPO4 (pH 6.8), X µL U36 and Y µL 
131

I solution were added. After gentle shaking for 5 

min, 0.1 mL ascorbic acid (25 mg/mL, pH 5) was added to reduce the iodogen, the SCl bonds 

and to protect cmAb U36 against radiation damage. After an additional 5 min, the reaction 

mixture was transferred to a syringe connected to a filter (0.22 µm Acrodisc, Gelman 

Sciences, Ann Arbor, MI, USA) followed by 0.4 mL 0.1 M Na2HPO4 (pH 6.8), used for an 

additional rinsing of the vial. This combined solution was filtered and purified on a PD10 

column with 0.9% NaCl/ascorbic acid (5 mg/mL, pH 5) as eluent. 
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Synthesis of DFO-phosphine 2 

 

Scheme S2 Synthesis of DFO-phosphine 2 

 

TFP-N-suc-DFO-Fe ester (16)
1
 

A stock solution of FeCl3  (80 µL of 400 mg/mL in 0.5 M HCl, 32 mg, 0.20 mmol) was added 

dropwise to a solution of N-suc-DFO 15 (120 mg, 0.18 mmol) in 0.1 M Na2CO3 (2.64 mL) 

and 0.9 % NaCl (2.31 mL) while shaking. After 10 min 0.9 % NaCl (5 mL), MeCN (1.8 mL) 

and TFP solution (0.20 mL of 2 g/mL in MeCN, 0.40 g, 1.73 mmol) were added. 

Subsequently a first portion of 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) (0.50 

g, 2.61 mmol) was added and incubated for 15 min, followed by a second portion of EDC 

(0.50 g, 2.61 mmol) and again incubated for 15 min. The resulting dark red solution was 

trapped on 2 double C18 sep-pak cartridges. The double sep-pak cartridges were washed with 
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60 mL H2O each and subsequently eluted with 2 times 1.5 mL MeCN. Yield: 81% (estimated 

with HPLC at 430 nm).  

 

1-Methyl-2-iodo-terephthalate (17)
7
  

Hydrochloric acid (37%, 200 mL) was cooled on an ice bath, and 1-methyl-2-amino 

terephthalate was added. A solution of NaNO2 (7.20 g; 0.104 mol) in 40 mL of H2O was 

added dropwise, resulting in the evolution of a small amount of orange gas. The mixture was 

stirred for 30 min at 20°C and then filtered through a glass filter. The filtrate was 

subsequently added to a solution of potassium iodide (172 g; 1.04 mol) in H2O (280 mL). The 

dark red solution was stirred for 1 h and then diluted with dichloromethane (DCM) (2 L) and 

washed with sat. Na2SO3 (2 times 400 mL), H2O (800 mL), and sat. NaCl (400 mL). The 

combined aqueous layer was back extracted with DCM (500 mL). The combined organic 

layer was dried over Na2SO4 and concentrated in vacuo. The crude product was dissolved in 

hot MeOH (60 mL) and H2O (20 mL) was added. Cooling to 4 °C and subsequent filtration 

afforded 17 as a bright yellow solid (18.92 g; 62%), mp=165-166°C. 
1
H-NMR (400 MHz, 

CDCl3): δ = 11.4 (br.s, 1H, OH), 8.69 (d, 1H, J = 1.6 Hz, Ph-H (H6)), 8.11 (dd, 1H, J = 1.6 

Hz, J = 8.0 Hz, Ph-H (H4)), 7.83 (dd, 1H, J = 1.6 Hz, J = 8.0 Hz, Ph-H (H3)), 3.97 (s, 3H, 

CH3) ppm; 
13

C-NMR (400 MHz, CDCl3): δ = 169.9, 166.5, 142.6, 140.1, 132.5, 130.5, 129.4, 

93.4, 52.9 ppm; FT-IR (ATR): ν = 2957, 2845, 2646, 2535, 1737, 1693, 1552, 1480, 1417, 

1248, 742 cm
-1

. 

 

1-Methyl-2-diphenylphosphino-terephthalate (18)
7
  

To a flame dried flask was added MeCN (30 mL), NEt3 (5.32 g; 52.3 mmol), compound 17 

(3.06 g; 10.0 mmol) and palladium acetate (42 mg; 0.2 mmol). The mixture was degassed in 

vacuo. While stirring under an atmosphere of argon, diphenylphosphine (2.16 g; 11.6 mmol) 

was added to the flask via a syringe. The resulting solution was heated at 80°C for 3 d, and 

then allowed to cool to RT and concentrated in vacuo. The residue was dissolved in DCM 

(175 mL), washed with H2O (175 mL), and 1 M hydrochloric acid (2 times 50 mL), and 

concentrated in vacuo. The crude product was dissolved in hot MeOH (100 mL) and cooled to 

4°C. Filtration afforded the phosphine product as a golden yellow solid (2.87 g; 78%), 

mp=206°C. 
1
H-NMR (400 MHz, CDCl3): δ = 10.8 (br.s, 1H, OH), 8.07–8.00 (m, 2H, H4 and 

H6), 7.67 (d, J = 4.0 Hz, 1H, H3), 7.37-7.25 (m, 10H, Ph-H), 3.75 (s, 3H, CH3) ppm; 
13

C-

NMR (100 MHz, CDCl3): δ = 170.6, 166.7, 141.5 (d, J (PC) = 29.5 Hz), 138.9 (d, J (PC) = 
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19.1 Hz), 136.9 (d, J (PC) = 10.0 Hz), 135.6, 133.8 (d, J (PC) = 10.0 Hz), 131.9, 130.6, 129.7, 

129.0, 128.7 (d, J (PC) = 7.1 Hz), 52.4 ppm; 
31

P-NMR (80 MHz, CDCl3): δ = -4.04 ppm; FT-

IR (ATR): ν 2952, 2846, 2536, 1726, 1686, 1434, 1262, 1244, 1106, 1057, 743 cm
-1

. 

 

Phosphine 21  

2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) (1.04 g; 

2.74 mmol) was dissolved in dry (DMF) (12 mL) and DIPEA (0.96 mL; 5.48 mmol) and 

phosphine 18 (1.0 g; 2.74 mmol) were added. The mixture was stirred under argon at RT for 

10 min, after which a solution of 19 (0.75 g; 3.0 mmol) in DMF (2.5 mL) was added. The 

mixture was stirred for 2 h and subsequently diluted with diethyl ether (165 mL), and washed 

with saturated NaHCO3 (3 times 110 mL) and 0.1 M HCl (110 mL). The organic layer was 

dried with Na2SO4 and concentrated in vacuo to yield phosphine 20 as a yellow foam. This 

yellow foam was dissolved in DCM (7.5 mL) and trifluoroacetic acid (TFA) (7.5 mL) and 

stirred for 2 h at RT. The mixture was concentrated in vacuo and redissolved in DCM (37 

mL). This organic solution was washed with saturated Na2CO3 (75 mL) and the aqueous layer 

was back extracted with DCM (20 mL). The combined organic solution was dried with 

Na2SO4 and concentrated in vacuo to yield a yellow oil. This crude product was purified by 

silica column chromatography using a gradient of CHCl3/MeOH/NEt3 of 100/1/0.1 to 

10/1/0.1. Yield: 1.17 g (86 % over two steps). 
1
H-NMR (200 MHz, CDCl3): δ = 8.00 (dd, 1H, 

J = 8.0 Hz, J = 1.6 Hz, Ph-H), 7.78 (dd, 1H, J = 8.0 Hz, J = 3.6 Hz, Ph-H), 7.05–7.34 (m, 

11H, Ph-H), 3.66 (s, 3H, CO2CH3), 3.41–3.52 (m, 10H, CH2), 2.79 (t, 2H, J = 5 Hz, CH2NH2) 

ppm; 
31

P-NMR (101 MHz, CDCl3): δ = -3.7 ppm; HRMS (ESI): m/z = 495.2022 [M
+
], calc. 

for C27H32N2O5P = 495.2043. 

 

Fe-DFO-phosphine 22 

To a solution of TFP-N-suc-DFO-Fe ester 16 (103 mg, 0.12 mmol) in MeCN (4 mL) were 

added 3 eq. of NEt3 (51 µL, 0.36 mmol) and 1 eq. of phosphine 21 (60 mg, 0.12 mmol) in 

MeCN (3 mL). The resulting solution was stirred overnight at RT, subsequently concentrated 

in vacuo and dissolved in 10% MeCN in H2O and trapped on 2 sep-pak cartridges (C18). The 

sep-pak cartridges were washed with 60 mL H2O and eluted with 5 mL MeCN. Yield: 

quantitative. 
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DFO-phosphine 2 

To a solution of Fe-DFO-phosphine 22 (142 mg; 0.12 mmol) in MeCN (8 mL) was added 

ethylenediaminetetraacetic acid (EDTA) (75 mL of 25 mg/mL), H2SO4 solution (18.75 mL of 

pH=4.5) and MeCN (17 mL). The solution was heated at 35°C for 50 min. A white precipitate 

was formed during Fe
3+

 removal. This white precipitate was separated from the aqueous 

phase by centrifugation and washed with H2SO4 solution (pH=4.5, 20 mL) and H2O (20 mL), 

followed by lyophilization. Yield: quantitative. Purity: >95 % according to HPLC. 
1
H-NMR 

(500.23 MHz, DMSO): δ = 9.62 (s, 3H), 8.62 (dd, 1H, J = 5.5Hz, J= 5.5Hz), 8.01 (dd, 1H, J = 

8.0 Hz, J = 1.5 Hz), 7.90 (dd, 1H, J = 8.0 Hz, J = 1.5 Hz), 7.86 (dd, 1H, J = 5.5 Hz, J = 5.5 

Hz), 7.79–7.77 (m, 3H), 7.57–7.54 (m, 1H), 7.44–7.36 (m, 7H), 7.22–7.18 (m, 4H), 3.65 (s, 

3H), 3.43–3.39 (m, 12H), 3.37–3.33 (m, 4H), 3.16–3.14 (m, 2H), 3.00–2.98 (m, 6H), 2.59–

2.56 (m, 4H), 2.28–2.25 (m, 8H), 1.96 (s, 3H), 1.51–1.47 (m, 6H), 1.39–1.35 (m, 6H), 1.22–

1.20 (m, 6H) ppm; 
13

C-NMR (125.78 MHz, DMSO): δ = 172.0, 171.5, 171.3, 171.1, 170.1, 

166.3, 165.3, 139.8 (d, J (PC) = 28.9 Hz), 137.2, 137.0 (d, J (PC) = 12.6 Hz), 136.3 (d, J (PC) 

= 20.1 Hz), 133.5 (d, J (PC) = 21.4 Hz), 133.2, 130.1, 129.0, 128.7 (d, J (PC) = 7.5 Hz), 

126.8, 69.5, 69.1, 68.7, 52.1, 47.0, 46.7, 38.4, 30.7, 29.9, 28.8, 27.6, 26.0, 23.5, 20.4 ppm; 

31
P-NMR (161.97 MHz, CDCl3): δ = -5.3 ppm; HRMS (ESI): m/z = 1137.5580 [M

+
], calc. for 

C56H82N8O15P = 1137.5632.  
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Synthesis of DFO-phosphine 3 

 

 

Scheme S3 Synthesis of DFO-phosphine 3 

  

Piperazine-phosphine 23 

TSTU (110 mg, 0.37 mmol) was dissolved in dry DMF (1.15 mL) and DIPEA (96 µl, 0.55 

mmol) and phosphine 18 (99 mg, 0.27 mmol) were added. The mixture was stirred under 

argon at RT for 10 minutes, and then a solution of piperazine (86 mg, 1 mmol) in 1.5 mL dry 

DMF was added. The mixture was stirred for 2 h, subsequently diluted with diethyl ether (20 

mL) and washed with saturated NaHCO3 (3 times 20 mL) and 0.1 M HCl (20 mL). To the 

aqueous layer was added ammonium hydroxide in water resulting in a basic layer, which was 

extracted with diethyl ether (25 mL). The combined organic layers were dried with Na2SO4 

and concentrated in vacuo to yield the crude product. The crude product was purified with 

column chromatography with CHCl3/MeOH/NEt3 50/1/0.01 resulting in a slightly yellow 

solid. Yield: 73 mg (63 %). 
1
H-NMR (500.23 MHz, CDCl3): δ = 8.10 (dd, 1H,  J = 8.0 Hz, J 

= 3.5 Hz, Ph-H); 7.54 (dd, 1H, J = 2.0 Hz, J = 8.0 Hz, Ph-H), 7.37–7.31 (m, 6H, Ph-H), 7.28–

7.24 (m, 4H, Ph-H), 6.89–6.88 (m, 1H, Ph-H), 3.75 (s, 3H, CH3), 3.65 (s, 2H, CH2), 3.11 (s, 

2H, CH2), 2.85 (s, 2H, CH2), 2.52 (s, 2H, CH2) ppm; 
13

C-NMR (125.8 MHz, CDCl3) δ = 

169.0, 166.6, 140.9 (d, J (PC) = 29.6 Hz), 138.4, 137.1 (d, J (PC) = 11.1 Hz), 135.4 (d, J (PC) 

= 19.2 Hz), 133.8 (d, J (PC) = 21.0 Hz), 132.4, 131.2 (d, J (PC) = 2.4 Hz), 129.0, 128.7 (d, J 

(PC) = 7.2 Hz), 127.6, 52.3, 48.1, 45.8, 45.4, 42.6 ppm; 
31

P-NMR (101.25 MHz, CDCl3): δ = 

-4.1 ppm; HRMS (ESI): m/z = 433.1687 [M
+
], calc. for C25H26N2O3P = 433. 1676. 

 

 



15 

Fe-DFO-piperazine-phosphine 24 

To a solution of TFP-N-suc-DFO-Fe ester (16) (107 mg, 127 µmol) in 4.3 mL MeCN was 

added 3 eq. NEt3 (53.3 µL, 0.38 mmol) and 1 eq. piperazine-phosphine 23 (54.7 mg, 127 

µmol) in 1 mL MeCN. The resulting solution was stirred overnight at RT, subsequently 

concentrated in vacuo and diluted to 10% MeCN in water by the addition of 48 mL water and 

trapped on 2 sep-pak cartridges (C18). The sep-pak cartridges were washed with 60 mL water 

and eluted with 5 mL MeCN. Yield: quantitative 

 

DFO-phosphine 3 

To a solution of Fe-DFO-piperazine-phosphine 24 in MeCN (127 µmol, 12.4 mL) were added 

73.8 mL EDTA (25 mg/mL), 18.45 mL H2SO4 buffer (pH=4.5) and 12.4 mL MeCN. The 

solution was heated at 35 °C for 50 minutes. The solution was extracted with DCM (3 times 

120 mL) and dried with Na2SO4 and concentrated in vacuo and finally lyophilized. Yield:  

103 mg (76%). Purity: >95 % according to HPLC.
 1

H-NMR (500.23 MHz, CDCl3): δ = 9.65 

(s, 1H), 9.61 (s, 2H), 8.03 (dd, 1H, J = 7.7 Hz, J = 4.0 Hz), 7.86–7.77 (m, 3H), 7.63–7.56 (m, 

2H), 7.43–7.37 (m, 5H), 7.25–7.20 (m, 4H), 6.91–6.82 (m, 1H), 3.65 (s, 3H), 3.46–2.99 (m, 

22H), 2.57–2.50 (m, 4H), 2.28–2.25 (m, 6H), 1.96 (s, 3H), 1.50–1.48 (m, 6H), 1.39–1.36 (m, 

6H), 1.22–1.19 (m, 6H) ppm; 
13

C-NMR (125.78 MHz, DMSO): δ = 172.0, 171.3, 171.1, 

170.2, 170.1, 167.9, 166.2, 139.9 (d, J (PC) = 29.2 Hz), 138.6, 136.9 (d, J (PC) = 11.6 Hz), 

135.0 (d, J (PC) = 19.2 Hz), 133.5 (d, J (PC) = 20.9 Hz), 131.8, 130.6, 129.1, 128.8 (d, J (PC) 

= 7.2 Hz), 127.7, 52.1, 47.1, 47.1, 46.8, 38.4, 30.5, 30.3, 29.9, 28.8, 27.8, 27.6, 26.0, 23.5, 

20.4 ppm; 
31

P NMR (101 MHz, CDCl3): δ = -5.4 ppm; HRMS (ESI): m/z = 1075.5218 [M
+
], 

calc. for C54H76N8O13P = 1075.5264.  
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Synthesis of DOTA-phosphine 4 

 

 

Scheme S4 Synthesis of DOTA-phosphine 4 

 

DOTA-phosphine 4 

HBTU (1.32 g, 3.49 mmol) was dissolved in dry DMF (15 mL) and DIPEA (0.90 g; 6.98 

mmol) and the DOTA tris(t-Bu) ester building block (2.00 g, 3.49 mmol) were added. The 

mixture was stirred under argon at RT for 10 min, and a solution of amine 21 (1.90 g, 3.84 

mmol) in DMF (5 mL) was added. The mixture was stirred for 2 h, concentrated, redissolved 

in CH2Cl2 (100 mL), and subsequently washed with a saturated NaHCO3 solution (3 times 50 

mL), water, and 1 M NaOH (50 mL). The organic layer was dried with Na2SO4 and 

concentrated in vacuo. The crude product was purified by column chromatography on silica, 

by eluting with CHCl3 and then with 5% (v/v) MeOH in CHCl3. The purified tris-tert-butyl 

ester protected product was dissolved in CH2Cl2 (7 mL) and TFA (5 mL), and stirred at RT 

for 1 h. The mixture was concentrated, and again dissolved in CH2Cl2 (7 mL) and TFA (5 

mL), and stirred for an additional 2 h. The mixture was concentrated and coevaporated (2x) 

with CHCl3 (10 mL) and then concentrated in vacuo. The product was dissolved in water (30 

mL) and lyophilized to yield 4 as a fluffy, yellow powder (1.16 g, 96%). 
1
H-NMR (MeOD): δ 

= 8.04 (dd, 1H, J = 3.7 Hz, J = 8.1 Hz, Ph-H), 7.79 (dd, 1H, J=1.7 Hz, J = 8.1 Hz, Ph-H), 7.45 

(dd, 1H, J = 3.7 Hz, J = 1.7 Hz, Ph-H), 7.4–7.2 (m, 10H, Ph-H), 4.05–3.70 (br.m, 8H, CH2), 

3.68 (s, 3H, CH3), 3.60–3.10 (br m, 28H, CH2) ppm; 
13

C-NMR (100 MHz, DMSO): 171.6, 

168.6, 166.3, 165.6, 165.3, 158.2 (q, J (FC) = 43.7 Hz, TFA), 139.7 (d, J (PC) = 37.2 Hz), 

137.1, 137.0 (d, J (PC) = 25.5 Hz), 136.3 (d, J (PC) = 27.0 Hz), 133.4 (d, J (PC) = 27.7 Hz), 

131.3 (d, J (PC) = 13.1 Hz), 130.0, 128.8 (d, J (PC) = 23.3 Hz), 128.6, 126.7, 116.6 (q, J (FC) 

= 392.1 Hz, TFA), 69.5, 68.6, 54.7, 539, 52.6, 52.1, 50.5, 48.4, 48.0, 40.5–38.5 (m, DMSO-d6 

+ 2x CH2NHCO). 
31

P-NMR (MeOD): δ = 33.82 (oxidized phosphine, ca. 5%), -3.91 

(phosphine 4, ca. 95%), -15.19 (t, HPO2F2, J = 953 Hz) ppm; ATR-FT-IR: ν = 3287, 3074, 

2872, 2546, 1718, 1651, 1547, 1435, 1292, 1189, 1130, 745, 720, 698 cm
-1;

 MALDI-TOF: 

m/z [M + H]
+
 881.4 Da. 
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Radiolabeling of DFO-phosphines 2 and 3 with 
89

Zr and 
67/68

Ga 

 

Radiosynthesis of 
89

Zr-DFO-phosphine 2 and 3:  

The radiolabeling of DFO with 
89

Zr was done according to Verel et al.
1
 with minor 

adjustments. In short: Radiolabeling of DFO-phosphine 2 for in vitro experiments: To 
89

Zr in 

1 M oxalic acid (500 µL, max. 500 MBq) a Na2SO3 solution was added (100 µL of 50 mg/mL 

in H2O) and incubated for at least 2 h. Next, to 10-50 MBq of the Na2SO3 containing 
89

Zr 

solution, adjusted to 200 µL 1 M oxalic acid, were added 0.9% NaCl (262-300 µL) and 2 M 

Na2CO3 (90 µL) and reacted for 10 min. Hereafter 0.5 M HEPES (1.2 mL of pH 7.2-7.4), 

DFO-phosphine (500 µg), EtOH (318 µL) and 0.9% NaCl (90 µL) were added (total volume 

2.2 mL) and the reaction mixture was shaken for 30 min at RT. The radiolabeling yield was 

always >93% and the percentage of oxidation caused by radiolabeling was <10% (n>10). The 

reaction mixture was used as such for in vitro Staudinger ligation experiments.  

 

Radiolabeling for in vivo experiments: the same conditions as for the in vitro experiments 

were applied using 26.7 MBq 
89

Zr and 100 µg DFO-phosphine 2 or 3. 
89

Zr-DFO-phosphine 2 

was prepared with 7% oxidation and 
89

Zr-DFO-phosphine 3 with 8% oxidation caused by 

radiolabeling. The reaction mixture was diluted with a Na2SO3-solution (0.5 mL of 1 mg/mL 

in 0.9% NaCl) and the product was trapped on a light C18 sep-pak to remove chemical 

reagents like oxalic acid. The light C18 sep-pak was washed with the Na2SO3 solution (2 mL) 

and eluted with fractions of 100 µL of a 80/20 EtOH/Na2SO3 solution. The products eluted in 

fractions 2 and 3 with 81% overall yield. 100 µL (12 MBq, 48.9 µg DFO-phosphine 2 or 11.7 

MBq, 49.0 µg DFO-phosphine 3) of this solution was diluted with EtOH and 25 mg/mL 

hydroxypropyl-β-cyclodextrin in 0.04% tween-20, to solubilize the product without causing 

unacceptable oxidation of the phosphine. 50 µL of this solution was injected per mouse and 

contained 0.4 MBq/1.52 µg (1.3 nmol) 
89

Zr-DFO-phosphine 2 (total: 15% oxidation of the 
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phosphine) or 0.4 MBq/1.52 µg (1 4 nmol) 
89

Zr-DFO-phosphine 3 (total: 20 % oxidation of 

the phosphine) and 10% EtOH 

 

Radiosynthesis of 
 67/68

Ga-DFO-phosphine 2 and 3: 

 

Radiolabeling of DFO-phosphine 2 for in vitro experiments: 
67

Ga-citrate was converted to 

67
GaCl4¯  via a chromafix procedure

8
. 

67
Ga in H2O (35 µL, 10-70 MBq) was incubated with 3 

M ammonium acetate buffer of pH 7 (100 µL) for 5 min. Hereafter, 0.25 M ammonium 

acetate buffer of pH 5.5 (100 µL), DFO-phosphine 2 (100 µg), EtOH (30 µL) and 0.9% NaCl 

(20 µL)) were added and reacted for 3 min. Radiolabeling yield was always >95% and the 

percentage of oxidation caused by radiolabeling was always <10% (n>10). The reaction 

mixture was used as such for in vitro Staudinger ligation experiments.  

 

Radiolabeling for in vivo experiments on the kinetics of radiolabeled phosphine probes: 
68

Ga 

was eluted from a 
68

Ge/
68

Ga generator according to the manufacturer protocol with ultra pure 

0.1 M HCl solution (3.5 mL) and purified according to the method of Vosjan
8
. 

68
Ga (70 µL, 

116-120 MBq) was incubated with 3M ammonium acetate of pH 7 (100 µL) for 5 min. Then 

an anti-oxidant solution (25 µL of 100 mg/mL gentisic acid pH 3.4 + SnSO4 (6 mg/mL)) was 

added and the mixture was left for 10-15 min. Subsequently, 0.25 M ammonium acetate of pH 

8.5 (75 µL), DFO-phosphine 2 or 3 (100 µg), EtOH (60 µL) and 0.9% NaCl (40 µL) were 

added and reacted for 5 min (final pH 5.4). After dilution with 0.9% NaCl and EtOH, to a 

final concentration of 10% EtOH, 50 µL of this solution were injected per mouse and 

contained 1.1 MBq/1.52 µg (1.3 nmol) 
68

Ga-DFO-phosphine 2 (7% oxidation of the 

phosphine, 98% labeling efficiency) or 1.1 MBq/1.52 µg (1.4 nmol) 
68

Ga-DFO-phosphine 3 

(13% oxidation of the phosphine, 98 % labeling efficiency).  
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Radiolabeling for in vivo Staudinger ligation experiments: 
67

Ga in H2O (140 µL, 56 MBq) 

was incubated with 0.5 M ammonium acetate buffer of pH 6.7 (800 µL) for 5 min. Hereafter 

DFO-phosphine 2 (520 µg), EtOH (120 µL) and 0.9% NaCl (80 µL)) were added and reacted 

for 3 min. 150 µL of this solution was injected per mouse and contained 7.4 MBq/68 µg (60 

nmol) 
67

Ga-DFO-phosphine 2 (9% oxidation of the phosphine, 100% labeling efficiency) and 

10% EtOH. 
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Radiolabeling of DOTA-phosphine 4 with 
177

Lu 

 

To 
177

Lu (10-50 MBq) in 0.05 M HCl (10 µL) were added 0.25 M ammonium acetate of pH 

8.5 (140 µL) and DOTA-phosphine 4 (100 µg). The reaction mixture was incubated for 10 

min at 45 °C. Radiolabeling yield was always >90% and the percentage of oxidation caused 

by radiolabeling was always <15% (n>10). For in vitro experiments the reaction mixture was 

used as such. Radiolabeling for in vivo experiment: to 
177

Lu (16.9 MBq) in 0.05 M HCl (15 

µL) were added 0.2 M ammonium acetate of pH 8.5 (660 µL) and DOTA-phosphine 3 (62 

µg). The reaction was incubated for 10 min at 45°C. After dilution with 0.9% NaCl and 

EtOH, to a final concentration of 10% EtOH, 50 µL of this solution was injected per mouse 

and contained 0.4 MBq/1.50 µg (1.7 nmol) 
177

Lu-DOTA-phosphine 4 (18% oxidation of the 

phosphine, 98% labeling efficiency).  
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(Radio)synthesis of I-cubyl-phosphine 5 

 

 

Scheme S5 Synthesis of 
123

I-cubyl-phosphine 5 

 

4-(methoxycarbonyl)-1-cubanecarboxylic acid (26)
9
  

To a solution of 1,4-bis(methoxycarbonyl)cubane 25 (2.25 g, 10.2 mmol) in THF (70 mL) 

was added dropwise a solution of 2.5 M sodium hydroxide in MeOH (4 mL, 10 mmol). After 

stirring overnight at RT the solvents were removed in vacuo without heating, after which H2O 

(25 mL) was added. The aqueous layer was washed with CHCl3 (3x25 mL) to remove 

unreacted starting materials, after which it was acidified with concentrated HCl to pH 3. The 

aqueous layer was extracted with CHCl3 (3x25 mL). The combined organic layer was dried 

with MgSO4 and concentrated in vacuo to give a white solid. Yield: 2 g (95%). Aanalytical 

data were according to literature
9
.  

 

Methyl-4-bromo-1-cubane carboxylate (27)
10

 

To a suspension of 26 (1.64 g, 7.9 mmol) and HgO (2.5 g, 11.5 mmol) in CH2Br2 (47 mL) 

was added dropwise Br2 (0.77 mL, 14.9 mmol) in CH2Br2 (5 mL). Subsequently the 

suspension was stirred for 2 h at 85°C, cooled down to RTand filtered to remove HgBr2. The 

resulting solution was concentrated in vacuo and the solid was dissolved in hexane (40 mL) 

and washed with H2O (3x20 mL). The organic layer was concentrated in vacuo and purified 
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by column chromatography with hexane:ethyl acetate 4:1 and crystallized from hexane 

resulting in a white solid. Yield: 1.16 g (61%). Analytical data were according to literature
10

.  

 

I-cubyl-phosphine (5) (cold reference compound) 

HBTU (69 mg, 0.18 mmol) was dissolved in dry DMF (1 mL) and DIPEA (63 µL; 0.36 mol) 

and phosphine 21 (100 mg; 0.2 mmol) were added. The mixture was stirred under argon at 

RTfor 10 min, after which a solution of 4-iodocubane carboxylic acid
3
 (50 mg; 0.18 mmol) in 

DMF (1 mL) was added. The resulting solution was stirred overnight at RT, followed by the 

addition of diethyl ether (20 mL). The organic layer was washed with saturated NaHCO3 

solution (3 x 15 mL) and 0.1 M HCl (15 mL) and dried over Na2SO4 and concentrated in 

vacuo. The crude product was purified by silica column chromatography using a gradient 

from 100% CHCl3 to CHCl3/MeOH/NEt3 (10/1.5/0.1). Yield: 95 mg (70%). 
1
H-NMR (250.13 

MHz, CDCl3): δ =  8.16 (dd, 1H, J = 8.0 Hz, J = 3.7 Hz, Ph-H), 7.89 (dd, 1H, J = 8.0 Hz, J = 

1.6 Hz, Ph-H), 7.61–7.37 (m, 11H, Ph-H), 6.62 (s, 1H, NH), 6.21 (s, 1H, NH), 4.40–4.26 (m, 

8H, CH2CH2NH), 3.72 (s, 3H, OCH3), 3.72–3.44 (m, 10H, cubyl-H, CH2O) ppm; 
13

C-NMR 

(125.8 MHz, CDCl3): δ = 171.1, 166.5, 166.3, 137.3, 136.5 (d, J (PC) = 17.9 Hz), 133.9, 

133.8, 132.9, 131.8 (d, J (PC) = 10.4 Hz), 130.9 (d, J (PC) = 2.5 Hz), 129.3, 128.7 (d, J (PC) 

= 7.8 Hz), 128.5 (d, J (PC) = 13.0 Hz), 127.2, 70.2, 70.1, 69.8, 69.5, 57.9, 54.6, 52.4, 50.1, 

39.8, 38.9, 36.2 ppm; 
31

P-NMR (101.25 MHz, CDCl3): δ = -4.1 ppm; HRMS (ESI): m/z = 

751.1396 [M
+
], calc. for C36H37IN2O6P = 751.1428.  

 

123
I-cubyl-phosphine (5)  

To [
123

I]-iodide in 0.01 N NaOH (~ 100 µL) was added 0.1 M H2SO4 (1 mL). The radioiodide 

was trapped on a platinum column under nitrogen atmosphere
11

, washed with H2O (5 mL), 

MeCN (5 mL) under nitrogen atmosphere and finally dried with nitrogen. 
123

I was eluted with 
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MeCN and hydrogen gas resulting in > 90% recovery of the activity in less than 0.3 mL 

MeCN. Methyl-4-bromo-1-cubane carboxylate 27 (1.6 mg, 6.6 µmol) was reacted under 

anhydrous conditions with Cu2OTf (10 µL of 1 mg/mL in MeCN), 1,4-dimethylpiperazine (10 

µL of 10 mg/mL in MeCN) and 
123

I in 100 µL total volume of MeCN at 140 °C in a closed 

vessel for 30 min. The reaction was allowed to cool down to RT, diluted with 45/55/0.2 

MeCN/H2O/diisopropylamine (DIPA) (0.5 mL), and purified by HPLC (flow 1 mL/min, 

eluent: 45/55/0.2 MeCN/H2O/DIPA) resulting in methyl-4-
123

Iodo-1-cubane carboxylate 28 in 

HPLC eluent in 65% yield. The collected product was hydrolyzed quantitatively by the 

addition of 1M NaOH (20 µL) and heating at 140 °C for 40 min in a closed vessel resulting in 

4-
123

Iodo-1-cubane carboxylic acid 29. Hereafter, EDC (84.2 mg; 0.44 mmol) and TFP (300 

µL of 200 mg/mL in MeCN) were added to the solution and reacted for 45 min at RT. The 

reaction mixture was diluted to 10 % EtOH with H2O and trapped on a light C18 Sep-pak 

cartridge. The Sep-pak cartridge was washed with H2O (15 mL) in order to remove excess 

TFP and EDC and eluted with MeCN resulting in TFP-ester 30 in 94% isolated yield. The 

purified TFP-ester 23 was reacted with phosphine 21 (1.2 mg; 2.4 µmol) in the presence of 3 

equivalents diisopropylethylamine (DIPEA) for 30 min at RT resulting in 
123

I-cubyl-

phosphine 5. 
123

I-cubyl-phosphine 5 was diluted with 55/45/0.2 EtOH/H2O/DIPA (0.5 mL) 

and purified with preparative HPLC (flow 1 mL/min, eluent: 55/45/0.2 EtOH/H2O/DIPA) and 

collected in a stock solution of cold I-cubyl-phosphine 5 in EtOH (0.438 mg in 4.06 mL 

EtOH). Prior to injection the stock solution was diluted with 0.9% NaCl to arrive at a final 

concentration of 10% EtOH. 100 µL of this solution was injected and contained 0.77 MBq 

123
I-cubyl-phosphine 5 (1 µg; 1.34 nmol) (5% oxidation of the phosphine).  
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’ INTRODUCTION

RNA interference (RNAi) is a potent and highly specific gene-
silencing phenomenon that was first reported for the nematode
Caenorhabditis elegans by Fire and Mello in 1998.1 They dis-
covered that genes could be silenced by introducing double-stranded
RNAs (dsRNAs) complementary to the mRNA sequences.1

Since then, RNAi has been shown to be an evolutionarily
well-conserved process that plays an important role in host
defense and regulation of gene expression.2 The RNAi pathway
is initiated by the enzyme Dicer, an endoribonuclease in the
RNase III family, which cleaves long dsRNA into short dsRNA
fragments called short interfering RNA (siRNA). siRNA is a
dsRNAmolecule of about 20�23 nucleotides (nt) in length with
2-nt 30 overhangs on either end. In the pathway, after being
incorporated into a protein complex known as the RNA-induced
silencing complex (RISC), the siRNA strand subsequently
guides the RISC to the complementary mRNA molecule, where
they cleave and destroy the cognate RNA.3

Much effort has been dedicated to the application of siRNAs as
therapeutic agents, since they were shown to be effective in
mammalian cells.4�7 A wide variety of chemical modifications
has been proposed to improve the stability of siRNAs in serum.

For example, modification of the phosphate backbone with
phosphorothioates or boranophosphates and modification of
the ribose moiety with 20-O-methyl, 20-fluoro, or 40-thio groups
has been examined.8�13 These chemical modifications can
increase the stability of siRNAs, although they often decrease
RNAi activity. There is also concern that unnatural RNA
derivatives might be toxic in the body. A method to stabilize
nontoxic natural RNA strands should be useful for applying
RNAi technology in the development of therapeutic agents.

RNA molecules that can induce RNAi, but with different
strand lengths or shapes than those of normally used canonical
siRNA, have been reported recently.14�21 Increasing the length
of an siRNA duplex makes it a substrate for Dicer and has been
found to increase its potency.14 Changing the shape may also
influence the RNAi activity; for example, the efficacy of an
asymmetric dsRNA duplex, which was named asymmetric inter-
fering RNA (aiRNA) and which comprises a 19-nt guide strand
and 15-nt passenger strand, was reported.16 In this report, aiRNA
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ABSTRACT: RNA interference (RNAi) is one of the most
promising new approaches for disease therapy. The design of a
dumbbell-shaped nanocircular RNA allows it to act as a short
interfering RNA (siRNA) precursor. To optimize the design, we
studied the relationship between the nanostructure and RNAi
activity by synthesizing various RNA dumbbells. An RNA
dumbbell with a 23-bp stem and 9-nt loops was the most
potent. Sequence analysis by mass spectrometry showed that
Dicer could edit RNA dumbbells to siRNA species. The
reaction offered the slow release of siRNA species, which
conferred prolonged RNAi activity. Introduction of DNA into
the loop position significantly stabilized the dumbbell in biological fluid without any loss of RNAi activity. In-depth pharmacological
evaluation was performed by introducing dumbbells into HeLa cells that stably express the target luciferase gene. The dumbbells
provided a rapid silencing effect and retained this effect for a longer time even at a lower concentration than that at which standard
siRNA completely lost RNAi activity. We conclude that an RNA dumbbell with DNA loops is the most promising design for in vivo
applications for RNA medicine.
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was as efficient as conventional siRNA in silencing the target
genes and was less prone to causing unwanted off-target effects.16

Recently, we altered the structure of the siRNA molecule and
produced dumbbell-shaped nanocircular RNAs that withstand
enzymatic degradation and have a prolonged RNAi effect despite
their natural RNA strand (Figure 1).20 On the basis of the under-
standing that nucleases typically start by chewing at the loose
ends of RNA,22 we created circularized siRNA by designing a
molecule that assembles into a stable dumbbell shape with a base-
paired central stem connected by two loops at both ends. Closing
off the ends limits the enzymatic activity of the exonuclease and
confers greater stability of the RNA.20

Encouraged by these initial findings, we have been pursuing
strategies to further increase the effectiveness of RNA dumbbells
for RNAi. An important issue remaining is that of optimizing the
loop structure of the RNA dumbbells. The mechanism shown in
Figure 1 indicates that the loop can be cleaved by Dicer and is not
necessary for the RNAi effect. However, in a previous study, we
found that the single-stranded RNA loop is a weaker point than
the stem in terms of stability because the loops can be cleaved by
nucleases.23,24 In addition, the loop and its related structure are
also important for controlling the editing position by Dicer. To
develop a more effective dumbbell structure, our current work
focuses on modifying the loop sequences and structures. Here,
we report on our systematic studies on the effect of changing the
loop sequences and structures on RNAi activity. We also
analyzed the dicing reaction of Dicer on an RNA dumbbell by
comparing the reaction with RNAs of the related structure and by
identifying the sequences using mass spectrometry (MS). We
also synthesized RNA dumbbells that have loops containing
deoxynucleotides or hexaethylene glycol linker to increase the
biological stability. We confirmed their improved stability in both
serum and cell lysates, and we found that they are good
candidates for further study for clinical purposes.

’EXPERIMENTAL PROCEDURES

RNA Synthesis and Purification Methods. RNA oligonucleo-
tides were synthesized on a Gene World H-8-SE DNA synthesizer
(Gene World, Tokyo, Japan) using 20-O-TBDMS or 20-O-TOM
protected β-cyanoethyl phosphoramidites (Glen Research, Sterling,
VA). 50-Phosphorylation was performed on the synthesizer using
Chemical Phosphorylation Reagent (Glen Research). Spacer Phos-
phoramidite 18 (Glen Research) or Spacer 18 Amidite (Biosearch
Technologies, Novato, CA) was used as the hexaethylene glycol
linker. Deprotection was performed according to the procedure

provided by the supplier. Deprotected oligonucleotides were pur-
ified by 15%denaturing polyacrylamide gel electrophoresis (PAGE)
and isolated by the “crush-and-soak” method.25 Desalted RNAs
were precipitated with sodium acetate (pH 5.2) and 2-propanol.
siRNA-1 targeted 849�869 nucleotides,26 and uGL3 targeted
153�173 nucleotides in the coding region of GL3 luciferase relative
to the first nucleotide of the start codon.4 All siRNA sequences were
characterized by matrix-assisted laser desorption ionization - time-
of-flight (MALDI-TOF) MS (RIKEN Brain Scientific Institute
(BSI) Research Resources Center, Japan).
Enzymatic Synthesis of RNA Dumbbells using T4 RNA

Ligase. The final composition of the reaction mixture was as
follows: 2 μM 50-phosphorylated-dsRNA, 0.05�0.4 units/μL T4
RNA ligase (Takara Bio, Otsu, Japan), 25% PEG 6000, 0.006%
bovine serum albumin (BSA), 50 mMTris-HCl (pH 7.5), 10 mM
MgCl2, 10mMDTT, and 1mMATP. After the 50-phosphorylated
RNAs were annealed, PEG 6000, BSA, and T4 RNA ligase were
added to the concentrations described above, and the reaction
mixture was incubated at room temperature overnight. After
extraction with chloroform, the RNA was precipitated by the
addition of sodium acetate (pH 5.2) and 2-propanol. The ligated
products were purified by preparative (1 mm thick) denaturing
PAGE (10% polyacrylamide, 25% formamide, 7Murea in 1�TBE).
The bands were visualized by UV shadowing, and crushed and
extracted with 0.2 M NaCl and 10 mM ethylenediaminetetraacetic
acid (EDTA, pH 8.0). The eluate was desalted using a Sep-Pak
cartridge (Waters, Milford, MA). The RNA dumbbells were pre-
cipitated with sodium acetate (pH 5.2) and 2-propanol.
Measurements of RNAi Activity of RNA Dumbbells by

Dual-Luciferase Assay. All RNAs used were annealed at 5 μM
concentrations in annealing buffer (100 mM potassium acetate,
30 mM HEPES-KOH at pH 7.4, 2 mM magnesium acetate)
by heating at 90 �C for 3 min and then cooled slowly to room
temperature. The solutionswere incubated further at 4 �Covernight.
NIH/3T3 cells (RIKEN Cell Bank, Japan) were grown at

37 �C under 5% CO2 in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA) supplemented with 10%
fetal calf serum (FCS; Israel Beit Haemek, Israel). Cells were
passaged regularly tomaintain exponential growth.One day before
transfection, cells were plated in 96-well plates (1.6 � 104 cells/
100 μL per well). Cotransfection of the reporter plasmids and
RNAs was performed using GeneSilencer (Genlantis, San Diego,
CA) as described by the manufacturer for adherent cell lines. Just
before cotransfection, the culturemediumwas replacedwith 56μL
of DMEM without FCS, and 0.2 μg of pGL3-Control (Promega,
Madison, WI), 0.2 μg of pRL-TK (Promega), and 2.5 pmol of
RNA formulated into liposomes (44 μL) were added to each well.
Four hours after the transfection, 100 μL of 20% FCS in DMEM
was added to each well. Luciferase expression was monitored with
the Dual-Luciferase Reporter Assay System (Promega) on aWallac
ARVO SX (PerkinElmer, Waltham, MA).
Atomic Force Microscopy (AFM) Imaging and Computer

Modeling of the RNA Dumbbell Db-23. A drop of the RNA
sample (200 pM in 10 mM Tris-HCl, pH 7.2, 12.5 mM MgCl2,
and 1 mM EDTA) was spotted on the mica, which was cleaved
freshly and pretreated with 3 μL of 1 mM NiCl2. After 30 s, the
unbound RNA was removed by rinsing with Milli-Q water
(Millipore, Billerica, MA). The sample was dried in a silica gel
desiccator for one day, and AFM images were obtained under
ambient conditions using a Nanoscope IIIa (Veeco Instruments
Inc., Plainview, NY) in tapping mode with an SSS-NCH tip
(NanoWorld AG, Neucĥatel, Switzerland). The three-dimensional

Figure 1. Proposed mechanism of the RNAi effect induced by a
dumbbell-shaped nanocircular RNA.
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structure of Db-23 was energy-minimized using AMBER* in the
MacroModel program.
Dicer Cleavage Reaction of RNAs with Various Structures.

Annealed RNAs (2.5 μM) were incubated with 0.1 units/μL
ColdShock-DICER (TmCspB and fragment of h-Dicer; cold shock
protein from Thermotoga maritime (TmCspB) is added in this
product to increase the dsRNA digestion efficiency; Takara Bio) in
20 mM Tris-HCl (pH 8.5), 150 mM NaCl, and 2.5 mMMgCl2 at
37 �C. After 1, 6, and 18 h, aliquots (4.5 μL) were taken from the
mixture, the reaction was stopped by mixing with 1.5 μL of 0.5 M
EDTA (pH 8.0), and the samples were frozen. The samples were
analyzed by 15% nondenaturing PAGE. siRNA Ladder Marker
(Takara Bio) was used as the size marker for dsRNA. The total
amount of RNA loaded was adjusted according to stem length to
obtain uniform intensity for the bands. The gels were stained with
SYBR Green I (Lonza, Rockland, ME), and visualized by scanning
on a BioRad Molecular Imager FX (BioRad, Hercules, CA).
MALDI-TOF MS Analysis of the Products Produced by Dicer

from the RNADumbbell Db-23.Db-23 (2.5 μM, 1250 pmol) was
incubated with 0.1 units/μL ColdShock-DICER in 20 mM Tris-
HCl (pH8.5), 150mMNaCl, and 2.5mMMgCl2 at 37 �C for 16 h.
RNA was recovered from the reaction mixture by alcohol precipita-
tion using sodium acetate (pH 5.2) and 2-propanol after phenol�
chloroform extraction. Two-thirds of the precipitated RNA was
purified by 15% nondenaturing PAGE. Each band was visualized by
UV shadowing, excised, and extracted with 10 mM EDTA, pH 8.0
(0.5mL� 2). The eluatewas lyophilized, and theRNAwas alcohol-
precipitated using sodium acetate (pH 5.2) and 2-propanol. The
MALDI-TOF MS spectra were measured on Microflex MALDI-
TOFMS spectrometer (Bruker Daltonics, Billerica,MA) at RIKEN
BSI Research Resources Center (positive mode, reflector mode,
3-hydroxypicolinic acid as the matrix).
Stability of Loop-ModifiedRNADumbbells inBovineSerum.

RNA (5 μM) was annealed in annealing buffer. Bovine serum
(Invitrogen) was added to a final volume of 80% and the samplewas
incubated at 37 �C. After 0.5, 1, and 2 h, aliquots (5 μL) were taken
from the mixture, mixed with 5 μL of 0.5 M EDTA (pH 8.0), and
frozen. The samples were analyzed by 15% nondenaturing PAGE.
siRNA LadderMarker (Takara Bio) was used as the size marker for
dsRNA. The gel was stained with SYBR Green I (Lonza) and
visualized by scanning on a BioRad Molecular Imager FX.
Stability of Loop-Modified RNA Dumbbells in the Cell

Lysate. HL60 cells (RIKEN Cell Bank) were grown at 37 �C in
5%CO2 in RPMI 1640medium (Invitrogen) supplemented with
10% FCS (Israel Beit Haemek) for three days to 100% con-
fluency in a 75-mL flask. Cells were separated by centrifugation at
1000 � g for 2 min. Pelleted cells were resuspended in 1 mL of
RPMI 1640 medium with 10% FCS and transferred to a 1.5 mL
tube. After centrifugation at 1000� g for 2 min, the supernatant
was removed and the pellet was suspended in 400 μL of lysis
buffer [10 mM sodium phosphate (pH 7.5), 10 mM MgCl2,
150 mM NaCl, 1 mM DTT, 1% NP-40, and 0.2 mg/mL phenyl-
methylsulfonyl fluoride] and kept at �20 �C for 30 min.27 After
thawing, the cells were centrifuged at 14 000� g for 15min at 4 �C.
The supernatant was separated, and its protein concentration was
quantified by the Bradford method using BSA as a standard. The
protein concentration was 16.8 mg/mL.
RNA (2.5 μM) was incubated with the cell lysate at a protein

concentration of 10 mg/mL at 37 �C. After 0.5, 1, 2, and 4 h,
aliquots (2 μL) were taken from the mixture, mixed with 5 μL of
0.5 M EDTA (pH 8.0), and frozen. They were analyzed by 15%
nondenaturing PAGE. siRNA Ladder Marker (Takara Bio) was

used as the size marker for dsRNA. The gel was stained with SYBR
Green I (Lonza) and visualized by scanning on a BioRad
Molecular Imager FX.
TimeandDoseDependencyof RNADumbbells of theRNAi

Effect.Amultifunctional envelope-type nanodevice (MEND)was
used as the model of a lipid nanoparticle; MEND was prepared as
described previously.28 Briefly, a lipid film comprising 1,2-dioleoyl-
3-trimethylammonium propane (DOTAP)/dioleoylphosphatidyl
ethanolamine (DOPE)/cholesterol (DOTAP, DOPE, and cho-
lesterol were purchased from Avanti Polar Lipids, Inc., Alabaster,
AL) was hydrated with 1 mL of 10 mM HEPES buffer (pH 7.4)
and then incubated for 10min at room temperature. The hydrated
lipid film was sonicated using a probe-type sonicator to form small
unilamellar vesicles (SUVs). RNA was complexed with stearyl
octa-arginine (Kurabo Industries Ltd., Osaka, Japan) in 10 mM
HEPES buffer (pH 7.4) at a nitrogen/phosphate ratio of 1.1. The
RNA complex was thenmixed with the SUV at a ratio of 1:2 (v/v)
to coat the RNA complex with the lipid membrane. The average
diameter and the ζ-potential of the prepared MEND were
determined using a Zetasizer Nano ZS ZEN3600 (Malvern
Instruments, Worcestershire, UK).
HeLa cells stably expressing luciferase (HeLa-Luc) were cultured

in DMEM supplemented with 10% fetal bovine serum (FBS),
penicillin (100 U/mL), streptomycin (100 μg/mL), and G418
(0.4mg/mL) at37 �Cinanatmosphereof5%CO2and95%humidity.
To examine the silencing effect of MEND, 4 � 104 HeLa-Luc
cells were seeded in a 24-well dish one day before transfection. The
MEND was suspended at the RNA concentration indicated in
0.25 mL of Opti-MEM (Invitrogen) without serum and added to
the HeLa-Luc cells, and the mixture was incubated for 3 h at 37 �C.
Next, 1 mL of DMEM supplemented with 10% FBS, penicillin
(100 U/mL), streptomycin (100 μg/mL), and G418 (0.4 mg/mL)
was added, and the mixture was incubated for 21 or 45 h. For
further observation, theHeLa-Luc cells treated withMENDwere
collected and reseeded every two days as described above. The
cells were washed and lysed with reporter lysis buffer (Promega).
Luciferase activity in the cell lysate was measured using a lumin-
ometer (Luminescencer-PSN; ATTO, Tokyo, Japan) and lucifer-
ase assay reagent (Promega). The protein concentration was mea-
sured using a BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA). Luciferase activity was expressed as relative light
units per mg of protein. The silencing effect was calculated as a
percentage using the following equation:

Silencing effectð%Þ ¼ ½1� ðTEanti� Luc=TEnonÞ� � 100

where TEanti-Luc and TEnon represent luciferase activity after
transfection with MEND with and without antiluciferase RNA,
respectively.
For statistical evaluation, comparisons between multiple treat-

ments were made using one-way analysis of variance followed by
the Bonferroni test. A P-value of <0.05 was considered significant.

’RESULTS

Design and Synthesis of RNA Dumbbells to Optimize the
Loop Sequences and the Stem Length. We reported recently
on the synthesis of dumbbell-shaped nanocircular RNAs and their
superior RNAi effect (Figure 1).20 RNA dumbbells comprise a
double-stranded stem region that contains an antisense sequence
to the target mRNA and two loops at both ends of the stem. In
the previous report, we used 9-nt sequences (UUCAAGAGA) as
the loops, which are commonly used as the hairpin loop in the
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expression system of an RNAmolecule.29 We optimized the stem
length of the dumbbells from 15 bp to 27 bp, and the RNA
dumbbell with a 23 bp stem (Db-23) was found to have the best
RNAi activity.20 In this paper, we describe further studies on the
structure�activity relationship of this RNA dumbbell.
First, to understand the influence of the loop sequences on

their RNAi effect, two more RNA sequences in the loops were

tested (Figure 2a). One of the RNA dumbbells, named Db-23S,
has shorter 4-nt loops (UUCG).30 The other, named Db-23G,
has longer 11-nt loops (GUGUGCUGUCC)26,31 compared
with Db-23, which has 9-nt loops. These two other sequences
were also adopted from the known sequences used in the
expression system of shRNA. These RNA dumbbells were
synthesized using the same method as that used to produce

Figure 2. Sequences and structures of RNAs used in this study. Complementary sequences to the target mRNA are shown in bold. The stem regions of
siRNA (19-bp) and the same sequences in the dumbbells are shown in the boxes. (a) RNA dumbbells with different loop sequences. siRNA sequences
targeting GL3 luciferase corresponded to the coding regions 849�869. (b) RNA dumbbells with different stem lengths that target the coding regions
153�173 of GL3 luciferase. (c) RNA dumbbells with chemically modified loops by deoxyribonucleotides (red italic letters) or hexa(ethylene glycol)
linker (green lines). They target the coding regions 849�869 of GL3 luciferase.
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Db-23. That is, the dumbbells were split in the loops and each
strand was chemically synthesized (Supporting Information
Figure S1). Nicks were ligated using T4 RNA ligase, and the
RNA dumbbells produced were purified by denaturing PAGE.
We measured their RNAi activity by cotransfecting RNA and

two distinct luciferase vectors using transfection reagent into
NIH/3T3 cells, a mouse embryonic fibroblast cell line.4

As shown in Figure 3a, Db-23S and Db-23 showed similar
interference activity 24 h after transfection, although Db-23G
showed weaker activity. However, Db-23 showed better activity
than Db-23S over the longer term, at three days after transfection.
We selected the 9-nt loop sequences for further experiments.
Next, to determinewhether themethod can be generalized to other

RNAdumbbells, we synthesized RNAdumbbells that target the other

region of GL3 firefly luciferase mRNA. As shown in Figure 2b, these
targeted sequences other than those shown in Figure 2a. The three
differed in their stem lengths, and we confirmed the optimum length
of the stemonce again. As shown in Figure 3b,Db-23N showed better
RNAi activity thanDb-19Nandcomparable activitywithDb-27N.We
also synthesized twodumbbellswith a 21-bp stem in these twodistinct
sequences (Supporting Information Figure S2a). We found better
RNAi activity in dumbbells with a 23-bp stem than in those with a 21-
bp stem (Figure S2b). We conclude that a 23-bp stem, not a 27-bp
stem, is optimum when the 9-nt sequence UUCAAGAGA is used as
the loops because the stem should be in a minimum length to avoid
undesired effect such as interferon response.32

Three-Dimensional Structure of RNA Dumbbells. The
structure of RNA dumbbells might be an important determinant

Figure 3. RNAi with RNA dumbbells. NIH/3T3 cells were cotransfected with RNA (at 25 nM) and the vectors. The expression of the two luciferase
genes was measured after 24 h (day 1; gray bars) or three days (day 3, white bars). The ratios of the target to control luciferase were normalized to a
control (no RNA). The plotted data are the means( SD of four independent experiments. (a) RNAi by RNA dumbbells with different loop sequences
(Figure 1a). (b) RNAi by RNA dumbbells with different stem lengths (Figure 1b). (c) RNAi by RNA dumbbells with loop-modified dumbbells
(Figure 1c).

Figure 4. Three-dimensional structure of the RNA dumbbell Db-23. (a) AFM showing Db-23. The panel shows the area of 400 nm � 400 nm.
The magnified image (60 nm � 60 nm) is shown in the inset. (b) Computer modeling byMacroModel software showing three-dimensional structure
of Db-23.
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of the biological properties such as stability, intracellular dis-
tribution, and RNAi effect. We observed the structure of Db-23
directly using AFM; the results are shown in Figure 4a. The
three-dimensional structural model of Db-23, which was opti-
mized by MacroModel software, is shown for comparison in
Figure 4b. In the AFM images,33,34 the shape of Db-23 was
observed as a rod. The observed height of Db-23 was 1.0 (
0.55 nm, which is similar to the value in previous reports of RNA
molecular images. Because the radius of the AFM tip was 2 nm,
the estimated molecular length for Db-23 was 15.2 ( 3.6 nm,
which is similar to the value of 11.2 nm that was calculated from
the model structure. In addition, both ends of the RNAmolecule
in the AFM image protruded slightly, reflecting the looped
structures of the molecules.
Dicer Processing of an RNA Dumbbell and Its Related

RNAs. In our previous report, we showed that Db-23 is cleaved
by Dicer and produces dsRNA of about 20-bp.20 However, when
compared with its nicked counterpart, the processing of Db-23
was slow. In this report, we examined in detail the cleavage
reaction of Db-23 by Dicer with regard to the structure�activity
relationship (Figure 5). In our previous study, we confirmed the
production of 20-bp dsRNA only by PAGE.20 In this paper, we
directly analyzed the RNA sequences produced by Dicer by
measuring their mass by MALDI-TOF MS (Figure 6).
As shown in Figure 5a, we compared the cleavage reaction of

Db-23 (5) to that of several dsRNAs with various terminal
structures, such as 21-nt dsRNA with 2-nt overhangs (1, siR-
NA-1), 25-nt dsRNAwith 2-nt overhangs (2), 25-nt dsRNAwith
blunt ends (3), 32-nt dsRNA with frayed ends like an open
dumbbell (4), or 55-nt hairpin-shaped ssRNA with a 2-nt over-
hang named Sh-55 (6). RNAs were treated with recombinant
Dicer enzyme for up to 18 h, and the reaction mixtures were

analyzed by PAGE at each time. All RNAs were digested to about
20 bp of dsRNAs, though RNA products shorter than 20 bp were
more abundant whenDb-23 was digested. However, the speed of
digestion differed according to the structure. Dicer clearly
preferred structures with an overhang over the blunt end because
dsRNA (2) disappeared more rapidly than did dsRNA (3)
(Figure 5b).15,35 Although one side of the loop in Sh-55 (6)
did not disturb the reaction, formation of dumbbell structure (5)
by two loops greatly interfered with the activity (Figure 5b). After
18 h, 35% of Db-23 remained, although other RNAs disappeared
completely. These experiments show that the design of a dumb-
bell structure characterized by the lack of an end should delay its
cleavage by Dicer.
Next, we used MALDI-TOFMS to analyze the sequences of the

digest produced from Db-23 by Dicer.36 As a reference experiment,
we analyzed the dicing reaction of Sh-55, which lacks one of the two
loops of Db-23. As expected given the known action of Dicer,37,38

four major peaks were found in the spectrum (Supporting Informa-
tion Figure S3); these peaks were identified as two 21-nt and two 22-
nt RNAs produced when Sh-55 was cleaved by Dicer. Next, the
digest of the RNA dumbbell (Db-23) was analyzed. We purified the
mixture of RNAs using nondenaturing PAGE to separate RNAs of
about 20bp (Figure 5b, Figure S4, lane 4). As shown inFigure 6a, the
band gave a complex spectrum, suggesting the existence of multiple
cleavage sites. However, these bands contained RNA strands ofm/z
6600 to 7400, which correspond to sequences of 21- to 23-nt RNA.
Several peaks were identified in its sequences (Figure 6b). These
results show that cleavage occurred in the stem portion or in the
middle of the loopportion.Although the identified sequences should
have complementary sequences, the complexity of the spectrum
prevented us from confirming this. Still, with this experiment, we
confirmed that Dicer transformed the RNA dumbbell into 21- to

Figure 5. Processing of RNAs with the Dicer enzyme. (a) Structure of substrate RNAs used in this study. All substrate RNAs (1 to 6) contain an
identical double-stranded 19-bp sequence, which is shown as a gray box in the structure. The sequences are 50r(GUGCGCUGCUGGUGCCAACUU)30
(upper) and 30r(CACGCGACGACCACGGUUG)50 (lower). The structural feature of RNAs are described as follows: (1) 21-nt dsRNA with 2-nt
overhangs (siRNA-1), (2) 25-nt dsRNAwith 2-nt overhangs, (3) 25-nt dsRNAwith blunt ends (BL-23), (4) 32-nt dsRNAwith frayed ends, a precursor
of Db-23 (L-23) (ref 20), (5) RNA dumbbell with a stem and two loops (Db-23), and (6) hairpin-shaped 55-nt ssRNA with 2-nt overhang (Sh-55).
(b) Nondenaturing PAGE analysis of the digestion reaction of RNAs (1 to 6) with Dicer, visualized with SYBR Green I staining.
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23-nt RNAs, which can be regarded as components of the siRNA
species.
Synthesis of Loop-Modified RNA Dumbbells. An RNA

dumbbell is stabilized against degradation in serum because of
its termini-free structure.20 However, we observed a nicking
reaction in the single-stranded loop region as the first reaction
when RNA dumbbell Db-23 was incubated in serum.23,24 We
decided to reinforce the loop moiety by introducing some
modifications that are thought to be nontoxic. As shown in
Figure 2c, ribonucleotides in the loop were replaced with their
cognate 20-deoxynucleotides, which comprise DNA, or with a
hexaethylene glycol linker, which has been used to form folds and
hairpins to bridge sections of oligonucleotides.39�43 Deoxynu-
cleotides are used in siRNAs, especially in the overhang regions,
in the hope that this will make the siRNA resistant to
nucleases.4,44 In this study, we varied the number of 20-deox-
ynucleotides introduced as three (Db-23D3), five (Db-23D5), or

seven (Db-23D7) per one loop, to determine the optimum for
substitution. These loop-modified RNA dumbbells were synthe-
sized by ligating two chemically synthesized RNA strands using
T4 RNA ligase (Figure S1g�k). To construct them, we preferred
to make nicks in the single-stranded loop region if possible,
because T4 RNA ligase works more efficiently on a single strand
than on a double strand.45 Ribonucleotide was then used as a
nucleotide at the 30-end (acceptor), because the ligation reaction
is slowed with 20-deoxynucleotide as an acceptor.45 Ligation
reactions to make these dumbbells proceeded well (Figure S5),
although ligation in the double-stranded stem required more
enzyme units, as expected.45 After ligation, the dumbbells were
purified by denaturing PAGE and used in further experiments.
The RNAi activity of these loop-modified RNA dumbbells was

measured by a dual-luciferase assay 24 h after transfection in
NIH/3T3 cells (Figure 3c). Substitution of ribonucleotides with
20-deoxynucleotides in the loops (Db-23D3, Db-23D5, and

Figure 6. MALDI-TOFMS analysis of digestion products of Db-23 by Dicer. A band corresponding to about 20 bp in length in nondenaturing PAGE
was excised, and RNAs were extracted from the gel and analyzed (Figure S4). (a) Mass spectrum of the digestion products. Peaks of the identified
sequences are indicated by arrows and numbers 1 to 6. (b) RNA sequences identified as peaks 1 to 6 in the spectrum shown in (a). Detected sequences
are highlighted in red bold letters in the original dumbbell sequences (gray). Both the calculated mass (calcd) and the observed mass (found) are shown.
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Db-23D7) slightly decreased the activity compared with that
of Db-23. In the substitutions with hexa(ethylene glycol)
(Db-23HEG and Db-23HEGuu), the RNAi activity decreased
more, compared with that of DNA-modified dumbbells. We
concluded that dumbbells containing deoxynucleotides in the
loops could be promising candidates in terms of retaining RNAi
activity and adding biostability at the same time.
Stability of Loop-Modified Dumbbells in Serum and Cell

Lysates. In clinical applications of RNAi, RNAs are injected into
venous blood and must survive until reaching the target cells or
organ.46 Therefore, the biological stability of the RNA dumbbell
is very important. To examine whether loop-modified RNA
dumbbells become more stable in biological fluids, we incubated
these modified dumbbells in bovine serum at 37 �C. As shown in
Figure 7a, the reaction was analyzed by PAGE for up to 8 h, and
the band intensity of undegraded RNA was quantified and
plotted. We observed a stabilization effect of deoxynucleotides
introduced into the loops, notably on Db-23D7 (Figure 7a,c).
Db-23HEG, which has a hexa(ethylene glycol) linker and no
unpaired nucleotide in the loop, was the most stable and almost
no substantial degradation was detected in this reaction condi-
tion. The stability of Db-23HEGuu was clearly lower than that of
Db-23HEG because of the presence of two uridine residues in
the loops of Db-23HEGuu.
Increasing the stability of RNAs in living cells would extend

the effective period of RNAi. To evaluate this ability, we
examined the stability of RNA dumbbells in cell lysates.27 Cell
lysates were prepared from HL60 cells, a human promyelocytic
leukemia cell line. Similar to the results in serum, RNA dumbbells
were stabilized by introducing deoxynucleotides into the
loops (Figure 7b,d). Interestingly, unlike in serum, Db-23D7
was more stable than Db-23HEG in cell lysates. These
experiments confirmed that replacement of ribonucleotides

with deoxynucleotides or hexa(ethylene glycol) in the loops
confers significant biostability to RNA dumbbells.
Time and Dose Dependency of RNA Dumbbells in the

RNAi Effect. Ideally, in clinical applications, a small dose of RNA
should cause RNAi for a long time.5 To investigate the ability of
RNA dumbbells more thoroughly, the time and dose depen-
dency of their RNAi were measured. RNA dumbbells Db-23, Db-
23D3, Db-23D5, and Db-23D7 were introduced into HeLa cells
stably expressing a firefly luciferase (HeLa-Luc), using the
MEND method, in which RNA is complexed with a polycation
followed by encapsulation by a lipid envelope.28 The complexed
RNA dumbbells were about 50 nm in diameter and had a
�10 mV ζ-potential, values that are similar to those of the
siRNA complex (siRNA-1: 53 nm and�14mV). The observed
diameter and ζ-potential of MENDs encapsulating the RNAs
were 70�100 nm and 30�50 mV. To evaluate their silencing
effect for up to eight days (192 h), the luciferase activity of the
HeLa-Luc cells was measured with repeated passage after treat-
ment with MENDs at a dose of 0.04 μM RNA. As shown in
Figure 8a, the silencing effect of siRNA-1 reached a peak 48 h
after the treatment. By contrast, RNA dumbbells retained their
peak for longer, from 24 to 72 h. Introduction of 20-deoxynucleo-
tides into the loops (Db-23D3, Db-23D5, or Db-23D7) did not
significantly change their RNAi activity, which was similar to that
of Db-23. The silencing effect lasted longer for RNA dumbbells
than for siRNA-1 (Figure 8a). Next, the dose dependency of the
silencing effect was measured 24 and 144 h after the treatment
(Figure 8b,c). At 24 h, RNA dumbbells exhibited a greater
silencing effect than siRNA-1 at lower doses (Figure 8b). The
differences in the silencing effect between RNA dumbbells and
siRNA-1 expanded with longer incubation to 144 h after the
treatment (Figure 8c). At lower doses, siRNA-1 did not show
activity, but RNA dumbbells retained a significant effect. At both

Figure 7. Stability of loop-modified RNA dumbbells. Nondenaturing PAGE analysis of digestion reaction with bovine serum (a) and with cell lysate of
HL60 cell line (b). Remaining RNA sequences in the gel shown in (a) and (b) were quantified in (c) and (d), respectively.
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times (24 and 144 h after treatment), the activity did not differ
among the four kinds of RNA dumbbells. We should note that
the silencing effect of Db-23D7 at 0.04 μMwas 55% in Figure 8c
but only 10% in Figure 8a at 144 h. The disagreement might be
explained by the fact that the experimental errors became larger
at later time points in Figure 8a, or simply because the two
experiments were conducted independently. This discrepancy
did not change the conclusion we obtained from the experiments
shown in Figure 8. That is, the RNA dumbbells were stabilized in
biological fluid by introduction of deoxynucleotides into the
loops without any loss of RNA activity. These results show that
RNA dumbbells can exert their silencing activity in mammalian
cultured cells for longer than their canonical siRNA counterpart
in a statistically significant way, presumably because RNA dumb-
bells retain their sequences longer after being delivered into the
cytosol.

’DISCUSSION

We optimized their loop sequences and stem length of RNA
dumbbells (Figures 2 and 3). Our results suggest that the stem of
23 bp in length and 9-nt loop sequence UUCAAGAGA max-
imized the RNAi effect. With this design, an RNA dumbbell can
be recognized by Dicer and produce siRNA species. Sequence
analysis byMALDI-TOFMS confirmed the production of 21- to
23-nt RNAs that produced siRNA species after digestion with
Dicer. dsRNAs are known to activate the innate immune
response when introduced into cells.47 In particular, siRNAs
lacking dinucleotide 30-overhangs activate the interferon system
in cells because the overhang is a characteristic of endogenous
Dicer products.48 Considering this observation, we performed a
preliminary experiment to test the ability to cause the interferon

response by measuring the mRNA levels of interferon response-
related genes (OAS1 and STAT1) by quantitative real-time PCR
after introducing RNA dumbbells into HeLa cells or HeLa S3
cells (Supporting Information Figure S6).32,47 Various RNA
dumbbells such as an all-RNA dumbbell (Db-23), dumbbells
with DNA loops (Db-23D5 and Db-23D7), and dumbbells with
an HEG loop (Db-23HEG and Db-23HEGuu) were examined
and compared with standard siRNA (siRNA-1) or dsRNAs
(BL-23 and L-23). In this experiment, we did not see any significant
upregulation by the dumbbells; the mRNA levels of OAS1 and
STAT1 were within 1.5-fold of those of mock-transfected cells
(Figure S6). We concluded that dumbbell RNA does not cause a
significant interferon response as does standard siRNA.

As shown in Figure 8c, RNA dumbbells caused a much more
potent RNAi effect even at a lower concentration and for a longer
time. Because RNAs are administered by injection through a vein
in clinical applications, improving their stability in biological
fluids will be valuable for delivering the RNAi effect within the
target organ. Substituting ribonucleotide residues with 20-deox-
ynucleotides in the loop position of the dumbbell significantly
stabilizes it without the loss of RNAi activity (Figures 7 and 8).
We conclude that an RNA dumbbell with DNA loops is the most
promising design for in vivo applications.

The loop in the dumbbell can be modified to add various
functions without affecting RNAi activity because the loop would
be cleaved by Dicer and natural dsRNA as siRNA species is
released eventually. For example, introduction of RNA or DNA
aptamer, or even peptide, could confer membrane permeability
or targetability in addition to biological stability. Interestingly, a
nanoring such as a hexagon was constructed by assembling the
RNA dumbbell through the interaction of a kissing loop.49 The
various nanostructures could be designed using RNA dumbbells

Figure 8. Time and dose dependency of RNA dumbbells of the RNAi effect. HeLa cells stably expressing luciferase were transfected with an MEND
encapsulating siRNA-1 or an RNA dumbbell. Error bars were displayed in only one direction to prevent overlapping. (a) Time course of the silencing
effect treated with MENDs at a dose of 0.04 μM of RNA. (b,c) Dose�response curves of MENDs at 24 h (b) and 144 h (c). The silencing effect is
expressed as the mean ( SD (n = 3) *P < 0.05, **P < 0.01, RNA dumbbells vs siRNA-1.
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as an assembly unit, which might provide multiple functions. We
plan to design and synthesize such highly functional dumbbells in
the future.

In conclusion, we designed various RNA dumbbells to deter-
mine the optimum structure. A native RNA dumbbell with a
23 bp stem and 9-nt loops (UUCAAGAGA) had the most effective
RNAi effect. Introduction of deoxynucleotides into the loops
significantly stabilized the dumbbells in serum and cell lysates
without loss of RNAi activity. The optimized RNA dumbbells
showed longer silencing activity compared with the authentic
siRNA counterpart.
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Figure S1: Chemically synthesized RNA sequences to form dumbbells by ligation reaction. 
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Figure S1. Chemically synthesized RNA sequences to be converted to a dumbbell by ligation reaction. 

They are ligated with T4 RNA ligase either at the single-stranded ends or at the nicks in the stem. All 

RNA oligos are 5′ phosphorylated (Letter p on 5′ -end means it is phosphorylated). Nucleobases written in 

red italic letters are replaced by deoxyribonucleotides (g, h and i). Green lines inserted into RNA 

sequences represent hexaethyleneglycol linker (l). The resulting RNA dumbbells are as follows: (a) 

Db-23, (b) Db-23S, (c) Db-23G, (d) Db-19N, (e) Db-23N, (f) Db-27N, (g) Db-23D3, (h) Db-23D5, (i) 

Db-23D7, (j) Db-23HEG, (k) Db-23HEGuu, (m) Db-21, (n) Db-21N. 
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Figure S2. Optimization of the stem length of RNA dumbbells for RNA interference. (a) Sequences and

structure of RNAs. Db-19, Db-21 and Db-23 target the coding regions 849– 869 of GL3 luciferase.

Db-19N, Db-21N and Db-23N target the coding regions 153 – 173 of GL3 luciferase. Complementary

sequences to the target mRNA are shown in bold. (b) RNA interference with RNA dumbbells. NIH/3T3

cells were cotransfected with RNA (at 25 nM) and the vectors. The expression of the two luciferase

genes was assayed after 48 h. Ratios of target to control luciferase were normalized to a control (no

RNA). The plotted data are the means ± S.D. of four independent experiments. 
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Figure S3. MALDI-TOF MS analysis of digestion products of a hairpin-shaped 55-nt RNA (Sh-55) 

by the Dicer. (a) Mass spectrum of the digestion products. Peaks of identified sequences are indicated 

by arrows and numbers 1 to 4. (b) RNA sequences identified as peak 1 to 4 in the spectrum shown in 

(a). Detected sequences are highlighted in red bold letters in the original sequences (gray) and are 

phosphorylated. Both the calculated mass and the observed mass for the sequences are shown.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. PAGE (10% non-denaturing) analysis of digestion products of RNA dumbbell Db-23 by the 

Dicer enzyme. Lane 1, Db-23; lane 2, digest of Db-23 by Dicer (reaction mixture); lane 3 and 4, isolated 

RNA after purification; lane 5, dsRNA size marker. The gel was visualized by SYBR Green I staining. 
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Figure S5. PAGE Analysis of ligation reactions to form loop-modified RNA dumbbells. Two 

chemically synthesized RNAs were annealed and ligated with T4 RNA ligase. Reaction mixture was 

analyzed by 10% denaturing PAGE (7 M urea, 25% formamide) and the gel was visualized by 

Stains-All staining. Red arrows point the ligated products (dumbbells). 
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Figure S6. Quantitative real-time PCR analysis of OAS1 and STAT1 levels in mammalian cultured cells 

after RNA transfection. (a) Sequences and structures used in this study. (b)(c) HeLa cells (b) or HeLa S3 

cells (c) were transfected with various RNAs at a concentration of 100 nM. OAS1, STAT1 and β–actin 

mRNA levels were measured 48 h after the transfection. Data are shown as ratios, target gene/β–actin and 

normalized to a mock transfected control (Mock). Polyinosinic-polycytidylic acid (PolyIC) was transfected 

to the cells at 0.21 µg/mL concentration. 



Experimental details 

 

Quantitative real-time PCR analysis of OAS1 and STAT1 levels in mammalian cultured cells after RNA 

transfection (interferon response assay) 

All RNAs used were annealed at 5 µM concentrations in annealing buffer (100 mM potassium acetate, 30 mM 

HEPES-KOH at pH 7.4, 2 mM magnesium acetate) by heating at 90 °C for 3 min, then cooled slowly to room 

temperature. The solutions were further incubated at 4 °C overnight. 

HeLa cells (RIKEN Cell Bank, Japan) were grown at 37 °C under 5% CO2 in MEM (Sigma, MO) 

supplemented with 10% fetal calf serum (FCS; Israel Beit Haemek, Israel). HeLa S3 cells (RIKEN Cell Bank) 

were grown at 37 °C under 5% CO2 in S-MEM (Invitrogen) supplemented with 10% fetal bovine serum (FBS). 

Cells were regularly passaged to maintain exponential growth. One day before transfection at 50 - 70% 

confluency, cells were plated in 48-well plates (2.5 × 10
4
 cells/250 µL per well). Transfection of RNAs at 100 

nM or polyIC (42 ng per well; Takara Bio, Japan) was carried out with GeneSilencer (Genlantis, CA) as 

described by the manufacturer. Just before transfection, the culture medium was replaced with 149 µL of 

medium without serum, and 20 pmol of RNA , 42 ng polyIC formulated into liposomes (51 µL) were added to 

each well. Four hours after the transfection, 200 µL of 20% serum in medium was added to each well. Two 

days after the transfection, cells were harvested and total RNA was extracted using RNeasy Mini Kit with 

DNase I treatment (Qiagen, CA). cDNA was produced using 75 ng of total RNA using PrimeScript RT reagent 

kit (Takara bio) and random hexamers in a 10 µL reaction according to the manufacturer’s instructions. 

Expression of Stat1 and Oas1 was determined using real-time PCR at RIKEN BSI Research Resources Center 

(Japan) on Applied Biosystems 7900HT (Applied Biosystems, CA) by SYBR Green method. β-actin 

expression was used for normalization of the real-time PCR data. PCR reactions were run in duplicate and the 

data from these were confirmed to differ by < 0.5 threshold cycle. Sequences used for the primers were: 

STAT1, 5′-d(GCTGGCACCAGAACGAATGA) -3′ and 5′-d(TACCAAACCAGGCTGGCACA) -3′ ; OAS1, 

5′-d(AGGTAGCTCCTACCCTGTGTGTGTG) -3′ and 5′-d(GAAGACAACCAGGTCAGCGTCA) -3′; 

β-actin, 5′-d(TGGCACCCAGCACAATGAA) -3′ and 5′-d(CTAAGTCATAGTCCGCCTAGAAGCA) -3′. 
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’ INTRODUCTION

Diagnostic imaging using positron emission tomography (PET)
can provide clinicians with valuable information to guide and assess
treatment regimes. PET relies on administering a tracer containing a
positron-emitting isotope to a patient and then subsequently de-
tecting the emitted radiation as the tracer passes through the body or
accumulates within tissues as a function of biological processes. The
radiolabeled glucose analogue FDG (18F-fluoro-2-deoxy-D-glucose)
is routinely used to probe glucose metabolism central to many cel-
lular functions, but personalized and disease-specific diagnosis re-
quires radiotracers that are designed to selectively target molecular
characteristics of cells involved in the pathological process. 18F is
produced in a cyclotron and requires transport to imaging centers
without an onsite facility. There are, therefore, potential advantages
in using radiotracers that can be synthesized from generator-pro-
duced radioisotopes. Recently, the positron-emitting isotope, 68Ga,
has become available commercially by way of a 68Ge/68Ga gener-
ator.1 The parent nuclide, 68Ge, possesses a half-life of 271 days, and
so 68Ge/68Ga generators can produce sufficient quantities of 68Ga
for up to one year. This generator system provides a relatively
inexpensive and reliable source of a positron-emitting radionuclide

without the need for a cyclotron. The favorable decay properties of
68Ga (positron-emission,Emax 1.9 keV, 90%) coupled to a half-life of
68 min mean that the radionuclide is attractive for imaging ap-
plications based on peptide-targeted systems.2,3

Radioisotopes of gallium are already in use in nuclear medi-
cine, for example, γ-emitting 67Ga in the form of 67Ga-citrate is
used for single photon emission computed tomography scanning
of lymphoma.4 A 68Ga complex bound to a peptide that targets
neuroendocrine tumors is currently in clinical trials.5 Peptide-
targeted gallium containing imaging agents rely on a bifunctional
ligand that complexes the gallium radioisotope into a coordina-
tion complex and also possesses a functional group to attach the
targeting peptide to the gallium complex. It is important that the
resulting Ga3+ complex is stable in vivo, as dissociation of 67/68Ga3+

from the ligand can result in unwanted accumulation of activity
in bone as well as prolonged circulation in the blood result-
ing in high background activity and inferior image quality.6,7
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ABSTRACT: Tumor-targeting peptides radiolabeled with posi-
tron-emitting 68Ga are promising candidates as new noninvasive
diagnostic agents for positron emission tomography (PET). The
targeting peptides are tethered to a chelator that forms a stable
coordination complexwithGa3+ that is inert to dissociation ofGa3+

in vivo. Metal complexes of macrobicyclic hexaamine “sarcopha-
gine” (sar = 3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane) ligands
exhibit remarkable stability as a result of the encapsulating nature of
the cage amine ligand. A Ga3+ sarcophagine complex, [Ga-(1-
NH3-8-NH2-sar)]

4+, has been characterized using X-ray crystal-
lography, demonstrating that Ga3+ is coordinated to six nitrogen
atoms in a distorted octahedral complex. A bifunctional derivative
of (NH2)2sar, possessing two aliphatic linkers with carboxylic acid functional groups has been attached to two cyclic-RGD peptides that
target theαvβ3 integrin receptor that is overexpressed in some types of tumor tissue. This dimeric species can be radiolabeled with

68Ga3+

in >98% radiochemical yield and 68Ga3+ does not dissociate from the ligand in the presence of transferrin, an endogenous proteinwith high
affinity for Ga3+. Biodistribution and micro-PET imaging studies in tumor-bearing mice indicate that the tracer accumulates specifically in
tumorswith high integrin expression. The high tumor uptake is coupledwith lownonspecific uptake and clearance predominantly through
the kidneys resulting in high-quality PET images in animal models.
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Acyclic and cyclic bifunctional chelators have been investigated
to coordinate 68Ga3+ as well as the γ-emitting isotope 67Ga3+. Cur-
rently, the most frequently employed cyclic chelators for attach-
ment to targeting peptides are the macrocycles DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid)5,8�15 and
NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid).16�21 Tra-
cers incorporating NOTA bind Ga3+ rapidly under mild condi-
tions, and the gallium complexes exhibit a high degree of stability.
However, ligands based on a DOTA framework require heating
for prolonged periods of time to bind Ga3+, and the resulting
complexes are only moderately stable in the presence of compet-
ing ligands, such as transferrin.6 More recently, a bifunctional linear
chelator with an N4O2 binding mode22 and a bifunctional tris-
hydroxy(pyridinone) chelator23 have demonstrated promising
properties for gallium radiopharmaceutical application, including
fast and quantitative radiolabeling at room temperature, high
complex stability, and a favorable biodistribution profile that
included a renal clearance pathway.

An alternative macrocyclic ligand framework to the triaza and
tetraazamacrocycles is the macrobicyclic hexaamine ligand, 1,8-
diamino-3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane, commonly
referred to as “diaminosarcophagine” ((NH2)2sar) (Figure 1).

24,25

Metal complexes of (NH2)2sar exhibit high stability and are
kinetically inert, largely due to the encapsulating nature of the
cage-like ligand.26,27 Metal complexes of (NH2)2sar and func-
tionalized derivatives have been attached to biomolecules,28,29

and a few bifunctional derivatives have been synthesized, primarily
designed as ligands for 64Cu-based radiopharmaceuticals.30�41

Metal complexes of this class of ligand have been investigated
extensively but there are no reports of Ga3+ complexes. To our
knowledge, this is the first report of using a sarcophagine ligand
to coordinate positron-emitting 68Ga. A derivative of (NH2)2sar
with two pendent acyl groups (L1) each containing a carboxylic
acid functional group has been conjugated to two targeting
peptides bearing an arginine-glycine-aspartate (RGD) motif.
Cyclic peptides with the sequence cyclic-(RGDxK) (where x =
DPhe(f) or DTyr(y)) bind with high affinity and specificity to the
αvβ3 integrin receptor that is overexpressed in activated endothelial
cells of cancer neovasculature and some types of tumors.18�20,42�54

Visualization of αvβ3 integrin receptors by diagnostic imaging is
of interest in characterizing tumor angiogenesis. In this work, two
cyclic-(RGDfK) peptides have been attached to a single cage

amine ligand, L1, to give a dimeric targeting molecule L1(RGDfK)2,
which has been radiolabeled with 68Ga3+. The dimeric construct
has the possibility of benefiting from superior binding to target
cells due to a bivalent effect where a single radiolabeled tracer
binds to two receptors on a single cell. Diagnostic tracers pos-
sessing two ormore peptide groups have demonstrated increased
tumor uptake relative to their monomeric analogues and, as a
result, superior PET image quality.49,51 The in vivo behavior of
this new dimeric cyclic-RGD gallium-68 radiotracer has been
investigated in tumor-bearing mice.

’EXPERIMENTAL SECTION

Instrumentation.ESMS spectra were recorded in the positive
ion mode on an Agilent 6510 Q-TOF LC/MS mass spectro-
meter coupled to an Agilent 1100 LC system (Agilent, Palo Alto,
CA). Data were acquired and referencemass corrected via a dual-
spray electrospray ionization source, using the factory-defined
calibration procedure. Each scan or data point on the total ion
chromatogram is an average of 9652 transients, producing 1.02
scans s�1. Spectra were created by averaging the scans across each
peak. Mass spectrometer conditions: fragmentor, 200�300 V;
drying gas flow, 7 L/min; nebulizer, 30 psi; drying gas temp,
325 �C; Vcap, 4000 V; skimmer, 65 V; OCT RfV, 750 V; scan
range acquired, 150�3000 m/z.
HPLC-MS traces were recorded using an Agilent Poroshell

300SB-C18 column (5 μm, 2.1� 75mm) coupled to the Agilent
6510 Q-TOF LC/MS mass spectrometer described above.
Aliquots (1�10 μL) of each sample were injected onto the
column using the Agilent 1100 LC system, with a flow rate of
0.25 mL/min and a gradient mobile phase, which started with
100% 0.1% formic acid in water at 5 min to 100% 0.1% formic
acid in acetonitrile at 25 min. Data acquisition parameters are the
same as those described above for mass spectra.
Semipreparative HPLC purifications were performed using an

Agilent 1200 series HPLC system. Solvent gradients and column
specifications are described below. An automated Agilent 1200
fraction collector collected 2.5 mL fractions and fraction collec-
tion was time-based. Each fraction was analyzed using MS and
analytical HPLC. Reverse-phase HPLC method 1 employed an
Eclipse XDB-C18 5 μm9.5� 250mm column with a flow rate of
3 mL min�1. The gradient mobile phase started with 100%
solvent A (0.1% trifluoroacetate in water) at 5 min to 100%
solvent B (0.1% formic acid in acetonitrile) at 75 min. Reverse-
phase HPLC method 2 employed an Eclipse XDB-C18 5 μm
9.5 � 250 mm column with a flow rate of 3 mL min�1. The
gradient mobile phase started with 100% solvent A at 5 min and
increased at a rate of 1% B min�1 until all components had
eluted. The 1850 MBq 68Ge/68Ga generator used in this study
was obtained from IDB Holland BV, The Netherlands. Radio-
TLC analyses were performed using a Raytest Rita-Star TLC
scanner using Merck TLC silica gel 60F254 plates.
Radio-HPLC analyses were performed using a Shimadzu

HPLC consisting of a SCL-10AVP system controller, a SIL-
10ADVP autoinjector, a LC-10 ATVP solvent delivery unit, a
FCV-10AL control valve, a DGU-14A degasser, and a SPD-10AVP
UV detector. This was coupled to a radiation detector consisting
of an Ortec model 276 Photomultiplier Base with Preamplifier,
an Ortec 925-SCINT ACE mate Preamplifier, Amplifier, BIAS
supply and SCA and a Bicron 1 M 11/2 Photomultiplier Tube.
The reverse-phase radio-HPLC method utilized a Machery-
Nagel Nucleosil 5 C18-AB 250 � 4 mm column, with a flow

Figure 1. Structures of (NH2)2sar and L
1.
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rate of 1 mL min�1. The gradient mobile phase started with
100% solvent A to 80% solvent B at 12 min, with 100% A from 12
to 15 min. The size exclusion radio-HPLC method employed a
Waters Biosuite 125 5 μmHRSEC, 300� 7.8mm columnwith a
flow rate of 1 mL min�1 of 0.1 M phosphate buffer (pH 7) for a
data acquisition time of 20 min.
Micro-PET scanning and well-counter instrumentation is de-

scribed below.
NMR spectra of [Ga((NH2)2sar)](NO3)3, L

1 and [GaL1]-
(NO3)3 were acquired in D2O on a Varian FT-NMR 500 spec-
trometer. 1H NMR spectra were acquired at 500 MHz, and 13C
NMR spectra were acquired at 125.7 MHz. 1H NMR and 13C
NMR spectral shifts were referenced to acetone (δ = 2.22 ppm,
δ = 30.89 ppm, respectively). 1H NMR spectra of L1(RGDfK)2
and [Ga(L1(RGDfK)2)](C2F3O2)3 were acquired at 25 �C on a
Bruker 600 MHz Avance II spectrometer with a TCI cryoprobe.
NMR solutions typically contained ∼1 mg/mL peptide in 90%
H2O/10% D2O without buffer, pH 2�4. TOCSY spectra were
acquired over 6292 Hz with 2048 complex data points in F2, 512
increments in F1, and 16 scans per increment. For all experiments
in 90%H2O/10%D2O, water suppression was achieved using pre-
saturation. Spectra were processed using TOPSPIN v 1.3 (Bruker,
Germany) software. The t1 dimensions of all TOCSY spectra
were zero-filled to 2048 real data points withQSINE bell window
functions applied in both dimensions followed by Fourier
transformation and fifth-order polynomial baseline correction.
Materials and Synthesis. Synthesis of [Ga((NH2)2sar)]

3+. To
a mixture of (NH2)2sar (14 mg, 0.003 mmol) dissolved in
acetonitrile (2 mL) was added Ga(NO3)3 3 xH2O (9 mg) dis-
solved in methanol (2 mL) resulting in the immediate precipita-
tion of a white solid. The solid was collected by filtration and
washed withmethanol. The solid was recrystallized from awater/
ethanol mixture to give colorless needle-like crystals. A further
recrystallization from water/acetone in the presence of HNO3

(conc., 3 drops) gave colorless block-shaped crystals suitable for
X-ray crystallography. MS: [Ga(C14H32N8)]

+ 381.20 (experi-
mental), 381.20 (calculated).
Crystal data: [Ga((NH2)2sar)](NO3)3 Ga2C28H70N24O24,

M = 1266.52, T = 130 (2) K, λ = 1.54184, monoclinic, space
group P21/n, a = 10.3267 (3), b = 13.5498 (5), c =17.1407 (4) Å,
β = 93.660(2)�, V = 2393.52 (13) Å3, Z = 2,Dc = 1.757 mgM�3,
μ(Cu�Kα) 2.372, F(000) = 1320, crystal size 0.1930� 0.1080�
0.0360 mm3. 9405 reflections measured, 4323 independent reflec-
tions (Rint = 0.043), the final R was 0.0328 [I > 2σ(I)] and
wR(F2) was 0.0866.
The compounds L1 and (t-Boc)5(Succ)2L

1 were synthesized
as previously reported.33

[GaL1](NO3)3: A solution of ethanol (100 mL) containing
Ga(NO3)3 3 xH2O (100 mg), L1 3 xHCF3SO3 (150 mg) and
sodium acetate (0.1 M) was heated at reflux overnight. Concen-
trated hydrochloric acid (5 mL) was added and the solution was
applied to a DOWEX 50Wx2 cation exhange column (H+ form,
10 � 5 cm). The column was washed with 1 M HCl solution
(500mL) and then eluted with 4MHCl (350mL) and the eluent
was evaporated to dryness under reduced pressure at 45 �C to give a
colorless residue. Yield: [GaL1](Cl)3 3 xHCl: 160 mg. The color-
less residue was dissolved in deionized water (∼5 mL) and several
drops of nitric acid were added and the solution left to crystallize
overnight. Colorless crystals were collected by filtration. MS:
[GaC24H44N8O6]

+ 609.27 (experimental), 609.27 (calculated).
1HNMR: δ 1.87, m, 4H, βCH2 (with respect to COOH); 2.29, t,
3J = 7.3 Hz, 4H, glutarate CH2; 2.42, t,

3J = 7.2 Hz, 4H glutarate

CH2; 2.96, d,
3J = 9.5 Hz, 6H, cage CH2; 3.43, d,

3J = 13.4 Hz, 6H,
cage CH2; 3.61, d,

3J = 9.5 Hz, 6H, cage CH2; 3.91, d,
3J = 13.4

Hz, 6H, cage CH2.
13C NMR: δ 23.1, 35.7, 37.7 (glutarate CH2),

49.8, 52.4, 57.8 (cage), 178.8, 180.7 (CO).
L1(RGDfK)2: Cyclic-(RGDfK) peptide was synthesized by

solution cyclization of the linear protected peptide, H-Asp-
(OtBu)-D-Phe-Lys(Boc)-Arg(Pbf)-Gly-OH, followed by depro-
tection using trifluoroacetic acid in the presence of triisopropy-
lsilane and water followed by purification using semipreparative
HPLC.55 Cyclic-(RGDfK) peptide (3 mg) and (t-Boc)5(Succ)2L

1

(5 mg) were dissolved in dimethylformamide (400 μL) and
diisopropylethylamine (3 μL) was added. This solution was stirred
at ambient temperature for 2 h. Acetonitrile/water (50%/50%)
(4 mL) was added and the solution applied to a C18 semipre-
parative HPLC column and separated using HPLC method 2.
Fractions containing pure material were combined, frozen and
lyophilized. (t-Boc)5L

1(RGDfK)2 (1 mg) eluted at 43 min. MS:
[C103H166N26O28]

2+ 1108.12 (experimental), 1108.12 (calcul-
ated). Analytical HPLC: 14.24 min (0% to 100% B in 25 min).
(t-Boc)5L

1(RGDfK)2was dissolved in trifluoroacetic acid (1�2mL)
and stirred for ∼2 h. The trifluoroacetic acid was evaporated
under a stream of N2 gas. Acetonitrile (1 mL) and water (1 mL)
were added to redissolve the residue, and the solution frozen and
lyophilized. The driedmaterial was redissolved and purified using
a C18 semipreparative HPLC column using HPLC method 2.
L1(RGDfK)2: MS [C78H126N26O18]

2+: 857.49 (experimental),
857.49 (calculated). Analytical HPLC: 11.84 min (0% to 60% B
in 25 min).
[Ga(L1(RGDfK)2)]

3+: An ethanol solution containing L1-
(RGDfK)2 (∼50 μg) and gallium nitrate (10 μg) with sodium
acetate (0.1 M) was heated at 65 �C for one hour. Similarly, two
reaction solutions containing the same components were incu-
bated at room temperature and 35 �C for one hour. The mixture
was diluted with deionized water and LCMS was acquired of an
aliquot. A sample of [Ga(L1(RGDfK)2)]

3+ forNMR analysis was
synthesized in a similar manner and was subsequently isolated
using HPLC method 2.
Radiochemical Synthesis. 68GaCl3:

68Ga was eluted from the
generator where 68Ge was attached to a tin dioxide column using
6 mL of 0.4 M HCl. The method for purifying 68GaCl3 was
adapted from a previously reported procedure.56 A solution of
68GaCl3 was eluted from the 68Ge/68Ga generator with aqueous
HCl (5 mL, 0.4 M) and 68GaCl3 was trapped on a cation ex-
change column (BioRad AG 50W � 4, 200�400 mesh). The
cation exchange column was washed with a solution of 0.15 M
HCl in acetone/water (80%/20%) (1 mL) and 68GaCl3 was eluted
with a solution of 0.05 M HCl in acetone/water (97.5%/2.5%)
(0.4 mL).
[68Ga(L1(RGDfK)2)]

3+: An aliquot (0.05 MHCl in acetone/
water (97.5%/2.5%), 200 μL) containing 68GaCl3 (6�12 mCi)
was added to L1(RGDfK)2 (∼50 μg) dissolved in a sodium
acetate/ethanol solution (0.1 M, 2 mL). The mixture was heated
at 85 �C for 30�35min, at which point the solvent had evaporated.
The remaining residue was dissolved in aqueous sodium chloride
(0.9%, 2 mL). TLC analysis (0.1 M sodium citrate mobile
phase): [68Ga(L1(RGDfK)2)]

3+ Rf < 0.1, 98.8%; 68Ga3+ Rf >
0.8, 1.2%. Radio-HPLC analysis: Scintillation detector 9.68 min,
100%, UV�vis detector, 9.67 min.
Stability Studies. Stability studies using [68Ga(L1(RGDfK)2)]

3+:
Radiolabeled [68Ga(L1(RGDfK)2)]

3+, synthesized as described
above, was dissolved in phosphate buffer (800 μL, 1 M, pH 7.4)
containing 6 mg of apo-transferrin. This solution was incubated
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at 37 �C for 120 min. Aliquots were subjected to HPLC analysis
using a size exclusion column after 0 and 120min.UV�vis detector:
apo-transferrin, 7.97 min. 0 min: TLC analysis: [68Ga(L1(RG-
DfK)2)]

3+ Rf < 0.1, 98.9%; 68Ga3+ Rf > 0.8, 1.1%. Scintillation
detector [68Ga(L1(RGDfK)2)]

3+, 13.19 min, 100%. 120 min:
TLC analysis: Rf < 0.1, 97.7%;

68Ga3+ Rf > 0.8, 2.3%. Scintillation
detector: 13.41 min, 88.62%; 14.49 min, 11.38%.
Tumor Cell Line. Mouse mammary epithelial cell line,

66cl4β3, was a gift fromDrN. Pouliot (PeterMacCallumCancer
Centre, Melbourne, Australia). The cells have been genetically
engineered to express high levels of integrin αvβ3.

57 The human
squamous cell carcinoma line A431 was purchased at ATCC.
Cells weremaintained at 37 �C in a 5%CO2 incubator and cultured
in α-MEM medium supplemented with either 5% (66cl4β3
cells) or 10% (A431 cells) fetal calf serum.
In Vitro Studies. Cells (2.5 � 105 cells/well) were plated in

12-well plates and incubated overnight. Prior to addition of activity,
the cells were washed three times with PBS and incubated at
37 �C for 15 min with 1 mL of uptake buffer (125 mM NaCl,
4.8 mM KCl, 1.3 mM CaCl2, 1.2 mM MgSO4, 25 mM HEPES,
1.2 mM KH2PO4, 5.6 mM glucose, pH adjusted to 7.4 with
NaOH). The uptake buffer was then replaced by 0.5 mL uptake
buffer containing 0.62 MBq/mL of [68Ga(L1(RGDfK)2)]

3+ and
incubated at 37 �C for 30 min. Cells were washed three times
with ice�cold PBS and solubilized in 0.5 mL sodium borate
solution (10 mM) containing 1% sodium dodecyl sulfate. The
lysates were transferred to tubes for well counting and 68Ga dis-
integrations at 511 Kev (15% were quantified in a well counter
(187-950-A100MCA; BiomedexMedical Systems) attached to a
multichannel analyzer interfaced with Atomlabs 950 software.
For experiments at 4 �C, cells were placed on ice 15 min prior to
addition of [68Ga(L1(RGDfK)2)]

3+ and during the course of the
incubation period. Uptake medium containing [68Ga(L1(RG-
DfK)2)]

3+ was also cooled to 4 �C prior to addition to cells. All
experiments were performed in quadruplicate and normalized to
protein content (BCA method, Pierce). Results were expressed
as the percentage of the added radioactive dose per mg of protein
(%AR/mg).
Tumor Implantation and PET Imaging. Tumor xenografts

were established in the shoulder of 6�8 week old anaesthetized
(inhalation of 2.5% isoflurane [Abbott Laboratories] in 50% O2

in air) Balb/c mice by injecting 105 66cl4β3 cells subcutaneously
in 100 μL 1:1 PBS/Matrigel (BD Biosciences). When tumor
volumes reached approximately 200 mm3, a size at which partial
volume effects are modest on the micro-PET system used for
imaging, mice were injected with 15�22 MBq [68Ga(L1(RG-
DfK)2)]

3+ in 100 μL saline via lateral tail vein. Two hours after
tracer injection, animals (n = 5) were anaesthetized as above and
scanned for 10 min on a Mosaic small animal PET scanner
(Philips Medical Systems, Ohio, USA; resolution 2.7 mm at the
center of the FOV). An energy window of 450�700 keV and a 6
ns coincidence-timing window were used. Data were acquired in
3D mode and corrected for isotope decay and random disin-
tegrations. Images were reconstructed with the 3D RAMLA algo-
rithm and tracer uptake measured using the region of interest
(ROI) software on the Mosaic workstation. Briefly, ROIs were
drawn around tumors as well as background regions chosen to
represent the mediastinal blood pool excluding regions of tracer
accumulation such as kidneys and bladder. Tumor-to-back-
ground ratios were calculated by dividing the maximum pixel
intensity within the tumor ROI by the average pixel intensity
within the background ROI.

Biodistribution Studies. After 0.5, 1, 1.5, and 2 h, animals
(n = 3 for each time point) were sacrificed and tumor and tissues
were removed and weighted before analysis of retained radio-
activity. Disintegrations at 511 Kev (15% were quantified in a
well counter (187�950-A100 MCA; Biomedex Medical Systems)
attached to a multichannel analyzer interfaced with Atomlabs 950
software. For blocking studies, animals (n = 3) were coinjected
with 0.2 mg of cyclic-(RGDfK) peptide and sacrificed at 2 h and
subjected to the same tumor and tissue analysis as described
above. Linear regression models were used to estimate mean
differences in uptake between blocked and unblocked animals, and
the Wald test was used to obtain p-values for these differences.

’RESULTS AND DISCUSSION

Synthesis of L1(RGDfK)2. The bifunctional ligand L1 pos-
sesses two carboxylate groups and can be derivatized to give a
sarcophagine�peptide dimeric species containing two biologi-
cally active peptide groups. The first dimeric construct of L1 a cage
amine ligand tethered to two bombesin targeting peptides was
reported recently, as well the characterization of the 64Cu2+ com-
plex.58 A similar synthetic strategy was applied here to prepare a
derivative with two cyclic-RGD peptide motifs linked to a single
cage amine ligand, L1(RGDfK)2. In the first step of the synthesis,
the secondary amine groups of L1 were protected with N-tert-
butoxycarbonyl (t-Boc) to give a derivative with five N-tert-
butoxycarbonyl groups, (t-Boc)5L

1 (Scheme 1). This protection
step ensures selectivity in the peptide coupling reaction prevent-
ing any potential coupling between the secondary amine atoms
of one cage amine ligand with the activated ester of another cage
amine ligand. The reaction of (t-Boc)5L

1 with N-hydroxysucci-
nimide in the presence of diisopropylethylamine allowed isola-
tion of the activated N-succinimidyl ester, (t-Boc)5(Succ)2L

1.
This activated ester was then reacted with cyclic-(RGDfK), the
activated ester reacting with the amine side chain of lysine.
Deprotection followed by purification by HPLC allowed isola-
tion of L1(RGDfK)2 (Scheme 1).
In at least one experiment of this type, the coupling reaction

between (t-Boc)5(Succ)2L
1) and cyclic-(RGDfK) did not go to

completion allowing the isolation of a product where only one of
the activated esters had coupled to the peptide. Purification by
HPLC enables the isolation of a compound where one peptide
had formed an amide with the carboxylate functional group
on one end of the ligand, but the second carboxylate functional
group remained as an unreacted activated N-succinimidyl ester,
(t-Boc)5(Succ)L

1(RGDfK). This species with a single activated
ester remaining can be used to form heterodimeric sarcophagine
derivatives as illustrated by the synthesis of L1(RGDfK)(Lys3-
bombesin1�14) (see Supporting Information). Lys3-bombesin-
(1�14) is a 14 amino acid peptide that binds to gastrin-releasing
receptors that are overexpressed in certain cancers and radiola-
beled derivatives have been used to image tumors. The isolation
of this elegant heterodimeric cage amine ligand highlights the
exciting possibilities for multimeric constructs synthesized from
L1 as dual function radiotracers.
Synthesis of [Ga(NH2)2sar)]

3+, [GaL1]3+, and [Ga(L1(RGD-
fK)2)]

3+. Sarcophagine ligands offer a flexible macrobicyclic cage
amine framework with six secondary amine donors capable of
encapsulating metal ions in a six coordinate environment with geo-
metries varying between octahedral and trigonal prismatic.59�61

Manymetal complexes of sarcophagine and its derivatives have been
structurally characterized by X-ray crystallography, but this is the
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first report of the molecular structure of a gallium sarcophagine
complex. The gallium complex of (NH2)2sar was prepared by
addition of Ga(NO3)3 to a solution of the ligand in acetonitrile at
room temperature. Crystals of [Ga((NH2)(NH3)sar)]

4+ suita-
ble for structural studies were grown from an aqueous solution
after the addition HNO3 (Figure 2). The gallium is six coordinate
with a distorted octahedral geometry with trigonal distortions
with both enantiomers present in the unit cell. The Ga�N
bond lengths range 2.068(2)�2.114(2) Å. The encapsulating
ligand adopts a relatively rare lel2ob conformation where the
terms lel and ob refer to either parallel or oblique orientations of
the C�C bond of the five-membered chelate ring with respect to

the C3 axis.
30,60,61 The nitrate anions have several close contacts

to NH residues of the cage amine ligand to form an intricate
hydrogen bonding array within the lattice.61

Efforts to form Ga3+ complexes of L1 and L1(RGDfK)2 using
nonradioactive naturally abundant gallium sources focused on con-
ditions designed to be relevant to radiolabeling with 68Ga3+ that
is obtained from a 68Ge/68Ga generator that is normally eluted
with hydrochloric acid. The coordination of Ga3+ to the diacy-
lated ligand L1 was monitored by 1H NMR and ESMS revealing

Scheme 1. Synthesis of L1(RGDfK)2

Figure 2. ORTEP representation of the cation present in [Ga-(1-NH3-
8-NH2-sar)](NO3)4. Ellipsoids are shown at the 40% probability level.
Hydrogen atoms attached to carbon are omitted for clarity.

Table 1. Crystallographic Data

[GaL1](NO3)4

formula Ga2C28H70N24O24

formula weight 1266.52

crystal system monoclinic

space group P21/n

a, b, c (Å) 10.3267 (3), 13.5498 (5), 17.1407 (4)

α, β, γ (deg) 90.00, 93.660(2), 90.00

cell volume (Å3) 2393.52 (13)

Z 2

temperature (K) 130 (2)

λ (Å) 1.54184

reflections collected 9405

independent reflections 4323

R-factor (%) 3.28%
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that [GaL1]3+ forms quantitatively in ethanolic mixtures of
sodium acetate (0.1 M). A 1H NMR spectrum of [GaL1]3+

indicates that the metal ion is coordinated to the secondary amine
nitrogen atoms of the sarcophagine ligand due to the appearance
of four geminally coupled diastereotopic methylene signals of the
sarcophagine ligand framework. The ESMS has a signal at m/z =
609.27 with the expected isotope pattern corresponding to the
monocationic complex originating from deprotonation of the
two carboxylic acids, of [GaL1-2H+]+.
The gallium complex of L1(RGDfK)2 can be prepared in

ethanol containing sodium acetate (0.1 M) by heating at 65 �C
for 30min. The complex, [Ga(L1(RGDfK)2)]

3+, was characterized

byHPLC-MSwith a single peak in the chromatogramwith a signal in
the ESMS at m/z = 594.63 with the expected isotope pattern corre-
sponding to tricationic [Ga(L1(RGDfK)2)]

3+ (Figure 3). The
stabilityof the attachedRGDfKpeptideunder these reactionconditions
was confirmed by analysis byHPLC. Complexation at a lower temper-
ature (35 �C) resulted in lower yields of [Ga(L1(RGDfK)2)]3+.
The coordination of Ga3+ within the encapsulating cage amine

ligand rather than to the donor atoms of the cyclic-(RGDfK)
peptide was confirmed by 1H NMR spectroscopy. The 1H NMR
spectrum of L1(RGDfK)2 in H2O/D2O (90%/10%) has two
broad resonances between 3.0 and 3.5 ppm, each integrating to
twelve protons (Figure 4, top, red arrows) due to the methylene
groups of the sarcophagine framework. Resonances that could be
attributed to the secondary amine atoms of the cage framework
are not observed as a result of the rate of proton exchange relative
to the NMR time scale under these conditions (H2O, pH 3�5).
A consequence of coordination and encapsulation of Ga3+ by the
cage amine ligand is that the methylene protons become dias-
tereotopic as observed in the 1H NMR spectrum of [Ga(L1(RG-
DfK)2)]

3+, confirming that the metal ion resides within the cage
framework (Figure 4). Unlike the “free” ligand, it is possible to
observe a resonance attributable to protons from the secondary
amine groups of the cage in [Ga(L1(RGDfK)2)]

3+ and theTOCSY
spectrum shows that methylene cage protons and protons of the
secondary amine groups are all coupled to each other (Figure 4).
L1(RGDfK)2 Can Be Radolabeled with 68Ga3+ to Give

[Ga(L1(RGDfK)2)]
3+ in High Radiochemical Purity. Solutions

containing 68GaCl3 were eluted from the 68Ge/68Ga generator using
aqueous HCl solutions—in this case, 0.4 M HCl solution (5 mL).56

Postelution preconcentration and purification results in solutions of
68GaCl3 containing lower concentrations of HCl, lower concentra-
tions of “other” metal ions including Zn2+ (decay product), 68Ge4+

(break-through from generator), Fe3+ and Ti4+ (generator matrix),
and smaller volumes of solution. The postelution purificationmethod
employed here yielded solutions of 68GaCl3 (15�25mCi) in 400μL
0.05 M HCl in ∼97.5% acetone/2.5% water.
Addition of this preconcentrated 68GaCl3 solution to L1-

(RGDfK)2 (50 μg) in a solution of ethanol containing sodium
acetate (0.1 M, 1 mL) and heating the mixture at 85 �C for 30
min resulted in the formation of [68Ga(L1(RGDfK)2)]

3+ in high
radiochemical yield. During the heating period, the solvent eva-
porated and the residue was dissolved in saline for in vivo experi-
ments. The radiochemical purity was greater than 98% with
L1(RGDfK)2 binding Ga

3+ quantitatively to form a single radi-
olabeled product (Figure 5), as monitored by radio-TLC and
radio-HPLC. The composition of the radiolabeled compound
was confirmed by HPLC with coelution of the radiolabeled
product with “cold” [Ga((L1(RGDfK)2)]

3+ (detected at λ220).
This also confirmed that the conjugated peptide was stable under
the radiolabeling conditions. Performing the radiolabeling at room

Figure 3. HPLC-MS chromatogram of [Ga(L1(RGDfK)2)]
3+, Rt =

11.01 min (Rt = 1.01 min) corresponds to sodium acetate). Inset: ESMS
of peak at Rt = 11.01 min = [natGa(L1(RGDfK)2)]

3+.

Figure 4. Top: 1H 1D NMR spectrum of L1(RGDfK)2 in H2O/D2O.
Bottom: 1H TOCSY spectrum of [Ga(L1(RGDfK)2)]

3+ in H2O/D2O
with 1H 1Dprojections. Arrows indicate sarcophagine group proton signals.

Figure 5. HPLC chromatogram of [68Ga(L1(RGDfK)2)]
3+ (detection

of radioactivity).
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temperature results in a lower radiochemical yield (30% after incuba-
tion for 30 min). The radiolabeling conditions described give a single
radioactive product in high radiochemical yield allowing for minimal
postprocessing of labeled species prior to in vivo administration.
[Ga(L1(RGDfK)2)]

3+ is Stable in the Presence of Transferrin.
The endogenous protein transferrin is an iron transporter with two
Fe3+ binding sites that is abundant in human serum (2.5 mg/mL, of
which about 30% is occupied with Fe3+). Transferrin binds Fe3+

with high affinity (log β1 = 22.8, log β2 = 44.3) but also displays
high affinity for Ga3+ (log β1 = 20.3, log β2 = 39.6), which has a
similar ionic radius to Fe3+.62 One of the major challenges in the
design of any gallium radiopharmaceutical is to impart sufficient
kinetic stability to the Ga3+ complex so that it can withstand
competition in the presence of high serum levels of transferrin.
The kinetic stability of [68Ga(L1(RGDfK)2)]

3+ was assessed by a
challenge experiment with apo-transferrin (iron-free transferrin).
A sample of [68Ga(L1(RGDfK)2)]

3+ was incubated at pH 7.0 at
40 �C for 2 h in the presence of apo-transferrin (7 mg/mL), and
the mixture was analyzed by size exclusion chromatography.
Under the size exclusion chromatographic conditions employed
here, apo-transferrin elutes at 7.97 min (detected at λ220) and
[68Ga(L1(RGDfK)2)]

3+ elutes at 13.19 min (detected using a
radiation detector) (Figure 6). After incubation with apo-trans-
ferrin for 2 h, >88% of the radioactive activity is associated with a
species with a retention time of 13.41 min and the remaining
activity, 11%, is associated with a species with a retention time of
14.49 min (Figure 6). Additionally, analysis by radio-TLC of the
incubated sample indicated that only ca. 2.0% of 68Ga activity
could be attributed to 68Ga not bound to peptide or protein. These
data indicate the presence of a 68Ga-bound peptide species, and
importantly, there is no transfer of 68Ga3+ to apo-transferrin
indicating that the 68Ga3+ sarcophagine complex is kinetically
stable in the presence of apo-transferrin.
In Vitro Characterization of Cell Uptake of [68Ga(L1(RG-

DfK)2)]
3+. In vitro uptake of [68Ga(L1(RGDfK)2)]

3+ was com-
pared in 66cl4β3 cells that have been engineered to express high
levels of integrin αvβ3

57 and A431 human squamous cell
carcinoma cells that do not expressαvβ3.

63 Radioactivity counted

in cells incubated at 37 �C represents cell surface-bound and
internalized 68Ga activity, whereas radioactivity counted in cells
incubated at 4 �C largely represents only cell surface-bound
activity. Activity for 66cl4β3 cells measured 92.5 ( 3.4 of %
added radioactivity/mg protein (%AR/mg) at 37 �C, and 49.8(
0.9%AR/mg at 4 �C, indicating that over 40%AR/mg is inter-
nalized after 30 min incubation at 37 �C (Figure 7). This
contrasts the observations for the negative control A431 experi-
ments, where radioactivity measured 32.0 ( 2.3%AR/mg at
37 �C and 20.7( 0.7 at 4 �C, indicating that only∼10%AR/mg
is internalized after 30 min incubation at 37 �C.
These in vitro results demonstrate that [68Ga(L1(RGDfK)2)]

3+

exhibits both significantly increased cell-surface binding and inter-
nalization in an αvβ3-positive cell line compared to an αvβ3-
negative cell line, suggesting retention of activity toward αvβ3
receptors.64 Nonetheless, in-depth biological characterization of
this class of tracers is the focus of ongoing work.
Biodistribution and Tumor Uptake [68Ga(L1(RGDfK)2)]

3+.
Mice bearing subcutaneous 66cl4β3 tumors that express high
levels of integrin αvβ3 were sacrificed 0.5, 1, 1.5, and 2 h after
injection of 15�22MBq [68Ga(L1(RGDfK)2)]

3+ in the tail vein.
Primary tumor, blood, muscle, kidney, and liver were recovered,
and the radioactivity in these tissues was measured by well
counting (Figure 8). In the tumor, the percentage of injected
dose per gram of tissue (%ID/g) reached an average value of 4.80(
1.38 at 0.5 h postinjection (PI) rising to 6.83 ( 0.47 at 1.5 h PI
and remaining at 6.30 ( 0.45 at 2 h PI. Radioactivity cleared
rapidly from the blood, reaching a peak of 1.23 ( 0.33%ID/g at
0.5 h PI that decreased to 0.25 ( 0.03%ID/g at 2 h PI. Muscle
activity was low over the time course of the experiment (<1%ID/g
at all time points). High levels of activity were observed in the
kidney, with the highest activity seen at 1 h PI (40.23 ( 11.26%
ID/g) decreasing by half by 2 h PI (19.96 ( 0.88%ID/g). Liver
uptake was moderate, with activity measuring between 6 and 9%
ID/g at all observed time points. Tumor/blood ratios gradually
increased over the course of the experiment, consistent with
rapid blood clearance and high tumor retention, increasing from
4.46 ( 2.06 at 0.5 h PI to 26.37 ( 5.38 at 2 h PI.
The high tumor uptake together with the low retention in

nontarget organs observed soon after the tracer injection (from
1.5 h) makes [68Ga(L1(RGDfK)2)]

3+ eminently suitable for PET
imaging using short-lived isotopes such as 68Ga. These results also
indicate that [68Ga(L1(RGDfK)2)]

3+ is predominantly eliminated
through the kidneys and that the hepato-biliary clearance route
contributes minimally to excretion of 68Ga activity. Clearance

Figure 6. Size exclusion chromatography of (a) apo-transferrin protein
(λ220); (b) [Ga(L

1(RGDfK)2)]
3+ (with a radiation detector); (c) solu-

tion of [68Ga(L1(RGDfK)2)]
3+ incubated with apo-transferrin for 120

min (with a radiation detector).

Figure 7. In vitro uptake of [68Ga(L1(RGDfK)2)]
3+ in αvβ3-positive

66cl4β3 cells vs αvβ3-negative A431 cells. Cells were incubated either at
37 or 4 �C for 30min with 0.6MBq [68Ga(L1(RGDfK)2)]

3+. Results are
expressed as percentage of added radioactivity per mg of protein (%AR/
mg protein) and represent mean ( standard error of four experiments.
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predominantly through thekidneys is favorable fordiagnostic imaging
purposes often leading to rapid clearance of activity in nontarget
organs and tissue, resulting in low background levels for PET images.
To investigate the specificity of [68Ga(L1(RGDfK)2)]

3+ for
αvβ3 integrin receptor, a “blocking” experiment was performed
by coinjecting cyclic-(RGDfK) with [68Ga(L1(RGDfK)2)]

3+

(Figure 9). The specific blocking of αvβ3 resulted in a decrease
of 56% of activity in the tumor at 2 h PI (6.07 ( 0.49%ID/g
for a standard injection vs 2.64 ( 0.34%ID/g for a blocking

experiment, p = 0.004), confirming that the peptide targeting
group is indeed targeting receptors that bind the cyclic-(RGDfK)
motif. Similarly, coinjection of cyclic-(RGDfK) resulted in a
decrease of over half the measured activity in the liver at 2 h PI
(6.66( 0.52%ID/g for a standard injection vs 2.87( 0.13%ID/g
for a blocking experiment, p = 0.001), indicating that liver uptake
of [68Ga(L1(RGDfK)2)]

3+ is most likely receptor-mediated. Taken
together, these results clearly indicate that the tumor retention of
[68Ga(L1(RGDfK)2)]

3+ is selective and receptor-mediated.
[68Ga(L1(RGDfK)2)]

3+ PET Imaging. Micro-PET scans of
Balb/c mice bearing 66cl4β3 tumors were acquired at 2 h PI as
ratios for tumor/kidney and tumor/blood were highest at 2 h PI
(0.32 ( 0.01 and 26.37 ( 5.38, respectively). A representative
micro-PET scan is included in Figure 10. In all scans, tumors
could be easily delineated from normal tissue, with an average
tumor/background intensity ratio of 2.68 ( 0.16. Consistent
with biodistribution data, the kidneys and liver of each animal
could also be delineated, along with the bladder. Notably, micro-
PET scans indicate that skeletal uptake is low, which is consistent
with the kinetic stability of [68Ga(L1(RGDfK)2)]

3+ in vivo.

’SUMMARY

The encapsulating yet flexible sarcophagine ligands formkinetically
and thermodynamically stable metal complexes with fast complexa-
tion kinetics, and have been demonstrated to be of particular inter-
est in the development of copper radiopharmaceuticals.33�35,37�39

Figure 8. Time-dependent biodistribution of 68Ga radioactivity in Balb/cmice bearing 66cl4β3 tumors administered with [68Ga(L1(RGDfK)2)]
3+. Results are

expressed as percentage of injected dose per gram of tissue (%ID/g) and represent themean( SD from four separate experiments, each comprising threemice.

Figure 9. Biodistribution of 68Ga activity in Balb/c mice bearing 66cl4β3
tumors 2 h postinjection with [68Ga(L1(RGDfK)2)]

3+ cyclic-(RGDfK)
peptide (“blocked”) or with [68Ga(L1(RGDfK)2)]

3+ (“unblocked”). Data
presented are themean( standard error values of 3mice, and p values were
calculated using a Wald test of differences between means.
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This work shows that bifunctional sarcophagine ligand systems also
have the potential to be utilized as chelating agents for peptide
targeted gallium radiopharmaceuticals that make use of the
commercially available 68Ge/68Ga generator. A Ga3+ complex
of a sarcophagine ligand has been structurally characterized by
X-ray crystallography showing that the metal ion resides within
the cavity of the cage amine ligand coordinated to six nitrogen
atoms in a distorted octahedral environment. A macrobicyclic cage
amine bifunctional chelator based on the sarcophagine (L1)
framework has been conjugated to two cyclic-(RGDfK) peptides
to give a dimeric bioconjugate with the potential for bivalent
interactions with αvβ3 integrin receptors that are overexpres-
sed on the cell surface of certain tumors. This new conjugate,
L1(RGDfK)2, binds Ga

3+, and the complex has been character-
ized by NMR spectroscopy and HPLC-mass spectrometry. It
is possible to synthesize the radioactive analogue with positron
emitting 68Ga3+ in high radiochemical yields, and the resulting
complex is kinetically stable with 68Ga3+ remaining in the cage
amine ligand when challenged with apo-transferrin. Biodistribu-
tion studies and micro-PET imaging in mice reveal high selective
tumor uptake and clearance predominantly through the kidneys,
and this is important for producing images with low background
coupled to high tumor uptake. Furthermore, micro-PET images
are consistent with the high stability of the [68Ga(L1(RGDfK)2)]

3+

complex during the imaging period demonstrating that [68Ga(L1-
(RGDfK)2)]

3+ is suitable for in vivo imaging of αvβ3 integrin
receptors and has the potential to provide noninvasive diagnosis
of tumors as well as monitoring of antiangiogenic or anti-αvβ3
targeted therapies.
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Synthesis of L
1
(RGDfK)(Lys

3
-bombesin(1-14)) 

 

(t-Boc)5(Succ)L
1
(RGDfK): cyclic-(RGDfK) peptide (3 mg) and (t-Boc)5(Succ)2-L

1
 (5 mg) were 

dissolved in dimethylformamide (400 µL) and diisopropylethylamine (3µL) was added. This 

solution was stirred at ambient temperature for 2 hours. Acetonitrile/water (50%/50%) (4 mL) was 

added and the solution applied to a C18 semi-preparative HPLC column and separated using an 

Eclipse XDB-C18 5 µm 9.5 x 250 mm column with a flow rate of 3 mL min
-1

. The gradient mobile 

phase started with 100% solvent A (0.1% trifluoroacetate in water) at 5 min to 100% solvent B 

(0.1% formic acid in acetonitrile) at 75 min. Fractions containing pure material were combined, 

frozen and lyophilised. (t-Boc)5L
1
(RGDfK)2 (1 mg) eluted at 43 min. (t-Boc)5(Succ)L

1
(RGDfK) (2 

mg) eluted at 49 min. MS: [C80H130N18O24]
2+

 863.48 (experimental) 863.48 (calculated); Analytical 

HPLC: 16.73 and 16.84 min (0 to 100% B in 25 min). 

 

Lys
3
-bombesin(1-14) (3 mg) and (t-Boc)5(Succ)L

1
(RGDfK) (2 mg) were dissolved in 

dimethylformamide (400 µL) and diisopropylethylamine (3 µL) was added. This solution was 

stirred at ambient temperature for 5 – 10 mins. Acetonitrile/water (50%/50%) (4 mL) was added 

and the solution applied to a C18 semi-preparative HPLC column and separated using an Eclipse 

XDB-C18 5 µm 9.5 x 250 mm column with a flow rate of 3 mL min
-1

. The gradient mobile phase 

started with 100% solvent A (0.1% trifluoroacetate in water) at 5 min to 100% solvent B (0.1% 

formic acid in acetonitrile) at 75 min. The fraction containing (t-Boc)5L
1
(RGDfK)(Lys

3
-

bombesin(1-14)) eluted at 43 min. This was frozen and lyophilised. MS: [C147H236N39O39S]
3+

 

1068.25 (experimental) 1068.24 (calculated); Analytical HPLC: 14.13 min (0 to 100% B in 25 

min). 

 

(t-Boc)5L
1
(RGDfK)(Lys

3
-bombesin(1-14)) was dissolved in trifluoroacetic acid (1 – 2 mL) and 

stirred for ~ 2 hours. The trifluroacetic acid was evaporated under a stream of N2 gas. Acetonitrile 

(1 mL) and water (1 mL) were added to redissolve the residue, and the solution frozen and 

lyophilised. The dried material was redissolved and purified using a C18 semi-preparative HPLC 

column using an Eclipse XDB-C18 5 µm 9.5 x 250 mm column with a flow rate of 3 mL min
-1

. The 

gradient mobile phase started with 100% solvent A (0.1% trifluoroacetate in water) at 5 min and 

increased at a rate of 1% B min
-1

 until all components had eluted. MS: [C122H195N39O29S]
2+

: 

1351.74 (experimental), 1351.74 (calculated); Analytical HPLC: 14.43 min (0 to 60% B in 25 min). 

 

 

 



Scheme S1. Synthesis of L
1
(RGDfK)(Lys

3
-bombesin(1-14)). 
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Relipidated Tissue Factor Linked to Collagen Surfaces Potentiates
Platelet Adhesion and Fibrin Formation in a Microfluidic
Model of Vessel Injury
Thomas V. Colace, Jannielle Jobson, and Scott L. Diamond*

Institute for Medicine and Engineering, University of Pennsylvania, Philadelphia, Pennsylvania, United States

’ INTRODUCTION

Tissue factor (TF) in the vessel wall is exposed during injury
or atherosclerotic plaque rupture and binds circulating factor
VIIa. As a cofactor in this complex, TF dramatically enhances the
catalytic activity of factor VIIa toward factor X and factor IX.
Generation of factor Xa results in formation of the prothrombi-
nase complex (Xa/Va) to generate thrombin. Thrombin, a potent
activator of platelets, is necessary for the production of clot
stabilizing fibrin.

The incorporation of TF into growing thrombi has been
suggested to occur through a variety of mechanisms. While the
presence of TF in platelets and other nonactivated blood cells in
healthy blood has been an ongoing debate,1�3 several studies
have shown the localization of TF-bearing microparticles to sites
of injury via the P-selectin/PSGL1 interaction,4 and its synthesis
by a variety of extracellular matrix cells in normal and athero-
sclerotic vessels.5 For decades, various TF preparations have
been used as a clinical laboratory reagent in the study of pro-
thrombin times, but TF has rarely been deployed in microfluidic
injury models. For microfluidic thrombosis models, it is critical to
present both collagen to platelets as well as lipidated TF to the
plasma. By simultaneously activating and capturing platelets with
surface-bound collagen along with triggering of the coagulation

protease cascade with surface-bound TF, the central biology of
thrombosis and hemostasis is recreated. In contrast, addition of
exogenous TF into blood absolutely fails to recreate the dyna-
mical aspects of thrombosis reliant on the surface presentation of
TF to flowing blood.

The activity of tissue factor relies on its insertion into a
phospholipid membrane containing approximately 20% nega-
tively charged phosphatidylserine.6 Reliable techniques using
readily available reagents have been developed to “relipidate” TF
into phospholipid vesicles or membranes.7 In vitro flow studies
which include these designs are rare, however, and mainly focus
on the dynamics of thrombin or fibrin production.8 In traditional
microfluidic studies, the roles of platelet adhesion and coagula-
tion are commonly separated through the use of heparin or Phe-
Pro-Arg-chloromethylketone (PPACK, an irreversible thrombin
inhibitor) or through the perfusion of platelet-free plasma over a
previously formed platelet surface.9,10 When studied in vivo in
the mouse laser injury model, however, platelet deposition and
thrombin production occur simultaneously.11 These models
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ABSTRACT: Microfluidic devices allow for the controlled
perfusion of human or mouse blood over defined prothrombotic
surfaces at venous and arterial shear rates. To mimic in vivo
injuries such a plaque rupture, the need exists to link lipidated
tissue factor (TF) to surface-bound collagen fibers. Recombinant
TF was relipidated in liposomes of phosphatidylserine/phospha-
tidylcholine/biotin-linked phosphatidylethanolamine (20:79:1
PS/PC/bPE molar ratio). Collagen was patterned in a 250-
μm-wide stripe and labeled with biotinylated anticollagen anti-
body which was then bound with streptavidin, allowing the
subsequent capture of the TF liposomes. To verify and detect
the TF liposome�collagen assembly, individual molecular com-
plexes of TF-factor VIIa on collagen were visualized using the
proximity ligation assay (PLA) to produce discretely localized fluorescent events that were strictly dependent on the presence of
factor VIIa and primary antibodies against TF or factor VIIa. Perfusion for 450 s (wall shear rate, 200 s�1) of corn trypsin inhibitor
(CTI, a factor XIIa inhibitor) treated whole blood over the stripe of TF-collagen enhanced platelet adhesion by 30( 8% (p < 0.001)
and producedmeasurable fibrin (>50-fold increase) as compared to surfaces lacking TF. PS/PC/bPE liposomes lacking TF resulted
in no enhancement of platelet deposition. Essentially no fibrin was formed during perfusion over collagen surfaces or collagen
surfaces with liposomes lacking TF despite the robust platelet deposition, indicating a lack of kinetically significant platelet-borne
tissue factor in healthy donor blood. This study demonstrates a reliable approach to link functionally active TF to collagen for
microfluidic thrombosis studies.
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have been helpful in defining a role for thrombin in platelet
adhesion and fibrin generation in platelet plug stabilization; how-
ever, they lack characterization and control of the local hemo-
dynamic conditions.12

In this study, we describe a method for generating reprodu-
cible surfaces of collagen and active tissue factor for use in micro-
fluidic analyses of platelet function. We have modified the TF-
bearing liposomes described by Smith et al.7 to include a
biotinylated lipid which we use to bind the vesicles to a collagen
surface via a biotinylated anticollagen antibody and streptavidin
(Figure 1).We have verified that these thrombogenic surfaces are
functionally active leading to enhanced platelet deposition and
measurable fibrin formation. Furthermore, we have characterized
the surface through the use of the proximity ligation assay (PLA),
a dual antibody immunodetection technique capable of visu-
alizing individual molecule complexes based on molecular-scale
proximity.

’MATERIALS AND METHODS

Materials. Lipids, L-α-phosphatidylcholine (PC), L-α-phos-
phatidylserine (PS), and biotinylated phosphatidylethanolamine
(bPE) were from Avanti Polar Lipids (Alabaster, AL, USA).
Recombinant human tissue factor was from Haematologic Tech-
nologies Inc. (Essex Junction, VT, USA). Bio-Beads SM-2 (BioRad
Laboratories, Hercules, CA, USA) were cleaned in methanol and
stored under HEPES Buffered Saline (HBS, 20 mM HEPES,
150 mM NaCl, pH 7.4 [NaOH]) at 4 �C. The detergent, Triton
X-100, was from Fisher Scientific (Fair Lawn, NJ, USA) Duolink
proximity ligation assay (PLA) amplification and detection reagents
were from O-Link Bioscience through distributor Axxora (San
Diego, CA, USA). The primary monoclonal PLA antibody against
tissue factor was from Haematologic Technologies and poly-
clonal primary against factor VIIa was from Abcam (Cambridge,
MA, USA), as well as the biotinylated goat polyclonal anti collagen

type 1 antibody. Streptavidin was from Sigma (St. Louis, MO,
USA). Acid-insoluble collagen type 1 from equine tendon was
from Chronolog Corp. (Havertown, PA, USA) and acid-soluble
human collagen type 1 was from Advanced Biomatrix (San Diego,
CA, USA). Poly(dimethylsiloxane), PDMS, for the micro-
fluidic devices (Sylgard 184) was from Ellsworth Adhesives
(Germantown, WI, USA) and Sigmacote used for hydrophobic
treatment of glass slides was from Sigma. Finally, the anticoagulants
corn trypsin inhibitor (CTI) and Pro-Arg-chloromethylketone
(PPACK) were from Haematologic Technologies, and platelet
labeling anti-CD41 antibody was from AbDSerotec (Raleigh, NC,
USA). The fibrin-specific fluorescent monoclonal antibody was a
generous gift from the Mortimer Poncz lab at the Children’s
Hospital of Philadelphia.
Blood Collection and Preparation. Blood was collected via

venipuncture from healthy donors who were self-reported as free
of medication for at least 10 days into CTI (40 μg/mL) for
microfluidic assays or PPACK (100 μM) for TF detection assays.
All volunteers provided informed consent in accordance with
IRB approval and the Declaration of Helsinki. Whole blood was
treated with Alexafluor 647-conjugated anti CD-41 monoclonal
antibody for platelet detection in microfluidic assays 5 min prior
to perfusion. PFP was generated for TF/VIIa complex detection
assays by centrifugation of whole blood at 1000 g for 10 min. All
blood samples were used within 1 h of the draw.
Preparation of Biotinylated TF Liposomes. Relipidation of

recombinant tissue factor into liposomes was performed accord-
ing to a previously described technique.7 Briefly, PC, PS, and
b-PE stored in chloroform were dried under vacuum in a 79:20:1
molar ratio, respectively. The dried film was resuspended in 1mL
of 4 mMTriton X-100 in HBS and allowed to hydrate for 30 min.
Recombinant tissue factor was added and incubated for 10 min
(10 000:1 lipid to TF). To this, 50 mg of Bio-Bead slurry was
added and was gently agitated for 90min, and then, 350mgmore
of Bio-Bead slurry was added and gently agitated for the same
amount of time. The beads were allowed to settle, and the super-
natant was collected. The hydrodynamic radius of the resulting
liposomes was determined by dynamic light scattering (Protein
Solutions DynaPro, Wyatt Technology, Santa Barbara, CA,
USA) to be 74.4 ( 28.0 nm.
Preparation of Collagen�Liposome Surfaces for Detection.

Acid-soluble collagen was first neutralized to a pH of 7.4 with
1 M NaOH and then incubated on Sigmacote-treated glass
slides for 2.5 h (300 μg/mL). The collagen surfaces were rinsed
in HBS and treated with goat polyclonal anticollagen biotin
(10 μg/mL) for 10 min and rinsed again. The droplet area was
then treated with streptavidin (10 μg/mL) for another 10 min
before rinsing. Ten microliters of the relipidated tissue factor
liposome solution was added to the surface and allowed to rest
for 1 h. A representation of the liposomes/collagen surface is
presented in Figure 1. The relipidated tissue factor surfaces were
finally treated with PFP (100 μMPPACK) for 30 min in order to
generate TF/VII complexes.13 When these surfaces were pre-
pared for microfluidic assays, the steps were performed in a
microfluidic patterning device which consisted of a single chan-
nel 250 μm wide as described in ref 14. Acid-insoluble collagen
was used for these studies, as it better supports platelet adhesion.
The final result was a strip of protein rather than a droplet. These
surfaces were not treated with plasma, as they would be introduced
to whole blood in the flow experiment.
Detection of TF/VIIa Complexes. Single tissue factor/factor

VIIa complexes were detected on our thrombogenic surfaces

Figure 1. Tissue factor was relipidated in liposomes consisting of a
molar ratio of 79:20:1 phosphatidylcholine to phosphatidylserine to
biotinylated phosphatidylethanolamine in a lipid to TF ratio of 10 000:1.
Dynamic light scattering indicated that the average vesicle radius was
approximately 74.4( 28.0 nm. The liposomes were physically linked to
collagen type 1 surface treated with a goat polyclonal antibody con-
jugated to biotin through a streptavidin linker.
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using the Duolink PLA.15 Briefly, a mouse monoclonal antibody
to tissue factor and a rabbit polyclonal antibody to factor VIIa
were selected as primary antibodies. The binding of these anti-
bodies to the TF/VIIa complex served as a localization site for
two species-specific antibodies conjugated to short oligonucleo-
tides (PLA probes). When the probes are in close proximity (i.e.,
bound to their antigens, which are bound to a protein complex),
they may hybridize with two other oligonucleotides in solution,
forming a loop. This loop is then ligated to create a closed circle
which is an active site for rolling circle DNA amplification. Finally,
fluorescently labeled oligonucleotides hybridize with the replica-
tion product to produce a detection signal. Figure 2 is an illustration
of this technique.
Microfluidic Platelet Adhesion Model. Two sets of micro-

channels were designed in PDMS according to a previously
described technique.14,16 First, a patterning device consisting of a
single channel 250 μm wide and 5 cm long was used to generate
strips of thrombotic protein (collagen and tissue factor) accord-
ing to the procedure above. This device was then removed and a
flow device placed over the protein strip with perpendicular 250 μm
channels resulting in a platelet/protein interaction zone measur-
ing 250� 250 μm2 in each channel. The channels were blocked
with 0.5% bovine serum albumin in HBS for 30 min prior to
perfusion with whole blood. Blood was perfused through the
channels at a wall shear rate of 200 s�1 via syringe pump
(Harvard Apparatus PHD 2000, Holliston, MA, USA) and the
interaction zone monitored via fluorescence microscopy (IX81,
Olympus America Inc., Center Valley, PA, USA) in 15 s intervals.

Images were captured using a CCD camera (ORCA-ER, Hama-
matsu, Bridgewater, NJ, USA) illuminated with a mercury lamp
(100 W, 620 nm Ex/700 nm Ex). Fluorescent intensity was
evaluated using the freely available ImageJ software (NIH).

’RESULTS

Detection of Single TF/VIIa Complexes. Tissue factor VIIa
complexes were generated on a polymerized human collagen
type 1 surface by linking relipidated tissue factor liposomes with
1% biotinylated-PE to a biotinylated anti-collagen antibody via
streptavidin. We chose to use soluble collagen for this application
as it creates a more uniform layer with less background fluores-
cence than fibrillar collagen surfaces. All surfaces were blocked in
solutions of 0.5% BSA for 30 min prior to detection. The primary
antibodies were used at a final concentration of 1 μg/mL and
were incubated in open droplet reactions for 1 h at 37 �C. Following
this, the PLA reaction was run according to the manufacturer’s
instructions.
The amplification product was observed as an approximately

1-μm-sized fluorescent dot (Figure 3) that was at least 3-fold
brighter than the background. In order to confirm that we were
detecting the desired complexes and not nonspecific antibody
binding, two sets of controls were run. First, samples with linked
tissue factor liposomes were either treated or untreated with
plasma ((factor VIIa). Each sample was treated with both primary
and secondary antibodies as well as all Duolink amplification and
detection reagents. The images presented are representative of
several 20� fields of view (Figure 3a,b). Identical samples with
linked TF liposomes were incubated with human plasma and
were treated with just the TF primary antibody or just the factor
VIIa primary antibody (Figure 3c,d). These samples were treated
according the unmodified Duolink procedure. The results de-
monstrate that the complete TF/VIIa complex must be present
and that it must be treated with both primary antibodies for de-
tection by PLA. Fluorescent staining observed under the negative
control conditions is believed to be the result of nonspecific binding
of the secondary PLA probes.
Effect of TF Liposomes under Flow Conditions. Fibrillar

collagen surfaces with linked tissue factor liposomes were generated
in a microfluidic model of thrombosis, as well as surfaces with
liposomes lacking tissue factor. Whole blood anticoagulated with
CTI (40 μg/mL), to inhibit the contact activation pathway, was
perfused over the surfaces at an inlet wall shear rate of 200 s�1.
The experiment was performed in multichannel microfluidic
device that allowed for 8 separate (but equal) adhesion events to
be monitored simultaneously.16 The data represented in Figure 4
are the fluorescent intensities of the surfaces captured in 15 s

Figure 2. The Duolink proximity ligation assay is capable of detecting
single molecule complexes. Primary antibodies directed against the
components of the complex act to localize two “PLA probes”, which
are species-specific antibodies conjugated to short oligonucleotides.
When the probes are brought together, they form a closed loop when
complementary oligonucleotides are added. This loop is enzymatically
ligated, which provides a template for rolling circle amplification. Small
fluorescently labeled oligonucleotides hybridize with the amplified
product producing a detection signal.

Figure 3. The PLA signal appears as 1 μm fluorescent dots (A). We
have demonstrated that, in the absence of complexes (no factor VII from
plasma [B]) or of either primary antibody (VIIa [C] or TF [D]),
detection does not occur.
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intervals over a 450 s period. The intensity represents the average
mass of platelets aggregating on the surface. A significant increase
(30 ( 8%, p < .0001) was observed in platelet deposition when
the surface contained TF positive liposomes after 450 s of per-
fusion. Platelets also adhered downstream from the collagen
patch, possibly on fibrin deposits (Figure 4a). Platelet adhesion
to the liposome surface lacking tissue factor was undistinguish-
able from a control sample untreated with antibody, streptavidin,
or liposomes after 450 s.
In a parallel experiment, unlabeled platelets in whole blood

(40 μg/mL CTI) were perfused over a collagen surface treated
with TF positive or negative liposomes in the presence of a
fluorescently labeled fibrin-specific antibody (3 μg/mL). The
data reveal that liposomes containing tissue factor are required
for fibrin formation in the platelet mass during the 450 s
perfusion. Detectable fibrin appears between 15 and 30 s into
the TF liposome perfusion. Figure 5a shows the deposition of
fibrin downstream from the collagen strip. When PS-PC-bPE
liposomes lacking TF were attached to collagen, there was no
increase in platelet deposition and no production of fibrin, con-
sistent with the fact that PSPC liposomes do not trigger thrombin
production in CTI-treated plasma.17

’DISCUSSION

Utilizing the tight binding between biotin and streptavidin, we
have created a thrombogenic surface that consists of relipidated
TF liposomes linked to an immobilized collagen surface. This
construct produces a physiologically relevant hemostatic re-
sponse which includes platelet activation, platelet adhesion, and
coagulation, as is observed in vivo. The advantage of our ex vivo
system, however, is that it allows for robust and reproducible
control of hemodynamics, surface composition, and blood
pharmacology. Furthermore, it represents a higher throughput
and lower cost approach than animal models.

The results presented as part of this work were intended to verify
the new TF liposome/collagen injury model against previous
findings. Prior work in our lab conducted by Okorie et al., who
spotted TF liposomes onto collagen features, demonstrated a 25%

increase in platelet adhesion when the highest concentration of
printed liposomes was used (25 molecules/μm2).18 In the new
model, we observe a similar response (30% increase ( 8%) and
capture the robust increase in fibrin formation reported in that
study, as well. While we estimate a slightly lower TF concentration
on our surface (see below) [0.1 to 1 molecules/μm2], we may

Figure 4. Tissue factor liposomes linked to collagen increased platelet deposition in a microfluidic injury model 30 ( 8.0% as compared to a similar
surface with liposomes lacking TF or a control collagen surface. Whole blood was perfused over these surfaces at 200 s�1 in the presence of CTI (40 μg/mL).
Each condition was performed in 8 separate channels and monitored simultaneously. The data represent the mass of platelets adhering at the collagen
patch (in arbitrary units) and are presented ( STD. Representative images of platelet adhesion at 450 s are presented for each case ([A] TF liposomes,
[B] liposomes, [C] control surface). Flow is from top to bottom. Platelet accumulation for the TF surface appears brighter, denser, and protrudes upstream.
Platelets also adhere downstream of the main platelet mass when TF is present on the liposome/collagen surface, possibly as a result of fibrin deposition.

Figure 5. Whole blood treated with CTI (40μg/mL) was perfused over
a TF liposome/collagen surface or liposome/collagen surface at 200 s�1

in the presence of a fluorescently labeled fibrin specific monoclonal
antibody. Each condition was performed and monitored simultaneously
in 8 separate channels. Fluorescent intensity (in arbitrary units) of the
fibrin mass accruing in the platelet mass is presented( STD. The inset
illustrates the two conditions after 450 s of perfusion (flow is from top to
bottom). No fibrin deposition appears with the TF negative liposomes
(B), while massive deposition appears for the positive liposomes (A).
Fibrin deposition is detected downstream of the main thrombus as well.
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explain the increased potency by the physical linking of liposomes
to the collagen surface. The observation that platelet adhesion does
not increase on liposome surfaces containing TF until ∼200 s is
supported by other groups who observed lag times in thrombin
generation of >60 s,19,20 as well as the lag time observed in fibrin
generation in Figure 5. We also suggest that thrombin generation
during primary adhesion has a less noticeable effect due to strong
GPVI signaling generated by fibrillar collagen at early times.

In addition to platelet adhesion, the kinetics of fibrin deposi-
tion in our assay also compare well to other experimental models.
In the mouse laser injury model, for example, measurable fibrin
appears at 10�15 s after insult.21 In these studies, the clotting
response is triggered by activation of the endothelium and is
driven by the exposure of tissue factor, not the subendothelium.
Platelet adhesion is strongly dependent on PAR4 activation.22

Therefore, a more relevant model may be the FeCl3 injury, in
which collagen and thrombin signaling play important roles
regarding time to thrombus initiation and likelihood of vessel
occlusion.23�25 In these studies, FcγRII�/� or PAR4�/� mice,
which lack collagen or thrombin signaling, respectively, have
some protection from full vessel occlusion. Factor XIIa is not
inhibited in the mouse models, whereas CTI is used in our in
vitro perfusion studies with human blood.

We have demonstrated that our findings with the new TF/
collagen assay compare well to other ex vivo and in vivo work.
We have also used PLA to detect TF/factor VIIa complexes.
However, quantifying fM to pM levels of surface TF is complex
and is a drawback to other models as well.8 With reasonable
assumptions, we can provide an estimate of the [TF] range.
Extensive characterization of tissue factor liposomes has been
previously performed.7 Using the relipidation technique de-
scribed above, 80�90% of TF is recovered in liposomes, and
approximately 50% of this TF is accessible. In our assay, these
values predict that 5 molecules of TF per liposome are available
(10 000:1 lipid to TF ratio). If we consider the results from PLA
to represent a lower bound on the number of surface captured
liposomes (PLA is known to have significantly less than 100%
detection), we estimate 0.02 liposomes/μm2. This value corre-
sponds to 0.1 to 1 molecules TF/μm2 for 100% or 10% PLA
detection efficiency, respectively. These estimates compare well
to our own prior work and relipidated TF patches created by
other groups (0.3 molecules TF/μm2).26 Furthermore, we esti-
mate that the random packing limit for spheres in 2 dimensions
sets an upper bound of approximately 102 TF molecules/μm2.

In vivo models of thrombosis have demonstrated the impor-
tance of coagulation in response to vessel injury. Using TF
liposomes linked to a collagen surface, we have demonstrated an
ex vivo system that is sensitive to both the coagulation and platelet
aggregation components of the hemostatic mechanism.
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’ INTRODUCTION

There is a clear need to develop novel antimicrobial agents
due to the widespread emergence of drug resistance.1,2 Sulfo-
namides have been used as synthetic antibiotics since the 1930s
to treat a wide variety of Gram-positive, Gram-negative, and
protozoal infections, but their use has been greatly compro-
mised by the emergence of resistance and the poor tolerance of
certain patient populations.2�7 Sulfonamides target the enzyme
dihydropteroate synthase (DHPS) encoded by the folP gene
and function as competitive inhibitors of one of the DHPS
substrates, p-amino benzoic acid (pABA).8 DHPS possesses a
classic (β/α)8 TIM barrel structure, and the pABA binding site
is at the edge of the barrel and comprises loop regions where the
mutations that confer sulfonamide resistance are found.9,10 In
contrast, the other substrate of DHPS dihydropterin pyropho-
sphate (DHPP) binds in a deep, structured pocket within the
DHPS β-barrel. This pocket has a high degree of conservation
between species, and no resistance mutations have been
reported in or adjacent to the pterin binding site. Thus, we
believe that the pterin binding site is an attractive alternative
target for the design of novel antimicrobial agents.

Currently, the principal screening methods for DHPS are
either radiometric or use coupled colorimetric phosphate
release assays.11�13 Although these assays do offer some
advantages, they also suffer from a number of practical issues
which pertain to their use for site-specific high-throughput
screening: The instability and limited availability of the
DHPP pterin substrate, the undesirable use of radioactive
materials, the need for coincubation with pyrophosphatase

and spectrometric interference in the colorimetric assays, and
the lack of site specific inhibition information suitable for
identifying the selective pterin-binding site inhibitors. In this
paper, we report the design, development, and validation of a
rapid, sensitive, and site-specific DHPS fluorescence polariza-
tion (FP) assay.14

A typical FP probe consists of a tracer derived from a high-
affinity ligand, a spacing linker and a fluorophore. Previously,
we reported structural studies of several small pterin-based
inhibitors of DHPS,15,16 and the two most potent inhibitors 1
and 2 were selected as candidate tracers to develop the FP
probes (Figure 1a). The cocrystal structure of DHPS bound to
compound 2was used as a guide to determine the optimal linker
length between the tracer and the fluorophore. The carboxylate
group of 2 points away from the pterin binding site and was
judged to be a suitable linking position. From visual inspection,
the distance from the solvent-exposed surface to the carboxylate
group was estimated to be approximately the length of two
ethylene glycols (or aminoethanol). On the basis of this, three
molecular probes with spacer lengths of 1, 2, and 3 ethylene
glycols (or aminoethanol) were modeled into the cavity using
Schrodinger Glide and our previously validated docking approach
(see Supporting Information, Figure S1).17 From these studies,
both the amide-linked two and three glycol/aminoethanol-long
probes were shown to bind well. The three-unit spacer would be
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ABSTRACT: Dihydropteroate synthase (DHPS) is the clas-
sical target of the sulfonamide class of antimicrobial agents,
whose use has been limited by widespread resistance and
pharmacological side effects. We have initiated a structure-
based drug design approach for the development of novel
DHPS inhibitors that bind to the highly conserved and
structured pterin subsite rather than to the adjacent p-aminobenzoic acid binding pocket that is targeted by the sulfonamide
class of antibiotics. To facilitate these studies, a robust pterin site-specific fluorescence polarization (FP) assay has been
developed and is discussed herein. These studies include the design, synthesis, and characterization of two fluorescent probes,
and the development and validation of a rapid DHPS FP assay. This assay has excellent DMSO tolerance and is highly
reproducible as evidenced by a high Z0 factor. This assay offers significant advantages over traditional radiometric or phosphate
release assays against this target, and is suitable for site-specific high-throughput and fragment-based screening studies.
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expected to improve solubility, and 2,20-(ethane-1,2- diylbis-
(oxy))diethanamine was therefore selected as the linker to
offset the poor aqueous solubility of the pterin analogues that
has previously been encountered.18 Thus, 4 was chosen for
synthesis and, using an analogues approach, probe 3 was also
designed and selected for synthesis from 1 using a similar-sized
linker (Figure 1b).

’EXPERIMENTAL SECTION

Probe Synthesis. Methanol, trifluoroacetic acid (TFA), di-
chloromethane, triethylamine (TEA), acetone, N,N-dimethyl-
formamide (DMF), tetrahydrofuran (THF), formic acid, and
tert-butyl 2-(2-(2-aminoethoxy)ethoxy) ethylcarbamate 6 were
purchased from Sigma-Aldrich (St. Louis, MO). 2,5-Dioxopyr-
rolidin-1-yl 30,60-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,90-
xanthene]-5-carboxylate 9 was purchased from OChem, Inc.
(Des Plains, IL). O-(Benzotriazol-1-yl)-N,N,N0,N0-tetramethy-
luronium hexafluorophosphate (HBTU) was purchased from
AK Scientific, Inc. (Union City, CA). Compounds 2 and 5 were
prepared as previously reported.16,19 The reactions were mon-
itored by thin-layer chromatography (TLC) on precoatedMerck
60 F254 silica gel plates and visualized by UV detection. The
identity of final compounds was determined on aWaters Acquity
UPLC MS C18 (H2O + Formic f ACN + Formic) 5 min
gradient, PDA (215�400 nm), ELSD, Acquity SQDESI Positive
MS. High-resolution mass spectra were determined on Waters
Acquity UPLC C18 (H2O f ACN gradient over 4 min) Xevo
G2Q-TOF ESI Negative, resolution mode, compound internally
weighted to leucine enkephalin lock solution, calculated error of
<3 ppm. The purity of final compounds was determined by
UPLC/UV/ELSD/MS (see Supporting Information for UPLC/
UV/ELSD/MS method). Both compounds 3 and 4 showed
ELSD purity at 96% (see Supporting Information Figures S3 and
S4). Melting points were obtained on an OptiMelt Automated
Melting Point System (Lambda Photometrics, UK) and were
uncorrected. All 1H and 13C spectra were recorded on a Bruker
ULTRASHIELD 400 plus or Bruker 800/US2. The chemical
shift values are expressed in ppm (parts per million) relative to
tetramethylsilane as internal standard; coupling constants (J) are
reported in hertz (Hz).

tert-Butyl (2-(2-(2-((2-Amino-5-nitroso-6-oxo-1,6-dihydro-
pyrimidin-4-yl)amino)ethoxy)ethoxy)ethyl)carbamate 7. A mix-
ture of 5 (0.175 g, 0.938 mmol) and tert-butyl 2-(2-(2-amino-
ethoxy)ethoxy) ethylcarbamate 6 (0.233 g, 0.938 mmol) in
methanol was heated at reflux for 20 h. After cooling, the reaction
mixture was filtered. To the filtrate was added 2.5 g silica gel, and
the solvent of filtrate was removed under reduced pressure to
afford a dry plug, which was loaded on a silica gel column and
elutedwith chloroform/methanol (20:1). Fractions containing the
product were pooled and evaporated to afford 7 as a brick red solid
(0.21 g, 58%): Rf 0.4 (CHCl3/CH3OH = 5:1); mp 166�168 �C;
1H NMR (400 MHz, DMSO-d6) δ 1.36 (s, 9H), 3.07 (q, J = 5.9
Hz, 2H), 3.40 (t, J = 6.1 Hz, 2H), 3.55 (t, J = 4.5 Hz, 8H), 6.78 (t,
J = 5.6 Hz, 1H), 7.08 (s, 1H), 8.19 (s, 1H), 10.96 (s, 1H), 12.49 (s,
1H); 13C NMR (101 MHz, DMSO-d6) δ 28.19 (s), 39.49, 68.17,
69.19, 69.44, 69.60, 77.53, 140.60, 152.21, 155.54, 156.37, 161.46;
MS+ 387.31.
2-Amino-6-((2-(2-(2-aminoethoxy)ethoxy)ethyl)amino)-5-ni-

trosopyrimidin-4(3H)-one 8. A solution of 7 (0.1 g, 0.259 mmol)
in TFA/CH2Cl2 (v/v = 1:1, 6 mL) was stirred at room tempera-
ture for 1 h. The solvent was removed under reduced pressure.
Any remaining TFA was removed by repeated coevaporation with
methanol, ether, and acetone to give 8 as trifluoroacetic acid salt, a
dark red solid (0.10 g, 97%): mp 200�204 �C; 1H NMR (400
MHz, DMSO-d6) δ 3.01�3.04 (m, 2H), 3.57�3.66 (m, 10H),
7.12 (s, 1H), 7.87 (s, 2H), 8.29 (s, 1H), 10.98 (s, 1H), 12.59 (s,
1H); 13C NMR (101 MHz, DMSO-d6) δ 38.72, 66.73, 67.94,
69.59, 140.23, 152.44, 156.50, 158.57 (q, J= 128Hz), 161.16;MS+

287.26.
N-(2-(2-(2-((2-Amino-5-nitroso-6-oxo-1,6-dihydropyrimidin-

4-yl)amino)ethoxy)ethoxy)ethyl)-3,6-dihydroxy-30-oxo-30H,10H-
spiro[anthracene-9,10-isobenzofuran]-50-carboxamide 3. TEA
(46.7 μL, 0.337 mmol) and 5-carboxyfluorescein N-hydroxysuc-
cinimide ester 9 (0.044 g, 0.094mmol) were added to a solution of
8 (0.03 g, 0.075 mmol) in acetone (4 mL). The reaction was
stirred at room temperature for 4 h before being concentrated in
vacuo. The crude residue purified by preparative HPLC using a
Gemini 5 μC18 110A AXIA column (50� 30.00 mm, 5 μm) and
a gradient of 20�85% MeOH+4%THF/10 mM ammonium
bicabonate over 10 min period with the retention time of the
product being 4.8 min. The respective fractions were pooled and
concentrated to afford 3 as an orange solid (0.036 g, 75%): 1H

Figure 1. (a) Structures of pterin-based DHPS inhibitors 1 and 2. (b) Structures of the designed FP probes 3 and 4.
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NMR(400MHz,DMSO-d6)δ 3.47�3.59 (m, 12H), 6.42 (dd, J=
8.9, 2.2 Hz, 2H), 6.49 (d, J = 2.1 Hz, 2H), 6.62 (d, J = 8.9 Hz, 2H),
7.29 (d, J = 8.0 Hz, 1H), 8.12 (d, J = 8.0 Hz, 1H), 8.46 (d, J = 1.2
Hz, 1H), 8.88 (t, J = 5.5 Hz, 1H), 12.48 (s, 1H); 13C NMR (201
MHz, DMSO) δ 68.33, 68.86, 69.62 (d, J = 11.6 Hz), 102.41,
109.85, 116.15, 125.35, 126.14, 129.57, 131.80, 135.51, 140.72,
152.61, 153.74, 158.36, 163.96, 165.25, 166.20, 166.61, 168.41;
HRMS m/z [M-H]� calcd for C31H27N6O10: 643.5835, found:
643.1771.
tert-Butyl 2-(2-(2-(2-(7-amino-1-methyl-4,5-dioxo-1,4,5,6-

tetrahydropyridazino[3,4-d]pyrimidin-3-yl)propanamido)ethoxy)-
ethoxy)ethylcarbamate 10. To a solution of 2 (0.1 g, 0.377 mmol)
and HBTU (0.157 g, 0.415 mmol) in DMF (5 mL), tert-butyl
2-(2-(2-aminoethoxy)ethoxy)ethylcarbamate 6 (0.112 g, 0.452
mmol) was added. The reaction mixture was stirred at room
temperature for 3 h, diluted with water, and extracted with
dichloromethane twice. The organic layer was dried with sodium
sulfate; the solvent was evaporated to give a white solid at room
temperature. The residue was washed with anhydrous ether and
filtered to give 10 as a white solid (0.155 g, 83%): Rf = 0.35
(CHCl3/CH3OH= 5:1); mp 230 �C (dec); 1HNMR (400MHz,
DMSO-d6) δ 1.22�1.24 (d, J = 7.2 Hz, 3H), 1.36 (s, 9H),
3.03�3.08 (m, 2H), 3.13�3.20 (m, 2H), 3.35�3.37 (m, 4H),
3.48 (s, 4H), 3.74 (s, 3H), 3.85�3.91 (q, J = 7.2 Hz, 1H), 6.76
(t, J = 5.5 Hz, 1H), 7.83 (t, J = 5.6 Hz, 1H), 7.95 (bs, 2H), 10.84
(bs, 1 H); 13C NMR (101 MHz, DMSO-d6) δ 14.61, 28.19,
30.73, 35.74, 38.69, 41.00, 69.06 (d, J = 13.1 Hz), 69.48 (d, J =
13.6 Hz), 77.51, 155.54, 157.36, 162.25, 167.10, 171.95. MS+

496.33.
2-(7-Amino-1-methyl-4,5-dioxo-1,4,5,6-tetrahydropyridazino-

[3,4-d]pyrimidin-3-yl)-N-(2-(2-(2-aminoethoxy)ethoxy)ethyl)-
propanamide 11.Compound 10 (0.3 g, 0.6 mmol) was added to
a solution of TFA/Cl2Cl2 (1:1 v/v). The reaction mixture was
stirred at room temperature for 30 m. The solvent was removed
under reduced pressure. Any remaining TFA was removed by
repeated coevaporation with diethyl ether to afford 11 as trifluor-
oacetic acid salt as a white solid (0.246 g, 80%): mp 160 �C (dec);
1HNMR(400MHz,DMSO-d6)δ 1.25�1.27 (d, J= 7.2Hz, 3H),
1.36 (s, 9H), 3.00�3.03 (m, 2H), 3.09�3.27 (m, 2H), 3.39�3.43
(m, 4H), 3.53�3.60 (m, 2H), 3.64�3.72 (m, 2H), 3.78 (s, 3H),
3.93 (q, J = 7.2 Hz, 1H), 7.81 (t, J = 5.3 Hz, 1H); 13C NMR (101
MHz, DMSO-d6) δ 14.35, 41.19, 66.68, 68.91, 69.70, 100.69,
153.59, 155.46, 157.26, 158.11, 158.41, 160.19, 167.59, 171.70;
MS+ 396.26.
N-(2-(2-(2-(2-(7-Amino-1-methyl-4,5-dioxo-1,4,5,6-tetrahydro-

pyridazino[3,4-d]pyrimidin-3-yl)propanamido)ethoxy)ethoxy)-
ethyl)-30,60-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,90-
xanthene]-5-carboxamide 4. A solution of 11 (0.050 g, 0.098
mmol), 2,5-dioxopyrrolidin-1-yl 30,60-dihydroxy-3-oxo-3H-spiro-
[isobenzofuran-1,90-xanthene]-5-carboxylate 9 (0.058 g, 0.123
mmol), and TEA (61.2 μL, 0.442 mmol) in DMF (4 mL) was
stirred at room temperature for 4 h. The crude product was
purified by preparative HPLC using a Gemini 5 μ C18 110A
AXIA column (50� 30.00mm, 5 μm) and a gradient of 20�85%
MeOH + 4% THF/10 mM ammonium bicarbonate over 10 min
period. The retention time of the product was 4.8 min. The
respective fractions were pooled and concentrated to afford the
title compound 4 as an orange solid (0.050 g, 68%): 1H NMR
(400MHz, DMSO-d6) δ 1.21�1.23 (d, J = 8Hz, 3H), 3.38�3.62
(m, 12H), 3.73 (s, 3H), 3.86�3.91 (q, J = 8 Hz, 1H), 6.46�6.49
(m, 2H), 6.56�6.62 (m, 4H), 7.33 (d, J = 8.0 Hz, 1H), 7.85 (t,
J = 5.6 Hz, 1H), 8.16 (d, J = 8.0 Hz, 1H), 8.48 (bs, 1H), 8.89 (t,

J = 5.2 Hz, 1H); 13C NMR (201 MHz, DMSO) δ 14.52, 38.77,
40.93, 68.71, 69.03, 69.55, 100.72, 102.38, 109.86, 115.38, 124.71,
125.75, 129.46, 135.70, 153.29, 153.79, 156.64, 157.57, 161.36,
165.08, 167.28, 168.16, 171.96; HRMS m/z [M-H]� calcd for
C37H34N7O11: 752.7100, found: 752.2316.
Protein Preparation. Bacillus anthracis DHPS (BaDHPS)

was prepared as described previously.16

Probe Characterization—Isothermal Titration Calorimetry
(ITC). The purified BaDHPS protein was dialyzed against 50 mM
HEPES, 5mMMgCl2, pH7.6. ITC titrationswere performedwith
an Auto-iTC200 Isothermal Titration Calorimeter (MicroCal) in
40 mM HEPES, 4 mMMgCl2 at pH 7.6 and 25 �C over 19 2 μL
injections each of 500 μM ligand into 20 μM BaDHPS. Data were
analyzed using MicroCal Origin 7.0 software using a one-site
binding model.
Probe Characterization—Fluorescence Polarization. The

titration experiment was performed in triplicate with 6 nM of
compounds 3 and 4 and 2-fold increasing concentrations of
BaDHPS (0.009 to 150 μM) in a 96-well plate with a final volume
of 100 μL in 1� PBS buffer. Data were fit to a Langmuir isotherm

FP ¼ FP0 þ ΔFP 3
1

1 þ KD=½DHPS�
� �

To confirm pterin-pocket binding of 4, inhibitor 2 was titrated
(10 nM to 400 μM) against 6 nM of 4 and 6 μM of BaDHPS in
1� PBS buffer to a final volume of 100 μL in a black polystyrene
96-well plate (Costar, Corning Inc.). The data were fit to the
equation derived from the definition of dissociation constant
with the approximation of a negligible concentration of fluor-
escent probe described in the Supporting Information.20,21 All
FP measurements were performed on a 2103 EnVision multil-
able reader (Perkin-Elmer) with excitation and emission wave-
length filters of 450 ( 8 nm and 535 ( 40 nm, respectively.
High-Throughput Fluorescence Polarization Assay. In

developing the FP assay for high-throughput screening purposes,
we followed the NIH NCGC guidelines (http://www.ncgc.nih.
gov/guidance/section5.html#practical-fluor-polar). FPmeasure-
ments were performed as described previously, but using PMT
sensitivity set to low and 100 readings per well. Assays were
performed in flat-bottom, black polystyrene 384-well plates
(3821 Costar, Corning Inc.) in 40 mM HEPES, 4 mM MgCl2
at pH 7.6. The final assay volume was 20 μL/well. All measure-
ments were performed in triplicate except for Z0 determination
assays in which 12 replicates were used in each group. The typical
final DMSO concentration in tests was 2% except for DMSO
tolerance experiments in which varied DMSO concentrations
were used as indicated.
To optimize the assay, equilibrium binding experiments of 4 to

BaDHPS were performed under the following conditions: each
individual well in a 384-well assay plate contained 2.7 μM 4 and
increasing concentrations (from 0 to 16μM) ofBaDHPS protein
in assay buffer. The plate was mixed on a slow-moving shaker for
the indicated times at 25 �C and the polarization signals were
measured at room temperature. To test the signal stability, the FP
of a plate containing samples was measured at different times
over a period of 18 h. The assay equilibration time was
determined by monitoring the FP signal at several time intervals
as indicated. Between each reading, the plate was covered with a
black lid to prevent photobleaching. For tracer specificity experi-
ments, each individual well contained 2.7 μM 4 and 8 μM of
BaDHPS and DMSO; for competition experiments, each
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individual well contained 2.7 μM 4, 8 μMof BaDHPS, 100 μMof
2 and DMSO; each control well contained 2.7 μM 4 and DMSO.
The experiments were performed under conditions similar to
those described above and the FP data were measured in
triplicate. This experiment was repeated two more times on
different days. To determine the effect of DMSO on the assay,
DMSO tolerance experiments were performed under the above
conditions with 2.7 μM 4, 8 μM of BaDHPS, and varying
concentration of DMSO from 0.02% to10% (v/v). To determine
the assay robustness, Z0-factor statistic experiments were imple-
mented in triplicate in which 2 groups of samples, the high signal
group and low signal group, were involved. The high signal group
represents samples with protein and tracer. The low signal group
represents samples with protein, tracer, and ligand 2 at 100 μM.
This experimentwas repeated twomore times on different days. The
Z0 factor is calculated using the equation Z0 = 1 � (3σ+ + 3 σ�)/
(Mean+ � Mean�), where σ+ is the standard deviation of high
signal group; σ� is the standard deviation of low signal group;
Mean+ is the mean of high signal group; and Mean� is the mean
of low signal group. All experimental data were analyzed using
Microsoft Excel (Microsoft Corporation, Redmond, WA) and
Prism 4.0 (Graphpad Software Inc., San Diego, CA).
Assay Validation—Competitive Displacement of 4 by

Known DHPS Inhibitors. Competitive displacement studies
were performed with DHPS inhibitors 2, 18, 19, 20, pteroic
acid, SMX, and SIA. Stocks of these inhibitors were prepared in
DMSO at 10mMand serially diluted in assay buffer. FP assay was
performed under following conditions: Corning black 384-well
plate contained 2.7 μM probe 4, 8 μM BaDHPS protein, and

each tested inhibitor at varying concentrations to a final volume
of 20 μL. The plate was shaken for 25 min at room temperature
and the FP values were recorded. The measured FP values (mP)
were plotted against the log10 values of competitor concentra-
tion. Herein, the displacement data were empirically fit. In order
to calculate accurate KD values for hit compounds out of the
HTS, where the approximation of a negligible concentration of
fluorescent probe does not hold true due to experimental
conditions, the exact analytical approach described by Wagner
et al.20,21 can be applied.

’RESULTS AND DISCUSSION

The synthesis of FP probe 3 was achieved from 5-nitroso-6-
methylpyrimidine 5, 19 which was conjugated with tert-butyl
2-(2-(2-aminoethoxy)ethoxy)ethylcarbamate 6 in refluxingmetha-
nol to give 7. 22 The Boc-protected 7was converted to free terminal
amine 8 by treatment with TFA. Coupling of 8 with 5-carboxy-
fluoresceinN-succinimidyl ester 9 in the presence of TEA in DMF
afforded the desired probe 3 in good yields. 23

FP probe 4was synthesized from 2. Coupling of 2with 6 in the
presence of HBTU in DMF provided amide 10, which then was
treated with TFA to afford the free amine 11. Coupling of 11with
9 in the presence of TEA inDMF afforded the second FP probe 4
in good yields.

Prior to establishing the FP assay, the equilibrium dissociation
binding constants (KD) of the two probes were measured using
two independent methods, isothermal titration calorimetry
(ITC) and FP. Using ITC, the KD values were found to be

Scheme 1. Synthesis of FP Probe 3a

aReagents and conditions: (a) tert-butyl (2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate 6, CH3OH, reflux, 20 h, 58%; (b) TFA, 97%; (c)
5-carboxyfluorescein N-succinimidyl ester 9, DMF, TEA, 75%.

Scheme 2. Synthesis of Probe 4a

aReagents and conditions: (a) tert-butyl (2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate 6, HBTU, DMF, rt, 3 h, 83%; (b) TFA, 80%; (c)
5-carboxyfluorescein N-succinimidyl ester 9, DMF, TEA, 68%.
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0.34 ( 0.043 μM for compound 3 and 2.7 ( 0.64 μM for com-
pound 4 (Figure 2a,b). Using FP,24,25 the KD values were found
to be in excellent agreement, 0.37( 0.1 μM for compound 3 and
1.5 ( 0.1 μM for compound 4 (Figure 2c,d). The affinities of
both probes were found to be weaker than their corresponding
parent inhibitors (KD = 0.124( 0.017 μM for 2 using ITC). This
was anticipated and is likely due to some loss of receptor binding
interactions from the introduction of the linker groups and the
bulky fluorescein fluorophore. Comparison of the two probes
showed that 3 has an apparently higher binding affinity than 4 to
BaDHPS, but the ITC and the FP data for 3 both showed that
binding was not at a 1:1 ratio, whereas this was the case for 4
which has better FP signal. Further analysis by incubating 3 in 1%
BSA showed that the FP absorbance of 3 was significantly
reduced, which indicated that 3 is a nonspecific protein binder.
Consequently, 3 was dropped from further study and 4 was
selected to develop the DHPS FP binding assays.

Finally, to confirm pterin-binding pocket binding, we mon-
itored the displacement of 4 by its parent compound 2 at low
probe concentrations using an FP competition experiment. The
binding signal of 4 disappeared within a narrow concentration
range of 2 (Figure 3), and curve fitting (see Supporting In-
formation) generated a KD value for 2 of 0.24( 0.07 μM, which
agrees well with the value obtained by ITC (0.124( 0.017 μM).
It has already been confirmed by X-crystallography that 2 binds
BaDHPS at the pterin-binding site,16 and this experiment there-
fore confirms that the FP probe 4 is a competitive binder with
respect to 2 and binds at the pterin-binding pocket in BaDHPS as
expected.

To develop the high-throughput FP screening assay, it was
necessary to determine the optimum protein concentration for
competitive binding. Thus, 4 at itsKD (we chose the ITC value of
2.7 μM) was titrated with varying concentrations of BaDHPS
(Figure 4) and the FP signal monitored. In the absence of

Figure 2. Measuring direct binding of compounds 3 and 4 to Bacillus anthracis DHPS (BaDHPS). (a) ITC titration of 500 μM of 3 into a 20 μM
BaDHPS solution. Binding siteN = 1.59( 0.0108;ΔH is�5.9( 0.059 kcal/mol;ΔS is 0.0982 kcal/mol; KD is 0.34( 0.043 μM. (b) ITC titration of
500 μMof 4 into a 20 μM BaDHPS solution. Binding siteN = 1.09( 0.0464;ΔH is�2.8( 0.159 kcal/mol;ΔS is 0.16 kcal/mol; KD is 2.7( 0.64 μM.
(c)Direct binding of 3 toBaDHPS by FP (average of 3 independent experiments). Error bars represent standard error of themean;KD is 0.37 μM( 0.1 .
(d) Direct binding of 4 to BaDHPS by FP (average of 3 independent experiments). Error bars represent standard error of the mean;KD is 1.5( 0.1 μM.
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protein, a low polarization value of 50 mP was observed, but with
increasing concentrations of BaDHPS protein, the FP signal
progressively increased until it reached saturation. This revealed
an assay window of up to 200 ΔmP which is a robust signal
window for a FP assay. By examining the response curve
(Figure 4), DHPS at 8 μM was selected for further assay
development because this concentration yields an acceptable
assay window of ΔmP∼150 mP. This experiment was also used
to evaluate the stability of the FP signal, which becomes an
important parameter in the high-throughput screening of large
number of compounds over long periods of time.26 To this end,
the probe was incubated with BaDHPS for a period of 18 hwithin
which the FP signal of the plate was read several times. The
binding curves showed that the FP signal is very stable with little
noticeable difference. In addition, incubation of the probe with
protein reached signal saturation in a very short time (∼20 min),
which is an added advantage (Figure 4).

DMSO is routinely used to dissolve or dilute compounds for
screening assays; therefore, the effect of various DMSO concen-
trations on the FP signal was studied. Specifically, 4was incubated
with BaDHPS in the presence of varying DMSO concentrations

up to 10% and the variation in FP signal was monitored (see
Supporting Information Figure S2). This experiment showed that
the FP binding assay tolerated DMSOwell, up to a concentration
of 10%, with less than 10% reduction of the FP signal, which
remained stable for 18 h (higher DMSO concentrations were not
tested because the DMSO concentration will not exceed 10% in a
typical assay).

To evaluate the performance of the DHPS FP binding assay,
the Z0 value was calculated for the assay carried out in a 384 well
plate format.27 In general, Z0 values between 0.5 and 1.0 are
considered acceptable. Here, the Z0 values for the BaDHPS FP
binding assay obtained from three independent experiments
were 0.87, 0.87, and 0.86, respectively (see Supporting Informa-
tion Figure S3), and these values showed that the assay is highly
reproducible. Furthermore, the FP assay with 4 was also tested
against Staphylococcus aureus DHPS (SaDHPS) using similar
assay conditions, and this also performed remarkably well with a
Z0 value at 0.84. This confirms that the assay is suitable for future
high-throughput screening against multiple DHPS enzymes.

Finally, competitive displacement assays were performed with
various known DHPS inhibitors to test the robustness of the
developed FP assay and to validate its utility for detecting specific
inhibitors that target the pterin-binding pocket. In an initial
competition binding experiment in which BaDHPS, probe 4,
and its parent inhibitor 2 were coincubated under high-through-
put assay optimized conditions, the binding signal of 4 was
completely abolished by an excess of 2 and the FP signal was
almost identical to that for probe 4 in the absence of protein. The
results were stable over a three-day period (Figure 5) and are
consistent with the titration experiment shown in Figure 3. Seven
inhibitors were then tested: 2, 18 (an analogue of 2), and 19 are
DHPS inhibitors that are known to target the pterin-binding
pocket,16 sulfamethoxazole (SMX) and sulfanilamide (SIA) are
two sulfonamides that bind the pABA binding pocket, and 20 and
pteroic acid are two DHPS inhibitors that engage both the pterin-
and pABA-binding sites simultaneously. The competition experi-
ment (Figure 6) showed that all the compounds known to bind
the pterin-binding site on DHPS (2, 18, 19, 20, and pteroic acid)
are able to compete off the FP probe 4 and are identified as hits in
the current assay. However, SMX and SIA, which bind to the
pABA subsite, are not able to compete off the FP probe 4 and thus
would not be identified as hits since the assay described herein
specifically identifies compounds that bind to the pterin subsite.

In summary, two pterin-based fluorophores 3 and 4 were
designed, synthesized, and evaluated as probes for the development

Figure 3. FP competition titration of nonfluorescent compound 2
(10 nM to 400 uM) against compound 4 (6 nM), and 6 μM BaDHPS
(average of 3 independent experiments). KD = 0.24 ( 0.07 μM.

Figure 4. Titration of 4 (2.7 μM) with BaDHPS monitored by FP.
Increasing concentrations of BaDHPS (0�16 μM)was incubated with 4
at 25 �C and the response measured at 20 min, 80 min, and 18 h.

Figure 5. Tracer specificity test. blue bars: 2.7 μM of 4 with 8 μM of
BaDHPS in buffer; red bars: 2.7 μMof 4, 8μMof BaDHPS, and 100 μM
of 2 in buffer; green bars: 2.7 μM of 4 only in buffer.
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of a FP assay for screening against BaDHPS and SaDHPS. The FP
assay described herein, in which 4 is used as probe, is rapid,
accurate, robust, and reproducible as evidenced by an excellent Z0
factor. Furthermore, it has great tolerancewith respect to the typical
concentrations of DMSO used in small molecule screening and is
suitable for identifying DHPS inhibitors that bind to the pterin
subsite in a high-throughput format. Finally, 4 can be further used
to subsequently derive KD values for the pterin pocket inhibitors
identified in the high-throughput FP assay.
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Kd fit equation for competition experiments: 

The following equation derived from the definition of dissociation constant with the 

approximation of a negligible concentration of fluorescent probe: 

FP = FP
0 + ∆FP •

− K
comp

• [comp] − [DHPS]( )+ 2 •[DHPS] + K
D[ ]+ K

comp
• [comp] − [DHPS]( )+ 2 •[DHPS ] + K

D[ ]
2

+ 4 •[DHPS]• K
comp

• [DHPS] − [comp]( )+ K
comp

• K
D

− [DHPS] − K
D[ ]

2 • K comp • [DHPS] − [comp]( )+ K comp • KD − [DHPS] − KD[ ]

 

 
 

 
 

 

 
 

 
 

 

where KD is the dissociation constant between the probe and DHPS,  Kcomp is the ratio between 

dissociation constant between the KD and the Kd of the competitor.   
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Method for HPLC/UV/ELSD/MS 

 LC-MS chromasolv grade methanol and ammonium bicarbonate were obtained from Sigma-

Aldrich (St. Louis, MO). Milli-Q water as an ultrapure laboratory grade water was used in 

aqueous mobile phase. 

Chromatographic separation was performed on an Acquity UPLC BEH C18 1.7 µm, 2.1 x 50 

mm column (Waters Corporation, Milford, MA) using an Acquity ultra performance liquid 

chromatography system. Data were acquired using Masslynx v. 4.1 and analyzed using the 

Openlynx software suite. This was coupled to an Acquity photodiode array detector, which 

acquired UV data from 210-400 nm. The flow was then split, with half directed to an evaporative 

light scattering detector (ELSD) and half to an SQ mass spectrometer. The total flow rate was 0.7 

mL/min. The sample injection volume was 2 µL. The UPLC column was maintained at 50 °C 

and the gradient program started at 90% A (10 mM ammonium bicarbonate in MilliQ H2O), 

changed to 70% A over 0.2 min, to 95 % B (100% methanol) over 1.4 minutes, held for 0.35 

minutes, then to 90% A over 0.05 minutes. The mass spectrometer was operated in positive-ion 

mode with electrospray ionization. The conditions were as follows: capillary voltage 3.4 kV, 

cone voltage 30 V, source temperature 130 °C, desolvation temperature 400 °C, desolvation gas 

800 L/hr, cone gas 100 L/hr. A full scan range from m/z = 110-1000 in 0.2 s was used to acquire 

MS data. The ELSD-drift tube temperature was set at 52 °C. 

 

 



 5 

 
 

Figure S1 Probe 4 docked into DHPS active site 
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Figure S2: Effect of DMSO on binding experiments. 2.7 µM of 4 and 8 µM of BaDHPS were 

incubated with 10% in highest, 1-to-2 dilution for 10 concentration level, down to 0.02% of 

DMSO for 20 min and 18 hr. 
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Figure S3: Day-to-day Z’ stability:  In the equation, σ+ is the standard deviation of high signal 

group with protein and 4; σ – is the standard deviation of low signal group with 100 µM of tracer 

2, protein and 4; Mean
+
 is the mean of high signal group with protein and 4 and Mean

-
 is the 

mean of low signal group with 100 µM of tracer 2, protein and 4. 
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Figure S4: HPLC/UV/ELSD/MS analysis for 3.  
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Figure S5: HPLC/UV/ELSD/MS analysis for 4. 
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’ INTRODUCTION

Site-specific attachment of paramagnetic lanthanide ions to
proteins produces large effects in NMR spectra that contain
valuable long-range structural information.1,2 Among the para-
magnetic effects, pseudocontact shifts (PCS) stand out for their
ease of measurement (as the difference in chemical shifts
observed for samples labeled with, respectively, a paramagnetic
or a diamagnetic lanthanide ion) and high information content
(as PCSs can be observed for nuclear spins beyond 40 Å from the
metal ion).

The PCS, ΔδPCS (in ppm), of a nuclear spin can be described
by3

ΔδPCS ¼ 1
12πr3

Δχaxð3 cos2 θ� 1Þ þ 3
2
Δχrh sin

2 θ cos 2j
� �

ð1Þ
whereΔχax andΔχrh denote, respectively, the axial and rhombic
components of the magnetic susceptibility anisotropy (Δχ)
tensor and r, and θ and j are the polar coordinates of the
nuclear spin with respect to the principal axes of the Δχ tensor.
The limited number of parameters in eq 1 and the long-range

nature of lanthanide-induced PCSs makes them powerful tools
for structure determinations of protein�protein4,5 and protein�
ligand complexes (for recent reviews, see refs 6 and 7). In
practice, eight parameters suffice to fit Δχ tensors to the 3D
structure of a protein (x, y, z coordinates of the metal ion, three
Euler angles to relate the orientation of the Δχ tensor to the
frame of the protein atom coordinates, and the Δχax and Δχrh
parameters). Lanthanides are uniquely suited for PCS measure-
ments, as different lanthanides produce different magnitudes of
Δχ tensors while their chemical properties are very similar. This
avoids chemical shift changes due to chemical differences among
different paramagnetic and diamagnetic (La3+, Y3+, Lu3+) ions.

A lanthanide ion can generate large PCSs only if it is site-
specifically attached to the target protein in a rigid manner. If the
tether between the lanthanide and the protein is flexible, the Δχ
tensor associated with the lanthanide changes its orientation
relative to the protein and the resulting averaging over positive
and negative PCS values greatly reduces the magnitude of

Received: July 5, 2011
Revised: August 9, 2011

ABSTRACT: Structural studies of proteins and protein�ligand
complexes by nuclear magnetic resonance (NMR) spectroscopy
can be greatly enhanced by site-specific attachment of lanthanide
ions to create paramagnetic centers. In particular, pseudocontact
shifts (PCS) generated by paramagnetic lanthanides contain
important and unique long-range structure information. Here,
we present a high-affinity lanthanide binding tag that can be
attached to single cysteine residues of proteins. The new tag has
many advantageous features that are not available in this
combination from previously published tags: (i) it binds lantha-
nide ions very tightly, minimizing the generation of nonspecific
effects, (ii) it produces PCSs with high reliability as its bulkiness
prevents complete motional averaging of PCSs, (iii) it can be
attached to single cysteine residues, alleviating the need of detailed prior knowledge of the 3D structure of the target protein, and (iv)
it does not display conformational exchange phenomena that would increase the number of signals in the NMR spectrum. The
performance of the tag is demonstrated with the N-terminal domain of the E. coli arginine repressor and the A28Cmutant of human
ubiquitin.
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observable PCSs. Therefore, no PCS may be observed if the
tether allows substantial reorientation of the lanthanide ion with
respect to the protein.

The problem of rigid lanthanide attachment can be addressed
in different ways. Lanthanide chelates with two arms for attach-
ment to two cysteine residues have been shown to minimize
residual motion of the lanthanide relative to the protein.8�10 A
related strategy combines an N-terminal fusion with a lanthanide
binding peptide (LBP) with a disulfide bond between the LBP
and the target protein.5,11 Engineering an LBP into the turn
between two strands of a β-sheet similarly immobilizes
lanthanides.12 Another strategy coordinates the lanthanide by
groups from two different sites of the protein. One group may be
a small lanthanide binding tag attached to a cysteine residue,
while the other group can be a carboxyl group of the protein.13,14

Small tagmolecules can also be attached to two cysteines with the
aim of coordinating a single lanthanide between the two tags.15,16

Finally, a lanthanide binding site can be engineered into the
target protein by introducing amino acids with negatively
charged side chains.17 All these strategies rely on prior knowledge
of the 3D structure of the target protein, at least at the site of
modification.

To harness the power of PCSs for 3D structure determina-
tions, however, it is necessary to use lanthanide tags that can be
site-specifically attached without detailed knowledge of the 3D
structure of the target protein. In this situation, tags with single
attachment points have an advantage even if they may only
incompletely immobilize the lanthanide ion. For example, LBPs
with single cysteine residues have been shown to deliver large
PCSs following attachment to the target protein via a disulfide
bond.18,19 The bulkiness of the tag restricts the amplitude of
motion relative to the protein by steric constraints, preventing
excessive averaging of the PCSs. Similarly, tags based on lanthanide
complexes derived from cyclen (1,4,7,10-tetraazacyclododecane)
can deliver PCSs of useful magnitudes, while providing excep-
tionally small dissociation constants of the lanthanide from the
tag and robustness against extreme conditions of pH, tempera-
ture, and denaturants.8,20 As a drawback, synthesis of cyclen tags
can be expensive and arduous to prepare, and conformational
equilibria can result in multiple sets of NMR signals.20

Lanthanide complexes of DOTA derivatives display two
fundamental conformational equilibria.21 The first affects the
chirality of the cyclen ring. The second equilibrium affects the
chirality of metal coordination by the acetate groups. Both
equilibria are coupled. It has been shown that the equilibria
can be pushed toward a single conformation of the lanthanide
complex by incorporating chiral centers in the cyclene ring and
its pendants22 or, more simply, by turning the acetate groups of
DOTA into amides with chiral amines.23

In the following, we present a new cyclen tag with three chiral
amide groups and one nonchiral pendant for attachment to a
cysteine residue of the target protein.We show that the three chiral
amide pendants are sufficient to maintain a single enantiomeric
conformation, as evidenced by a single set of peaks in the protein
NMR spectrum, and that, even at 45 �C, the tag is free of
complications arising from slow conformational exchange phe-
nomena that have been reported for a different chiral DOTA tag.20

’EXPERIMENTAL PROCEDURES

Tag Synthesis—(S)-2-Bromo-N-(1-phenylethyl)acetamide
(1).Bromoacetyl bromide (12.7 g, 63mmol) was added dropwise

via syringe to a solution of (S)-1-phenylethanamine (15.3 g,
126mmol) inDCM(200mL) at 0 �Cunder nitrogen. Stirringwas
continued for a further 2 h at room temperature. The solution was
washed with 2 N HCl (100 mL) followed by saturated brine
(100 mL), then dried (MgSO4), and solvent removed under
reduced pressure to afford 1 (12.7 g, 83%) as a white solid. 1H
NMR (400MHz, CDCl3) δ 7.40�7.25 (m, 5H), 6.79 (br s, 1H),
5.12 (apparent p, J = 7.0 Hz, 1H), 3.95�3.82 (m, 2H), 1.55 (d,
J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 164.7, 142.5,
128.9, 127.7, 126.2, 49.7, 29.4, 21.7. LRMS (ESI) m/z 244
(7%, [M[81Br]H]+), 242 (7, [M[79Br]H]+), 138 (10), 136 (9),
105 (100).
2,20,200-(1,4,7,10-Tetraazacyclododecane-1,4,7-triyl)tris-

(N-((S)-1-phenylethyl)acetamide) (2). A solution of 1 (18.4 g,
76 mmol) in chloroform (500 mL) was added dropwise to a
stirred mixture of cyclen (4.37 g, 25 mmol) and DIPEA (35 mL,
200 mmol) in chloroform (500 mL) under a nitrogen atmo-
sphere at room temperature. Themixture was stirred for a further
24 h, then washed with water, and the organic phase dried over
MgSO4. After removal of the solvent, the residue was purified by
flash chromatography (gradient from 90:10:1 to 80:20:2 EtOAc/
MeOH/NH3) to afford the product (10.2 g, 61%) as a thick, light
yellow oil. 1H NMR (400 MHz, DMSO) δ 8.36 (d, J = 8.0 Hz,
2H), 8.26 (d, J = 7.8 Hz, 1H), 7.33�7.26 (m, 12H), 7.25�7.16
(m, 3H), 4.98�4.85 (m, 3H), 3.15�3.00 (m, 6H), 2.73�2.43 (m,
16H), 1.41�1.30 (m, 9H). 13C NMR (101 MHz, DMSO) δ
169.7(2), 169.6(8), 144.7, 144.4, 128.2, 128.2, 126.6, 126.5, 126.0,
126.0, 57.7, 55.9, 52.7, 52.3, 50.9, 47.7, 47.6, 46.4, 22.5, 22.4. LRMS
(ESI) m/z 656 (85%, [M+H]+), 329 (100, [M+2H]2+).
2-Chloro-N-(2-(pyridin-2-yldisulfanyl)ethyl)acetamide (3).

To a stirred solution of 2-(pyridin-2-yldisulfanyl)ethanamine
hydrochloride (3.00 g, 13.5 mmol) and chloroacetic acid (1.28 g,
14 mmol) in 1:10 dichloromethane/acetonitrile (50 mL) was
added DIPEA (7.0 mL, 400 mmol) and BOP (6.63 g, 15 mmol).
The reaction mixture was stirred overnight at room temperature
under nitrogen. Upon completion of the reaction, the solvent was
removed under reduced pressure and the resulting crude product
was dissolved in saturated NaHCO3 solution (150 mL) and
washed with ether (3 � 100 mL). The combined organic layers
were washed with saturated brine, dried (MgSO4), and the
solvent removed under reduced pressure. Flash chromatography
(30:70 ethyl acetate/petroleum spirit) afforded 2 (2.80 g, 79%)
as a slightly yellow oil. 1HNMR (400MHz, CDCl3) δ 8.56 (ddd,
J = 4.9, 1.8, 0.9 Hz, 1H), 8.26 (br s, 1H), 7.60 (ddd, J = 8.0, 7.4, 1.8
Hz, 1H), 7.47 (dt, J = 8.1, 1.0 Hz, 1H), 7.14 (ddd, J = 7.4, 4.9, 1.1
Hz, 1H), 4.09 (s, 2H), 3.67�3.56 (m, 2H), 2.97�2.87 (m, 2H).
13C NMR (101 MHz, CDCl3) δ 166.3, 159.1, 150.2, 137.0,
121.5, 121.4, 42.9, 38.9, 37.6. LRMS (ESI) m/z 265 (40%,
[M[37Cl]H]+), 263 (100, [M[37Cl]H]+).
2,20,200-(10-(2-Oxo-2-(2-(pyridin-2-yldisulfanyl)ethylamino)-

ethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)tris(N-((S)-
1-phenylethyl)acetamide) (C1). A mixture containing 3 (1.40 g,
2.1 mmol), 2 (1.00 g, 3.8 mmol), and DIPEA (610 μL, 3.8 mmol)
in acetonitrile (50 mL) was stirred at room temperature for 48 h.
The resultant white precipitate was filtered and dried to afford C1
(0.65 g, 35%) as a white solid. Evaporation of the filtrate and
purification of the residue by flash chromatography (90:10:1
DCM/MeOH/NH3) afforded a further crop of the product
(0.78 g, 41%). 1H NMR (400 MHz, DMSO) δ 8.46�8.42 (m,
1H), 8.28 (t, J = 5.8 Hz, 1H), 8.19 (d, J = 8.1 Hz, 1H), 8.15 (d, J =
8.1 Hz, 2H), 7.83�7.76 (m, 1H), 7.73 (dt, J = 8.1, 1.0 Hz, 1H),
7.33�7.25 (m, 12H), 7.24�7.16 (m, 4H), 5.00�4.86 (m, 3H),
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3.41�3.32 (m, 2H), 3.07�2.96 (m, 6H), 2.93�2.83 (m, 4H),
2.75�2.42 (m, 16H), 1.43�1.28 (m, J = 8.8, 7.1 Hz, 9H). 13C
NMR (101 MHz, DMSO) δ 170.6, 169.4, 169.4, 159.1, 149.6,
144.4, 144.3, 137.7, 128.2, 126.6, 126.0, 126.0, 121.2, 119.3, 58.1,
57.9, 57.6, 53.6, 53.3, 52.9, 47.6, 37.6, 37.4, 22.2, 22.1. HRMS
(ESI): m/z: calcd for[M+H]+ C47H64N9O4S2: 882.4517, found:
882.4555.
Formation ofMetal Complexes.As binding of lanthanides to

DOTA-type cyclen derivatives is extremely slow and requires
heating, we did not attempt to exchange the metal ion from
tagged protein samples. To produce protein samples with
different lanthanides, the C1 tag was prepared with different
paramagnetic and diamagnetic ions (Tb3+, Tm3+, Yb3+, Y3+) by
heating the tag in acetonitrile with a molar equivalent of the
respective metal triflate salts overnight at 80 �C, followed by
freeze�drying to afford off-white powders. Stock solutions of the
C1�lanthanide complexes were prepared in water with concen-
trations of up to 20 mM.
Tagging Reaction. Uniformly 15N/13C-labeled samples of

the N-terminal domain of the E. coli arginine repressor (ArgN)
were produced on M9 minimum medium as described.24 A
0.2 mM solution of ArgN in NMR buffer (20 mMMES, pH 6.6)
was reduced by 5 equiv of DTT and subsequently washed with
NMR buffer using a Millipore ultrafilter with a molecular weight
cutoff of 3 kDa. The solution was added to a 3-fold excess of tag in
NMRbuffer to yield a total volume of 0.5mL and themixture was
incubated at room temperature for 5 h. The reaction mixture was
washed again with NMR buffer and concentrated to a final
volume of 0.5 mL.
Uniformly 15N-labeled samples of the mutant A28C of human

ubiquitin were prepared as described.15 DTT reduction of the

thiol was as above for ArgN followed by passage over a PD10
column equilibrated with degassed NMR buffer (50 mMHEPES
pH 7.5). A 15-fold excess of tag was added from a 20 mM stock
solution in water to an approximately 50 μM solution of the
protein and left for 3 h at room temperature and then overnight
at 3 �C. Excess tag was removed by passage over a PD10 column
and the sample concentrated using aMillipore ultrafilter to a final
protein concentration of about 70 μM.
NMR Spectra. NMR spectra were recorded at 25 �C on 600

MHz NMR spectrometers equipped with cryogenic probes
(Bruker Avance and Varian INOVA in the case of ArgN and
ubiquitin(A28C), respectively). 15N-HSQC, 3D HNCA, and
HN(CO)CA spectra were recorded from differently tagged
ArgN. 15N-fast-HSQC spectra were recorded from differently
tagged ubiquitin(A28C), and a 3D NOESY�15N-HSQC spec-
trum was recorded from the ubiquitin(A28C)�C1-Y3+ complex.
Resonance assignments of paramagnetic NMR spectra were
supported by the program Numbat25 to fit Δχ tensors to a set of
unambiguously assigned PCSs and predict the PCSs of un-
assigned paramagnetic cross-peaks in several rounds of Δχ
tensor fitting and resonance assignments.
Fitting of Δχ Tensors. Δχ tensors were fitted to the first

conformer of the NMR structure of ArgN (PDB accession code
1AOY24) following a previously described protocol.26,27 Briefly,
the structure of ArgN with the C1 tag was modeled using
the enantiomeric mirror image of the crystal coordinates of the
DOTA-tetraamide Gd3+ complex with 1-phenylethyl amine
(DOTAMPh, CSD accession code EQOZUF28). One of the
1-phenylethyl groups of the DOTAMPh molecule was changed
to a 2-thioethyl group, which was connected via a disulfide bond
to the sulfur of Cys68 of ArgN. 4 �106 different conformations

Figure 1. Synthesis of C1 tag and lanthanide complexes. Conditions: (i) DIPEA, chloroform, RT, O/N; (ii) DIPEA, acetonitrile, RT, 2 d; (iii)
acetonitrile, reflux, O/N.
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were generated by randomly changing the χ1 and χ2 angles of
Cys68 and the dihedral angles of the disulfide bond and ethylene
tether, using dihedral angles of 60�,�60�, and 180� for the C�C
bonds and dihedral angles of�90� or 90� for the S�S bond, with
an uncertainty range of (10�. Conformations producing steric
clashes with the protein were excluded. The remaining 2287
conformers were used to fit Δχ tensors to the experimental
PCSs. The finalΔχ tensor was taken to be the one obtained with
the conformation producing the best least-squares fit to the
experimentally observed PCS data. As a measure of the precision
of theΔχ-tensors andmetal positions, the fits to each of the 2287
model conformers were repeated 100 times, omitting 20% of the
data from each metal ion in a Monte Carlo protocol.25

Fitting of Δχ tensors to the ubiquitin mutant A28C followed
the same protocol as for ArgN. The fits used the first conformer
of the NMR structure (PDB accession code 1D3Z29). 2897 con-
formers were obtained that were free of steric clashes between tag
and protein.

’RESULTS

Synthesis of the C1 Tag and Its Lanthanide Complexes.
Figure 1 shows the synthetic route used to prepare the “con-
jugation ready” C1 tag from 1,4,7,10-tetraazacyclododecane
(cyclen). This involved the sequential attachment of the three
chiral amide groups and one nonchiral pendant via reaction with
α-haloacetamide derivatives of (S)-1-phenylethanamine and 2-
(pyridin-2-yldisulfanyl)ethanamine, respectively. Although chro-
matography was required at both stages to remove impurities, the
synthesis avoided the need for protection groups and afforded
the tag in good overall yield. The lanthanide complexes of C1
were readily prepared by refluxing 1:1 mixtures of the ligand
and metal triflate salts, Ln(OTf)3 (Ln = Dy

3+, Tb3+, Tm3+, Yb3+,
Y3+), in acetonitrile overnight.
Tagging Reaction and Protein NMR Assignments. The C1

tag was attached to ArgN by adding the protein to a 3-fold excess
of tag rather than adding tag to protein, to avoid the possibility of
disulfide-bond formation between different protein molecules
which could arise from disulfide exchange. The reaction repro-
ducibly delivered tagged ArgN with greater than 95% yield.
Samples were produced with tags loaded with different lantha-
nides (Dy3+, Tb3+, Tm3+, Yb3+) or a diamagnetic metal (Y3+).
The C1 tag was attached to the ubiquitin mutant A28C using a

similar protocol or a large excess of tag as described in the
Experimental Procedures. Reaction yields increased with the
duration of incubation (from hours to days) with the C1 tag. An
overnight reaction at 3 �C (i.e., conditions suitable for less stable
proteins) yielded 80�90% of tagged ubiquitin. Even the use of a
large excess of tag produced no evidence for disulfide mediated
protein dimerization.
The backbone NMR resonances of paramagnetic and diamag-

netic ArgN-C1 complexes were assigned using 3D HNCA and
HN(CO)CA spectra. The resonance assignments obtained are
compiled in Supporting Information Table S1. Chemical shift
changes in ArgN and ubiquitin(A28C) tagged with diamagnetic
Y3+ tags were limited to amides in the vicinity of the cysteine
residue, indicating that the tags did not significantly alter the
protein structures. The resonance assignments of the diamag-
netic ubiquitin(A28C)�C1�Y3+ complex were established by a
3D NOESY�15N-HSQC spectrum. For either protein, reso-
nance assignments of the paramagnetic samples were aided
by the fact that the PCSs produced by different lanthanides

displaced the cross-peaks along almost straight lines. Supporting
Information Table S2 shows the experimentally determined
PCSs of ubiquitin(A28C).
PCS Measurements and Δχ Tensors. Pronounced PCSs

were observed in the complexes of ArgN and ubiquitin(A28C)
tagged with C1 containing Dy3+, Tb3+, Tm3+, or Yb3+. All
samples produced high-quality NMR spectra (Figure 2 and
Supporting Information Figure S2). There was no evidence for
conformational heterogeneity of the tag or slow conformational
exchange, neither in the C1�Yb3+ tag alone (Figure S1) nor in
the ubiquitin(A28C) mutant tagged with C1�Yb3+ and mea-
sured with high signal-to-noise ratio (Figure S3). No minor
conformational species appeared at 45 �C (Figures S1 and S3).
Δχ tensors were fitted to the experimental PCSs using the first

conformer of the NMR structure of ArgN24 with the covalent
structure of the tags crafted onto it via a disulfide bond linkage to
Cys68. Table 1 shows the parameters of the fittedΔχ tensors. The
tensors were sufficiently large to generate PCSs of up to 0.13 ppm at
the site most remote fromCys68 (the amide proton of Asp39 in the
C1(Tb)-tagged proteinwhich is 32Å from the site of themetal ion).
Fits of the Δχ tensors to the NMR structure of ubiquitin29

produced smaller tensors than in the case of ArgN (Supporting
Information Table S3), suggesting that the exposure of Cys28 on
the surface of the protein permits a greater amplitude of motion
for the tag (Figure S4; the calculated solvent accessibility of
Cys68 of ArgN is about 7% and is 22% for Cys28 of ubiquitin-
(A28C)). As in the case of ArgN, however, the C1 tag produced
significantly larger Δχ tensors than a previously used NTA
derivative (Nα,Nα-bis(carboxymethyl)-L-cysteine) that is a much
smaller molecule with a shorter linker.15

Back-calculated and experimental PCSs correlated closely for
ArgN and ubiquitin (Figure 3). Remarkably, the correlation was
better for ubiquitin than for ArgN despite the greater conforma-
tional freedom of the C1 tag on the surface of ubiquitin,
indicating that tag mobility is a lesser impediment to good fits
of PCS data than structure quality.

Figure 2. Superimposition of 15N-HSQC spectra of 0.2 mM solutions
of uniformly 13C/15N-labeled N-terminal domain of the E. coli arginine
repressor ligated at Cys68 with the C1 tag loaded with Y3+ (black peaks),
Tb3+ (red), or Tm3+ (blue). All spectra were recorded at 25 �C on a
600 MHz NMR spectrometer in a 20 mMMES buffer, pH 6.6. Selected
diamagnetic cross-peaks are labeled with their resonance assignments
and connected by lines with their paramagnetic partners.
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’DISCUSSION

Our results indicate that the C1 tag reliably produces PCSs
following attachment to single cysteine residues. This is an
important advantage over DPA tags13,14,27 or IDA and NTA
tags15,16 that often generate vanishingly small PCSs if the metal
ion is not coordinated by an additional carboxyl group from the
protein, as mobility of the tether to the protein invariably reduces
the magnitude of the PCSs observed in the protein. The
reliability with which the C1 tag generates PCSs can be attributed
to its bulkiness, which limits the amplitude of reorientational
motions of the DOTA moiety relative to the protein. For com-
parison, no PCSs could be generated with lanthanides in the
ubiquitin (A28C) mutant tagged with the much smaller 4MDPA
tag27 (data not shown), despite there being only a single rotatable
bond in the linker between the lanthanide and the disulfide bond.
Reliable generation of PCSs in the absence of structural informa-
tion is an essential prerequisite before the power of PCS data can
be harnessed for 3D structure determinations of proteins.

Generation of sizable PCSs in the target protein is greatly
aided by an intrinsically large Δχ tensor of the lanthanide tag.
Remarkably large paramagnetic shifts have been reported for the
Yb3+ complex of the symmetrical parent compound of the C1
tag, DOTAMPh, which has 1-phenylethylacetamide pendants
attached to all four nitrogens of the cyclen ring.23 As the cyclen
protons are separated from the lanthanide by only a few bonds, it
is unclear, however, which fraction of the paramagnetic shifts in
DOTAMPh must be attributed to contact shifts rather than
PCSs. In a protein tagged with C1, however, contact shifts can be
neglected for protons that are sufficiently far from the metal to
yield observable NMR signals. Remarkably, theΔχax value of 13�
10�32 m3 determined for the ArgN-C1(Yb3+) complex (Table 1)
is almost two times greater than any that has been reported for
Yb3+ complexes of calbindin D9k,

30 CLaNP-5.2,8,9 lanthanide
binding peptides,19 or DPA tags.13,19,27 Correspondingly large
residual dipolar couplings (RDC) could be observed on an

800 MHz NMR spectrometer, with 1DHN RDCs of up to
20.3 Hz measured for ArgN-C1(Tm3+) at 25 �C. Maximal
1DHN RDC values greater than 20 Hz are hallmarks of the best
lanthanide tags currently available.8,20,31,32 Under the conditions
of our RDC measurements, a maximal 1DHN value of about
20 Hz would be predicted for the Δχax value of 37 � 10�32 m3

associated with ArgN-C1(Tm3+) (Table 1). This close agree-
ment between predicted and experimental maximal RDC values
would suggest that the tag has little conformational freedom.
Large uncertainty ranges, however, were associated with the Δχ
tensor determinations, which may be attributed to the fairly long
distance of the metal from the protein surface (8 Å from the
sulfur of the cysteine residue; Figure 4) and similar directions of
the principal tensor axes of the different metals (Table 1).

In contrast to the situation encountered with RDCs, where the
average of different alignment tensors can be represented by a
single average tensor, an ensemble of different Δχ tensors from
different metal positions cannot be approximated well by a single
average tensor, at least not close to the metal ion, since PCSs are
distance-dependent. At greater distances from the paramagnetic
center, however, the approximation by an average Δχ tensor is
much better, as different tag conformations have a smaller
relative influence on the distance between nuclear spins and
paramagnetic center. Therefore, even if mobility of the tag leads
to a reduced average Δχ tensor, this tensor still yields useful
structural restraints at greater distances from the metal ion, as
long as it fits the experimentally observed PCSs in those regions
of the protein. The large intrinsic Δχ tensor associated with the
C1 tag thus makes it a useful tool for protein structure analysis
even in the presence of substantial averaging as observed for the
ubiquitin A28C mutant. Notably, PCSs could be measured for
almost all peaks of ubiquitin (Supporting Information Figure S2)
and even using all PCSs from residues 2�72 produced a better fit
of back-calculated versus experimental PCSs for ubiquitin than
for ArgN for which only a NMR structure determined by NOEs
and J couplings is available (Figure 3).

Table 1. Δχ Tensors of Different Metal Ions Bound to ArgN-C1a

metal ion Δχax /10
�32 m3 Δχrh /10

�32 m3 Qb tensor axis coordinates of tensor axes

Dy3+ �29 �11 0.08 x �0.302 �0.248 0.921

(�42/�25) (�13/�7) y 0.941 0.077 0.329

z �0.152 0.966 0.210

Tb3+ �27 �4 0.14 x �0.235 �0.064 �0.965

(�37/�21) (�9/�1) y �0.935 �0.240 0.261

z �0.249 0.969 0.001

Tm3+ 37 12 0.21 x �0.833 �0.450 0.322

(26/59) (3/24) y 0.439 �0.183 0.880

z �0.337 0.874 0.350

Yb3+ 13 3 0.18 x �0.808 �0.444 0.388

(10/19) (0/7) y 0.495 �0.154 0.855

z �0.320 0.883 0.344
aThe tensors are listed in their unique tensor representation (UTR)25 as obtained by fitting of the PCSs of Table S1 to ArgN (PDB ID 1AOYmodel 1)24

simultaneously using the PCSs induced by Dy3+, Tb3+, Tm3+, and Yb3+ and a common metal position. The fits used PCSs of amide protons in
structurally well-defined regions of the protein (residues 8�20, 26�37, 43�52). The covalent structure of the tag was taken into account as described in
themain text. The orientations of the tensor axes are given as unit vectors with respect to the origin (0, 0, 0). Uncertainty ranges (shown in brackets) were
obtained by a Monte Carlo error analysis that randomly omitted 20% of the PCSs (100 trials for each of 2287 modeled tag conformations). The
coordinates of the commonmetal position in the best fit using 100% of the PCSs were (13.705, 11.580, 0.445). A small fraction (9%) of the best solutions
in the Monte Carlo trials positioned the metal in a group about 4 Å from this position. These solutions were omitted from the error analysis. In the
remaining solutions, the metal was displaced by <1.9 Å. b Q-factor calculated as root-mean-square deviation between measured and predicted PCSs
divided by the root-mean-square of the measured PCSs. The Q-factor of the simultaneous four-metal fit is 0.16.
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Δχ tensor fits easily generate large uncertainty ranges for
metal tags on protein surfaces, as the metal position must be
determined along with five other tensor parameters (Euler
angles and axial and rhombic components). For example, an

unrealistically large distance of the metal from the protein can
often be quite readily compensated for by a correspondingly
larger tensor. To avoid such artifacts, we used a fitting procedure
that explicitly restricts metal coordinates to positions that are
compatible with the covalent structure of the tag and its steric
requirements. Unless the tag is completely immobilized, how-
ever, the particular tag conformation producing the best fit must
not be taken too literally, as the fitting does not consider the
different rotamers of the linker moiety that may lead to the
average metal position found.

The C1 tag carries the same ethylene thio linker as the
previously published cyclen tags DOTA-M820 and CLaNP-
5.1.8 In the case of the DOTA-M8 tag, 15�20% of the tag was
observed to assume a second conformation at 25 �C, which was
tentatively attributed to cis�trans isomerization of the amide
bond of the tether. This percentage rose to 50% at 50 �C.20 In
contrast, no second conformational species was reported for the
CLaNP-5.1 tag8 and we found no evidence for slow conforma-
tional exchange in the C1 tag either, not even at 45 �C
(Supporting Information Figures S1 and S3). The C1 tag is thus
suitable for measurements at elevated temperatures.

For the CLaNP-5.1 tag, data have been reported only for a
single metal ion (Yb3+) and protein site,8 making comparisons
difficult. We would expect the C1 tag to be less prone to PCS
averaging because of its greater bulkiness. Compared to the even
bulkier lanthanide binding peptides,18,19 the C1 tag, like most
DOTA-type tags, binds lanthanide ions much more tightly, is
more resistant to unfolding under nonphysiological conditions,
and is easier to use, as it is synthesized with an activated dis-
ulfide bond. The high lanthanide affinity of DOTA-type tags
(dissociation constants of 100 pM have been reported for
lanthanide complexes of cyclen with N-acetamide pendants,
DOTAM33) is a decisive advantage for experiments with metal-
loproteins, where a kinetically less inert metal binding tag could
lead to equilibration between the metals of the protein and the
tag, for studies of compounds that display high natural affinities
for lanthanides, such as DNA and RNA, and for EPR experiments
with Gd3+ that depend on the absence of unbound Gd3+ ions.34

The parent compound of the C1 tag, DOTAMPh, forms a
square antiprismatic complex23 that completely encases the
lanthanide ions except for a single coordination site for a water
molecule.35 The poor accessibility of the lanthanide is an
advantage in interaction studies, where more solvent-exposed
metal ions could produce misleading results by direct interac-
tions between the metal and the interaction partner. The C1 tag
thus carries great promise for lead compound development by
fragment-based drug design, where PCSs observed for weakly
binding fragments can be used to define their binding site,
orientation, and structure.36,37

Using different lanthanides in the same protein-tag construct
generatesΔχ tensors of different magnitude, but the orientations
of the principal axes of the tensors usually vary little.13,30,38 It is a
distinct possibility that a tag producedwith opposite chirality (using
(R)-1-phenylethanamine instead of (S)-1-phenylethanamine) may
generate different tensor orientations relative to the protein. PCS
data measured with both enantiomeric tags could thus deliver
two independent sets of restraints to position nuclear spins
relative to the protein.

In conclusion, the new lanthanide tag presented here displays
an attractive combination of properties, including reliable gen-
eration of PCSs, conformational homogeneity, and tight lantha-
nide binding. We anticipate that it will become an important tool

Figure 3. Correlations between back-calculated and experimental
pseudocontact shifts of (A) the N-terminal domain of the E. coli arginine
repressor and (B) ubiquitin obtained by the fits of Table 1 and
Supporting Information Table S3, respectively.

Figure 4. Model of the N-terminal domain of the E. coli arginine
repressor with a C1-lanthanide complex bound to Cys68. The model
represents the best fit of the PCSs to the first conformer of the NMR
structures (PDB ID 1AOY24). The structure of the tag was derived from
the crystal coordinates of a DOTA-tetraamide Gd3+ complex as
described in the main text. The lanthanide ion is represented by a
magenta sphere. The disulfide bond of the linker is highlighted in yellow.
The N- and C-termini are labeled. The side chain of Cys68 and the tag
are shown in a heavy atom representation.
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for assessing the structure of biological macromolecules by NMR
spectroscopy.
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Figure S1. One-dimensional 1H NMR spectra of the C1-Yb3+ complex in D2O at 25 oC (lower 

traces) and 45 oC (upper traces), recorded on a 600 MHz Varian INOVA NMR spectrometer. The 

panels contain all the NMR signals observed. The signals with the largest paramagnetic shifts 

(inserts) come in groups of four inequivalent protons as expected for the symmetry of the cyclen 

ring in a single conformation. The absence of minor peaks attests to the purity of the compound and 

the absence of minor conformational species. The signals cluster closely at the chemical shifts 

detected for the parent compound [Yb(DOTAMPh)]3+ at 17 oC (Dickins et al., 2003), namely 101.3, 

17.8, 14.5 and -35.3 ppm for the signals of the cyclen ring, and -29.1 and -65.8 ppm for the 

methylene protons of the amide pendants. The signal intensities at extreme chemical shifts are 

weaker due to very large offset effects. 
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Table S1.  Chemical shifts of 13C/15N-labeled ArgN tagged with C1 with different metal ions in 20 

mM MES, pH 6.6 at 25 ºC.  
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(Paramagnetic peaks of the ArgN-C1-Dy3+ sample were measured in a 15N-HSQC spectrum.) 
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Figure S2. Superimposition of 15N-HSQC spectra of about 70 µM solutions of the uniformly 15N-

labeled ubiquitin A28C mutant, ligated at Cys28 with the C1 tag loaded with Y3+ (black peaks), 

Yb3+ (blue), Tb3+ (green), Tm3+ (red), or Dy3+ (magenta). Judging by the intensities of the main 

peaks, the tagging yields varied between 80% and 100%. All spectra were recorded at pH 7.5 and 25 
oC on a Varian INOVA 600 MHz NMR spectrometer.  
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Figure S3. High-field spectral regions from 15N-HSQC spectra of about 70 µM solutions of the 

uniformly 15N-labeled ubiquitin A28C mutant, ligated at Cys28 with the C1 tag loaded with Yb3+ at 

pH 7.5 and two different temperatures. The signal-to-noise ratio for most peaks is better than 100:1. 

The lowest contour level was plotted at the height of the top noise peaks. No additional weak cross-

peaks appear at either temperature, i.e. there is no evidence for slow conformational exchange 

phenomena of the C1 tag. The peaks in the left panel are labelled with the sequence number of the 

backbone amide protons. The side chain resonances of Asn25 are connected by a line.  
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Table S2. Pseudocontact shifts measured for backbone amide protons of ubiquitin(A28C) tagged 
with C1 and loaded with different lanthanides.a   
 

       Dy3+                  Tb3+                  Tm3+           Yb3+ 

 
 2  GLN    0.018      0.034      0.000      0.000 
 3  ILE    0.035      0.013     -0.041     -0.021 
 4  PHE    0.000     -0.015     -0.003      0.000 
 5  VAL    0.122      0.099     -0.106     -0.039 
 6  LYS    0.048      0.050     -0.057     -0.018 
 7  THR    0.115      0.106     -0.099     -0.034 
 8  LEU    0.120      0.116     -0.097     -0.035 
 9  THR      NA         NA        NA         NA                                                 
10  GLY    0.088      0.085     -0.074      0.000 
11  LYS    0.112      0.101     -0.091     -0.031 
12  THR    0.134      0.112     -0.099     -0.038 
13  ILE    0.173      0.143     -0.136     -0.049 
14  THR    0.285      0.231     -0.210     -0.082 
15  LEU    0.199      0.144     -0.147     -0.058 
16  GLU    0.505      0.360     -0.340     -0.142 
17  VAL   -0.056     -0.089      0.030      0.003 
18  GLU   -0.729     -0.685      0.502      0.179 
20  SER   -0.839     -0.748      0.578      0.211 
21  ASP   -1.282     -1.098      0.839      0.314 
22  THR     NO         NO        2.375      0.718 
23  ILE     NO         NO        1.229      0.472 
24  GLU     NA         NA         NA         NA   
25  ASN     NO         NO         NO         NO      
26  VAL     NO         NO        1.630      0.545 
27  LYS     NO       -0.897      0.567      0.250 
28  ALA     NO         NO         NO         NO      
29  LYS     NO         NO       -0.742     -0.223 
30  ILE     NO        0.840     -0.771       NO      
31  GLN     NO         NO       -1.312     -0.455 
32  ASP     NO         NO         NO         NO      
33  LYS     NO        1.107     -0.991     -0.369 
34  GLU    0.749      0.637     -0.575     -0.206 
35  GLY    0.605      0.541     -0.503     -0.174 
36  ILE    0.524      0.518     -0.476     -0.162 
39  ASP    1.079      1.080     -0.846     -0.290 
40  GLN    0.600      0.617     -0.487     -0.165 
41  GLN    0.435      0.464     -0.360     -0.117 
42  ARG    0.139      0.163     -0.134     -0.031 
43  LEU   -0.105     -0.055      0.032      0.018 
44  ILE   -0.066     -0.046      0.025      0.016  
45  PHE   -0.151     -0.118      0.087      0.032 
46  ALA   -0.097     -0.074      0.060      0.022 
47  GLY   -0.078     -0.055      0.047      0.014 
48  LYS   -0.066     -0.088      0.064      0.026 
49  GLN   -0.103     -0.075      0.070      0.025 
50  LEU   -0.219     -0.167      0.120      0.053 
51  GLU   -0.436     -0.385      0.261      0.145 
52  ASP   -0.417     -0.366      0.283      0.122 
53  GLY     NA         NA         NA         NA                                             
54  ARG   -1.200     -1.003      0.750      0.289 
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55  THR   -0.978     -0.806      0.620      0.235 
56  LEU   -1.153     -0.958      0.717      0.268 
57  SER   -0.751     -0.630      0.478      0.178 
58  ASP   -0.670     -0.550      0.421      0.159 
59  TYR   -0.520     -0.421      0.318      0.119 
60  ASN   -0.395     -0.314      0.236      0.088 
61  ILE   -0.381     -0.313      0.234      0.089 
62  GLN   -0.208     -0.177      0.129      0.047 
63  LYS   -0.161     -0.144      0.099      0.035 
64  GLU   -0.068     -0.068      0.034      0.010 
65  SER   -0.108     -0.096      0.060      0.021 
66  THR   -0.068     -0.056      0.036      0.017 
67  LEU   -0.045     -0.028      0.009      0.002 
68  HIS   -0.061     -0.038      0.013      0.007 
69  LEU    0.058      0.071     -0.064     -0.020 
70  VAL    0.070      0.091     -0.083     -0.025 
71  LEU    0.121      0.134     -0.108     -0.034 
72  ARG    0.215      0.221     -0.177     -0.061 
73  LEU    0.168      0.167     -0.127     -0.045 
74  ARG   -0.018     -0.030      0.000      0.000 
75  GLY    0.052      0.071      0.025      0.011 
76  GLY    0.158      0.147     -0.111     -0.037 

 
a Data measured of about 70 µM solutions in (50 mM HEPES buffer) at pH 7.5 at 25 °C. The 

PCSs were determined as the chemical shift observed with paramagnetic lanthanides minus 

the corresponding chemical shift observed with ubiquitin(A28C)-C1 loaded with Y3+. NA: 

not assigned; NO: not observed. 



 S11 

Table S3. Δχ tensors of different metal ions bound to the C1 tag on Cys28 of the ubiquitin mutant 

A28C.a 

 
Metal   Δχax Δχrh Qb Tensor 
 ion /10-32 m3 /10-32 m3  axis Coordinates of tensor axes 

          
Dy3+ -10.8 -3.5 0.08 x  -0.830  0.526 -0.185 

 (-13.3/-10.6)  (-5.4/-3.1)  y -0.523 -0.619  0.586 
    z  0.194  0.583  0.789 
        

Tb3+ -9.0 -2.3 0.08 x -0.894  0.444 -0.066 
 (-11.3/-8.9) (-3.7/-2.1)  y -0.390 -0.694  0.605 
    z  0.223  0.567  0.793 
        

Tm3+ 7.1 1.6 0.06 x -0.852  0.514 -0.099 
 (6.8/9.1) (1.0/2.7)  y -0.461 -0.648  0.606 
    z  0.247  0.562  0.789 
        

Yb3+ 2.4 0.5 0.11 x -0.848  0.509 -0.146 
 (2.2/3.0) (0.1/0.8)  y -0.475 -0.607  0.637 
    z  0.236  0.609  0.757 
               

 
a The tensors are listed in their unique tensor representation (UTR; Schmitz et al. 2008) as obtained 

by fitting of the PCSs of the structurally ordered residues 2-72 in Table S2 to the first conformer of 

the NMR structure of ubiquitin (PDB ID 1D3Z; Cornilescu et al. 1998) simultaneously using the 

PCSs induced by Dy3+, Tb3+, Tm3+ and Yb3+ and a common metal position. The covalent structure of 

the tag was taken into account as described in the main text. The orientations of the tensor axes are 

given as unit vectors with respect to the origin (0, 0, 0). Uncertainty ranges (shown in brackets) 

display the most extreme values identified among the family of fits obtained by a Monte Carlo error 

analysis that randomly omitted 20% of the PCSs. The coordinates of the common metal position in 

the best fit were (61.868, -91.284, -8.631). Relative to this position, the metal was displaced by up to 

1.3 Å, when 20% of the PCSs were left off in the Monte Carlo error analysis.  
b Q-factor calculated as root-mean-square deviation between measured and predicted PCSs divided 

by the root-mean-square of the measured PCSs. The Q-factor of the simultaneous four-metal fit is 

0.07. 
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Figure S4. Model of the C1 tag bound to Cys28 in the ubiquitin mutant A28C. The model represents 

the best fit of the PCSs to the first conformer of the NMR structure (PDB ID 1D3Z (Cornilescu et al. 

1998). The structure of the tag was derived from the mirror image of the crystal coordinates of the 

Gd3+ complex with 2,2’,2’’,2’’’-(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl)tetrakis(N-((R)-1-

phenylethyl)acetamide) (DOTAMPh, CSD accession code EQOZUF; Parker2003), as described in 

the main text. The lanthanide ion is represented by a magenta sphere. The disulfide bond of the 

linker is highlighted in yellow. The side chain of Cys28 and the tag are shown in a heavy atom 

representation. 
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’ INTRODUCTION

Telomeres are specialized nucleoprotein structures localized
at the end of chromosomes. They protect genomic information
from degradation, fusion, and recombination and allow the
DNA damage response machinery to discriminate between
double-strand breaks and natural chromosome ends.1 Telomeric
DNA comprises several kilobases of tandem repeats of a
G-rich DNA sequence (TTAGGG in humans) and are char-
acterized by a single-stranded 30 end (ca. 150�200 nucleotides).
However, its length is progressively reduced in somatic cells
due to the “end replication” problem.2 When telomeres reach a
critical length, cells enter a replicative senescence state and
division no longer occurs.3 On the contrary, over 80% of cancer
cells maintain telomere integrity due to an up-regulation of a
reverse transcriptase called telomerase.4 This enzyme catalyzes
the synthesis of telomeric DNA repeats, stabilizing telomeres
length and contributing to cellular immortalization and
oncogenesis.5

Due to its involvement in cell immortalization, telomerase
represents a promising anticancer target.6 Various strategies
have been devised to directly target the enzyme or associated
proteins. An alternative approach comprises derivatives directed
toward the 30 single-stranded end of telomeric DNA.7 In this
case, small molecules are used to induce nucleic acid folding
into a noncanonical structure called the G-quadruplex,

which is inaccessible to the RNA template component of
telomerase.8

In the past decades, a large number of small molecules have
been reported to efficiently bind G-quadruplex DNA and to
inhibit telomerase.9�11 Most of them are based on a polycyclic
aromatic core that stacks by π�π interactions over the terminal
planar G-tetrads of a quadruplex. In addition, cationic side chains
can interact with the negatively charged phosphate backbones in
G-quadruplexes.

Properly substituted anthraquinones were early identified as
potential effective G-quadruplex binders.12�14 In particular, the
substitution pattern with protonable side chains was shown to
play a major role in driving selectivity toward double-stranded or
G-quadruplex structures. In previous studies, we reported the
modulation of G-quadruplex recognition by anthracenedione
derivatives symmetrically disubstituted at 2,6 or 2,7 positions
with one or two aminoacidic residues.15,16We showed the impor-
tance of the size of the planar surface, which was affected by rever-
sal of the direction of the amide linkage connecting the anthra-
cenedione to the side chains. Additionally, a significant role of
ionic interactions was confirmed, since N-terminal protonable

Received: July 19, 2011
Revised: August 26, 2011

ABSTRACT: Anthraquinone is a versatile scaffold to provide
effective DNA binders. This planar system can be easily con-
jugated to protonable side chains: the nature of the lateral
groups and their positions around the tricyclic moiety largely
affect the DNA recognition process in terms of binding affinity
andmode, as well as sequence and structure of the target nucleic
acid. Starting from an anthracenedione system symmetrically
functionalized with N-terminal lysyl residues, we incremented
the length of side chains by introducing a Gly, Ala, or Phe
spacer, characterized by different flexibility, lipophilicity, and
bulkiness. Moreover, 2,6, 2,7, 1,8, and 1,5 regioisomers were examined to yield a small bis(lysyl-peptidyl) anthracenedione library.
By merging spectroscopic, enzymatic, and cellular results, we showed that the proper combination of a basic aminoacid (Lys) with a
more hydrophobic residue (Phe) can provide selective G-quadruplex recognition, in particular when side chains are located at
positions 2,6 or 2,7. In fact, while these derivatives effectively bind G-quadruplex structures, they behave at the same time as rather
poor double-stranded DNA intercalators. As a result, the Lys-Phe substituted anthraquinones are poorly cytotoxic but still able to
promote a senescence mechanism in cancer cells. This combination of chemical and biological properties foresees potentially
valuable applications in anticancer medicinal chemistry.
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aminoacids (Lys, Arg) largely incremented G-quadruplex binding.
Clearly, charged interactions simultaneously promote binding to
double-stranded DNA too. However, taking into account the
different geometries of the two DNA structures, it should be
possible to optimize the relative position of the charged groups
with reference to the aromatic core to preferentially drive the
ligand toward one DNA fold.

Here, we synthesized and analyzed a small library of
disubstituted peptidyl anthraquinones characterized by a lysyl
N-terminal residue. We modulated its distance from the planar
moiety by introducing mono- and dipeptidyl spacers, character-
ized by increasing steric hindrance and hydrophobicity (Gly, Ala,
Phe). Additionally, the relative position of the two protonable
groups was varied by considering the 2,6, 2,7, 1,8, and 1,5
regioisomers. These structural features should allow identifying
the peptidyl anthraquinone requirements that grant selectivity
for G-quadruplex vs duplexDNA by establishing distinct patterns
of hydrogen bonding, hydrophobic, and charge interactions. In
particular, preferential binding to G-quadruplex folded telomeric
DNA would likely produce telomerase inhibition and cancer cell
death without greatly affecting somatic cells.

’EXPERIMENTAL PROCEDURES

Synthesis.All water- or air-sensitive reactions were carried out
in oven-dried glassware under a nitrogen atmosphere with dry
solvents, unless otherwise noted. All commercial reagents were
purchased from Sigma-Aldrich and were used without further
purification. The solvents were purchased from Fluka, WMC,
and Carlo Erba; they were anhydrified as follows:N,N-Dimethyl-
formamide (DMF) was distilled under reduced pressure over
BaO; diisopropylethylamine (DIPEA) and piperidine were dis-
tilled over CaH2.

1H NMR spectra were recorded on a Bruker
Avance AMX 300 spectrometer. Chemical shifts (δ) are expressed
in parts per million relative to tetramethylsilane (ppm), and the
following abbreviations were used for the multiplicities: s =
singlet, d = doublet, dd = doublet doublets, t = triplet, dt =
doublet triplets, tt = triplet triplets, q = quartet, m = multiplet,
bm = broadmultiplet, and bs = broad singlet. Mass spectrometric
data were obtained using a Mariner API-TOF (Perseptive Bio-
systems Inc., Framingham, MA 01701, USA). Purities (g95%)
of all tested compounds were established by HPLC using a
Varian Pro Star equipped with anUV�vis detector (BioRad) and
a Phenomenex C18 (4.6� 250 mm, 5 μm) column. The mobile
phase results from combination of (A) H2O/TFA (99:1) and
(B) MeOH/TFA (99:1). A gradient from 5% to 60% of solution
B over 20 min followed by 5 min at the latter percentage was
used; the flow rate was set at 1.0 mL/min. The signals were
detected with a UV�vis detector at 254 nm. Within the experi-
mental part, AQ stands for anthraquinone; in particular, AA-AQ
stands for amino acid substituted anthraquinone.
General Procedure for the Synthesis of the Acyl Chloride

Derivative of an Amino Acid. SOCl2 (1 mol) was added to a
solution of the desired Fmoc-amino acid (100mmol) in 50mL of
DCM and heated at reflux under N2 atmosphere for 4 h. The
solvent was then removed by distillation and the crude white
solid dried under high vacuum.
General Procedure for Peptide Coupling via Acyl Chlor-

ide.The acyl chloride derivative of the desired Fmoc-amino acid
(100 mmol) was added to a solution of the required diamino-
anthraquinone (25 mmol) in 15 mL of DMF. The solution thus
obtained was stirred at RT under N2 atmosphere for 3 h before

pouring it into cold Et2O (250mL). The resulting precipitate was
collected by centrifugation, washed withHCl 0.1M (3� 50mL),
isopropanol (20 mL), and Et2O (50 mL), and dried under
vacuum.
General Deprotection Procedure of the Fmoc Group.

A solution of the desired AA-AQ derivative (10 mmol) in
piperidine/DMF 10% (1 mL) was stirred at RT for 20 min and
then poured into cold Et2O (20 mL). The resulting precipitate
was collected by centrifugation, washed with Et2O (3� 20 mL),
MeOH (1 � 20 mL), and Et2O (2 � 30 mL), and finally dried
under vacuum.
General Procedure for Peptide Coupling via TBTU, HOBt,

andDIPEA.A solution of the desired Fmoc-amino acid (40mmol)
in anhydrous DMF (5 mL) was introduced in a round-bottomed
flask containing TBTU (42 mmol), HOBt (42 mmol), and
DIPEA (128 mmol); the resulting solution was stirred for
15 min at RT under N2 atmosphere. A solution of the desired
AA-AQ (10 mmol) in anhydrous DMF (5 mL) was added and
the mixture stirred at RT for 4 h under N2 atmosphere. The
mixture was poured in Et2O (50 mL), and the resulting
precipitate was collected by centrifugation, washed with Et2O
(3 � 50 mL), MeOH (2 � 10 mL), and Et2O (50 mL), and
finally dried under vacuum.
General Deprotection Procedure of the Boc Group. A

solution of the desired Boc-AA-AQ (10 mmol) in TFA/H2O
95% (5 mL) was stirred at RT for 20 min and then poured
into Et2O (30 mL). The resulting precipitate was collected by
centrifugation, washed with Et2O (3� 30 mL), and dried under
vacuum.
Synthetic Oligonucleotides. The labeled human telomeric

sequence l-Tel23 50-Dabcyl-AGGGTTAGGGTTAGGGT-
TAGGGT-FAM 30 was synthesized and purified by ATDBIO
(Southampton, UK). All other oligonucleotides were provided
by Eurogentec (Belgium) (Tel22, AGGGTTAGGGTTAGGGT-
TAGGG; dsUP, 50-FAM- GTGAGATACCGACAGAAG;
dsDOWN CTTCTGTCGGTATCTCAC-Dabcyl 30; 1GGG,
TACAGATAGTTAGGGTTAGACTTA; 2GGG, TACAGATAG-
TTAGGGTTAGGGTTA; TS AATCCGTCGAGCAGAGTT;
ACX: GTGCCCTTACCCTTACCCTTACCCTAA; TSNT:
AATCCGTCGAGCAGAGTTAAAAGGCCGAGAAGCGAT;
NT: ATCGCTTCTCGGCCTTTT; Tup:TGAGGATCCGC-
CTGGACAGCATGG-30; Tdown: GTCGAATTCTCGGCGA-
GAAGCAGG).
Calf thymus DNA (ctDNA) was purchased from Sigma

Aldrich (USA) and used with no further purification.
Fluorescence Melting Assay. Fluorescence melting curves

were determined in a Roche LightCycler (λecc 488 nm, λem
520 nm) in a total reaction volume of 20 μL containing 0.25 μM
of l-Tel23 and increasing ligands concentrations in LiP buffer
(10 mM LiOH, 50 mM KCl, pH 7.4 with H3PO4). In a typical
experiment, the oligonucleotide was first denatured by heating to
95� at a rate of 0.1 �C s�1, maintained at 95 �C for 5 min, and
then annealed by cooling to 30 �C at a rate of 0.1 �C s�1. Then,
samples were maintained at 30� for 5 min before being slowly
heated to 95 �C (1 �C/min) and annealed at a rate of 1 �C/min.
When double-stranded DNAwas used, dsUP and dsDOWNwere
mixed at equimolar concentrations, heated to 95 �C for 5 min,
and then cooled to room temperature overnight before use.
Recordings were taken during both the annealing and melt-
ing steps.
Tm values were determined from the first derivatives of the

melting profiles using the Roche LightCycler software. Each curve
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was repeated at least three times and errors were (0.4 �C.
ΔTm were calculated by subtracting the Tm value recorded in the
presence of the ligand from the corresponding value in the abse-
nce of ligand.
Circular Dichroism Measurements. Circular dichroism

spectra from 220 to 450 nm were recorded using 10 mm path
length cells on a Jasco J 810 spectropolarimeter equipped with a
NESLAB temperature controller and interfaced to a PC 100 in
10 mM Tris-HCl, 50 mM KCl pH 7.4. Before data acquisition,
Tel22 solutions (4 μM) were heated at 95 �C for 5 min and
left to cool overnight at room temperature. The reported
spectrum of each sample represents the average of 3 scans
recorded with 1 nm step resolution. Observed ellipticities were

converted tomean residue ellipticity [θ] = deg� cm2� dmol�1

(Mol. Ellip.).
Electromobility Shift Assay. End-labeled single-stranded

oligonucleotides were obtained by incubating the oligonucleo-
tides with T4 polynucleotide Kinase and [γ-32P] ATP for 30 min
at 37 �C. The enzyme was then removed by extraction with
phenol/chloroform/isoamylic alcohol (25:24:1). A mixture of
purified labeled and unlabeled oligonucleotides (total final con-
centration 10 μM) was heated to 95 �C for 5 min in 10 mMTris,
1 mM EDTA, 100 mM KCl, pH 8.0 buffer and allowed to cool
overnight at room temperature. The folding of the starting
material was monitored by native 16% polyacrylamide gel elec-
trophoresis in 0.5� TBE (44.5 mM Tris base, 44.5 mM boric

Scheme 1a

aReagents: (i) AA1-Cl, DMF, RT, N2, 3 h. (ii) Piperidine/DMF 20%, RT, 20min. (iii) AA2,3,4, TBTU,HOBt, DIPEA, RT,N2, DMF, 4 h. (iv) TFA/H2O
90%, RT, 20 min.



2129 dx.doi.org/10.1021/bc200389w |Bioconjugate Chem. 2011, 22, 2126–2135

Bioconjugate Chemistry ARTICLE

acid and 1 mMNa2EDTA) added of KCl (100 mM in buffer and
20 mM in gels).
Resolved bands on dried gels were visualized and quantified on

a PhosphorImager (Amersham).
Taq Polymerase Assay. Compounds were assayed with Taq

polymerase reaction by using pBR322 (2.5 ng) as DNA template
and appropriate primer sequences (Tup and Tdown, 0.5 μM each)
to amplify the 964�1064 plasmid sequence by PCR. The
reaction was carried out in a Perkin-Elmer thermocycler per-
forming 25 cycles of 30 s at 94 �C, 30 s at 65 �C, and 30 s at 72 �C.
The reaction products were resolved on a 2% agarose gel in 1�
TBE (89mMTris base, 89mMboric acid, and 2mMNa2EDTA)
and stained by ethidium bromide.
Telomerase Activity Assay (TRAP Assay). Telomerase activ-

ity was assayed using a modified telomere repeat amplification
protocol (TRAP) assay. As a source of telomerase, the total cell
lysates derived from human melanoma cell line HeLa were used.
Protein concentration of the lysates was assayed using Bio-Rad
protein assay kit using BSA as standard. A 50 μL TRAP reaction
mix (50 μM of dNTPs, 0.2 μg of primer TS, 0.1 μg of return
primer ACX, 500 ng of protein extract, 2 U Taq polymerase) was
prepared in the presence/absence of increasing drug concentra-
tion in 20 mM Tris-HCl, pH 8.3, 68 mM KCl, 1.5 mM MgCl2,
1 mMEGTA, 0.05% v/v Tween-20. An internal control template
(0.01 mmol TSNT)with its return primer (1 ngNT)were added
to the reaction mixture. Then, the telomerase elongation step has
been performed (30 min at 30 �C) followed by a PCR amplifica-
tion step (30 cycles of 30 s at 37 �C and 30 s at 58 �C). Telo-
merase products were resolved by 10% polyacrylamide gel
electrophoresis in TBE 0.5� and visualized by staining with
Sybr Green I.
MTT Assays. HeLa (human hepitelial) cell line was maintai-

ned in DMEMmedium supplemented with 10% heat-inactivated
fetal calf serum, 50 U/mL of penicillin G, and 50 μg/mL of
streptomycin, at 37 �C in humidified atmosphere and 5% of CO2.
To evaluate toxic profiles of the potential antitelomerase

compounds, MTT assays were performed as described: cells
were plated in 96 well plates at 10 000 cells/well, and cultured
overnight. Afterward, compounds were added in triplicate and
plates were incubated in the presence of the drug for 72 h. At the
end of this period, MTT was added to a final concentration
of 0.8 mg/mL, and two additional hours of incubation were
performed. After that, medium was aspirated carefully and 150
μL of DMSO were added per well. Soluble formazan salts were
homogenized by manual pipetting and absorbance at 540 nm
was read. Curves consisted of 8 serial dilutions in triplicate in
each case, and results were analyzed as sigmoidal dose�response
curves.
Cell Senescence Assay. HeLa cells were plated in 6-well

plates at 10 000 cells/well and cultured overnight. Afterward,
compounds were added in triplicate (2.5 μM and 0.5 μM for
C-16 and D-16, respectively) and plates were incubated in the
presence of the drug for 240 h. Every 72 h, the medium was
changed and new drug was added. At the end of the treatment,
medium was removed and cells were washed once with 1 mL of
PBS and fixed with 1 mL of 2% formaldehyde, 0.2% glutaralde-
hyde in PBS for 15 min at room temperature. After another
washing step with PBS, cells were stained with 1 mL of 37.2 mM
citric acid/sodium phosphate (pH 6.0), 140 mM NaCl, 1.8 mM
MgCl2, 5mMK3Fe(CN)6, 5mMK4Fe(CN)6 3H2O, and 1mg/mL
X-gal in dimethylformamide. Plates were incubated overnight at
37 �C and then photographed with a light microscope.

’RESULTS

Chemistry. Starting materials for the synthesis of all deriva-
tives were the appropriate diamino-substituted anthraquinones
(AQ). While 2,6-diamino and 1,5-diamino AQ are commercially
available, the 2,7-diamino and 1,8-diamino AQ were obtained via
reduction of the corresponding dinitro derivatives.17 In particu-
lar, the 2,7-dinitro AQ scaffold was obtained through a one-pot
nitration�oxidation of commercial anthrone, as previously
described.16 The common synthetic route for all the disubstitut-
ed AQs is summarized in Scheme 1. Due to the low reactivity
of the aryl amino groups, the first aminoacidic coupling (AA1)
was efficiently carried out using the appropriate acyl chloride
derivative (AA-Cl). These substrates were prepared treating
the selected AA (Fmoc-glycine or Fmoc-β-alanine) with an
excess of thionyl chloride in CH2Cl2 (Scheme 2). A first Fmoc
deprotection of the amino groups, followed by salification with
trifluoroacetic acid (TFA) led to the first group of compounds
(A-2, B-2, C-2, D-2, and E-2). The salification step was
performed to favor the solubility of the anthraquinone derivatives
in water.
These compounds were used as starting blocks to synthesize

several derivatives which can be divided into 5 related families: A
and B where a glycine or a β-alanine was the AA1 at positions 2
and 6, respectively;C,D, and E which correspond to the 2,7, 1,5,
and 1,8 regioisomers of compound B.

Scheme 2

Table 1. Schematic Structures of the Synthesized 9,10-An-
thracenedione-Aminoacyl Conjugates

side chains

regioisomer compound AA1 AA2 AA3

2,6 A-13 Gly Lys

A-14 Gly Ala Lys

A-15 Gly Gly Lys

A-16 Gly Phe Lys

2,6 B-13 βAla Lys

B-14 βAla Ala Lys

B-15 βAla Gly Lys

B-16 βAla Phe Lys

2,7 C-13 βAla Lys

C-14 βAla Ala Lys

C-16 βAla Phe Lys

1,5 D-13 βAla Lys

D-14 βAla Ala Lys

D-16 βAla Phe Lys

1,8 E-13 βAla Lys

E-14 βAla Ala Lys

E-16 βAla Phe Lys
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The novel derivatives were prepared by standard peptide
coupling of the free amino AA1-AQ and the desired Fmoc- or
Boc-protected AA2 derivatives using TBTU,HOBt, andDIPEA as
coupling reagents (Scheme 2). In the first case, basic deprotection
led to the free amino derivatives, which were coupled with a third
amino acid or salified with TFA to afford more water-soluble
derivatives. In the case of the Boc-protected compounds, the acidic
condition used to remove the Boc protective group directly led the
desired trifluoroacetic salts derivatives. The side chains composi-
tion of the synthesized anthraquinones is reported in Table 1.
Fluorescence Melting Assays. All test derivatives were

evaluated for their ability to bind and stabilize G-quadruplex
structures by fluorescence melting measurements.
We used an oligonucleotide corresponding to the human

telomeric sequence labeled at the 50-end with a quencher
(dabcyl) and at the 30-end with a fluorophore (fluorescein).
When the oligonucleotide folds into an intramolecular G-quad-
ruplex, these groups are in close proximity, and as a consequence,
the fluorescence is quenched. When DNA melts, the strands fall
far apart and a large increase in fluorescence occurs. This system
allows us to easily monitor DNA folding/unfolding processes
upon temperature variation.18,19 Drug binding to DNA affects
nucleic acid stability, hence its melting temperature (Tm). Since a
correlation exists between the observed Tm shift (ΔTm) and the
DNA binding affinity of structurally related binders, this allows us
to build a relative G-quadruplex affinity ranking order.20 Thus,
the melting profile of the oligonucleotide (Tm in the absence of
ligand 57.2 �C) was recorded in the presence of increasing
anthracenedione concentration (0�20 μM, Supporting In-
formation). The ΔTm values determined for all derivatives at 1
μM concentration are included in Table 3. The behavior of the
test ligands toward telomeric G-quadruplex is generally con-
served among the 5 tested families (Figure 1A). In particular, it
emerged that the introduction of an amino acid between AA1 and
the charged residue sensibly reduces the G-quadruplex stabilizing
efficiency. This effect is more significant when shifting from Gly
or Ala to become maximal with Phe. This suggests that the flexi-
bility and bulkiness of the linker is relevant for G-quadruplex
interaction, likely favoring the proper localization of the positive
charge on the polyanionic target.

Fluorescence melting analysis was used also to evaluate the
preference of the new derivatives for G-quadruplex structure vs
duplex DNA arrangement by using a random double-stranded
sequence (50-GTGAGATACCGACAGAAG, Tm 52.8 �C). The
ΔTm value determined for all derivatives at 1 μM concentration
are included in Table 3 and plotted in Figure 1B. All tested com-
pounds stabilize double-stranded DNA to a considerably lesser
extent than G-quadruplex. Interestingly, dsDNA recognition is
more prominent for derivatives of the D and E families that bear
substituents at positions 1,5 or 1,8. Comparison of melting data
on different DNA folding underlines that for derivatives contain-
ing the Phe-Lys dipeptide (compounds with side chain -16)
relevant thermal stabilization occurs only with the G-quadruplex
structure, which suggests remarkable selectivity in the drug�
DNA recognition process.
For a direct comparison of the ligand-mediated DNA stabili-

zation on the two tested folds, melting profiles of the telomeric
sequence were recorded in the presence of variable amounts
of its complementary strand (Figure 2).21 The results confirmed
that the Phe-Lys containing analogues are the most selective
for G-quadruplex structures. Indeed, they are the only
derivatives able to increment the melting temperature of the
quadruplex form when the double-stranded arrangement
is highly favored (presence of an excess of complementary
C-rich strand).
Circular Dichroism. The peculiar signature of the CD spec-

trum of the G-quadruplex folded telomeric sequence Tel22 is
well-characterized. In potassium-containing buffer, it shows a
positive band at 295 nm with a shoulder at 260 nm, which
corresponds to a mixed type (antiparallel and parallel) strand
arrangement.22 Tel22 dichroic response was extensively mod-
ified in the presence of increasing concentrations of our ligands,
thus confirming that they are effective binders (Figure 3). In
particular, CD titrations confirmed a strong binding affinity for
all tested compounds to G-quadruplex: saturation occurred at
comparable drug/DNA ratio and indicated the binding of two
anthraquinones per G-quadruplex unit (Figure 3C). In analogy
to most of the known G-quadruplex interacting agents, this
supports the stacking of one ligand on both terminal tetrads of
the G-quadruplex.

Figure 1. Variation of the melting temperature (ΔTm) of a G-quadruplex folded telomeric sequence (A, 0.25 μM) or double-stranded DNA
(B, 0.25 μM) upon addition of 1 μM selected anthraquinones in 50 mM KCl. Errors were (0.4 �C.
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Generally, an increment in the positive band at 295 nm is
observed suggesting a stabilization of the antiparallel components
of theG-quadruplex nucleic acid structure. Interestingly, the Phe-
Lys substituted derivatives (compounds with side chain �16)
induced the most notable variations at 260 nm. Since the tested
derivatives showed comparable absorption spectra and, addition-
ally, no significant induced CD in the drug absorption range,
we are confident in assigning the observed differences primarily
to slightly different binding modes.
When similar measurements were performed using a double-

stranded DNA (we used calf thymus DNA, ctDNA, due to its
similarity to the human nucleic acid composition) as the target,

we still found odd behaviors for derivatives containing the Phe-Lys
sequence (Figure 4B). In general (see, for example, the series -13,
Figure 4A), an increment of the DNA dichroic intensity at
275 nm occurred which sustains intercalation into the double
helix. On the contrary, all Phe-Lys containing derivatives showed
a reduction in the DNA band intensities at both 275 and 245 nm
(Figure 4B). Although this confirms a DNA�ligand interaction,
it suggests that intercalation is probably not the principal binding
mechanism. Generally, DNA intercalation of anthraquinone
derivatives disubstituted at positions 1,5, 2,6, and 2,7 occurs by
a threading mechanism with the planar system being oriented
more or less perpendicularly to the base pair longest dimension

Figure 2. First derivatives of the melting profiles of a G-quadruplex folded telomeric sequence (0.25 μM) recorded in the presence of an excess
(20-fold) of its complementary strand in 50 mM KCl. Arrows 1 and 2 indicate the shifts of the duplex and quadruplex melting transitions, respectively.
Panels A and B refer to addition of C-16 and A-13, respectively.

Figure 3. Circular dichroism spectra of Tel22 (4 μM) recorded in the presence/absence of anthraquinone derivatives in 10 mM Tris, 50 mM KCl, pH
7.4, 25 �C. Arrows indicate the changes induced by increasing concentrations of C-13 (A) and A-16 (B). The variation of the fraction of bound Tel22
upon increasing ligand/DNA ratio (r) determined by CD titrations is described in panel C.
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and one side chain located in each DNA groove.23 We can infer
that the presence of the bulky Phe residue prevents threading of
the side chains between the base pairs. As a result, an external
binding mode promoted by the presence of highly charged
residues in the side chains can be favored. This is particularly
true for B-16, since it converts dsDNA into an insoluble compact
form also at low ligand/DNA ratio.
Electromobility Shift Assay.Electromobility shift assays were

performed to evaluate the ability of tested molecules to induce
G-quadruplex folding of the human telomeric sequence (Figure 5).
In these experiments, we used an oligonucleotide which con-

tains two repeats of the human telomeric sequence TTAGGG
(2GGG). This sequence can form intermolecular (dimeric or
tetrameric) G-quadruplex structures that migrate more slowly
than the nonstructured single-stranded DNA (Figure 5A). None
of our tested derivatives promoted the formation of tetrameric
G-quadruplexes. However, some of them were able to promote
induction of a dimeric G-quadruplex arrangement of the 2GGG
sequence depending upon side chain composition.

Negligible conversion of oligomer 2GGG to an intermolecular
G-quadruplex structure was observed when an amino acid is
interposed between the AA1 and the N-terminal Lys residue
(compare compounds -13 with homologues -14; Figure 5B).
Interestingly, the presence of a Phe (compoundswith side chain -16)
that was observed to comparably reduce the thermal stability of
the DNA�ligand complex, allows retention of effective G-quad-
ruplex induction, the most successful being derivative D-16 with
side chains located at positions 1,5. These data further support a
peculiar behavior associated to the presence of a Phe residue in
the side chains.
Enzymatic Inhibition and Cell Toxicity Assays. To assess

possible interference of test drugs with enzymatic processes
involving DNA, we examined the effects of peptidyl anthraqui-
nones upon DNA amplification and elongation mediated by
Taq polymerase and telomerase, respectively. In addition, we
determined the cytotoxic activity of our compounds by MTT
assay onHeLa human cancer cells. The results are summarized in
Table 2.

Figure 4. Circular dichroism spectra of ctDNA (88 μM) recorded in the presence of increasing concentrations of anthraquinone derivatives in 10 mM
Tris, 50 mM KCl, pH 7.4, 25 �C.

Figure 5. Induction of G-quadruplex structure by selected ligands in 10 mMTris, 50 mM KCl, pH 7.4, 25 �C. Panel A: variation of the electrophoretic
mobility of the unfolded oligonucleotide 2GGG (10 μM) upon addition of D-16 due to its conversion into a dimeric G-quadruplex.
A marker (L) for the monomeric (M), dimeric (D), or tetrameric (T) form is included. Panel B: plot of % of G-quadruplex forms promoted by
increasing ligands concentrations.



2133 dx.doi.org/10.1021/bc200389w |Bioconjugate Chem. 2011, 22, 2126–2135

Bioconjugate Chemistry ARTICLE

For all active derivatives, inhibition of telomerase-mediated
DNA elongation occurred generally at lower concentrations in
comparison to DNA amplification. From these data, selective
telomerase inhibition by our ligands cannot be firmly established
from the present results, since competition between telomerase
elongation and Taq polymerase amplification can occur.24 In any
event, the observed modulation of telomerase elongation is well-

related to G-quadruplex binding thermodynamics as shown by
the almost linear dependence of IC50 for telomerase inhibition
from ΔTm/Tm, where Tm is the melting temperature in the pre-
sence of saturating amounts of the drug (Figure 6).15 On the
contrary, the G-quadruplex affinity data are poorly related to cell
cytotoxicity.
In turn, Taq inhibition correlates with double-stranded DNA

stabilization and, to a lesser extent, to cell cytotoxicity. In this
case, the most active compounds are 1,5 and 1,8 derivatives that,
indeed, were confirmed to be the most efficient DNA inter-
calators. We can infer that a short-term drug exposure causes an
interference with processing of the nucleic acid that ultimately is
translated into a cytotoxic signal.
Accordingly, poor dsDNA binders like B-16 and C-16 are

poorly cytotoxic. Interestingly, however, both latter anthraqui-
nones stimulated β-galactosidase activity inHeLa cells treated for
240 h at subcytotoxic concentrations without appreciably affect-
ing cell growth (Figure 7), which is consistent with an induction
of delayed senescence. However, when the more cytotoxic 1,5
regioisomer (D-16) was used in the same conditions, senescence
induction was clearly coupled to a significant drop in cell growth.
These results further emphasize the peculiar behavior of the Phe
containing derivatives also at a cellular level.

’DISCUSSION

The DNA binding properties of 9,10-anthracenedione deri-
vatives have been extensively studied in the past,25 highlighting
that the nature of the side chains as well as their relative position
are critical factors to address their DNA binding mode.12,14

Conceivably, the presence of positively charged groups in the
side chains greatly favors the binding process although generally
regardless of the sequence/structure they bind to. However, pro-
vided that different DNA arrangements locate phosphate groups
at different relative distances, in principle, charged interactions
could be used for selective recognition if the binders’ chains are
appropriately positioned with reference to the macromolecule.
Here, we showed for all test derivatives that increasing the dis-
tance of the lysyl residue from the anthracenedione ring system
invariantly decreases G-quadruplex affinity. This is probably due
to the fact that the positive charges are, on average, located more

Table 2. Taq Polymerase Inhibition, Telomerase Inhibition
and Cell Cytotoxicity (MTT on HeLa cell line) Produced by
the Test Anthraquinone-Aminoacyl Conjugates

IC50 (μM)

compound Taq polymerasea telomerasea HeLa

A-13 5 0.8 27( 1.2

A-14 30 1.9 25( 1.5

A-15 15 0.9 57( 1.1

A-16 15 7.0 41( 1.8

B-13 10 0.8 14( 2.0

B-14 22 6.5 28( 2.7

B-15 >40 3.8 49( 2.3

B-16 20 7.1 57( 2.7

C-13 2.5 1.5 31( 2.6

C-14 5 3 23( 5.0

C-16 20 10 18( 3.0

D-13 2.0 n.o.b 2.6( 0.3

D-14 5 2.5 27( 3.3

D-16 15 4 2.5( 0.2

E-13 5 n.o. 1.2( 0.3

E-14 >40 18 1.8( 0.1

E-16 >40 20 6.0( 0.2
a Experimental error (4%. b n.o., not observed up to 40 μM.

Table 3. Increase of the Melting Temperature (ΔTm �C)
Produced by Tested Derivatives (1 μM) on a G-Quadruplex
Folded Telomeric Sequence or Double-Stranded DNA in the
Presence of 50 mM KCla

compound G-quadruplex telomeric sequence double-stranded DNA

A-13 15.6 2.6

A-14 11.9 1.8

A-15 11.0 4.0

A-16 7.1 0.9

B-13 13.7 2.5

B-14 7.4 2.3

B-15 8.2 3.6

B-16 7.4 0.3

C-13 9.5 1.4

C-14 5.2 1.0

C-16 3.9 0.1

D-13 20.1 4.6

D-14 14.1 4.5

D-16 15.7 1.2

E-13 17.6 4.5

E-14 12.1 2.2

E-16 4.3 0.1
aDNA concentration was 0.25 μM, experimental error (0.4�C.

Figure 6. Correlation between Telomerase elongation inhibition
(IC50) and thermal stabilization (ΔTm/Tm) of telomeric G-quadruplex
measured for all tested derivatives.
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distant from the anionic sites of DNA. Hence, compounds
having longer side chains with clear additional flexibility
(possibly rendered less effective by the rigid peptide bonds)
cannot get closer to the target counterions than the starting
congeners. Apparently, introduction of the bulky Phe residue is
even more detrimental than the presence of a glycine or alanine
linker. However, Phe-containing derivatives turn out to be
selective for G-quadruplex because, unlike other congeners, they
hardly bind to double-stranded DNA, yet they are still able to
stack on top of the terminal tetrads without requiring significant
DNA distortion.

Shifting side chains from position 2,6 or 2,7 (families A, B,
and C) to 1,5 (family D) or, to a lesser extent, to 1,8 (family E)
helps increasing G-quadruplex stabilization, but at the same
time, it promotes effective binding to dsDNA. Interestingly, this
behavior is distinct from the one we reported for anthracene
derivatives of the bisanthrene family.26 In fact, among those
anthracene derivatives, the shift of the side chains from 2,6 to
1,5 positions slightly incremented G-quadruplex recognition
but remarkably disfavored double-stranded DNA binding. This
suggests that the presence of the carbonyl groups causes different
orientations of the anthracenedione vs anthracene ring when
bound to G-quadruplex DNA.

As far as the biochemical and biological results, we found
pronounced cell growth inhibition when the double-stranded
DNA recognition process is efficient. On the other hand, the
onset of senescence in cancer cells is particularly evident with the
more telomerase-sensitive derivatives, which produce selective
G-quadruplex stabilization. In conclusion, although we did not
succeed in effectively improving G-quadruplex binding, we were
able to remarkably uncouple quadruplex vs duplex affinity, which
gives useful hints for future design of compounds exhibiting
selectivity and efficient tetraplex-inducing properties at the
same time.
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Experimental Part. 

 

Synthesis and characterization of compounds A/B/C-1,2,3,4,7,8 A-5,6,13,15 and their precursor 

were described by us in a previous paper.
1
 

 

Fmoc-glycine-Cl (3) 

Obtained from (1) according to the general procedure for the synthesis of the acyl chloride of an 

aminoacid. Yield: 88%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 7.96 (d, 2H, J=7.2 Hz), 7.68 (d, 2H, 

J=7.2 Hz), 7.72 (t, 1H, J=6.1 Hz) 7.49 (t, 2H, J=7.2 Hz), 7.40 (t, 2H, J=7.2 Hz), 4.37 (d, 2H, J=6.4 

Hz), 4.30 (t, 1H, J=6.4 Hz), 3.37 (d, 2H, J=6.1 Hz). 

Fmoc-β-alanine-Cl (4) 

Obtained from (2) according to the general procedure for the synthesis of the acyl chloride of an 

aminoacid. Yield: 85%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 7.89 (d, 2H, J=7.4 Hz), 7.68 (d, 2H, 

J=7.2 Hz), 7.41 (t, 2H, J=7.4 Hz), 7.32 (t, 2H; J=7.2 Hz), 4.28 (d, 2H, J=6.1 Hz), 4.2 (t, 1H, J=6.1 

Hz), 3.20-3.17 (m, 2H), 2.37 (t, 2H, J=7.0 Hz). 

1,5-[Fmoc-β-Alanine-amidyl]-anthracen-9,10-dione (D-1).  

Obtained from 1,5-diaminoanthraquinone according to the general procedure for coupling via acyl 

chloride. Yield: 84%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.78 (s, 2H), 8.44 (d, 2H, J=2.2 Hz), 

8.19 (d, 2H, J=8.6 Hz), 8.04 (dd, 2H, J=2.2 Hz, J=8.6 Hz), 7.88 (dd, 4H, J=0.9, J=7.4 Hz), 7.70 (dd, 

4H, J=0.9 Hz, J= 7.4 Hz), 7.56 (t, 2H, J=5.7 Hz), 7.36 (td, 4H, J=0.9 Hz, J= 7.4 Hz), 7.25 (td, 4H, 

J=0.9 Hz, J=7.4 Hz), 4.82 (d, 4H, J=5.7 Hz), 4.23 (bt, 2H), 3.39 (m, 4H), 2.60 (t, 4H, J=6.6 Hz). 

HRMS (ESI) m/z for C52H42N2O8: ([M+H
+
]

+
) calcd 823.3014, found 823.3032; ([M+2H

+
]
2+

) calcd 

412.1543, found 412.1578. 

1,8-[Fmoc-β-Alanine-amidyl]-anthracen-9,10-dione (E-1).  

Obtained from 1,8-diaminoanthraquinone according to the general procedure for coupling via acyl 

chloride. Yield: 85%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.82 (s, 2H), 8.47 (d, 2H, J=2.3 Hz), 

8.16 (d, 2H, J=8.8 Hz), 8.06 (dd, 2H, J=2.3 Hz, J=8.8 Hz), 7.81 (dd, 4H, J=1.0, J=7.4 Hz), 7.68 (dd, 

4H, J=1.0 Hz, J= 7.4 Hz), 7.53 (t, 2H, J=5.7 Hz), 7.40 (td, 4H, J=1.0 Hz, J= 7.4 Hz), 7.29 (td, 4H, 

J=0.9 Hz, J=7.4 Hz), 4.78 (d, 4H, J=5.7 Hz), 4.18 (bt, 2H), 3.32 (m, 4H), 2.62 (t, 4H, J=6.6 Hz). 

HRMS (ESI) m/z for C52H42N2O8: ([M+H
+
]

+
) calcd 823.3014, found 823.3033; ([M+2H

+
]
2+

) calcd 

412.1543, found 412.1569. 

1,5-[β-Alanine-amidyl]-anthracen-9,10-dione (D-2) 
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Obtained from C-1 according to the general procedure for deprotection of the Fmoc group. Yield: 

88%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.80 (s, 2H), 8.49 (d, 2H, J=2.3 Hz), 8.23 (d, 2H, J=8.5 

Hz), 7.89 (dd, 2H, J=2.3 Hz, J=8.6 Hz), 6.46 (bs, 4H), 3.36-3.25 (m, 4H). HRMS (ESI) m/z for 

C22H22N2O4: ([M+H
+
]

+
) calcd 381.1557, found 381.1575; ([M+2H

+
]
2+

) calcd 191.0815, found 

191.0840. 

1,8-[β-Alanine-amidyl]-anthracen-9,10-dione (E-2) 

Obtained from D-1 according to the general procedure for deprotection of the Fmoc group. Yield: 

87%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.76 (s, 2H), 8.49 (d, 2H, J=2.3 Hz), 8.23 (d, 2H, J=8.5 

Hz), 7.89 (dd, 2H, J=2.3 Hz, J=8.6 Hz), 6.46 (bs, 4H), 3.36-3.25 (m, 4H). HRMS (ESI) m/z for 

C22H22N2O4: ([M+H
+
]

+
) calcd 381.1557, found 381.1569; ([M+2H

+
]
2+

) calcd 191.0815, found 

191.0838. 

1,5-[Alanine-β-Alanine-amidyl]-anthracen-9,10-dione (D-4) 

Obtained from D-3 according to the general procedure for deprotection of the Fmoc group. Yield: 

89%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.69 (s, 2H), 8.45 (d, 2H, J=1.9 Hz), 8.12 (d, 2H, J=8.5 

Hz), 8.02 (dd, 2H, J=8.5 Hz, J=1.9 Hz), 4.05-3.93 (m, 2H), 3.46-3.35 (m, 4H), 2.59 (t, 4H, J=6.1 

Hz), 1.27 (d, 6H, J=7.4 Hz). HRMS (ESI) m/z for C26H30N6O6: ([M+H
+
]
+
) calcd 523.2300, found 

523.2313; ([M+2H
+
]
2+

) calcd 262.1186, found 262.1196. 

1,8-[Alanine-β-Alanine-amidyl]-anthracen-9,10-dione (E-4) 

Obtained from E-3 according to the general procedure for deprotection of the Fmoc group. Yield: 

91%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.73 (s, 2H), 8.45 (d, 2H, J=1.9 Hz), 8.12 (d, 2H, J=8.5 

Hz), 8.02 (dd, 2H, J=8.5 Hz, J=1.9 Hz), 4.05-3.93 (m, 2H), 3.46-3.35 (m, 4H), 2.59 (t, 4H, J=6.1 

Hz), 1.27 (d, 6H, J=7.4 Hz). HRMS (ESI) m/z for C26H30N6O6: ([M+H
+
]
+
) calcd 523.2300, found 

523.2317; ([M+2H
+
]
2+

) calcd 262.1186, found 262.1199. 

2,6-[Glycine-β-Alanine-amidyl]-anthracen-9,10-dione (B-6) 

Obtained from A-5 according to the general procedure for deprotection of the Fmoc group. Yield: 

91%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.63 (s, 2H), 8.48 (d, 2H, J=1.7 Hz), 8.11 (d, 2H, J=8.6 

Hz), 8.03 (dd, 2H, J=8.6 Hz, J=1.7 Hz), 3.54 (s, 4H, J=6.1 Hz), 3.39 (t, 4H, J=6.4 Hz), 2.62 (t, 4H, 

J=6.4 Hz). HRMS (ESI) m/z for C24H26N6O6: ([M+H
+
]
+
) calcd 495.1987, found 495.1992; 

([M+2H
+
]
2+

) calcd 248.1030, found 248.1031. 

1,5-[Phenylalanine-β-Alanine-amidyl]-anthracen-9,10-dione (D-8) 

Obtained from D-7 according to the general procedure for deprotection of the Fmoc group. Yield: 

87%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.76 (s, 2H), 8.42 (d, 2H, J=1.9 Hz), 8.10 (d, 2H, J=8.5 

Hz), 8.03 (dd, 2H, J=8.5 Hz, J=1.9 Hz), 7.24-7.11 (m, 10H), 4.2 (td, 2H, J=3.4 Hz, J=10.3 Hz), 3.42 

(m, 4H), 2.96 (dd, 2H, J=4.2 Hz, J=13.3 Hz), 2.79 (dd, 2H, J=10.3 Hz, J=13.3 Hz). HRMS (ESI) 
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m/z for C38H38N6O6: ([M+H
+
]

+
) calcd 675.2926, found 675.2942; ([M+2H

+
]

2+
) calcd 338.1499, 

found 338.1509. 

1,8-[Phenylalanine-β-Alanine-amidyl]-anthracen-9,10-dione (E-8) 

Obtained from E-7 according to the general procedure for deprotection of the Fmoc group. Yield: 

88%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.78 (s, 2H), 8.42 (d, 2H, J=1.9 Hz), 8.10 (d, 2H, J=8.5 

Hz), 8.03 (dd, 2H, J=8.5 Hz, J=1.9 Hz), 7.24-7.11 (m, 10H), 4.2 (td, 2H, J=3.4 Hz, J=10.3 Hz), 3.42 

(m, 4H), 2.96 (dd, 2H, J=4.2 Hz, J=13.3 Hz), 2.79 (dd, 2H, J=10.3 Hz, J=13.3 Hz). HRMS (ESI) 

m/z for C38H38N6O6: ([M+H
+
]

+
) calcd 675.2926, found 675.2945; ([M+2H

+
]

2+
) calcd 338.1499, 

found 338.1512. 

1,5-[Fmoc-Alanine-β-Alanine-amidyl]-anthracen-9,10-dione (D-3) 

Obtained from D-2 according to the general procedure for coupling via TBTU. Yield: 88%. 
1
H-

NMR (d6-DMSO; 300 MHz): δ 10.78 (s, 2H), 8.45 (d, 2H, J=1.9 Hz), 8.10 (d, 2H, J=8.5 Hz), 8.02 

(dd, 2H, J=8.5 Hz, J=1.9 Hz), 7.83 (d, 4H, J=7.3 Hz), 7.49 (d, 4H, J=7.3 Hz), 7.39 (t, 4H, J=7.3 

Hz), 7.37 (t, 4H, J=7.3 Hz), 4.19 (d, 4H, J=5.4 Hz), 4.14 (t, 2H, J=5.4 Hz), 4.05-3.91 (m, 2H), 3.43-

3.31 (m, 4H), 2.59 (t, 4H, J=6.1 Hz), 1.27 (d, 6H, J=7.4 Hz). HRMS (ESI) m/z: for C55H48N6O10: 

([M+H
+
]

+
) calcd  953.3505, found 953.3531. 

1,8-[Fmoc-Alanine-β-Alanine-amidyl]-anthracen-9,10-dione (E-3) 

Obtained from E-2 according to the general procedure for coupling via TBTU. Yield: 86%. 
1
H-

NMR (d6-DMSO; 300 MHz): δ 10.76 (s, 2H), 8.45 (d, 2H, J=1.9 Hz), 8.10 (d, 2H, J=8.5 Hz), 8.02 

(dd, 2H, J=8.5 Hz, J=1.9 Hz), 7.83 (d, 4H, J=7.3 Hz), 7.49 (d, 4H, J=7.3 Hz), 7.39 (t, 4H, J=7.3 

Hz), 7.37 (t, 4H, J=7.3 Hz), 4.19 (d, 4H, J=5.4 Hz), 4.14 (t, 2H, J=5.4 Hz), 4.05-3.91 (m, 2H), 3.43-

3.31 (m, 4H), 2.59 (t, 4H, J=6.1 Hz), 1.27 (d, 6H, J=7.4 Hz). HRMS (ESI) m/z: for C55H48N6O10: 

([M+H
+
]

+
) calcd  953.3505, found 953.3531. 

2,6-[Fmoc-Glycine-β-Alanine-amidyl]-anthracen-9,10-dione (B-5) 

Obtained from 2,6-[β-Alanine-amidyl]-anthracen-9,10-dione according to the general procedure for 

coupling via TBTU. Yield: 87%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.63 (s, 2H), 8.46 (d, 2H, 

J=1.9 Hz), 8.1 (d, 2H, J=8.6 Hz), 8.04 (dd, 2H, J=8.6 Hz, J=1.9 Hz), 7.97 (t, 2H, J=6.1 Hz), 7.86 (d, 

4H, J=7.2 Hz), 7.68 (d, 4H, J=8.0 Hz), 7.53 (t, 2H, J=6.1 Hz), 7.39 (t, 4H, J=8.0, J=7.2 Hz), 7.30 (t, 

4H, J=8.0 Hz, J=7.2 Hz), 4.25 (d, 4H, J=7.1 Hz), 4.19 (t, 2H, J=7.1 Hz), 3.58 (d, 4H, J=6.1 Hz), 

3.39 (m, 2H), 2.65 (t, 4H, J=6.4 Hz). HRMS (ESI) m/z: for C53H44N6O10: ([M+H
+
]

+
) calcd  

925.3192, found 925.3201. 

1,5-[Fmoc-Phenylalanine-β-Alanine-amidyl]-anthracen-9,10-dione (D-7) 

Obtained from D-2 according to the general procedure for coupling via TBTU. Yield: 86%. 
1
H-

NMR (d6-DMSO; 300 MHz): δ 10.69 (s, 2H), 8.45 (d, 2H, J=1.9 Hz), 8.10 (d, 2H, J=8.5 Hz), 8.02 
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(dd, 2H, J=8.5 Hz, J=1.9 Hz), 7.83 (d, 4H, J=7.4 Hz), 7.62 (d, 4H, J=7.4 Hz), 7.37 (t, 4H, J=7.4 

Hz), 7.23 (t, 4H, J=7.4 Hz), 7.22-7.13 (m, 10H), 4.23 (td, 2H, J=3.4 Hz, J=10.3 Hz), 4.12 (d, 4H, 

J=4.7 Hz), 4.02 (t, 2H, J=4.7 Hz), 4.02-3.88 (m, 2H), 2.96 (dd, 2H, J=4.2 Hz, J=13.3 Hz), 2.79 (dd, 

2H, J=10.3 Hz, J=13.3 Hz), 2.59 (t, 4H, J=6.1 Hz). HRMS (ESI) m/z: for C67H56N6O10: ([M+H
+
]
+
) 

calcd  1105.4131, found 1105.4156. 

1,8-[Fmoc-Phenylalanine-β-Alanine-amidyl]-anthracen-9,10-dione (E-7) 

Obtained from E-2 according to the general procedure for coupling via TBTU. Yield: 87%. 
1
H-

NMR (d6-DMSO; 300 MHz): δ 10.72 (s, 2H), 8.45 (d, 2H, J=1.9 Hz), 8.10 (d, 2H, J=8.5 Hz), 8.02 

(dd, 2H, J=8.5 Hz, J=1.9 Hz), 7.83 (d, 4H, J=7.4 Hz), 7.62 (d, 4H, J=7.4 Hz), 7.37 (t, 4H, J=7.4 

Hz), 7.23 (t, 4H, J=7.4 Hz), 7.22-7.13 (m, 10H), 4.22 (td, 2H, J=3.4 Hz, J=10.3 Hz), 4.12 (d, 4H, 

J=4.7 Hz), 4.02 (t, 2H, J=4.7 Hz), 4.02-3.88 (m, 2H), 2.96 (dd, 2H, J=4.2 Hz, J=13.3 Hz), 2.79 (dd, 

2H, J=10.3 Hz, J=13.3 Hz), 2.59 (t, 4H, J=6.1 Hz). HRMS (ESI) m/z: for C67H56N6O10: ([M+H
+
]
+
) 

calcd  1105.4131, found 1105.4143. 

1,5-[Boc-Lysine(Boc)-β-Alanine-amidyl]-anthracen-9,10-dione (D-9) 

Obtained from D-2 according to the general procedure for coupling via TBTU. Yield: 86%. 
1
H-

NMR (d6-DMSO; 300 MHz): δ 10.72 (s, 2H), 8.66 (t, 2H, J=5.4 Hz), 8.49 (d, 2H, J=2.0 Hz), 8.17 

(d, 2H, J=8.8 Hz), 8.06 (dd, 2H, J=8.8 Hz, J=2.0 Hz), 3.30 (d, 4H, J=5.4 Hz), 3.08 (m, 6H), 2.76 (t, 

4H, J=7.5 Hz), 1.70 (m, 4H), 1.52 (m, 4H), 1.39 (m, 4H), 1.35 (s, 36H). HRMS (ESI) m/z for 

C52H76N8O14: ([M+H
+
]
+
) calcd 1037.5554, found 1037.5571. 

1,8-[Boc-Lysine(Boc)-β-Alanine-amidyl]-anthracen-9,10-dione (E-9) 

Obtained from E-2 according to the general procedure for coupling via TBTU. Yield: 87%. 
1
H-

NMR (d6-DMSO; 300 MHz): δ 10.74 (s, 2H), 8.66 (t, 2H, J=5.4 Hz), 8.49 (d, 2H, J=2.0 Hz), 8.17 

(d, 2H, J=8.8 Hz), 8.06 (dd, 2H, J=8.8 Hz, J=2.0 Hz), 3.30 (d, 4H, J=5.4 Hz), 3.12 (m, 6H), 2.76 (t, 

4H, J=7.5 Hz), 1.70 (m, 4H), 1.52 (m, 4H), 1.39 (m, 4H), 1.35 (s, 36H). HRMS (ESI) m/z for 

C52H76N8O14: ([M+H
+
]
+
) calcd 1037.5554, found 1037.5568. 

2,6-[Boc-Lysine-Alanine-Glycine-amidyl]-anthracen-9,10-dione (A-10) 

Obtained from 2,6-[Alanine-Glycine-amidyl]-anthracen-9,10-dione according to the general 

procedure for coupling via TBTU. Yield: 79%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.63 (s, 2H), 

8.55 (d, 2H, J=7.5 Hz), 8.48 (d, 2H, J=2.0 Hz), 8.17 (d, 2H, J=8.1 Hz), 8,05 (dd, 2H, J=8.1 Hz, 

J=2.05 Hz), 4.27-4.36 (m, 2H), 3.75 (t, 2H, J=6.1 Hz), 3.72 (d, 4H, J=5.4 Hz), 2.76 (t, 2H, J=7.5 

Hz), 1.63-1.71 (m, 4H), 1.48-1.58 (m, 4H), 1.3-1.4 (m, 4H), 1.23 (d, 6H, J=7.5 Hz), 1.35 (s, 36H). 

HRMS (ESI) m/z: for C56H82N10O16: ([M+H
+
]
+
) calcd  1151.5983, found 1151.5990. 

2,6-[Boc-Lysine-Alanine-β-Alanine-amidyl]-anthracen-9,10-dione (B-10) 
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Obtained from 2,6-[Alanine-β-Alanine-amidyl]-anthracen-9,10-dione according to the general 

procedure for coupling via TBTU. Yield: 80%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.53 (s, 2H), 

8.55 (d, 2H, J=7.5 Hz), 8.48 (d, 2H, J=2.0 Hz), 8.17 (d, 2H, J=8.1 Hz), 8.05 (dd, 2H, J=8.1 Hz, 

J=2.0 Hz), 4.36-4.27 (m, 2H), 3.75 (t, 2H, J=6.1 Hz), 3.52-3.42 (m, 2H), 2.76 (t, 2H, J=7.5 Hz), 

2.59 (t, 4H, J=6.1 Hz), 1.63-1.71 (m, 4H), 1.58-1.48 (m, 4H), 1.42-1.36 (m, 4H), 1.32 (s, 36H), 1.25 

(d, 6H, J=7.5 Hz). HRMS (ESI) m/z: for C58H86N10O16: ([M+H
+
]
+
) calcd  1179.6296, found 

1179.6299. 

2,7-[Boc-Lysine-Alanine-β-Alanine-amidyl]-anthracen-9,10-dione (C-10) 

Obtained from 2,7-[Alanine-β-Alanine-amidyl]-anthracen-9,10-dione according to the general 

procedure for coupling via TBTU. Yield: 82%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.58 (s, 2H), 

8.55 (d, 2H, J=7.5 Hz), 8.48 (d, 2H, J=2.0 Hz), 8.17 (d, 2H, J=8.1 Hz), 8.05 (dd, 2H, J=8.1 Hz, 

J=2.0 Hz), 4.36-4.27 (m, 2H), 3.75 (t, 2H, J=6.1 Hz), 3.52-3.42 (m, 2H), 2.76 (t, 2H, J=7.5 Hz), 

2.59 (t, 4H, J=6.1 Hz), 1.63-1.71 (m, 4H), 1.58-1.48 (m, 4H), 1.42-1.36 (m, 4H), 1.32 (s, 36H), 1.25 

(d, 6H, J=7.5 Hz). HRMS (ESI) m/z: for C58H86N10O16: ([M+H
+
]
+
) calcd  1179.6296, found 

1179.6293. 

1,5-[Boc-Lysine-Alanine-β-Alanine-amidyl]-anthracen-9,10-dione (D-10) 

Obtained from D-4 according to the general procedure for coupling via TBTU. Yield: 84%. 
1
H-

NMR (d6-DMSO; 300 MHz): δ 10.63 (s, 2H), 8.55 (d, 2H, J=7.5 Hz), 8.48 (d, 2H, J=2.0 Hz), 8.17 

(d, 2H, J=8.1 Hz), 8.05 (dd, 2H, J=8.1 Hz, J=2.0 Hz), 4.36-4.27 (m, 2H), 3.75 (t, 2H, J=6.1 Hz), 

3.52-3.42 (m, 2H), 2.76 (t, 2H, J=7.5 Hz), 2.59 (t, 4H, J=6.1 Hz), 1.63-1.71 (m, 4H), 1.58-1.48 (m, 

4H), 1.42-1.36 (m, 4H), 1.32 (s, 36H), 1.25 (d, 6H, J=7.5 Hz). HRMS (ESI) m/z: for C58H86N10O16: 

([M+H
+
]

+
) calcd  1179.6296, found 1179.6299. 

1,8-[Boc-Lysine-Alanine-β-Alanine-amidyl]-anthracen-9,10-dione (E-10) 

Obtained from E-4 according to the general procedure for coupling via TBTU. Yield: 84%. 
1
H-

NMR (d6-DMSO; 300 MHz): δ 10.68 (s, 2H), 8.55 (d, 2H, J=7.5 Hz), 8.48 (d, 2H, J=2.0 Hz), 8.17 

(d, 2H, J=8.1 Hz), 8.05 (dd, 2H, J=8.1 Hz, J=2.0 Hz), 4.36-4.27 (m, 2H), 3.75 (t, 2H, J=6.1 Hz), 

3.52-3.42 (m, 2H), 2.76 (t, 2H, J=7.5 Hz), 2.59 (t, 4H, J=6.1 Hz), 1.63-1.71 (m, 4H), 1.58-1.48 (m, 

4H), 1.42-1.36 (m, 4H), 1.32 (s, 36H), 1.25 (d, 6H, J=7.5 Hz). HRMS (ESI) m/z: for C58H86N10O16: 

([M+H
+
]

+
) calcd  1179.6296, found 1179.6299. 

2,6-[Boc-Lysine-Glycine-Glycine-amidyl]-anthracen-9,10-dione (A-11) 

Obtained from 2,6-[Glycine-Glycine-amidyl]-anthracen-9,10-dione according to the general 

procedure for coupling via TBTU. Yield: 83%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.66 (s, 2H), 

8.66 (t, 2H, J=5.4 Hz), 8.49 (d, 2H, J=2.0 Hz), 8.17 (d, 2H, J=8.8 Hz), 8.06 (dd, 2H, J=8.8 Hz, 

J=2.0 Hz), 3.80 (m, 6H), 3.30 (d, 4H, J=5.4 Hz), 2.76 (t, 4H, J=7.5 Hz), 1.70 (m, 4H), 1.52 (m, 4H), 
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1.39 (m, 4H), 1.35 (s, 36H). HRMS (ESI) m/z: for C54H78N10O16: ([M+H
+
]

+
) calcd  1123.5670, 

found 1123.5682. 

2,6-[Boc-Lysine-Glycine-β-Alanine-amidyl]-anthracen-9,10-dione (B-11) 

Obtained from A-6 according to the general procedure for coupling via TBTU. Yield: 79%. 
1
H-

NMR (d6-DMSO; 300 MHz): δ 10.66 (s, 2H), 8.66 (t, 2H, J=5.4 Hz), 8.49 (d, 2H, J=2.0 Hz), 8.17 

(d, 2H, J=8.8 Hz), 8.06 (dd, 2H, J=8.8 Hz, J=2.0 Hz), 3.8 (m, 6H), 3.40 (q, 4H, J=6.8 Hz), 2.76 (t, 

4H, J=7.5 Hz), 2.60 (t, 4H, J=6.8 Hz), 1.70 (m, 4H), 1.52 (m, 4H), 1.39 (m, 4H), 1.35 (s, 36H). 

HRMS (ESI) m/z: for C56H82N10O16: ([M+H
+
]
+
) calcd  1151.5983, found 1151.5987. 

2,6-[Boc-Lysine-Phenylalanine-Glycine-amidyl]-anthracen-9,10-dione (A-12) 

Obtained from 2,6-[Phenylalanine-Glycine-amidyl]-anthracen-9,10-dione according to the general 

procedure for coupling via TBTU. Yield: 77%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.64 (s, 2H), 

8.61 (d, 2H, J=7.5 Hz), 8.5 (d, 2H, J=2.0 Hz), 8.31 (t, 2H, J=5.4 Hz), 8.18 (d, 2H, J=8.1 Hz), 8.06 

(dd, 4H, J=8.1 Hz, J=2.0 Hz), 7.12-7.2 (m, 8H), 7.2-7.28 (m, 2H), 4.49-4.57 (m, 2H), 3.72 (d, 4H, 

J=5.4 Hz), 3.7 (t, 2H), 2.97 (dd, 2H, J= 5.4 Hz, J=13.65 Hz), 2.83 (dd, 2H, J=8.8 Hz, J=13.6 Hz), 

2.72 (t, 4H, J=7.5 Hz), 1.70 (m, 4H), 1.52 (m, 4H), 1.33 (m, 4H), 1.35 (s, 36H). HRMS (ESI) m/z: 

for C68H90N10O16: ([M+H
+
]

+
) calcd  1303.6609, found 1303.6630. 

2,6-[Boc-Lysine-Phenylalanine-β-Alanine-amidyl]-anthracen-9,10-dione (B-12) 

Obtained from 2,6-[Phenylalanine-β-Alanine-amidyl]-anthracen-9,10-dione according to the 

general procedure for coupling via TBTU. Yield: 76%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.64 (s, 

2H), 8.61 (d, 2H, J=7.5 Hz), 8.50 (d, 2H, J=2.0 Hz), 8.31 (t, 2H, J=5.4 Hz), 8.18 (d, 2H, J=8.1 Hz), 

8.06 (dd, 4H, J=8.1 Hz, J=2.0 Hz), 7.28-7.12 (m, 10H), 4.57-4.49 (m, 2H), 3.70 (t, 2H), 3.52-3.41 

(m, 4H), 2.97 (dd, 2H, J= 5.4 Hz, J=13.6 Hz), 2.83 (dd, 2H, J=8.8 Hz, J=13.6 Hz), 2.72 (t, 4H, 

J=7.5 Hz), 2.55 (t, 4H, J=5.4 Hz), 1.70 (m, 4H), 1.52 (m, 4H), 1.35 (s, 36H), 1.30 (m, 4H). HRMS 

(ESI) m/z: for C70H94N10O16: ([M+H
+
]
+
) calcd 1331.6922, found 1331.6946. 

2,7-[Boc-Lysine-Phenylalanine-β-Alanine-amidyl]-anthracen-9,10-dione (C-12) 

Obtained from 2,6-[Phenylalanine-β-Alanine-amidyl]-anthracen-9,10-dione according to the 

general procedure for coupling via TBTU. Yield: 77%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.59 (s, 

2H), 8.61 (d, 2H, J=7.5 Hz), 8.50 (d, 2H, J=2.0 Hz), 8.31 (t, 2H, J=5.4 Hz), 8.18 (d, 2H, J=8.1 Hz), 

8.06 (dd, 4H, J=8.1 Hz, J=2.0 Hz), 7.28-7.12 (m, 10H), 4.57-4.49 (m, 2H), 3.70 (t, 2H), 3.52-3.41 

(m, 4H), 2.97 (dd, 2H, J= 5.4 Hz, J=13.6 Hz), 2.83 (dd, 2H, J=8.8 Hz, J=13.6 Hz), 2.72 (t, 4H, 

J=7.5 Hz), 2.55 (t, 4H, J=5.4 Hz), 1.70 (m, 4H), 1.52 (m, 4H), 1.35 (s, 36H), 1.30 (m, 4H). HRMS 

(ESI) m/z: for C70H94N10O16: ([M+H
+
]
+
) calcd 1331.6922, found 1331.6938. 

1,5-[Boc-Lysine-Phenylalanine-β-Alanine-amidyl]-anthracen-9,10-dione (D-12) 
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Obtained from D-8 according to the general procedure for coupling via TBTU. Yield: 80%. 
1
H-

NMR (d6-DMSO; 300 MHz): δ 10.70 (s, 2H), 8.61 (d, 2H, J=7.5 Hz), 8.50 (d, 2H, J=2.0 Hz), 8.31 

(t, 2H, J=5.4 Hz), 8.18 (d, 2H, J=8.1 Hz), 8.06 (dd, 4H, J=8.1 Hz, J=2.0 Hz), 7.28-7.12 (m, 10H), 

4.57-4.49 (m, 2H), 3.70 (t, 2H), 3.52-3.41 (m, 4H), 2.97 (dd, 2H, J= 5.4 Hz, J=13.6 Hz), 2.83 (dd, 

2H, J=8.8 Hz, J=13.6 Hz), 2.72 (t, 4H, J=7.5 Hz), 2.55 (t, 4H, J=5.4 Hz), 1.70 (m, 4H), 1.52 (m, 

4H), 1.35 (s, 36H), 1.30 (m, 4H). HRMS (ESI) m/z: for C70H94N10O16: ([M+H
+
]

+
) calcd 1331.6922, 

found 1331.6946. 

1,8-[Boc-Lysine-Phenylalanine-β-Alanine-amidyl]-anthracen-9,10-dione (E-12) 

Obtained from E-8 according to the general procedure for coupling via TBTU. Yield: 80%. 
1
H-

NMR (d6-DMSO; 300 MHz): δ 10.75 (s, 2H), 8.61 (d, 2H, J=7.5 Hz), 8.50 (d, 2H, J=2.0 Hz), 8.31 

(t, 2H, J=5.4 Hz), 8.18 (d, 2H, J=8.1 Hz), 8.06 (dd, 4H, J=8.1 Hz, J=2.0 Hz), 7.28-7.12 (m, 10H), 

4.57-4.49 (m, 2H), 3.70 (t, 2H), 3.52-3.41 (m, 4H), 2.97 (dd, 2H, J= 5.4 Hz, J=13.6 Hz), 2.83 (dd, 

2H, J=8.8 Hz, J=13.6 Hz), 2.72 (t, 4H, J=7.5 Hz), 2.55 (t, 4H, J=5.4 Hz), 1.70 (m, 4H), 1.52 (m, 

4H), 1.35 (s, 36H), 1.30 (m, 4H). HRMS (ESI) m/z: for C70H94N10O16: ([M+H
+
]

+
) calcd 1331.6922, 

found 1331.6946. 

1,5-[Lysine-β-Alanine-amidyl]-anthracen-9,10-dione tetra-trifluoroacetate (D-13) 

Obtained from D-9 according to the general procedure for for the deprotection of the Boc group. 

Yield: 94%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.70 (s, 2H), 8.50 (d, 2H, J=2.1 Hz), 8.17 (d, 2H, 

J=8.8 Hz), 8.03 (dd, 2H, J=8.8 Hz, J=2.1 Hz), 3.85 (m, 2H), 3.41 (q, 4H, J=6.6 Hz), 2.79 (t, 4H, 

J=7.5 Hz), 2.66 (t, 4H, J=6.6 Hz), 1.78 (m, 4H), 1.54 (m, 4H), 1.42 (m, 4H). HRMS (ESI) m/z for 

C32H44N8O6: ([M+H
+
]

+
) calcd 637.3457, found 637.3486; calcd ([M+2H

+
]
2+

) 319.1765, found 

319.1804. 

1,8-[Lysine-β-Alanine-amidyl]-anthracen-9,10-dione tetra-trifluoroacetate (E-13) 

Obtained from E-9 according to the general procedure for the deprotection of the Boc group. Yield: 

92%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.73 (s, 2H), 8.50 (d, 2H, J=2.1 Hz), 8.17 (d, 2H, J=8.8 

Hz), 8.03 (dd, 2H, J=8.8 Hz, J=2.1 Hz), 3.85 (m, 2H), 3.41 (q, 4H, J=6.6 Hz), 2.79 (t, 4H, J=7.5 

Hz), 2.66 (t, 4H, J=6.6 Hz), 1.78 (m, 4H), 1.54 (m, 4H), 1.42 (m, 4H). HRMS (ESI) m/z for 

C32H44N8O6: ([M+H
+
]

+
) calcd 637.3457, found 637.3492; calcd ([M+2H

+
]
2+

) 319.1765, found 

319.1793. 

2,6-[Lysine-Alanine-Glycine-amidyl]-anthracen-9,10-dione tetra-trifluoroacetate (A-14) 

Obtained from B-14 according to the general procedure for the deprotection of the Boc group. 

Yield: 92%.  
1
H-NMR (d6-DMSO; 300 MHz): δ 10.53 (s, 2H), 8.55 (d, 2H, J=7.5 Hz), 8.48 (d, 2H, 

J=2.0 Hz), 8.17 (d, 2H, J=8.1 Hz), 8.05 (dd, 2H, J=8.1 Hz, J=2.0 Hz), 4.27-4.36 (m, 2H), 3.75 (t, 

2H, J=6.1 Hz), 3.72 (d, 4H, J=5.4 Hz), 2.76 (t, 2H, J=7.5 Hz), 1.63-1.71 (m, 4H), 1.48-1.58 (m, 
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4H), 1.3-1.4 (m, 4H), 1.23 (d, 6H, J=7.5 Hz). HRMS (ESI) m/z for C36H50N10O8: ([M+H
+
]

+
) calcd 

751.3886, found 751.3897; ([M+2H
+
]
2+

) calcd 376.1979, found 376.1991. 

2,6-[Lysine-Alanine-β-Alanine-amidyl]-anthracen-9,10-dione tetra-trifluoroacetate (B-14) 

Obtained from A-14 according to the general procedure for the deprotection of the Boc group. 

Yield: 92%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.54 (s, 2H), 8.55 (d, 2H, J=7.5 Hz), 8.48 (d, 2H, 

J=2.0 Hz), 8.17 (d, 2H, J=8.1 Hz), 8.05 (dd, 2H, J=8.1 Hz, J=2.0 Hz), 4.27-4.36 (m, 2H), 3.75 (t, 

2H, J=6.1 Hz), 3.42-3.52 (m, 2H), 2.76 (t, 2H, J=7.5 Hz), 2.59 (t, 4H, J=6.1 Hz), 1.63-1.71 (m, 4H), 

1.48-1.58 (m, 4H), 1.3-1.4 (m, 4H), 1.23 (d, 6H, J=7.5 Hz). HRMS (ESI) m/z for C38H54N10O8: 

([M+H
+
]

+
) calcd 779.4199, found 779.4221; ([M+2H

+
]
2+

) calcd 390.2136, found 390.2147. 

2,7-[Lysine-Alanine-β-Alanine-amidyl]-anthracen-9,10-dione tetra-trifluoroacetate (C-14) 

Obtained from C-14 according to the general procedure for the deprotection of the Boc group. 

Yield: 92%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.03 (s, 2H), 8.55 (d, 2H, J=7.5 Hz), 8.48 (d, 2H, 

J=2.0 Hz), 8.17 (d, 2H, J=8.1 Hz), 8.05 (dd, 2H, J=8.1 Hz, J=2.0 Hz), 4.27-4.36 (m, 2H), 3.75 (t, 

2H, J=6.1 Hz), 3.42-3.52 (m, 2H), 2.76 (t, 2H, J=7.5 Hz), 2.59 (t, 4H, J=6.1 Hz), 1.63-1.71 (m, 4H), 

1.48-1.58 (m, 4H), 1.3-1.4 (m, 4H), 1.23 (d, 6H, J=7.5 Hz). HRMS (ESI) m/z for C38H54N10O8: 

([M+H
+
]

+
) calcd 779.4199, found 779.4217; ([M+2H

+
]
2+

) calcd 390.2136, found 390.2150. 

1,5-[Lysine-Alanine-β-Alanine-amidyl]-anthracen-9,10-dione tetra-trifluoroacetate (D-14) 

Obtained from D-14 according to the general procedure for the deprotection of the Boc group. 

Yield: 91%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.03 (s, 2H), 8.55 (d, 2H, J=7.5 Hz), 8.48 (d, 2H, 

J=2.0 Hz), 8.17 (d, 2H, J=8.1 Hz), 8.05 (dd, 2H, J=8.1 Hz, J=2.0 Hz), 4.27-4.36 (m, 2H), 3.75 (t, 

2H, J=6.1 Hz), 3.42-3.52 (m, 2H), 2.76 (t, 2H, J=7.5 Hz), 2.59 (t, 4H, J=6.1 Hz), 1.63-1.71 (m, 4H), 

1.48-1.58 (m, 4H), 1.3-1.4 (m, 4H), 1.23 (d, 6H, J=7.5 Hz). HRMS (ESI) m/z for C38H54N10O8: 

([M+H
+
]

+
) calcd 779.4199, found 779.4223; ([M+2H

+
]
2+

) calcd 390.2136, found 390.2147. 

1,8-[Lysine-Alanine-β-Alanine-amidyl]-anthracen-9,10-dione tetra-trifluoroacetate (E-14) 

Obtained from E-14 according to the general procedure for the deprotection of the Boc group. 

Yield: 92%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.03 (s, 2H), 8.55 (d, 2H, J=7.5 Hz), 8.48 (d, 2H, 

J=2.0 Hz), 8.17 (d, 2H, J=8.1 Hz), 8.05 (dd, 2H, J=8.1 Hz, J=2.0 Hz), 4.27-4.36 (m, 2H), 3.75 (t, 

2H, J=6.1 Hz), 3.42-3.52 (m, 2H), 2.76 (t, 2H, J=7.5 Hz), 2.59 (t, 4H, J=6.1 Hz), 1.63-1.71 (m, 4H), 

1.48-1.58 (m, 4H), 1.3-1.4 (m, 4H), 1.23 (d, 6H, J=7.5 Hz). HRMS (ESI) m/z for C38H54N10O8: 

([M+H
+
]

+
) calcd 779.4199, found 779.4226; ([M+2H

+
]
2+

) calcd 390.2136, found 390.2147. 

2,6-[Lysine-Glycine-Glycine-amidyl]-anthracen-9,10-dione tetra-trifluoroacetate (A-15) 

Obtained from B-18 according to the general procedure for the deprotection of the Boc group. 

Yield: 91%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.63 (s, 2H), 8.66 (t, 2H, J=5.4 Hz), 8.49 (d, 2H, 

J=2.0 Hz), 8.17 (d, 2H, J=8.8 Hz), 8.06 (dd, 2H, J=8.8 Hz, J=2.0 Hz), 3.8 (m, 6H), 3.3 (d, 4H, J=5.4 
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Hz), 2.76 (t, 4H, J=7.5 Hz), 1.70 (m, 4H), 1.52 (m, 4H), 1.39 (m, 4H). HRMS (ESI) m/z for 

C34H46N10O8: ([M+H
+
]

+
) calcd 723.3573, found 723.3590; ([M+2H

+
]

2+
) calcd 362.1823, found 

362.1850. 

2,6-[Lysine-Glycine-β-Alanine-amidyl]-anthracen-9,10-dione tetra-trifluoroacetate (B-15) 

Obtained from A-18 according to the general procedure for the deprotection of the Boc group. 

Yield: 90%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.66 (s, 2H), 8.66 (t, 2H, J=5.4 Hz), 8.49 (d, 2H, 

J=2.0 Hz), 8.17 (d, 2H, J=8.8 Hz), 8.06 (dd, 2H, J=8.8 Hz, J=2.0 Hz), 3.8 (m, 6H), 3.4 (q, 4H, J=6.8 

Hz), 2.76 (t, 4H, J=7.5 Hz), 2.60 (t, 4H, J=6.8 Hz), 1.70 (m, 4H), 1.52 (m, 4H), 1.39 (m, 4H). 

HRMS (ESI) m/z for C36H50N10O8: ([M+H
+
]

+
) calcd 751.3886, found 751.3892; ([M+2H

+
]
2+

) calcd 

376.1979, found 376.1993. 

2,6-[Lysine-Phenylalanine-Glycine-amidyl]-anthracen-9,10-dione tetra-trifluoroacetate (A-16) 

Obtained from B-22 according to the general procedure for the deprotection of the Boc group. 

Yield: 91%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.64 (s, 2H), 8.61 (d, 2H, J=7.5 Hz), 8.5 (d, 2H, 

J=2.0 Hz), 8.31 (t, 2H, J=5.4 Hz), 8.18 (d, 2H, J=8.1 Hz), 8.06 (dd, 4H, J=8.1 Hz, J=2.0 Hz), 7.12-

7.2 (m, 8H), 7.2-7.28 (m, 2H), 4.49-4.57 (m, 2H), 3.72 (d, 4H, J=5.4 Hz), 3.7 (t, 2H), 2.97 (dd, 2H, 

J= 5.4 Hz, J=13.6 Hz), 2.83 (dd, 2H, J=8.8 Hz, J=13.6 Hz), 2.72 (t, 4H, J=7.5 Hz), 1.70 (m, 4H), 

1.52 (m, 4H), 1.33 (m, 4H). HRMS (ESI) m/z for C48H58N10O8: ([M+H
+
]
+
) calcd 903.4512, found 

903.4539; ([M+2H
+
]
2+

) calcd 452.2292, found 452.2306. 

2,6-[Lysine-Phenylalanine-β-Alanine-amidyl]-anthracen-9,10-dione tetra-trifluoroacetate (B-

16) 

Obtained from A-22 according to the general procedure for the deprotection of the Boc group. 

Yield: 91%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.64 (s, 2H), 8.61 (d, 2H, J=7.5 Hz), 8.5 (d, 2H, 

J=2.0 Hz), 8.31 (t, 2H, J=5.4 Hz), 8.18 (d, 2H, J=8.1 Hz), 8.06 (dd, 4H, J=8.1 Hz, J=2.0 Hz), 7.12-

7.2 (m, 8H), 7.2-7.28 (m, 2H), 4.49-4.57 (m, 2H), 3.69-3.76 (t, 2H), 3.41-3.52 (m, 2H), 2.97 (dd, 

2H, J= 5.4 Hz, J=13.6 Hz), 2.83 (dd, 2H, J=8.8 Hz, J=13.6 Hz), 2.72 (t, 4H, J=7.51 Hz), 2.55 (t, 4H, 

J=5.4 Hz), 1.70 (m, 4H), 1.52 (m, 4H), 1.33 (m, 4H). HRMS (ESI) m/z for C50H62N10O8: ([M+H
+
]

+
) 

calcd 931.4285, found 931.4288; ([M+2H
+
]
2+

) calcd 466.2449, found 466.2457. 

2,7-[Lysine-Phenylalanine-β-Alanine-amidyl]-anthracen-9,10-dione tetra-trifluoroacetate (C-

16) 

Obtained from C-22 according to the general procedure for the deprotection of the Boc group. 

Yield: 93%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.64 (s, 2H), 8.61 (d, 2H, J=7.5 Hz), 8.5 (d, 2H, 

J=2.0 Hz), 8.31 (t, 2H, J=5.4 Hz), 8.18 (d, 2H, J=8.1 Hz), 8.06 (dd, 4H, J=8.1 Hz, J=2.0 Hz), 7.12-

7.2 (m, 8H), 7.2-7.28 (m, 2H), 4.49-4.57 (m, 2H), 3.69-3.76 (t, 2H), 3.41-3.52 (m, 2H), 2.97 (dd, 

2H, J= 5.4 Hz, J=13.6 Hz), 2.83 (dd, 2H, J=8.8 Hz, J=13.6 Hz), 2.72 (t, 4H, J=7.51 Hz), 2.55 (t, 4H, 
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J=5.4 Hz), 1.70 (m, 4H), 1.52 (m, 4H), 1.33 (m, 4H). HRMS (ESI) m/z for C50H62N10O8: ([M+H
+
]

+
) 

calcd 931.4285, found 931.4294; ([M+2H
+
]
2+

) calcd 466.2449, found 466.2464. 

1,5-[Lysine-Phenylalanine-β-Alanine-amidyl]-anthracen-9,10-dione tetra-trifluoroacetate (D-

16) 

Obtained from D-22 according to the general procedure for the deprotection of the Boc group. 

Yield: 92. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.64 (s, 2H), 8.61 (d, 2H, J=7.5 Hz), 8.5 (d, 2H, 

J=2.0 Hz), 8.31 (t, 2H, J=5.4 Hz), 8.18 (d, 2H, J=8.1 Hz), 8.06 (dd, 4H, J=8.1 Hz, J=2.0 Hz), 7.12-

7.2 (m, 8H), 7.2-7.28 (m, 2H), 4.49-4.57 (m, 2H), 3.69-3.76 (t, 2H), 3.41-3.52 (m, 2H), 2.97 (dd, 

2H, J= 5.4 Hz, J=13.6 Hz), 2.83 (dd, 2H, J=8.8 Hz, J=13.6 Hz), 2.72 (t, 4H, J=7.51 Hz), 2.55 (t, 4H, 

J=5.4 Hz), 1.70 (m, 4H), 1.52 (m, 4H), 1.33 (m, 4H). HRMS (ESI) m/z for C50H62N10O8: ([M+H
+
]

+
) 

calcd 931.4285, found 931.4297; ([M+2H
+
]
2+

) calcd 466.2449, found 466.2461. 

1,8-[Lysine-Phenylalanine-β-Alanine-amidyl]-anthracen-9,10-dione tetra-trifluoroacetate (E-

16) 

Obtained from E-22 according to the general procedure for the deprotection of the Boc group. 

Yield: 93%. 
1
H-NMR (d6-DMSO; 300 MHz): δ 10.64 (s, 2H), 8.61 (d, 2H, J=7.5 Hz), 8.5 (d, 2H, 

J=2.0 Hz), 8.31 (t, 2H, J=5.4 Hz), 8.18 (d, 2H, J=8.1 Hz), 8.06 (dd, 4H, J=8.1 Hz, J=2.0 Hz), 7.12-

7.2 (m, 8H), 7.2-7.28 (m, 2H), 4.49-4.57 (m, 2H), 3.69-3.76 (t, 2H), 3.41-3.52 (m, 2H), 2.97 (dd, 

2H, J= 5.4 Hz, J=13.6 Hz), 2.83 (dd, 2H, J=8.8 Hz, J=13.6 Hz), 2.72 (t, 4H, J=7.51 Hz), 2.55 (t, 4H, 

J=5.4 Hz), 1.70 (m, 4H), 1.52 (m, 4H), 1.33 (m, 4H). HRMS (ESI) m/z for C50H62N10O8: ([M+H
+
]

+
) 

calcd 931.4285, found 931.4293; ([M+2H
+
]
2+

) calcd 466.2449, found 466.2459. 

 

1 a) Zagotto, G.; Sissi, C.; Lucatello, L.; Pivetta, C.; Cadamuro, S. A.; Fox, K. R.; Neidle, S.; 

Palumbo, M. Aminoacyl-anthraquinone conjugates as telomerase inhibitors: synthesis, biophysical 

and biological evaluation. J. Med. Chem. 2008, 51, 5566-5574. 

b) Zagotto, G.; Sissi, C.; Moro, S.; Dal Ben, D.; Parkinson, G. N.; Fox, K. R.; Neidle, S.; Palumbo, 

M. Amide bond direction modulates G-quadruplex recognition and telomerase inhibition by 2,6 and 

2,7 bis-substituted anthracenedione derivatives. Bioorg. Med. Chem. 2008, 16, 354-361. 
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Figure S1. Variation of the melting temperature (∆Tm) of a G-quadruplex folded telomeric 

sequence (0.25 µM) upon increasing concentrations of selected anthraquinones in 50 mM KCl.  
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’ INTRODUCTION

Antisense oligonucleotides are extensively used in cell and
developmental biology to inhibit gene expression. Site-specific
hybridization of antisense agents to target mRNAs suppresses
translation, either by degradation of the mRNA though an RNase
H-dependent mechanism or by steric blocking of the ribosome.1�3

Intracellularly, nonmodifiedDNAs are quickly degraded, mainly by
30 exonucleases,4 limiting the applicability of non-modified DNA
as antisense agents. For the past two decades, modifications have
been made to oligonucleotides to improve the pharmacokinetics
and physicochemical properties. Various modifications to the
phosphate backbone and the ribose have been developed to
improve the stability and half-life of oligomers, including 30-30
inverted thymidines,5 phosphorothioate linkages,6 locked nu-
cleic acids (LNA),7 and 20-O-methyl groups.8

PEGylation, the covalent attachment of a poly(ethylene
glycol) polymer, enhances the pharmacokinetic properties of
both oligonucleotides9 and proteins10�12 by shielding them from
nucleases and proteases thus increasing their stability. Studies
have also shown that PEGylation enhances the absorption, bio-
availability, and biodistribution of biological macromolecules
while reducing toxicity and immunological effects.9 In addition,
PEGylated triplex forming oligonucleotides and siRNAs have
shown to be more efficiently taken up by cells and have displayed
improved stability.13,14

We hypothesized that the combination of oligonucleotide
PEGylation in conjunction with a light-cleavable linker group
would enable photochemical control over antisense agent stabi-
lity and activity. Light represents an ideal external control ele-
ment for the study of gene expression and protein function with

high spatial and temporal resolution.15�18 Light-removable pro-
tecting groups (“caging groups”) have been applied to the light-
regulation of DNA function through the inhibition of the oligo-
nucleotide’s ability to undergo Watson�Crick base-pairing until
the groups are removed through light irradiation.19�31 Here, we
propose that a PhotoPEGylated antisense agent will inhibit gene
expression (Scheme 1A) until irradiation with nondamaging UV
light removes the PEG group, leading to intracellular degradation
of the oligonucleotide and subsequent activation of gene expres-
sion (Scheme 1B). Advantages of this approach compared to
existing methods of photochemical regulation of antisense func-
tion are that (a) it can be easily applied to standard, commercially
available DNA, (b) it stabilizes the DNA under physiological
conditions, and (c) it enables the light-deactivation of antisense
function and thus activation of gene expression.

’EXPERIMENTAL PROCEDURES

Synthesis and Purification of PEGylatedOligonucleotides.
A 30 amino-modified phosphodiester DNA oligonucleotide
(10 μM, Integrated DNA Technologies) was 50 radiolabeled
with 32P-λ ATP (MP Biomedicals) using T4 polynucleotide
kinase (New England Biolabs). The 50 32P-DNA-NH2 (2 μM)
was reacted withN-hydrosuccinimide (NHS) ester PEG (200 μM,
Laysan Bio, Inc.) in phosphate saline buffer (PBS, pH 8.0) and
incubated for 4 h at 30 �C. Due to incomplete PEGylation, the
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ABSTRACT: Oligonucleotides are effective tools for the regulation
of gene expression in cell culture and model organisms, most import-
antly through antisense mechanisms. Due to the inherent instability
of DNA antisense agents, various modifications have been introduced
to increase the efficacy of oligonucleotides, including phosphorothio-
ate DNA, locked nucleic acids, peptide nucleic acids, and others.
Here, we present antisense agent stabilization through conjugation of
a poly(ethylene glycol) (PEG) group to a DNA oligonucleotide. By
employing a photocleavable linker between the PEG group and the antisense agent, we were able to achieve light-induced
deactivation of antisense activity. The bioconjugated PEG group provides stability to the DNA antisense agent without affecting its
native function of silencing gene expression via RNase H-catalyzed mRNA degradation. Once irradiated with UV light of 365 nm,
the PEG group is cleaved from the antisense agent leaving the DNA unprotected and open for degradation by endogenous
nucleases, thereby restoring gene expression. By using a photocleavable PEG group (PhotoPEG), antisense activity can be regulated
with high spatial and temporal resolution, paving the way for precise regulation of gene expression in biological systems.
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PEGylated DNA was gel purified, electro-eluted, and concentrated
using a Millipore centricon (3000 Da molecular weight cutoff).
The PEGylated DNA was quantified using a standard curve on a
20% denaturing PAGE gel, through scanning on a Typhoon FLA
7000 and measuring the band intensities using ImageQuantTL.
Melting Temperature Measurements. The melting tem-

perature (Tm) of each PEGylated DNA/RNA duplex was mea-
sured using a Cary 100 Bio UV/vis spectrometer with a
temperature controller (Varian). The PEGylated DNA antisense
agent and RNA substrate (0.5 μM) were incubated in buffer
(0.15 M NaCl, 0.05 M NaH2PO4, pH 7.2). The samples were
heated to 100 �C for 2 min, and then cooled to 20 �C at a rate of
2 �C/min, held at 20 �C for 5 min, and then heated to 100 �C at a
rate of 2 �C/min. Absorbance was recorded at 260 nm every
1 �C. The Tm was determined by the maximum of the first deri-
vative of the absorbance vs temperature plot. Standard deviations
were calculated from three independent experiments.
RNase H Assay. The RNase H assay was performed as

described by Tang et al.32 with the following modifications:
PEGylatedDNA (10 nM) and RNaseH buffer were equilibrated,
followed by the addition of radiolabeled RNA (32P-γ ATP, 1 μM).
The mixture was incubated at 37 �C for 20 min, and RNase H
(New England Biolabs, 1 U) was added, followed by an addi-
tional incubation for 1 h at 37 �C. Samples were analyzed on a
10% denaturing PAGE gel and scanned on a Typhoon FLA 7000.
Photochemical Regulation of Antisense Activity in Mam-

malian Cells. HEK 293T cells were passaged into a poly-L-Lys
coated 96-well plate, grown to 70% confluency, and transfected
with pEGFP-N1 (Clontech, 150 ng), pDsRed-monomer (Clontech,
150 ng), and antisense agents (25 pmol) using X-tremeGENE
(Roche). pEGFP-N1 encodes enhanced green fluorescent pro-
tein (EGFP) and served as the transfection control. pDsRed-
monomer encodes a red fluorescent protein (DsRed) and was
the targeted gene in this study. After 4 h, media was removed, the
cells were irradiated on a transilluminator (365 nm, 25 W), and
DMEMmedia was added. Following a 48 h incubation at 37 �C,
5% CO2, the media was removed and the cells were imaged on a
Jenco inverted microscope. The cells were lysed and the fluor-
escence was measured on a plate reader (EGFP 485/507 ex/em,
DsRed 557/585 BioTek Synergy 4 Microplate Reader).
Spatial Control of Gene Expression in Mammalian Cells.

NIH 3T3 cells were passaged into a black 96-well plate and
grown to 75% confluency, followed by transfection with pEGFP-
N1 (150 ng), pDsRed-monomer (150 ng), and antisense agent
(25 pmol) using X-tremeGENE. After 4 h, the media was
removed and half of the well was covered with an aluminum foil
mask. The cells were irradiated for 2 min on a transilluminator

(365 nm, 25 W) and DMEMmedia was added. Following a 48 h
incubation, the media was removed and the cells were imaged on
a Zeiss Axio Observer inverted microscope (5� magnification,
filter sets 43 HE DsRed and 38 HE eGFP).

’RESULTS AND DISCUSSION

First, the PEGylated DNA was synthesized through the
acylation of 30 amino-modified oligonucleotides with N-hydro-
xysuccinimide-activated poly(ethylene glycol)s of 5 kDa, 20 kDa,
or 40 kDa (Scheme 2A). A DNA sequence targeting the DsRed
gene was selected for subsequent cell-based reporter assays.27,33

The PEGylated antisense agents were purified through gel
electro-elution (Scheme 2C). In order to validate that the PEG
group will stabilize the nonmodified DNA against nucleases, the
30 PEGylated oligonucleotides were incubated in DMEM growth
media (10% FBS). Upon conjugation of the 5 kDa PEG group to
the deoxyoligonucleotide, the stability increased from 4 to 24 h.
The 20 kDa PEG and the 40 kDa PEGylated oligonucleotides
displayed similar trends with stabilizing DNA for a minimum of
24 h. The stability of the PEGylated oligonucleotides was also
tested in the presence of exonuclease I, by measuring oligonu-
cleotide integrity over time. A 15-, 30-, and 60-fold increased
stability was found for DNA PEGylated with 5, 20, and 40 kDa
PEG reagents, respectively. Thus, increasing the size of the bio-
conjugated PEG from 5 kDa to 40 kDa increases the stability of
the oligonucleotide in both DMEMmedia and in the presence of
an exonuclease (Supporting Information, Figures S1 and S2).

Melt curves of the PEGylated antisense agents were measured
in the presence of target mRNA (50 GCAGGAGGCCUCCUC-
CGAGAACGUCAUCACCGAGUUCAUCAAGGU 30) to en-
sure that the PEG groups do not affect DNA/RNA hybridization.
The non-PEGylated antisense agent had aTm of 69 �C (Table 1).
The conjugation of the 5 kDa PEG to the DNA phosphodiester
oligonucleotide did not interfer withDNA/RNAhybridization as
the Tm slightly decreased by 6 �C when compared to the non-
PEGylated DNA. With an increasing PEG size to 20 kDa and
40 kDa, the Tm decreased by 13 and 19 �C, respectively, but
hybridization was still detected (see Supporting Information,
Figure S3). Therefore, all PEGylated deoxyoligonucleotides
undergo DNA/RNA hybridization and thus have potential to
function as antisense agents in live cells. The attachment of a
smaller PEG group (5 kDa) had a less pronounced effect on
melting point depression than larger PEG groups (20 kDa or
40 kDa).

Since the PEG groups do not affect DNA/RNA hybridiza-
tion, the activity of the PEGylated DsRed antisense agents was

Scheme 1. Photoregulation of Antisense Activity with Light-Removable PEG Groupsa

a (A) A PEGylated antisense agent binds to the mRNA target sequence, which recruits RNase H to the mRNA/DNA duplex leading to the degradation
of the mRNA and thus gene silencing. (B) A PhotoPEG antisense agent is cleaved upon UV irradiation, leaving the DNA-based antisense agent
susceptible to degradation by exonucleases, thereby allowing the translation of the mRNA and gene expression.
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determined in cell culture. Human embryonic kidney (HEK)
293T cells were co-transfected with pEGFP-N1, pDsRed-mono-
mer, and the PEGylated antisense agents. The PEGylated anti-
sense agents target the DsRed mRNA, while the enhanced green
fluorescent protein (EGFP) served as a transfection control;
therefore, DsRed fluorescence was normalized to EGFP fluores-
cence. The nonmodified antisense agent (AA) showed no knock-
down of DsRed expression (Figure 1A), presumably due to a
rapid intracellular degradation of the deoxyoligonucleotide (as
discussed above). As a positive control, a hairpin loop-protected
DsRed antisense agent that has previously been shown to
successfully inhibit DsRed expression was used.27,33 This hairpin-
protected antisense agent (AA-HP) produced a 74% inhibition of
DsRed expression (Figure 1B). Gratifyingly, all PEGylated anti-
sense agents (AA-5K, -20K, and -40K) achieved similar levels
of DsRed suppression (58�68%). Since the knockdown is not

statistically different (pg 0.15), it can be concluded that even small
PEG groups of 5�20K are sufficient for the protection of small
deoxyoligonucleotides. Thus, the ability of nonmodified, PEGy-
lated DNA to act as a translational-silencing antisense agent in
tissue culture was demonstrated for the first time.

Antisense agents can inhibit gene function via two pathways:
(a) the antisense agent can sterically block the translation of the
mRNA or (b) the mRNA:DNA duplex can recruit RNase H to
bind to the duplex and degrade the mRNA.2 In order to deter-
mine by which mechanism the PEGylated antisense agent
inhibits gene expression, an RNase H assay was performed. The
DsRed mRNA target in the absence of antisense DNA was not
affected by the addition of RNase H (Figure 2, Lanes 1�2).
Nonmodified DsRed AA was incubated with its complementary
mRNA sequence in the presence and absence of RNase H.
As expected, only upon addition of RNase H was the mRNA

Scheme 2. PEGylation of 30 Amino-Modified DNAa

a (A) PEGylation reaction of 30 amino-modified DNA with N-hydroxysuccinimide PEG. (B) PEGylation of DsRed targeting antisense DNA with the
PhotoPEG reagent. (C) Representative PAGE analysis of purified, PEGylated DNA. Lane 1: non-modified antisense agent (AA). Lane 2: 5 kDa
PEGylated antisense agent (AA-5 kDa PEG). Lane 3: 5 kDa photocleavable PEGylated antisense agent (AA-5K PhotoPEG).

Table 1. Sequences and Melting Temperatures of PEGylated DsRed Antisense Agentsa

a Standard deviations were derived from Tm measurements conducted in triplicate.
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degraded (Figure 2, Lanes 3�4). The same result was obtained
for the PEGylated AA-5K DNA and RNase H (Figure 2, Lanes
5�6), indicating that the presence of the PEG group has no effect
on the recruitment of RNase H. Thus, the PEGylated antisense

oligonucleotide most likely inhibits gene expression intracellu-
larly through RNase H-mediated degradation of mRNA.

On the basis of the results presented above, PEGylated oligo-
nucleotides are active and stable antisense agents in cell culture,
while the non-PEGylated DNA is quickly degraded. Thus, we
hypothesized that we can photochemically inactivate an anti-
sense agent by inserting a light-cleavable linker between the PEG
group and the DNA (Scheme 2B). In order to test this hypoth-
esis, we used a previously synthesized 5 kDa PhotoPEG reagent34

and additionally synthesized a 20 kDa PhotoPEG group. The
DsRed antisense DNAwas PEGylated with the PhotoPEG group
as shown in Scheme 2B.

The photoactivation of gene expression was conducted by
transfection of the 5 kDa and 20 kDa PhotoPEGylated antisense
agents with pEGFP-N1 and pDsRed-monomer into HEK 293T
cells. The cells were irradiated for 2 min using a transilluminator
(365 nm, 25 W), followed by incubation for 48 h. As in the
previous cellular experiments, EGFP was used as a transfection con-
trol and DsRed fluorescence was normalized to EGFP fluores-
cence. The 5 kDa PhotoPEG antisense agent (AA-5K Photo-
PEG) reduced DsRed expression by 52% (similar to earlier
results shown in Figure 1), and after irradiation, DsRed expres-
sion was fully restored—comparable to the no antisense agent
control (Figure 3A,B). The 20 kDa PhotoPEG antisense agent
(AA-20K PhotoPEG) almost completely inhibited DsRed ex-
pression (80% inhibition), while after irradiation, fully restored
DsRed expression was observed as well. Gene silencing with the

Figure 1. Inhibition of DsRed expression by PEGylated antisense agents. HEK 293T cells were transfected with pEGFP-N1, pDsRed-Monomer, and
antisense agent. (A) After a 48 h incubation, the media was removed and the cells were imaged. The DsRed channel is shown above the EGFP channel.
(B) Cells were subsequently lysed and the fluorescence was measured on a BioTek plate reader. DsRed (557/585 nm) fluorescence was normalized
to EGFP (485/507 nm) fluorescence. Error bars represent standard deviatons from three independent experiments. AA: nonmodified antisense agent.
AA-HP: hairpin-protected antisense agent. AA-5K: 5 kDa PEGylated antisense agent. AA-20 kDa: 20 kDa PEGylated antisense agent. AA-40: 40 kDa
PEGylated antisense agent.

Figure 2. PEGylated antisense agent induces RNAdegradation through
an RNase H mediated mechanism. AA and AA-5K PEG were incubated
with a radiolabeled RNA substrate and RNase H for 1 h at 37 �C.
Samples were analyzed on a 10% denaturing gel and imaged with a
Typhoon FLA 7000. AA: nonmodified antisense agent. AA-5K: 5 kDa
PEGylated antisense agent.
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AA-20K PhotoPEG reagent was more pronounced than what was
previously observed for the simple PEG reagent without the light-
cleavable linker (Figure 1). However, based on our cellular stability
assays (see Supporting Information), the AA-20K PEG was more
stable than the AA-5K PEG toward enzymatic degradation. This
demonstrates the excellent switching from virtually complete
inhibition of gene expression before irradiation to fully restored
gene expression after irradiation. For the first time, nonmodified,
standard DNA was conjugated with a photocleavable PEG group
and used in the photochemical activation of gene expression.

Having successfully achieved light-activation of gene expres-
sion with an excellent off/on ratio by using the PhotoPEGylated
antisense agent, we next investigated the possibility of spatial
control over DsRed expression in mammalian cells. In a 96-well
plate, the AA-20K PhotoPEG was cotransfected into NIH 3T3
cells with pEGFP-N1 and pDsRed-monomer. Only one-half of
a well was then irradiated for 2 min (365 nm, 25 W), followed
by incubation for 48 h. Consistent with earlier observations,
the nonmodified antisense agent (AA) exhibited no inhibi-
tion of DsRed expression (Figure 4); conversely, the hairpin-
protected antisense agent (AA-HP) completely inhibited DsRed

expression. Cells transfected with the 20 kDa PhotoPEG anti-
sense agent were only irradiated on the left half of the well and
DsRed expression is only observed within the irradiated area. In
the nonirradiated area, the right side of the micrograph, no
DsRed expression is visible due to an intact PEGylated DsRed
antisense agent. Thus, a high level of spatial control over gene
activation was achieved.

In summary, PhotoPEG antisense agents were developed that
enable precise activation of gene expression through UV irradia-
tion. Traditionally, antisense agents are stabilized by various
backbone and sugar modifications for applications in tissue
culture and whole organisms. These modifications are often
synthetically challenging and, moreover, prevent RNase H-cat-
alyzed mRNA degradation. If RNase H cleavage of mRNA is
desired, mixed modified/nonmodified deoxyoligonucleotides
need to be synthesized. We discovered that simple PEGylation
stabilizes nonmodified DNA intracellularly with minimal to no
effect on antisense activity, DNA/RNA hybridization, and RNase
H-catalyzed mRNA degradation, thus providing efficient and readily
synthesized antisense agents. The application of a light-cleavable
PhotoPEG linker inserted between the PEG polymer and the

Figure 3. Light activation of gene expression using a PhotoPEGylated antisense agent. HEK 293T cells were transfected with pEGFP-N1, pDsRed-
Monomer, and antisense agent. Cell were irradiated for 2 min (25W, 365 nm) or kept in the dark. (A) Cells were imaged after 48 h. The DsRed channel
is shown above the EGFP channel. (B) Cells were then lysed, and the fluorescence was measured on a BioTek plate reader. DsRed (557/585 nm)
fluorescence was normalized to EGFP (485/507 nm) fluorescence. Error bars represent standard deviations from three independent experiments.
AA-HP: hairpin-protected antisense agent. AA: nonmodified antisense agent. AA-5K PhotoPEG: 5 kDa photocleavable PEGylated antisense agent.
AA-20K PhotoPEG: 20 kDa photocleavable PEGylated antisense agent.
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oligonucleotide enabled sequence-specific gene silencing until
cells were briefly irradiated with UV light of 365 nm, inducing
PEG cleavage and subsequent rapid, intracellular degradation of
the antisense oligonucleotide. Degradation of the antisense agent
then in turn activates the expression of the previously silenced
gene of interest. Moreover, in addition to temporal control over
gene expression, the developed methodology introduced a sim-
ple means for spatial control over gene activation through locally
restricted irradiation of a monolayer of mammalian cells. This
approach (light-activation of gene expression) is complementary
to classical antisense caging methodologies (light-deactivation
of gene expression). Due to the straightforward design of the
reagents, only requiring standard deoxyoligonucleotides, the
developed methodology can be readily applied in any chemical
biology, cell biology, and molecular biology lab.

’ASSOCIATED CONTENT

bS Supporting Information. PEGylated antisense agent sta-
bility assays and melt curves of DNA:RNA hybridization. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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’ INTRODUCTION

Site-specific protein labeling (SSPL) provides a powerful tool
for the in vivo tracking of protein localization, dynamics, and
concentration.1,2 SSPL enables visualization of specific proteins
through conjugation to an appropriately functionalized probe.
Genetically encoded fluorescent protein fusions provide a facile
route to site-specific protein labeling3 and are the current
standard in labeling technology;4 however, the large size and
limitation to a fluorescent signal has stimulated a search for
smaller and chemically flexible labeling strategies. One route,
enzymatic labeling of genetically encoded peptide substrates, is
useful in forming fluorescent conjugates in vivo, and has been
reviewed recently.5,6 Another powerful approach harnesses un-
ique peptide sequences capable of forming covalent bonds with
chemical probes. The latter approach does not require additional
enzymes or reagents. Here, for example, we describe the selec-
tion, screening, and characterization of hydrazide reactive pep-
tides (Figure 1).

Nonenzymatic SSPL reactions have revolutionized protein
purification and visualization. For example, short polyhistidine
peptides (“His-tags”) selectively coordinate nickel (Ni2+), or
cobalt (Co2+) chelated to a solid support. A genetically encoded
His6-tag enabled purification of dihydrofolate reductase from
crude, E. coli cell lysate under both native and denaturing

conditions.7 Used by innumerable laboratories for protein pur-
ification, His-tags can also enable protein visualization via bind-
ing to a fluorescent, zinc-conjugated small molecule (HisZiFiT).8

Another stand-alone, probe-reactive peptide, uses the tetracys-
teine motif (amino acid sequence CCXXCC) to selectively react
with fluorogenic bisarsenical probes in vitro and in vivo.9�11

Other short peptides are capable of being modified with fluor-
escent probes and include labeling of tetraserine motifs by bis-
boronic acids,12 polyaspartic acids by zinc fluorophores,13 and
lanthanide binding peptides with lanthanide ions.14,15

Discovery of new SSPL peptide�probe pairs requires both a
modestly reactive small molecule and a unique, complementary
peptide. The small molecule must be stable to physiological
conditions, yet reactive upon peptide binding. The partnering
reactive peptide is ideally short enough to minimize misfolding
and mislocalization of the fused protein, yet sufficiently long to
ensure unique representation in the proteome. Suited for the
identification of such complementary peptides, phage display
enables the rapid sifting of vast libraries to identify peptides with
affinity for essentially any target, including proteins,16,17 small
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ABSTRACT: New site-specific protein labeling (SSPL) reactions
for targeting-specific, short peptides could be useful for the real-
time detection of proteins inside of living cells. One SSPL approach
matches bioorthogonal reagents with complementary peptides.
Here, hydrazide reactive peptides were selected from phage-dis-
played libraries using reaction-based selections. Selection condi-
tions included washes of varying pH and treatment with NaCNBH3

in order to specifically select reactive carbonyl-containing peptides.
Selected peptides were fused to T4 lysozyme or synthesized on
filter paper for colorimetric assays of the peptide�hydrazide
interaction. A peptide�lysozyme protein fusion demonstrated
specific, covalent labeling by the hydrazide reactive (HyRe) pep-
tides in crude bacterial cell lysates, sufficient for the specific
detection of an overexpressed protein fusion. Chemical synthesis of a short HyRe tag variant and subsequent reaction with two
structurally distinct hydrazide probes produced covalent adducts observable by MALDI-TOF MS and MS/MS. Rather than
isolating reactive carbonyl-containing peptides, we observed reactionwith theN-terminal His of HyRe tag 114, amino acid sequence
HKSNHSSKNRE, which attacks the hydrazide carbonyl at neutral pH. However, at the pH used during selection wash steps (<6.0),
an alternative imine-containing product is formed that can be reduced with sodium cyanoborohydride. MSMS further reveals that
this low pH product forms an adduct on Ser6. Further optimization of the novel bimolecular reaction described here could provide a
useful tool for in vivo protein labeling and bioconjugate synthesis. The reported selection and screening methods could be widely
applicable to the identification of peptides capable of other site-specific protein labeling reactions with bioorthogonal reagents.
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molecules,1 and inorganic materials.18 The filamentous bacter-
iophage used in phage display links the encoding DNA sequence
to the displayed peptide, providing easy routes to both amplify
and identify the selected peptides.19,20

Two examples illustrate the utility of phage display to identify
either noncovalent or covalent SSPL peptide�probe pairs. First,
conventional affinity-based phage display identified tightly bind-
ing peptides that modulate the fluorescence of Texas red.21 After
many rounds of optimization, a 38-residue peptide tethered via
an intramolecular dimerization domain was developed that
noncovalently bound a calcium-sensitive Texas red derivative
with a KD of 80 pM.22 Second, reaction-based phage display
targeted a diketone to isolate the 20-mer peptide rpf1368, which
forms enaminones with various diketone-containing probes.23

The reported peptides from the initial rounds of selection for
both of these examples proved functional yet inefficient. Further
optimization of the peptides through appending additional
libraries to previously selected sequences and performing more
stringent selections ultimately yielded tighter-binding or more
reactive peptides.22,23

Other functionalities could be amenable to the discovery of
bioorthogonal peptide�probe pairs using either affinity or
reaction-based phage display. Side-chain modifying electro-
philes, such as iodoacetamide and N-hydroxy succinamide are
exceptional modifying agents for cysteine and lysine, respec-
tively. These functionalities are insensitive to 3D sequence space,
and can modify exposed side chains. Therefore, these reagents
are restricted to use with purified proteins. Considering the
nucleophilic nature of biopolymers, nucleophilic probes should
be vastly more discriminating toward specific amino acid

sequences. Thus, we focused on a nucleophilic functionality with
known bioorthogonality toward proteins. Hydrazides do not
react with unmodified biopolymers, but are used to label and
isolate oxidized molecules with reactive carbonyls.24 Reactive
carbonyl-containing proteins, for example, can be purified from
biological samples using biotin hydrazide and surface-bound
avidin for mass spectrometry identification.25,26

Reactive carbonyls can also be introduced into protein se-
quences through enzymatic labeling of peptide substrates. Liga-
tion of a ketone-containing probe to an acceptor peptide with
biotin ligase generates a reactive carbonyl for modification with
hydrazide probes.27 Similarly, formylglycine-generating enzyme
modifies cysteine in the sequence LCTPSR to generate a reactive
carbonyl for subsequent hydrazide labeling.28 These peptides are
easily incorporated as fusions to proteins of interest for labeling
with either hydrazide- or aminooxy-derivatized compounds, after
treatment with the appropriate enzyme.28,29 Unnatural amino acid
incorporation can also introduce ketone-based amino acids.30,31

We sought to simplify protein labeling with hydrazide probes
by identifying peptides with affinity for hydrazide, thus eliminat-
ing the need for the coexpression of a modifying enzyme.
Hydrazides can interact with polypeptides in four different
mechanisms (Figure 2). First, hydrazides would form hydrazones
with reactive carbonyls present in oxidized peptides. A large
number of spontaneous reactions introduce reactive carbonyls
into protein sequences including conjugation to oxidized lipids
and oxidation of susceptible amino acids (such as the side chains
of arginine, histidine, lysine, or proline); both reactions occur
during some age- and disease-related stresses.32,33 In addition,
peptides from a phage-displayed library could act as substrates for

Figure 1. (A) Selections for hydrazide binding peptides included antiselections with Boc-protected hydrazide resin to remove nonspecific peptides (e.
g., the red peptide), positive selections with hydrazide-derivatized resin to capture hydrazide interacting peptides (e.g., the blue peptide), and extensive
wash steps to remove nonbinding peptides (e.g., the purple peptide). (B) Sequences of peptides discussed in the text from selections of phage-displayed
peptide libraries, spot synthesis, and chemical synthesis followed by mass spectrometry analysis.
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carbonyl-forming enzymes such as the formylglycine-generating
enzyme, described above.34 Therefore, peptides susceptible to
either enzymatic or atmospheric oxidation would react with
hydrazide-based capture agents.

Alternatively, peptides could noncovalently bind to the probe,
as was discovered for the Texas red binding peptides. However,
the small size of the hydrazide group might preclude high-affinity
binding. Contrary to peptide oxidation, the hydrazide functional
group could be selectively oxidized, thereby presenting an
electrophile for attack by a peptide nucleophile before displace-
ment of nitrogen. The enzyme tyrosinase oxidizes acylhydrazide
to an acyl diazene, to liberate nitrogen; and has been used as a
chemical deprotection strategy.35 In the fourth mechanism, a
peptide nucleophile could attack the hydrazide carbonyl, exhibit-
ing similar reactivity as cysteine proteases such as cathepsin K
inhibition by acylhydrazide inhibitors. In this example, the active
site cysteine attacks the carbonyl of the acylhydrazide resulting in
a stabilized tetrahedral intermediate.36

Thus, reaction-based phage selections for peptides interacting
with the hydrazide functional group could explore a number of
different reaction possibilities to expand the palette of bioortho-
gonal peptide�probe pairs (Figure 1). After five rounds of
selection and DNA sequencing of the selected phage to deter-
mine trends of the peptide interactions with the hydrazide
functionality, one sequence was chosen for further affinity
maturation by homologue shotgun scanning. The selected pep-
tides were screened for interaction with hydrazide probes
through fusion to T4 lysozyme. After homologue affinity matura-
tion, the interaction of selected peptides with biotin hydrazide
was compared through peptide spot synthesis and screening.
The most promising short peptides identified by spot synthesis
were chemically resynthesized, treated with hydrazide-containing

probes, and analyzed by mass spectrometry. Given the reactivity
of hydrazides with ketones and aldehydes, we expected to isolate
oxidation-susceptible peptides. Instead, the isolated 20-mer pep-
tides are nucleophilic toward certain hydrazide derivatives.

’EXPERIMENTAL PROCEDURES

Selections for Hydrazide Binding Peptides. To remove
background-binding peptides, an antiselection was performed
by incubating a previously described, phage-displayed peptide
library37 with Boc-hydrazide Tentagel for 1 h at room tempera-
ture in a peptide reaction vessel. The unbound phage were next
subjected to a positive selection through incubation with a new
aliquot of deprotected, hydrazide Tentagel for 20�60 min with
decreasing concentrations of resin in each round. The hydrazide-
bound phage were washed three to six times with increasing
volumes of PBS (from 10 to 50 mL) and times (from 2 to
20 min) for each subsequent round. Additional wash steps to
enhance the stringency of selections included two washes with
HCl (0.1M, 1.5 mL) in rounds 1 and 2, and three to six washes of
HCl (0.1M, 50mL) in rounds 4 and 5. The phage�resinmixture
was then rebuffered with a wash of PBS (50 mL, 10 min) before
being resuspended in PBS (1.5 mL) for storage and propagation.
Half of the phage�Tentagel suspension was incubated with
10 mL of XL-1 blue E. coli (OD600 = 0.5�1.0) for 20 min with
shaking at 37 �C. A small aliquot of the infected cells was titered
on LB-carbenicillin-agar plates, and the remaining culture was
transferred to 2YT (250 mL) supplemented with M13-KO7
helper phage before overnight incubation at 37 �C with shaking.
Individual colonies from the titer plate were sequenced following
PCR using M13 primers (Supporting Information).
Bacterial Subcloning and Overexpression of HyR-

e�Lysozyme Fusion. The selected peptides were subcloned
into a plasmid encoding each peptide fused through a GGGSG
linker to the N-terminus of T4 lysozyme (Supporting In-
formation). Correctly ligated plasmids were transformed into
heat shock competent BL21(DE3) E. coli. An overnight 37 �C
culture (10 mL LB, 40 μg/mL kanamycin) was added to 1 L of
LB media supplemented with kanamycin (40 μg/mL), and
grown for an additional ∼2.5 h at 37 �C to an OD600 of 0.6.
The addition of IPTG (1 mM) induced protein expression at
30 �C for 4 h. Following centrifugation and sonication, the crude
supernatant was purified using cation exchange chromatography.
Protein fusions were eluted with a gradient to 1 M NaCl and
fractions containing the protein fusion were then combined and
concentrated. Gel permeation chromatography further purified
fusion proteins to >95% homogeneity (Figure S2 A in Support-
ing Information).
Biotin Hydrazide and Rhodamine B Hydrazide Binding

Assay toHyRe 53-T4 Lysozyme Fusion.Following purification,
the HyRe peptide 53-T4 lysozyme fusion, the proteolyzed
peptide 53-T4 lysozyme fusion, or wild-type T4 lysozyme was
treated with either biotin hydrazide (1mM in PBS for 1 h at room
temperature) or an equivalent volume of buffer (negative controls)
before the addition of SDS loading dye (20% volume). The
solution was then incubated at 95 �C for 3 min to denature the
proteins. The denatured protein samples were added to two 15%
SDS-page gels before electrophoresis at a voltage of 130 V for
90 min. One protein gel was Coomassie-stained, and the other
gel was transferred to a nitrocellulose membrane via electro-
phoresis in transfer buffer (25 mM Tris base, 192 mM glycine,
20% methanol, 0.02% SDS, pH 8.3) at 100 V for 100 min. This

Figure 2. Potential mechanisms for the selection of hydrazide interact-
ing peptides from phage-displayed libraries include oxidation of suscep-
tible peptides (1) for capture with hydrazide-derivatized Tentagel via
hydrazone bond formation. Additionally, phage-displayed peptides
could form high-affinity noncovalent interactions with the hydrazide
functionality (2). Alternatively, the hydrazide functional group could be
oxidized and attacked by a peptide nucleophile liberating nitrogen gas
(3). Lastly, a nucleophile from the displayed peptide could attack the
carbonyl of the hydrazide functional group, displacing hydrazine (4).
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nitrocellulose membrane was blocked with 1.0% Tween 20 in
PBS overnight at 4 �C. Biotinylation was assessed by incubating
the membrane with SAV-AP at room temperature for 1 h. This
membrane was washed five times with PT before visualization by
treatment with 4-chloro-1-naphthol and 3,30-diaminobenzidine,
tetrahydrochloride (Pierce) before image capture. Binding to a
hydrazine fluorophore was visualized by adding rhodamine B
hydrazide (final concentration 1 mM) was added to crude lysates
for 1 h at room temperature, before SDS-PAGE and electro-
phoretic transfer to nitrocellulose as before. The blot was then
visualized using a GE Typhoon scanner (532 nm laser, 580 bp 30
filter, 400 PMT voltage).
Spot Synthesis and Assay of HyRe Peptide Variants.

Peptides were synthesized as C-terminal adducts to filter paper,
and deprotected as outlined in ref 47. A background-binding
assay was completed by incubating the sheets of spot-synthesized
peptides with SAV-HRP, before visualization with BCIP/NBT.
The AP substrates, BCIP (135 mM in DMF) and NBT (61 mM
in 70% DMF), were added to AP buffer (100 mM Tris, 100 mM
NaCl, 2 mM MgCl2, 0.05% Tween-20, pH 9.5) to a final
concentration of 445 μM and 403 μM, respectively. This buffer
was added to the spot-synthesized peptide cellulose sheets, and
incubated for 5 min. After washing five times, images of the
sheets were captured by digital photography under white light
illumination. Peptides specifically binding to biotin hydrazide
were then assayed by incubating biotin hydrazide (0.17 mM) in
PBS for 2 h. The sheet was then washed five times (50 mL, 2 min
each), before readdition of SAV-HRP, revisualization with
BCIP/NBT, and reimaging.
HyRe Peptide Synthesis and Reaction with Hydrazide

Derivatives. Peptides 103 and 114 were synthesized on a 0.2
mmol scale using standard solid-phase peptide synthesis with
Fmoc-protected amino acids (Aroz technologies) on Rink amide
resin (Novabiochem). The synthesized peptides were cleaved,
purified, and characterized, using standard conditions (Figures
S7 in Supporting Information). The purified peptides were
resuspended in water before dilution into PBS to a 1 mM final
concentration. The hydrazides dissolved in DMSO were then
added to each peptide (1 mM final concentration), and incu-
bated at room temperature for 1�3 h before desalting with C18

peptide desalting Zip-Tips (Varian; Palo Alto, CA) and char-
acterized by MALDI-TOF MS.

’RESULTS

Selections of Hydrazide Ligands from a Phage Library.
The na€ive, M13 phage-displayed peptide library included∼2.5�
1010 unique sequences fused to the major coat protein, P8. This
collection of peptide sequences included 22 different configura-
tions of disulfide-constrained peptide libraries and one linear
peptide library, ranging in length from 8- to 20-mers37,38 (Table
S1 in Supporting Information).
Molecular display selections can sometimes fail due to dele-

terious amplification of “background binding” peptides; such
peptides are selected for binding to either the solid support or
blocking agents employed during selection, and do not specifi-
cally bind to the target. Background binding peptides are
removed from the phage library through antiselections using
similar selection conditions without the target. Thus, before each
round of selection, an antiselection with Boc-hydrazide Tentagel
removed peptides with an affinity for Tentagel. The antiselected
phage library was added to a second aliquot of deprotected

hydrazide Tentagel, and used to select phage-displayed peptides
with affinity for hydrazide (Figure 1A). This water-miscible solid
support enables stringent wash steps to remove nonspecific
binding peptides during positive selections. Up to half a liter of
different wash buffers was applied to 20 mg of resin during each
round of selection. Additionally, in an effort to ensure capture of
oxidized peptides, the phage library was subjected to treatment
with sodium cyanoborohydride (NaCNBH3), and washes of
varying pH. The reactive carbonyl-hydrazide reaction is rever-
sible at low pH,39 which in round 1 provided a route to selectively
elute bound phage from the Tentagel. Sodium cyanoborohydride
will reduce hydrazones, 40 permanently linking the selected
phage to the Tentagel. After five rounds of increasingly stringent
selection conditions (including shorter reaction times, lower
concentration of target resin, and increasing numbers of longer
washes), the amino acid sequences of 74 phage-displayed,
hydrazide interacting peptides were determined byDNA sequen-
cing to yield 58 distinct sequences (Table S2 in Supporting
Information).
In round 1, 4.4� 107 phage were isolated, but more stringent

conditions in round 2 reduced the phage titers to 6.6 � 105

plaque forming units, and 2.2 � 106 phage colonies in round 3.
The titers then equilibrated to 1� 107 for the final two rounds of
selection. More importantly, 30% of the first round of selection
was identified as empty phagemid by sequencing, whereas 0% of
the selectants in rounds 2�5were empty phagemid. The reduced
presence of empty phagemid in the selected pool demonstrates a
successful selection for functional phage-displayed peptides.
The success of molecular display selections can be gauged by

sequence homology and other trends in the sequences of
selectants.41 In selections for binding to hydrazide Tentagel,
hydrophilic amino acid side chains were enriched during selec-
tions, and hydrophobic amino acid side chains were almost
entirely absent from the selected sequences. Furthermore, the
sequences from selection rounds 3�5 were entirely derived from
2 of the 23 peptide scaffolds, X7CX4CX7 and X6CX7CX5 (where
X represents any of the 20 naturally occurring amino acids).
Several peptides appeared in multiple rounds of selection,
including peptide 25, identified in selection rounds 2 through
5, and peptide 53, which accounted for ∼30% of the isolated
sequences from the final 2 rounds of selection.
Next, peptides with potentially higher affinity for hydrazide

were selected using homologue shotgun scanning. This method
applies a protein-based, medicinal chemistry approach with a
library composed of either the wild-type or closely homologous
amino acid.42,43 This library strategy focuses peptide diversity
space, and selects for subtle side chain substitutions that can
collectively contribute large effects to binding affinity. Addition-
ally, conserved residues during these selections can indicate
functionally important side chains.
Chosen for its high frequency among the initial selectants,

peptide 53 formed the basis for a homologue shotgun-scanning
library. Unlike previous homologue shotgun-scanning libraries,
each amino acid position encoding His, Arg, or Lys was sub-
stituted with a library codon encoding His, Lys, Arg, Asn, Ser,
Pro, or Gln. These additional amino acid residues were included
for their observed importance in hydrazide binding from the
initial library selectants. Reaction-based selections analogous
to those described above isolated an additional 23 hydrazide
interacting peptides (Table S2 in Supporting Information).
Peptide 61 was identified in homologue shotgun scanning
rounds 2 through 4, and peptide 78 dominated round 4,
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accounting for 60% of the selectants. Additionally, valine at
position 17 and glutamic acid at positions 11 and 13 were highly
conserved, suggesting the importance of those residues for
hydrazide binding (Figure S1C in Supporting Information).
Notably, highly enriched peptides, 61 and 78, include only one

cysteine residue. Thus, the intramolecular disulfide bonds en-
gineered into the na€ive libraries appeared unnecessary for
hydrazide binding. This result contrasts with previous studies
in which intramolecular disulfide bonds in peptides selected from
phage-displayed peptide libraries contribute critical stability to
peptide structure for target binding.44,45 This observation pre-
sented the opportunity, explored below, to eliminate cysteine
residues in chemically synthesized versions of the selected
peptides.
Typically, screens examining the functionality of individual

phage-displayed selectants quantify the relative binding abilities
of selectants from a library. Conventional screens for hydrazide
binding with phage-displayed peptides proved problematic due
to cross-reactivity between biotin hydrazide and contaminants
remaining in the phage solutions, likely oxidized proteins. Two
screening approaches explored the capabilities of the selected
hydrazide interacting peptides. First, the gene for peptide 53 was
fused to a test protein T4 lysozyme for colorimetric assays.
Second, peptides and peptide variants from both the original
selections and the homologue shotgun scanning selections were
spot-synthesized on filter paper.
Hydrazide Binding to Peptide-T4 Lysozyme Fusions. To

test the reaction specificity of the selected peptides, the fre-
quently selected peptide 53 was subcloned into an expression
plasmid (pET-28c, Invitrogen) as an N-terminal fusion to the
enzyme T4 lysozyme. The purified fusion protein was then
treated with biotin hydrazide (1 mM) for two hours at room
temperature in aqueous buffer (PBS at pH 7.2). SDS-PAGE and
subsequent binding assay of the lysozyme fusions, either treated
or untreated with biotin hydrazide, demonstrated that fusion to
peptide 53 conferred biotin�hydrazide binding ability (Figure 3,
lanes 1�2). Sustained affinity during the denaturing conditions
required for SDS-PAGE (95 �C in SDS) can provide evidence for
covalent labeling of peptide�probe interactions (e.g., the bis-
arsenical tetracysteine peptide reaction).10 Therefore, additional
mass spectrometry-based experiments were performed to iden-
tify the covalent adducts formed by hydrazide reactive (HyRe)
peptide 53 and its variants reacting with hydrazide derivatives.
As might be expected for fusions to a well-folded protein

separated by a glycine linker (amino acid sequence of GGGSG),
the peptide lysozyme fusions are susceptible to proteolysis
(Figure 3, lanes 1�2). HyRe peptide 53 is completely removed
from the N-terminus of lysozyme by endogenous protease
activity (Figure 3, lanes 3�4), as confirmed by MALDI-TOF
mass spectrometry (Figure S2 C in the Supporting Information).
Proteolytic removal of theHyRe tag prevents reaction with biotin
hydrazide (Figure 3B, lane 3), and no signal is observed in the
biotin-binding assay. Comparable results are observed for the
negative control, treatment of wild-type lysozyme with biotin
hydrazide (Figure 3B, lanes 5�6). Selective proteolysis from the
N-terminus of lysozyme demonstrates that biotin hydrazide
reacts site-specifically with the HyRe tag and not with the other
amino acids of lysozyme.
Additionally, rhodamine B hydrazide reacts exclusively

with the 53�lysozyme fusion protein in crude E. coli lysate
(Figure 3D). Following SDS-PAGE and electrophoretic transfer
to nitrocellulose of the crude lysate reaction mixture, the

fluorescent probe labels only the fusion protein. Taken together,
the experiments with lysozyme fusion show that two different
hydrazide derivatives selectively label HyRe peptide 53. There-
fore, further characterization of the interaction between HyRe
peptide tags and hydrazide-containing probes focused on a
covalent reaction.
Spot Synthesis of Hydrazide-Interacting Peptides. Pep-

tides 61, 78, and 53 and variants of all three were chemically
resynthesized using spot synthesis. In this technique, each
peptide is covalently attached as a C-terminal fusion to spatially
segregated positions on a cellulose membrane.46,47 Spot synth-
esis allows for the simultaneous fabrication and screening of
hundreds of different peptides in a format free from biological
contaminants such as post-translational modifications by en-
zymes (e.g., formylglycine-generating enzyme)34 or reactive
carbonyl-containing metabolites (e.g., pyridoxal phosphate).48,49

The synthesized analogs of peptides 61 and 78 included sequen-
tial 10-mers and single-site alanine substitutions. Scanning
sequential 10-residue peptides could identify smaller active
sequence of the HyRe tag. The spot-synthesized variants of
peptide 53 included all 1, 2, 3, and 4 contiguous amino acid
deletions. Additionally, the homologue shotgun scanning results
suggested substitution of serine for cysteine in the HyRe peptide
tags. Three different spot synthesis cellulose sheets containing
over 350 different variants were synthesized and screened for

Figure 3. (A) SDS-PAGE of the purified 53�lysozyme fusion protein
(22.3 kDa in lanes 1�2), the fully proteolyzed 53�lysozyme fusion
protein (19.2 kDa in lanes 3�4), and wild-type lysozyme (18.6 kDa in
lanes 5�6). Each sample was either treated (+) or untreated (-) with
biotin hydrazide (1 mM) for 1 h at room temperature before electro-
phoresis. (B) Western blot analysis for biotin hydrazide labeling the
purified 53�lysozyme fusion protein. The protein gel andWestern blot,
excerpted for clarity here, are shown in full in Figure S2 in Supporting
Information. (C) SDS-PAGE of the 53�lysozyme fusion protein in
crude E. coli lysates, either treated (+) or untreated (-) with 1 mM
rhodamine B hydrazide before separation by SDS-PAGE. (D) The
protein lysate shown in (C) was then transferred electrophoretically to
nitrocellulose, and imaged by fluorescence scanning. “M” indicates
molecular weight standards.
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binding to biotin hydrazide (Figures S3�S5 in Supporting
Information).
Following deprotection of the spot-synthesized peptides, the

relative binding affinity for biotin hydrazide was assayed by
treatment with streptavidin conjugated to alkaline phosphatase
(SAV-AP) and developed through addition of the AP substrates
5-bromo-4-chloro-3-indolyl phosphate (BCIP) and nitrotetra-
zolium blue (NBT). The levels of SAV-AP activity in each spot
can provide an estimate of the efficiency of each peptide in the
reaction with biotin hydrazide. However, many factors can
influence the signal intensity at individual spots including peptide
synthesis failure and purity.50 Additionally, identical sequences in
different locations on the filter paper produced slightly variant
levels of reactivity with hydrazide (see HyRe tag 53 in Figure 4).
Thus, the qualitative analysis of spot synthesis reported here
focuses on trends and requirements for hydrazide�peptide
reactivity.
Testing all possible contiguous 10-mers from both HyRe tags

61 (peptides 80�90) and 78 (peptides 91�101) revealed the
importance of the N-terminal amino acids for reactivity with
biotin hydrazide (Figure S6 in Supporting Information). The 10-
residues at the N-terminus of peptide 78, labeled peptide 80,
resulted in the highest overall signal intensity for reaction with
biotin hydrazide on spot synthesis sheet 1, a result confirmed
through duplicated synthesis and screens (Figure 4). However,
peptide 80 also exhibited high background signal in the SAV-AP
assay. This independent assay for background included all steps
except treatment with biotin hydrazide, and measures peptide
interaction with SAV-AP or the ability of the peptides to
dephosphorylate BCIP.
The spot synthesis screens guided the synthesis of HyRe tags

with both reactivity toward biotin hydrazide and reduced back-
ground binding. For example, HyRe peptide 91, the N-terminal
10 residues of HyRe tag 61, reacted efficiently with biotin
hydrazide, but also had high background binding to SAV-AP.
Further minimization via spot synthesis and screening identified
HyRe peptide 102, an 8-mer peptide derived from HyRe tag 61,
which resulted in the highest specific reactivity with biotin
hydrazide relative to background levels. HyRe tag 102 includes
one cysteine residue; therefore, the Cys7Ser substitution, peptide
103, was also spot-synthesized. This cysteine-free 8-mer peptide
produced a signal equivalent to peptide 102, and also exhibited
little background in the SAV-AP assay (Figure 4). Thus, as
observed by homologue shotgun scanning, cysteine residues
from the original selected HyRe tags can be omitted in homo-
logue variants of peptide 53 without drastically reducing reactiv-
ity with biotin hydrazide.
Single-point alanine substitutions of every residue in HyRe 61

and 78 had little effect on the qualitative reactivity of HyRe
peptides with biotin hydrazide. Given the relative insensitivity for
single-point alanine substitutions, we next examined contribu-
tions made by each type of amino acid side chain to HyRe tag
function by substituting all occurrences of each amino acid with
alanine (Figure 4). For example, peptide 104 substituted all four
threonines of peptide 53 with alanine. Subsequent reaction with
biotin hydrazide and assay of the ten spot-synthesized peptides
demonstrated the critical importance of arginine, histidine, and
lysine side chains. Conversely, HyRe peptide 110 substituted Ala
in place of both Glu residues, and resulted in increased back-
ground binding to SAV-AP. The importance of glutamic acid in
position 11 also correlates to the conserved glutamic acids
observed in homologue affinity selections (Figure S1 in

Supporting Information). The spot-synthesis results guided the
choice of peptides for large-scale synthesis.
Synthesis and Mass Spectrometry Analysis of HyRe Pep-

tides. Two peptides identified initially from phage selections
with hydrazide Tentagel and then minimized by screening spot-
synthesized peptides were chosen for additional analysis: peptide
114, the N-terminal 11-residues from peptide 78 including the
specificity determining Glu11, and peptide 103, residues 2
through 9 with the Cys7Ser substitution of HyRe peptide 61.
After conventional solid-phase peptide synthesis, HPLC purifi-
cation, and MALDI-TOF MS confirmation (Figure S7 in the
Supporting Information), the synthesized HyRe peptides were
treated with 12 different hydrazide-containing small molecules
(structures shown in Figure S8) at equimolar concentrations
(1 mM) in PBS, pH 7.2. The reactions were monitored by

Figure 4. Variants of selectant peptides were spot-synthesized and
either treated (+) or untreated (-) with biotin hydrazide before binding
to SAV-AP and visualization through addition of the AP substrate. The
N-terminal 10-mer from peptide 78 produces a nonspecific signal in the
SAV-AP assay. An 8-mer from peptide 61 produces a specific signal for
biotin hydrazide, as does the Cys7Ser substituted 8-mer, 103. Each type
of amino acid in peptide 53 was substituted with alanine to identify key
side chain functionalities required for the interaction with biotin
hydrazide, while the other residues of peptide 53 remained unchanged.
Bold letters indicate substitutions in the selected peptides.



2149 dx.doi.org/10.1021/bc200415v |Bioconjugate Chem. 2011, 22, 2143–2153

Bioconjugate Chemistry ARTICLE

MALDI-TOF mass spectrometry (Figure 5). Interestingly, only
AMCA hydrazide (aminomethylcoumarin acetate hydrazide)
and rhodamine B hydrazide produced new mass adducts with
either peptide.
At pH7.2, bothHyRe peptides reactedwith AMCAhydrazide to

produce adducts with identical additional mass. The discussion
here focuses on peptide 114, though similar results were
observed for reactions of AMCA hydrazide with HyRe peptide

103 (Figures S7 in Supporting Information). Treatment of HyRe
peptide 114 with AMCA hydrazide, followed by analysis with
MALDI-TOF mass spectrometry, identified a new compound
with an additional mass of 215 amu (Figure 5). Similarly,
treatment of peptide 114 with rhodamine B hydrazide produced
a new compound with an additional mass of 412. Both probes
yield products with masses 32 amu less than the sums of the
peptides and probes. The observation of new probe-specific

Figure 5. Treatment of peptide 114 with two hydrazide-containing probes. Treatment with AMCA hydrazide at pH 7.2 produces a species with an
additional mass of 215 mass units. However, treatment at pH 3.2 produces an adduct with an additional 227 mass units, which can be reduced with
NaCNBH3. Treatment of 114with rhodamine B hydrazide produces similar species at both pH 7.2 and 3.2, as well as upon reduction. The peaks marked
with an asterisk (*) are the new adducts observed upon treatment with the hydrazide-containing probes.
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higher-molecular-weight adducts is evidence for a single, cova-
lent bond-forming reaction between the selected peptide and
hydrazide reagents. Furthermore, the difference in mass provides
insight into the reaction mechanism.
MSMS analysis of the neutral pH peptide 114-AMCA hydra-

zide reaction reveals that the modification was restricted to
daughter ions containing His1 and was absent from fragments
lacking this residue. For example, a modified b-ion of the first
residue (m/z = 481.2) was observed, while the y00-ion corre-
sponding to residues 2�11 (lacking His1) possessed zero
modifications (m/z = 1185.6). Additionally, both modified and
unmodified b ions are observed for every residue, while no
modified y00 ions were observed. Therefore, the modification
resides on the N-terminal histidine. This bond between AMCA
hydrazide and the peptide is labile to MSMS conditions as some
unmodified ions are observed in the mass spectrum. This result
was also observed in the analysis of the reaction product between
114 and rhodamine B hydrazide.
Addition of the hydrazide derivatives to HyRe peptide 114

followed by loss of hydrazine (32 amu) could account for the
observed mass of the product (Scheme 1). In this proposed
mechanism, the imidazole of the N-terminal His attacks the
hydrazide carbonyl. Subsequent collapse of the tetrahedral
intermediate displaces hydrazine. Additionally, since the leaving
group hydrazine has not been directly observed, oxidation of the
hydrazine, prior to displacement, could contribute to the
mechanism.
Notably, the HyRe peptide�hydrazide reaction takes place

under mild conditions. The reaction occurs in aqueous buffer, at
room temperature and physiological pH. No transition metal
ions, organic solvents, and other proteins or cofactors are
required. A peak corresponding to the adduct can be observed
in the MALDI-TOF mass spectrum essentially immediately after
the peptide and AMCA hydrazide are mixed, desalted, and
applied to the mass spectrometer.
The reaction product could not be detected by reverse-phase

HPLC or pH-neutral, ion-exchange chromatography. The reac-
tion produces sufficient product for detection by fluorescence
(peptide 53 fused to lysozyme in Figure 3), spot synthesis assays
(Figure 4), and MS (peptide 114 in Figure 5). However,
insufficient product is obtained for spectroscopic analysis, in-
cluding HPLC detection. The MS analysis benefits from con-
centration by the desalting Zip-Tips for sample preparation.
Furthermore, the Zip-Tips appear to enrich for the product of the

reaction with hydrazide, as the very hydrophilic HyRe peptide
114 is incompletely retained by C18 Zip-Tips (data not shown).
However, after modification with either of the hydrophobic
hydrazide fluorophores, the peptides could be preferentially
retained on the Zip-Tips. Alternatively, the covalent products
from the hydrazide reaction could be initiated by the MS
conditions; however, MS is typically used to characterize cova-
lent bonding. Despite these caveats, the interaction between the
HyRe peptides and hydrazide derivatives is sufficiently strong for
various previously described assays.
The sensitivity of using MALDI-TOF mass spectrometry

provided a method to investigate the basis for the selection of
these peptides from the phage-displayed peptide libraries. As
described above, the selections featured both washes with pH 5
buffer and the addition of NaCNBH3 in an attempt to select
reactive carbonyl containing peptides. However, the electrophilic
modification of the N-terminal His complicates interpretation of
the selection conditions. Specifically, the imidazole side chain
should be largely protonated at pH values <6, thus preventing
modification on this side chain at low pH.
MS screening of conditions between pH 3 and 11 identified a

new product formed at low pH values. For pH values e6, a
different product resulted from the treatment of peptide 114
with AMCA and rhodamine B hydrazide. AMCA hydrazide
added 227 and rhodamine B hydrazide added 424 amu
(Figure 5). Both modifications result from the loss of 20 amu
following addition of the probe to the peptide. Such conjugates
could result from a condensation (�18 amu) accompanied by
an additional oxidation (�2 amu). Additionally, these products
from the low pH reaction, unlike the analogous neutral pH
products, are reducible upon addition of NaCNBH3, producing
new adducts with +2 additional atomic mass units (Figure 5 and
Scheme 1).
MSMS of the products from the low pH reaction of peptide

114 with AMCA hydrazide reveals that the fluorescent probe
covalently attaches to a different amino acid, than was observed
for neutral pH (Figure 6). MSMS analysis of the products from
the AMCA hydrazide reaction demonstrates modification of the
Ser6 side chain. Thus, the modification has switched residues
from His1 at neutral pH to Ser6 at pH 5. This observation
suggests a different mechanism for the selection of HyRe
peptides from the phage-displayed peptide libraries. Consistent
with the observed NaCNBH3 reduction, a diazo compound or
other imine-containing isomer could be formed.

Scheme 1. Proposed Mechanism for the Reaction between HyRe Tag 114 and AMCA Hydrazidea

aAt pH = 7.2, loss of hydrazine justifies the observed loss of 32 mass units. At acidic pH (3.2 to 6.0), the loss of 20 mass units most likely results from a
dehydration plus additional oxidation, to yield a product capable of reduction by NaCNBH3.
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In conclusion, as shown by the results in Figures 3�6 the
selected peptides can react with hydrazide derivatives at a range
of different pH values and with sufficient efficiency for detection
by MS, spot synthesis, and fluorescence blot assays.

’DISCUSSION

The identification of short, stand-alone peptides capable of
directing SSPL reactions remains a major challenge in modern
chemical biology. The HyRe peptides offer an important step
toward the goal of short peptides composed of naturally occur-
ring amino acids that can react with hydrazide-based probes
without requiring additional enzymes or reagents. The short
sequence length of the peptides identified here and the avail-
ability of hydrazide-containing chemical probes suggest that
HyRe tags could be used in a large number of applications with
minimal perturbation, if the sequences are further optimized. As

demonstrated here, HyRe peptide tags are capable of selectively
detecting fusions in crude cell lysates on Western blots
(Figure 3).

Selection and screens required careful planning to minimize
false positives. To avoid the selection of streptavidin-binding
peptides, streptavidin was omitted from the selection protocols.
Thus, no sequences commonly associated with streptavidin bind-
ing were observed (e.g., HPQ-based sequences).41 Thus, any
background binding in the spot synthesis results reflects nonspe-
cific interactions with SAV-APor other components of the binding
assay. Furthermore, the spot synthesis results clearly demonstrate
the importance of 20-mer peptides for high-specificity interactions
between HyRe peptides and hydrazide derivatives. Shorter pep-
tides were more likely to result in higher background assay levels.

Though the HyRe peptides react with different hydrazide
bearing probes, the results reaffirm the adage, “you get what you

Figure 6. MSMS of products from the reaction of peptide 114with AMCA and rhodamine B hydrazides. (A)MSMS of unmodified peptide 114 reveals
all expected b and y00 ions. (B,C)MSMS of both the AMCA- and rhodamine-modified peptides reveals an unmodified set of y00 ions and a complete set of
modified b ions indicating the covalent modification (+mod) occurs on the side chain of the N-terminal histidine. (D)MSMS of the reaction product at
low pH and (E) following reduction with NaCNBH3 product indicates that the covalent modification occurs on Ser6. The MSMS chromatogram of
peptide 114modified with rhodamine B hydrazide at low pH was dominated by rhodamine cleavage adducts (data not shown). (F) Schematic diagram
for the observed covalent modifications.
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screen [and select] for.”51 The selection conditions targeted
hydrazide-derivatized Tentagel, which includes a linker between
the PEG and the surface-exposed hydrazides. The resultant
HyRe peptides also required an additional carbonyl at the
γ-carbon of the hydrazide, found in both AMCA and rhodamine
B hydrazide, for the covalent reaction observed by MS. Thus, the
selection conditions isolated peptides requiring a functionality
analogous to the linker of the targeted Tentagel. Interestingly,
amide linkers have been found to participate in other examples
of reaction discovery.52,53 Though designed to specifically capture
reactive carbonyl-containing peptides, the selection conditions de-
scribed here identified peptides that react with hydrazide derivatives
at neutral and low pH values, and subsequently with NaCNBH3.

Contrary to expectations, the selected peptides provide a
nucleophile to react with the carbonyl of the hydrazide function-
ality. The HyRe tag-hydrazide reactivity reported here is analo-
gous to acylhydrazide inhibitors of cathepsin K, in which an
active site nucleophilic thiol forms a reversible covalent bond
with the acylhydrazide carbonyl. Though the covalent bond in
this example could be observed by X-ray crystallography, the
lability of the resultant adduct prevented product isolation by
both dialysis and HPLC. Similarly, the efficiency of the hydrazide
reaction by our selected peptides was insufficient for detection
by HPLC.

In conclusion, this report demonstrates the reactivity of HyRe
peptides composed of naturally occurring amino acids, which
were selected from two generations of combinatorial libraries. As
fusions to filter paper and lysozyme, theHyRe peptides react with
both biotin hydrazide and rhodamine B hydrazide, respectively,
to provide detectable adducts. Such reactions can provide an
immediately usable method for labeling a single protein in
complex mixtures, such as the cell lysate in Figure 3D. In the
future, the reaction of the HyRe tags with hydrazide derivatives
could provide a powerful new tool for bioconjugate synthesis and
in vivo protein labeling.
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Additional Experimental procedures 

 All reagents were purchased from Sigma Aldrich (Milwaukee, WI), and used without further 

purification. M13 phage display libraries were re-propagated using KO7 helper phage from New 

England Biolabs (Ipswich, MA). Boc-hydrazide Tentagel and nitrotetrazolium blue (NBT; a 

substrate for AP) were purchased from Acros Organics (Geel, Belgium). AMCA hydrazide, 

streptavidin conjugated to alkaline phosphatase, high-sensitivity streptavidin conjugated to 

horseradish peroxidase, and chloronapthol and diaminobenzidine (CN/DAB) (AP substrate) were 

purchased from Pierce (Piscataway, NJ). The gene for T4 lysozyme (mutant C54T and C97A) 

was a gift from Prof. Bryan Matthews (University Oregon). DNA sequencing was performed by 

GeneWiz (South Plainfield, NJ). 

Primers used in this study: 

LysPetR2 5’-ATAGCCCTCGAGCTATTACGGTAGATTTTTATACGCGTC-3’ 

LysPetF 5’-GAGGATCCGGAGATGAATATATTTGAAATGTTACGT-3’ 

LibPetF 5’-GGCTATCCATGGTTGCTACAAATGCCTATGCA-3’ 

LibPetR 5’-CAAATATATTCATTCCTCCGGATCCTCCACC-3’ 

M13F 5’-TGTAAAACGACGGCCAGT-3’ 

M13R 5’-CAGGAAACAGCTATGAC-3’ 

T7F 5’-TGTAAAACGACGGCCAGTTAATACGACTCACTATAGGG-3’ 

T7R 5’-CAGGAAACAGCTATGACGCTAGTTATTGCTCAGCGG-3’ 

Homolog53 5’-

GCTACAAATGCCTATGCAMRSMRSASCMASMRSASCTSCMRSMRSMRSGASMAS-

GASMRSTSCMRSGYGASCASCASCGGTGGAGGATCCGGA-3’ 

Degenerate bases in Homolog53 are named in accordance with IUBMB conventions. 



 3 

Construction of the homolog shotgun scanning library 

The homolog shotgun scanning library of HyRe tag 53 was generated using Homolog53 

oligonucleotide targeting the pM1165a phagemid1 for site-directed mutagenesis using previously 

reported protocols.2 

 

Selections with homolog shotgun scanning library 

The phage-displayed peptide library was incubated with Boc-hydrazide Tentagel (50 mg in 10 

mL PBS) for 1 h at room temperature in a peptide reaction vessel. The filtrate was transferred to 

a new vessel, and incubated with hydrazide Tentagel for 20 to 60 min with decreasing 

concentrations of deprotected resin for each round of selection. The resin was washed six times 

with PBS (50 mL for 6 min). Additional washes included pH = 5.6 PBS (50 mL for 20 min) and 

HCl (0.1 M, 50 mL for 10 min). The phage-resin mixture was then pH-buffered with a final PBS 

wash (50 mL, 10 min), and were re-propagated and titered, as previously described.2  

 

HyRe peptide fusions to T4 lysozyme  

PCR with primers LibPetR and LibPetF amplified the genes encoding the peptides from the 

selected phage and incorporated an NcoI site at the 5’-terminus of the amplicon. The gene for T4 

lysozyme with mutations C54A and C97T was amplified using primers LysPetF1 and LysPetR2, 

which incorporates a stop codon and an XhoI site at the 3’-terminus of the amplicon. The 

primers LibPetR and LysPetF both include complementary regions for gene synthesis by overlap 

extension PCR. The pET-28c(+) plasmid (Novagen) and the purified gene synthesis product 

were digested with the restriction enzymes NcoI and XhoI (New England Biolabs). The digested 

products were mixed and ligated using T4 DNA ligase (New England Biolabs) by incubation in 

ATP-supplemented buffer at 16 °C for 16 hours. The crude ligation product was transformed into 
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heat shock competent XL-1 E. coli cells, and plated onto Luria Broth (LB) agar plates 

supplemented with kanamycin (40 µg/mL) for overnight incubation at 37 °C. The DNA 

sequences of the resultant colonies were confirmed using T7 primers.  

 

Synthesis of Rhodamine B hydrazide 

Rhodamine B hydrazide was synthesized by adding tert-Butyl carbazat to NHS rhodamine B 

(Pierce), deprotecting with 50:50 TFA:DCM, and purifying by reverse phase HPLC.  

 

Synthesis of HyRe peptides  

The peptides 114 and 104 were synthesized on 0.2 mmol scale using standard solid-phase 

peptide synthesis with Fmoc-protected amino acids (Aroz technologies) on Rink amide resin 

(Novabiochem). The synthesized peptides with a carboxamide C-terminus were deprotected and 

cleaved from the resin using a mixture of 9.5 mL trifluoroacetic acid, 0.25 mL triisopropylsilane, 

and 0.25 mL of H2O at room temperature for 4 h under N2. The cleavage mixture was filtered 

from the resin, and precipitated in ice-cold diethyl ether for 20 min. The precipitate was next 

centrifuged at 3 krpm for 20 min at 4 °C, before being re-suspended in deionized H2O. The 

peptides were purified by reverse-phase HPLC with a C18 column using a gradient from 100% 

solvent A (99.9% H2O / 0.1%TFA) to 50% solvent B (95% acetonitrile / 4.9%H2O / 0.1%TFA) 

over 40 min. Fractions containing the purified peptides were combined and concentrated using 

rotary evaporation, followed by vacuum centrifugation. Purified peptides were subjected to 

analytical HPLC and MALDI-TOF to verify purity (>80%), and confirm identity, respectively 

(Supporting Figs. 7-8).  
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MALDI-TOF sample preparation and analysis 

 After the peptides (1 mM) were treated with Aminomethylcoumarin acetate hydrazide (AMCA-

hydrazide) (1 mM) in PBS for 2.5 h, the reaction mixtures were applied to a C18 Ziptip (Varian), 

washed with 0.1% TFA in deionized water, and eluted with a saturated solution of α-Cyano-4-

hydroxycinnamic acid (CHCA) in 25% aqueous acetonitrile containing 0.1 % TFA. The eluates 

were deposited on a stainless steel target. An ABI SciEx TOF/TOF 5800 (Applied Biosystems) 

system with a reflectron using standard configurations and parameters was used to obtain the 

MALDI-TOF mass spectra. The averaged spectra were exported to Excel for analysis.
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Table S1. Peptide Scaffolds Selected for Interaction with Hydrazide Tentagel.* 

 
 

*Phage-displayed peptide library scaffolds used for the selection of hydrazide binding peptides 

and the number of selectants from each scaffold for each round. The sequences from each round 

of selection are found in Table S2.  
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Table S2. Peptide Sequences from Phage Selection Rounds (Rd.) 1 through 5 and Homolog 

Shotgun Scanning Rounds 1 through 4.* 

 
*The column “sib” indicates the number of siblings or identical sequences identified in the same 

round.  
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Figure S1. Sequence analysis of selectants from the naïve (A and B) and homolog shotgun 

scanning (C) libraries (weblogo.berkeley.edu). 

 

 

 

 

 



 9 

 
 

 Figure S2. (A and B) The full SDS-PAGE and Western blot of the HyRe 53-T4 lysozyme 

fusion excerpted in Figure 3. (C) MALDI-TOF of 53-T4 lysozyme fusion incubated at room 

temperature for the indicated times. The MALDI-TOF results indicate that the HyRe tag is 

specifically cleaved from the fusion. These results also account for the partially proteolyzed 

fusion proteins after purification apparent in lanes 1 and 2 of the protein gel shown in (A). 
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Figure S3. Spot synthesis examining variants of peptides 53, 61, and 78. A) After treatment with 

biotin hydrazide the sheet was developed by exposure to SAV-AP, followed by washing and 

then addition of AP substrates. B) The synthesized peptide sequences include all single, double, 

triple, and quadruple contiguous amino acid deletions of HyRe peptide 53 (A2-F12). Variants of 

HyRe tags 61 and 78 include single alanine substitutions (G3-H10; and I12-K6) and all 

contiguous 10-mers (H12-I10; and K8-L6). The 10-mers for both peptides 61 and 78 are 

analyzed and compared in Supporting Figure S4. 
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Figure S4. Spot synthesis peptide sheet 2. A) Both before and after treatment with biotin 

hydrazide (indicated with a – or +), the sheet was developed by exposure to SAV-AP, followed 

by washing and then addition of AP substrates. B) The synthesized peptide sequences include 

contiguous 9, 8, 7, and 6-mers; single alanine substitutions, single, double and triple amino acid 

deletions of peptide 80 and 91. Peptide variants of 80 reveal background binding or no activity. 

Some of the 91 variants reveal specificity for binding to biotin hydrazide, especially the 8-mer 

102 (F10). Additionally, the contiguous 10-mers of original selectants 25, 53, 49, 46 and 50 were 

also synthesized and screened (H13-M2). Scored through sequences were incorrectly 

synthesized. 
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Figure S5. Spot synthesis peptide sheet 3. A) Both before and after treatment with biotin 

hydrazide the sheet was developed by exposure to SAV-AP, followed by washing and then 

addition of AP substrates. B) The synthesized peptide sequences include full-length 20-mers 

from the original phage selections and were synthesized in duplicate (A1-B12).  Each type of 

amino acid was substituted with alanine in HyRe peptides 53 and 46, and synthesized in 

duplicate (C1-F12). The most interesting short peptides from spot synthesis peptide sheets 1 and 

2 were re-synthesized in duplicate to determine background binding (G1-J12). Cysteine was 

substituted for alanine in the short 10-mers (I1-J12). The contiguous 10-mer variants from 

original selectants 51 and 52 were also tested (K1-L12). 
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Figure S6. Analysis of contiguous 10-mer peptides 61 and 78 derived from HyRe peptide 53. As 

shown by spot synthesis, the N-terminus of both peptides contributes critical residues to the 

peptide reactivity with biotin hydrazide at pH 7. 
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Figure S7. Analytical HPLC and MALDI-TOF MS analysis of synthesized and purified HyRe 

peptide 114 variants. The chromatograms (top) were monitored at 210 nm.  MALDI-TOF MS 

analysis of purified HyRe tag variants (middle). MALDI-TOF MS analysis of the two peptides 

treated with AMCA hydrazide, revealing the +215 amu products (bottom). “C:” and “O:” 

indicate the calculated and observed (*) molecular weights, respectively. 
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Figure S8.  12 unique hydrazides and hydrazine derivatives used to determine the generality of 

the reaction with peptide 114.  Only rhodamine B hydrazide and AMCA hydrazide produce the a 

covalent adduct upon reaction with the peptide at pH 7. 
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ABSTRACT: Daunomycin (Dau) is a DNA-binding antineo-
plastic agent in the treatment of various types of cancer, such
as osteosarcomas and acute myeloid leukemia. One approach
to improve its selectivity and to decrease the side effects is the
conjugation of Dau with oligopeptide carriers, which might
alter the drug uptake and intracellular fate. Here, we report on
the synthesis, characterization, and in vitro biological properties
of a novel conjugate in which Dau is attached, via an oxime
bond, to one of the cancer specific small peptides
(LTVSPWY) selected from a random phage peptide library.
The in vitro cytostatic effect and cellular uptake of DauAoa-
LTVSPWY-NH2 conjugate were studied on various human
cancer cell lines expressing different levels of ErbB2 receptor which could be targeted by the peptide. We found that the new
daunomycin−peptide conjugate is highly cytostatic and could be taken up efficiently by the human cancer cells studied. However,
the conjugate was less effective than the free drug itself. RP-HPLC data indicate that the conjugate is stable at least for 24 h in the
pH 2.5−7.0 range of buffers, as well as in cell culture medium. The conjugate in the presence of rat liver lysosomal homogenate,
as indicated by LC-MS analysis, could be degraded. The smallest, Dau-containing metabolite (DauAoa-Leu-OH) identified
and prepared expresses DNA-binding ability. In order to get insight on the potential mechanism of action, we compared the
protein expression profile of HL-60 human leukemia cells after treatment with the free and peptide conjugated daunomycin.
Proteomic analysis suggests that the expression of several proteins has been altered. This includes three proteins, whose
expression was lower (tubulin β chain) or markedly higher (proliferating cell nuclear antigen and protein kinase C inhibitor
protein 1) after administration of cells with Dau-conjugate vs free drug.

■ INTRODUCTION

Anthracyclines (e.g., daunomycin, doxorubicin, epirubicin,
idarubicin) are antineoplastic agents widely used in the
treatment of various types of cancer, such as osteosarcomas
and acute myeloid leukemia.1

Daunomycin (Dau) is one of the anthracycline-type
antitumor agents able to inhibit the division of the cells by
intercalating to DNA or/and by inhibiting the topoisomerase-
II.2 Clinical application of Dau is limited by side effects such as
nausea, vomiting, and lack of appetite, but the most severe side
effect is cardiotoxicity.3 The intrinsic or acquired resistance of
tumor cells to daunomycin also reduces the response to the
treatment.4

To investigate the effect of anthracyclines at the molecular
level, a few proteomic studies were carried out. In these
publications two types of studies are reported. In communi-
cations belonging to the first group, proteomics are used to
identify proteins involved in the development of multidrug
resistance.5−7 Other authors studying the effects of anthracy-
cline drugs (adriamycin, epirubicin, or daunomycin) on various
tumor cells compared the protein expression profiles of treated
and untreated cells. In these papers proteins were determined
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with altered expression due to the treatment with free drug.
The authors observed these changes mainly in the expression
level of cytoskeletal proteins and proteins involved in protein
biosynthesis, metabolic pathways, and apoptosis.8−12 In both
types of studies various treatment schedules (time, concen-
tration) and proteomic methods were used. It is important to
note thataccording to our knowledgeno studies were
reported so far on changes of the protein expression profile
after treatment of anthracycline−carrier conjugates in compar-
ison with that of free drug treatment.
It has been shown that conjugation of anthracycline drug to

different types of carrier (e.g., oligo- and polypeptides,13,14

proteins,15 polysaccharides,16 polymers,17,18 and dextran19)
could improve the selectivity and decrease the side effects by
utilizing different cellular uptake mechanism(s).
Daunomycin has four functional groups suitable for covalent

conjugation (Figure 1). According to the literature data, the

most frequently used site for conjugation is the primary amino
group of the carbohydrate moiety even though the free amino
group is critical for binding to DNA.20 If this amino group is
used for conjugation, the drug has to be released from the
conjugate in order to generate the free amino function.
Modification of anthracyclines is also possible on the 13-oxo
group using different hydrazide21−24 and O-alkyl-hydroxyl-
amine23,25 derivatives. The replacement of the methyl ether
group on C-4 provides another option for conjugation. This
strategy has recently been employed for the coupling of
daunomycin to triplex forming oligonucleotides.26

Peptide conjugates of daunomycin were synthesized for
various purposes: to reduce its side effects;23 to circumvent the
multidrug resistance;27,28 and to increase the selectivity or
target the molecule to a specific part of the body.21,29−31

It was found that the nature of the chemical bond between
daunomycin and the peptide could markedly influence the
chemical and biological properties of the conjugate and, thus,
the efficacy of the drug. We described earlier that conjugates
containing an oxime bond between daunomycin and the
oligopeptide were chemically stable and also effective on HL-60
human leukemia and HepG2 human hepatoma cell lines.32 On
the basis of the observations in the present study, an oxime
bond was utilized for the attachment of daunomycin to the
targeting peptide.
Here, we describe the synthesis, chemical characterization, in

vitro stability, cytotoxicity, cytostatic effect, and cellular uptake
profile of a new conjugate in which daunomycin is conjugated
to a tumor specific peptide via an oxime bond.
Tumor targeting peptides are often selected for their binding

to cell surface proteins involved in biological functions such as
cell surface receptors, growth factor receptors, and cell adhesion

molecules. Members of the ErbB receptor tyrosine kinase
family are central regulators of normal and tumor cell
functions.33 This family has four members: the epidermal
growth factor receptor (EGFR), ErbB-2, ErbB-3, and ErbB-4.34

ErbB-2 is a tumor-associated receptor responsible for tumor
cell survival, proliferation, and metastases in many human
cancers.35−37 This tyrosine kinase-linked transmembrane
protein is overexpressed in 30−50% of primary breast
cancers.38

Using random phage peptide libraries, Shadidi and co-
workers aimed to identify peptides that specifically or
preferentially bind to breast cancer cells. The selected peptides
did not bind to normal mammary epithelial cells but showed
preferential binding and internalization into breast cancer cell
lines.39 One of the cancer-specific oligopeptides, peptide
LTVSPWY, was identified as an ErbB-2-binding peptide. It
was also shown that its GFP-fusion derivative was specifically
internalized by SK-BR-3 human breast cancer cells.35,40 This
peptide was also chemically coupled to antisense oligonucleo-
tides. 39,41

Here we report on our findings related to the preparation
and analysis of the relevant functional properties (e.g., in vitro
cytotoxicity, cytostatic effect, cellular uptake) of the new Dau−
peptide conjugate on cancer cells with different expression
levels of ErbB-2. For these studies, cell lines with normal
expression (e.g., MCF-7) or with overexpression of ErbB-2
(e.g., SK-BR-3)42 were selected. In addition we have included
HepG2 cells, which express the ErbB-2 receptor to some
extent,43 as well as HL-60 cells highly sensitive to daunomycin
treatment. Data presented in this paper might also be useful to
identify proteins with altered expression due to the treatment
with Dau-conjugate and could be considered as future potential
targets for rational design in cancer chemotherapy.

■ MATERIALS AND METHODS
Materials. Daunomycin hydrochloride was a gift from the

Institute of Drug Research Institute (IVAX, Budapest,
Hungary). The amino acid derivatives were obtained from
Reanal (Budapest, Hungary) and IRIS Biotech (Marktredwitz,
Germany). Rink-Amide MBHA resin (0.65 mmol/g) was
purchased from Novabiochem (Darmstadt, Germany). Scav-
engers (thioanisole, ethanedithiol [EDT], phenol), coupling
agents (N,N′-diisopropylcarbodiimide [DIC], 1-hydroxybenzo-
triazole [HOBt]), and cleavage reagents (piperidine, 1,8-
diazabicyclo[5.4.0]undec-7-ene [DBU], trifluoroacetic acid
[TFA]) were Fluka (Buchs, Switzerland) products. Acetonitrile
[ACN], acetone, and N-methylpyrrolidone [NMP] were from
Merck (Darmstadt, Germany). Dimethylformamide [DMF],
dichloromethane [DCM], diethyl ether, NH4OAc, and EtOAc
were purchased from Reanal (Budapest, Hungary). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
[MTT], RPMI-1640 medium, and fetal calf serum [FCS]
were obtained from Sigma-Aldrich (Budapest, Hungary).
HPMI buffer (HEPES buffered medium RPMI-1640 containing
D-glucose, NaHCO3, NaCl, HEPES, KCl, MgCl2, CaCl2,
Na2HPO4·2H2O) and lysis buffer (0.15 M NaCl, 5 mM
EDTA, 1% Triton-X100, 10 mM Tris-HCl pH = 7.4, 5 mM
DTT, and protease inhibitor used according to the recom-
mendation of the manufacturer) were prepared in our
laboratory using ingredients purchased from Sigma-Aldrich
(Budapest, Hungary). Rehydration buffer (7 M urea, 2 M
thiourea, 4% CHAPS, 40 mM Tris, 2% servalyt) and
equilibration buffer (6 M urea, 2% SDS, 30% glycerol, 2.5

Figure 1. Structure of daunomycin. Four functions suitable for
covalent conjugation are indicated by arrows.
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mM Tris-HCl) were also prepared in our laboratory. IPG strips
(pH 3−10 NL, 17 cm) were purchased from Bio-Rad
Laboratories (Hercules, CA). Trichloroacetic acid (TCA) was
obtained from Roth (Karlsruhe, Germany). The BCA assay kit
was a Pierce product (Rockford, USA).
Synthesis of DauAoa-Leu-OH and DauAoa-

LTVSPWY-NH2 Conjugates. Synthesis of DauAoa-Leu-
OH. H-Leu-OH (0.1 mmol) was dissolved in 1.5 mL of 2 M
K2CO3. This solution was diluted with 1.5 mL of DMF, and an
equivalent amount of Boc-Aoa-OPcp (0.1 mmol) in 1.5 mL of
DMF was added. The reaction proceeded at room temperature
(RT) for 24 h. DMF was removed, and the remaining material
was washed with diethyl ether and dissolved in water. The pH
of the solution was adjusted to 2.0 with 1 M HCl. The
compound was extracted with EtOAc, and the organic phase
was dried over MgSO4. The EtOAc was removed, and the oily
compound was dried in a desiccator for 1 day. The Boc group
was cleaved with TFA containing 5% distilled water at RT for 1
h. After the removal of the cleavage mixture, 2 mL of 0.2 M
NH4OAc was added. The daunomycin hydrochloride (1.5
equiv) was added to this solution. The coupling reaction was
carried out at RT overnight. For semipreparative RP-HPLC
purification, 2 mL of A eluent (water containing 0.1% TFA)
was added to the reaction mixture and the solution was
injected. The target compound was characterized by analytical
RP-HPLC (as described below; Rt = 33.8 min) and ESI-MS
(Bruker Esquire 3000+; Mmo[calcd] = 713.4; Mmo[exptl] =
714.4).
For the RP-HPLC analysis a laboratory-assembled Knauer

HPLC system (Bad Homburg, Germany) was used with a
Phenomenex Luna C18 column (250 mm × 4.6 mm, 5 μm
particle size, 100 Å pore size) (Torrance, CA). The gradient
elution system consisted of 0.1% TFA in water (eluent A) and
0.1% TFA in acetonitrile/water = 80/20 (v/v) (eluent B). First,
the eluent B content was 0% for 5 min; then it was varied from
0 to 90% in 50 min at a flow rate of 1 mL/min at room
temperature. The sample (20 μL) was injected, and peaks were
detected at λ = 214 nm.

Synthesis of NH2-O-CH2-CO-LTVSPWY-NH2. Peptide
LTVSPWY was prepared manually by solid phase synthesis
on Rink-Amide MBHA resin (0.65 mmol/g) using the
Fmoc/tBu strategy. The following side chain protected amino
acid derivatives were used: Tyr(tBu), Trp(Boc), Ser(tBu),
Thr(tBu). The protocol of the synthesis was as follows: (i)
Fmoc deprotection with piperidine/DBU/DMF (2:2:96 v/v)
solution (4 times, 2 + 2 + 5 + 10 min); (ii) washing with DMF
(5 × 1 min); (iii) coupling 3 equiv of Fmoc-amino acid
derivative−DIC-HOBt dissolved in NMP (60 min); (iv)
washing with DMF (5 × 1 min); (v) ninhydrin or isatin test.
Boc-aminooxy-acetic acid was also coupled on the solid phase
to the free N-terminal amino group of Leu using a DIC/HOBt
coupling agent. The coupling time was 60 min. The peptide
derivative was cleaved from the resin with a TFA/H2O/
thioanisol/EDT/phenol (10 mL/0.5 mL/0.5 mL/0.25 mL/
0.75 g) mixture (2 h, RT). After the resin was filtered off, the
peptide derivative was precipitated with cold diethyl ether and
centrifuged. The pellet was solubilized in 0.1% TFA (aqueous
solution), freeze-dried, and characterized by analytical RP-
HPLC (as described below; Rt = 24.4 min) and ESI-MS
(Bruker Esquire 3000+; Mmo[calcd] = 936.9; Mmo[exptl] =
936.6).

Conjugation of Daunomycin to NH2-O-CH2-CO-LTVSPWY-
NH2. Equal amounts of Dau hydrochloride and aminooxy-

acetyl peptide (NH2-O-CH2-CO-LTVSPWY-NH2) were dis-
solved in a mixture of 0.2 M NaOAc/AcOH buffer (pH 5.0)
and DMSO (85:15 v/v%). The reaction mixture was stirred at
room temperature, and the reaction was monitored by
analytical RP-HPLC using an Eurospher-100, C18 column
(250 mm × 4 mm, 5 μm particle size, 300 Å) (Knauer, Bad
Homburg, Germany), and an appropriate gradient (10% eluent
B for 5 min, then 10−80% eluent B in 50 min; eluent A (0.1%
TFA in water) and eluent B (0.1% TFA in acetonitrile/water =
80/20 (v/v)). The flow rate was 1 mL/min. The sample (20
μL) was injected, and peaks were detected at λ = 214 nm. The
DauAoa-LTVSPWY-NH2 conjugate was formed in one day.
The crude product was purified by semipreparative RP-

HPLC using a C18 Phenomenex Jupiter column (250 mm × 10
mm) packed with 10 μm silica (300 Å pore size) (Torrance,
CA, USA) using the above-mentioned eluents and a linear
gradient. The sample (6 mg in 2 mL of eluent A) was injected
into the column at a flow rate of 4 mL/min. The purified
conjugate was dissolved in 0.1% TFA (aqueous solution),
freeze-dried, and characterized by analytical RP-HPLC (as
described above; Rt = 33.7 min), ESI-MS (Bruker Esquire
3000+; Mmo[calcd] = 1446.5; Mmo[exptl] = 1446.0), and amino
acid analysis after hydrolysis with 6 M HCl for 24 h at 110 °C
(measured [calcd]: T 1.17 [1]; S 1.17 [1]; P 1.02 [1]; V 0.92
[1]; L 0.89 [1]; Y 0.84 [1]).
Stability/Degradation of DauAoa-LTVSPWY-NH2

Conjugate. For the stability studies, the conjugate was
dissolved in 0.1 M sodium citrate/citric acid buffer (pH 2.5,
5.0, or 7.0) or in 10% FCS containing DMEM cell culture
medium and incubated at 37 °C. Aliquots were taken from the
solution after 3 and 24 h and analyzed in a analytical RP-HPLC
system under the conditions described above for the analysis of
the conjugate.
The degradation of the DauAoa-LTVSPWY-NH2 con-

jugate was determined in the presence of rat liver lysosomal
homogenate prepared as previously described.44 The protein
concentration of the lysosomal fraction was determined by
Pierce BCA protein assay (bicinchoninic acid) according to the
manufacturer’s protocol (Thermo Fisher Scientific, Rockford,
IL, USA). Briefly, 100 μg of lysosomal homogenate was added
to 100 μg of bioconjugate dissolved in 1 mL of 0.2 M sodium
acetate buffer, pH 5.0 (bioconjugate/lysosomal homogenate
ratio = 1:1, w/w). The reaction mixture was incubated at 37 °C,
and aliquots of 50 μL were taken at 5 min and 2, 4, 6, 8, and 24
h. The reaction was terminated by adding 5 μL of acetic acid,
and the composition of the mixture was determined by liquid
chromatography in combination with mass spectrometry (LC-
MS). A control experiment was performed with a conjugate
solution in 0.2 M sodium acetate buffer (pH 5.0), which was
incubated at 37 °C for 24 h and analyzed by LC-MS as
previously described.44

Absorption and Emission Spectra of DauAoa-Leu-
OH and DauAoa-LTVSPWY-NH2 Conjugates. Ground-
state absorption spectra were recorded with 1 nm steps and 2
nm bandwidth using a Cary 4E (Varian, Mulgrave, Australia)
spectrophotometer. Spectra of Dau and its derivatives were
recorded at 10 μM concentration in Tris buffer (pH 7.4)
containing 20 mM Tris-HCl and 50 mM NaCl.
Corrected steady-state emission spectra of the compounds

were obtained using a Fluorolog-3 (Yvon Jobin, France)
spectrofluorimeter. The excitation wavelength was λ = 488 nm,
and the emission was detected between 495 and 800 nm. The
excitation wavelength was chosen because the laser of the BD-
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LSR II flow cytometer used for cellular uptake studies operates
at this excitation wavelength. The same content of the
compound solution was used in the absorption studies.
DNA-Binding of DauAoa-Leu-OH and DauAoa-

LTVSPWY-NH2 Conjugates. The ratio of the integrated
fluorescence intensity of daunomycin derivatives in the absence
of DNA (I0) and in the presence of DNA (I) was used to
calculate the amount of bound compound according to the
following equation:

where ct is the known added amount of compound and P is the
ratio of the observed quantum yield of fluorescence of the
totally bound compound to that of the free one; cbound was then
obtained by difference.45 The ratio P = I∞/I0 was obtained from
the initial value of I and the plateau value of I at the highest
DNA concentration.
Apparent binding constants were determined by the

neighbor exclusion model46 using the equation

where r is the number of moles of bound compound per mole
of DNA base pair, K is the intrinsic binding constant, and n is
the exclusion parameter in base pairs. DNA concentration was
calculated on the basis of the measured optical density at 260
nm.
Cells. HL-60 human leukemia cells (ATCC: CCL-240) and

HepG2 human hepatoma cells (ATCC: HB-8065) were
cultured in RPMI-1640 medium supplemented with 10%
FCS (fetal calf serum, Sigma Ltd.), 2 mM L-glutamine, and 160
μg/mL gentamycin.47 SK-BR-3 human breast cancer cells
(ATCC: HTB-30) and MCF-7 human breast adenocarcinoma
cells (ATCC: HTB-22) were maintained in DMEM (Sigma
Ltd., St. Louis, MO) medium containing 10% FCS, L-glutamine
(2 mM), gentamycin (160 μg/mL), 1 mM pyruvate, and
nonessential amino acids (Sigma Ltd.). Cell cultures were
maintained at 37 °C in a humidified atmosphere with 5% CO2.

In Vitro Cytostatic and Cytotoxic Effect. The in vitro
cytostatic and cytotoxic effect of the compounds was evaluated
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide-assay (MTT-assay).48 For the experiment, 5 × 103

cells per well were plated on 96-well plates. After 24 h
incubation at 37 °C, cells were treated for 3 h with the
conjugate and control compounds dissolved in serum-free
medium. The compounds were tested in the (2.6 × 10−4)−102
μM concentration range. Cells treated with serum-free medium
for 3 h were used as negative control. To determine the
cytostatic effect, cells were washed twice with serum-free
medium and cultured for a further 72 h in serum containing
medium. To characterize the cytotoxicity of the compounds,
MTT-assay was carried out directly after the 3-, 24-, 48-, or 72-
h treatment: MTT solution was added to each well (final
concentration: 367 μg/mL). After 3.5 h of incubation, purple
crystals were formed by mitochondrial dehydrogenase enzyme
of living cells. Cells were centrifuged for 5 min at 863 g, and the
supernatant was removed. Crystals were dissolved in DMSO,
and the optical density (OD) of the samples was measured at λ
= 540 and 620 nm using an ELISA Reader (Labsystems MS
reader, Finland). OD620 was subtracted from OD540. The
percent of cytostasis or cytotoxicty was calculated using the
following equation:

where ODtreated and ODcontrol correspond to the optical
densities of treated and control cells, respectively. Cytostasis
% or cytotoxicty % was plotted as a function of concentration,
fitted to a sigmoidal curve, and based on this curve, the half
maximal inhibitory concentration (IC50) value was determined.
IC50 represents the concentration of a drug that is required for
50% inhibition in vitro and expressed as micromolar units.
Cellular Uptake. To study the cellular uptake of the

compounds, 105 cells per well were plated on a 24-well plate.
After 24 h of incubation at 37 °C, cells were treated for 1.5 h
with the compounds dissolved in serum-free medium in the
0.8−100 μM concentration range. Cells treated with serum-free
medium for 1.5 h were used as negative control. After
treatment and incubation, cells were washed with HPMI and
treated with trypsin for 10 min. The effect of trypsin was
stopped by the addition of HPMI supplemented with 10% FCS,
and then the cells were transferred from the plate to FACS-
tubes. After washing, cells were resuspended in HPMI, and the
ratio of daunomycin-positive cells was determined by flow
cytometry (BD LSR II, BD Bioscience, San Jose, CA, USA).
Data were analyzed with the FACSDiVa software.
Two-Dimensional (2D) Gel Electrophoresis. In order to

prepare cell lysates, 5 × 105 HL-60 cells per well were plated on
6-well plates. After 24 h of incubation at 37 °C, cells were
removed from the plate and treated for 24 h with the conjugate
(c = 9 μM) or daunomycin (c = 0.024 μM). These
concentrations were chosen on the basis of in vitro cytotoxicity
data. Cells treated with cell culture medium for the same period
of time were used as control. After incubation, cells were
washed with PBS and centrifuged at 220g for 5 min, and the
supernatant was discarded. A volume of 40 μL lysis buffer was
added per 106 cells, and samples were incubated for 30 min on
ice and centrifuged for 20 min at 16000g. The protein content
of the supernatant was determined spectrophotometrically by
BCA assay according to the manufacturer’s instructions using
bovine serum albumin as a standard.
To remove salts and contaminants, proteins were precipi-

tated by five volumes of ice-cold acetone at −28 °C for 3 h.
Samples were centrifuged at 16000g for 20 min. The
supernatant was discarded, and the pellet was dried with
nitrogen gas and resuspended in rehydration buffer. After
sonication for 10 min, samples were placed into a rehydration
tray, and passive rehydration of 17 cm nonlinear IPG strips (pH
3−10) was carried out overnight. Approximately 0.5 mg of total
protein was loaded on each gel. A Bio-Rad Protean IEF cell
instrument was used for the isoelectric focusing. The steps of
the isoelectric focusing were as follows: (i) 0−150 V in 3 min,
(ii) 150 V for 30 min, (iii) 150−300 V in 15 min, (iv) 300 V for
30 min, (v) 300−3500 V in 150 min, (vi) 3500 V for 10 h. After
isoelectric focusing, samples were equilibrated first in
equilibration buffer I (containing DTT) for 20 min and then
in equilibration buffer II (containing iodoacetamide) for 20
min. After washing, the IPG strips were placed on a 12% SDS
gel and overlaid with 0.5% agarose. Gel electrophoresis was
performed using a Bio-Rad PROTEAN II ix cell. The current
was set to 25 mA/gel until the samples ran from the strip to the
gel, and then 40 mA/gel was applied. After the run, gels were
prefixed for 1 h with 12% TCA and stained with Coomassie
Brillant Blue G-250-containing staining solution overnight. Gels
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were destained with 25% methanol in Milli-Q water and
scanned with a GS-800 calibrated densitometer (Bio-Rad)
using QuantityOne software. From each sample two replicate
gels were prepared and analyzed.
2D-Gel Image Analysis. On the gel images, spots were

matched and the quantity of the proteins was compared with
PDQuest 8 software (Bio-Rad). The computer analysis allowed
automatic detection with manual corrections and quantification
of protein spots, as well as matching between control gels and
gels from treated samples. The significance of differences
between protein spots was evaluated by Student’s t-test, and p <
0.05 was considered as significant.
In-Gel Tryptic Digestion. Spots with significant quantita-

tive differences were manually excised and transferred to
siliconized tubes. Gel pieces were washed once with Milli-Q
water for 15 min and then an acetonitrile−Milli-Q (3:2 v/v)
solvent mixture was added. After 30 min, the acetonitrile−Milli-
Q solvent mixture was removed, and the gel pieces were dried
using a SpeedVac (Eppendorf). Gel pieces were rehydrated
with 20 mM ammonium bicarbonate buffer (pH 8.0) for 15
min. This buffer was changed to an acetonitrile−Milli-Q (3:2)
solvent mixture, and gels were incubated for 30 min. The steps
after SpeedVac centrifugation were repeated until the gel pieces
were transparent. After the last incubation with an acetonitrile−
Milli-Q (3:2) solvent mixture, gels were dried in a SpeedVac
(Eppendorf). To the dry gel pieces, 50 μL of 20 mM
ammonium bicarbonate containing 12.5 ng/μL of sequencing
grade modified trypsin solution (Promega, Madison, WI) was
added. The samples were incubated at 4 °C for 45 min, and
then the trypsin containing solution was changed to 20 mM
ammonium bicarbonate buffer (pH 8.0) and incubated at 37 °C
for at least 12 h. The tryptic peptides were extracted from the
gel with a mixture of acetonitrile−0.1% TFA in Milli-Q (3:2, v/
v).
Identification of Proteins. Tryptic peptide mixtures were

analyzed by reversed-phase liquid chromatography nanospray
tandem mass spectrometry (LC-MS/MS) using an LTQ-
Orbitrap mass spectrometer (Thermo Fisher) and an Eksigent
nano-HPLC. The characteristics of the reversed-phase LC
column were 5 μm, 200 Å pore size C18 resin in a 75 μm i.d. ×
10 cm long piece of fused silica capillary (Hypersil Gold C18,
New Objective). After injecting the sample, the column was
washed with 90% eluent A (0.1% formic acid, aqueous
solution) and 10% eluent B (0.1% formic acid in acetonitrile)
for 5 min. Peptides were eluted using a linear gradient of 10−
50% eluent B in 25 min and then 50−80% eluent B in 5 min, at
a 300 nL/min flow rate.
The LTQ-Orbitrap mass spectrometer was operated in a data

dependent mode in which each full MS scan (30 000 resolving
power) was followed by five MS/MS scans, where the five most
abundant molecular ions were dynamically selected and
fragmented by collision-induced dissociation (CID) using a
normalized collision energy of 35% in the LTQ ion trap.
Dynamic exclusion was allowed. Tandem mass spectra were
searched against the SwissProt protein database using Mascot
(Matrix Science) with the following parameters: “Trypsin”
cleavage with one missed cleavage, cysteine alkylation by
iodoacetamide as a constant modification, and methionine
oxidation as a variable modification.

■ RESULTS
Synthesis and Chemical Characteristics of DauAoa-

Leu-OH and DauAoa-LTVSPWY-NH2 Conjugates. For

the synthesis of DauAoa-Leu-OH, the amino acid H-Leu-
OH was reacted with the N-protected aminooxy-acetic acid
active ester (Boc-Aoa-OPcp), followed by the removal of the
N -terminal Boc protecting group of the amino acid derivative.
The oxime bond formation between the free primary amino
group of H-Aoa-Leu-OH and the C13 oxo function of Dau was
achieved in solution with acceptable overall yield (55%). The
crude product was purified by RP-HPLC, and the conjugate
was characterized by analytical RP-HPLC (Rt = 33.8 min) and
mass spectrometry (Bruker Esquire 3000+; Mmo[calcd] =
713.4; Mmo[exptl] = 714.4).
The strategy used for the preparation of daunomycin

conjugate with peptide LTVSPWY is outlined in Figure 2.

First, the oligopeptide LTVSPWY was synthesized on solid
phase using the Fmoc/tBu strategy and Rink-Amide MBHA
resin to obtain the peptide amide. Boc-aminooxy-acetic acid
was coupled on solid phase to the free N-terminal amino group
of Leu using the DIC/HOBt based active ester strategy. The
protected peptide derivative was cleaved from the resin,
resulting in NH2-O-CH2-CO-LTVSPWY-NH2 (Aoa-
LTVSPWY-NH2), which was used for the conjugation with
daunomycin in solution using a buffer (pH 5.0) and DMSO
(85:15 v/v) mixture. The product obtained in 24 h was purified
by RP-HPLC and characterized by analytical RP-HPLC (Rt =
33.7 min), ESI-MS (Bruker Esquire 3000+; Mmo[calcd] =
1446.5; Mmo[exptl] = 1446.0), and amino acid analysis
(measured [calcd]: T 1.17 [1]; S 1.17 [1]; P 1.02 [1]; V
0.92 [1]; L 0.89 [1]; Y 0.84 [1]). The analytical RP-HPLC
chromatogram of the purified conjugate is shown in the
Supporting Information (Figure S1).
Absorption and Emission Properties of DauAoa-

Leu-OH and DauAoa-LTVSPWY-NH2 Conjugates. First,
the absorption spectra of the conjugates (DauAoa-Leu-OH
and DauAoa-LTVSPWY-NH2) and Dau were recorded at
pH 7.4, and the shapes of these spectra were found to be
similar. The corrected steady-state emission spectra of the
compounds were obtained using a λ = 488 nm excitation

Figure 2. Outline of the synthesis of the DauAoa-LTVSPWY-NH2
conjugate.
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wavelength under identical conditions. The emission spectra
recorded between λ = 495 and 800 nm for daunomycin, Dau
Aoa-Leu-OH, and DauAoa-LTVSPWY-NH2 are shown in
Figure 3. The comparative analysis of the shape of the curves
indicates a high level of similarities. In each spectrum, two
maximum points were identified (λ = 555 and 595 nm). The
fluorescence intensity of the conjugate DauAoa-LTVSPWY-
NH2 was lower compared to those of the other two
compounds. One possible explanation of this phenomenon is
the presence of the aromatic amino acids (Trp and Tyr) in the
sequence of the peptide. Alston and co-workers studied the
influence of peptide sequence and conformation on the
fluorescence of tryptophan containing peptides and proteins.
Large differences in the emission spectra of the peptides were
detected, suggesting that the amino acid sequence influences
the fluorescence intensity either directly through quenching by
the side chains or, more likely, indirectly through an effect on
the conformational ensembles of the peptides.49

Stability/Degradation of DauAoa-LTVSPWY-NH2
Conjugate. The stability of the conjugate under acidic and
neutral conditions (aqueous buffer solutions; pH 2.5, 5.0, and
7.0) was determined for a period of 3−24 h by analytical RP-
HPLC. The recorded chromatograms are shown in the
Supporting Information (Figures S2−S4). It was found that,
at all investigated pH values, the chromatogram of the Dau
Aoa-LTVSPWY-NH2 conjugate did not markedly change even
after 24 h. These results indicate that the conjugate is stable in
the pH range studied at room temperature at least for 24 h.
Furthermore, the stability of this compound was determined in
10% serum containing DMEM cell culture medium (pH 7.3).
Similarly, aliquots were taken from the solution after 3 and 24 h
and analyzed by RP-HPLC. The chromatograms (S5) clearly
show that even after 24 h the DauAoa-LTVSPWY-NH2
conjugate is stable under the circumstances applied in the in
vitro experiments.
Considering a potential pathway for compounds entering the

cells, the degradation of the DauAoa-LTVSPWY-NH2

conjugate in the presence of rat lysosome homogenate was
also investigated.
The stability/degradation of DauAoa-LTVSPWY-NH2 was

determined up to 24 h, and the cleavage products were

identified by LC-MS as shown in Figure 4 and the Supporting
Information (Figure S6).

After 5 min of incubation with the rat liver lysosomal
homogenate, the cleavage of the -Thr-Val- peptide bond was
detected by mass spectrometry (the DauAoa-Leu-Thr-OH
fragment was observed in the mass spectrum at m/z 816.0
(1+)). After 2 h, one more proteolytic fragment, DauAoa-
Leu-OH, was detected at m/z 714.9 (1+), indicating the
cleavage of the -Leu-Thr- peptide bond. However, no cleavage
of the oxime bond between Dau and aminooxy-acetyl-Leu was
observed. After 6, 8, and 24 h, only the DauAoa-Leu-OH
proteolytic fragment could be detected. The formation of a
noncovalent dimer of DauAoa-Leu-OH was also determined
by mass spectrometry (m/z 1428.3 (1+)). The LC-MS analysis
of a conjugate solution incubated for 24 h at 37 °C in the
absence of the lysosomal homogenate did not lead to the
identification of any degradation product; only the intact
conjugate was detected at m/z 1447.8 (1+) (Supporting
Information, Figure S6). In conclusion, the conjugate was
chemically stable under the conditions studied and specifically
cleaved by the lysosomal enzymes, with the smallest drug
containing metabolite being DauAoa-Leu-OH.

Figure 3. Emission spectra of DauAoa-LTVSPWY-NH2 and DauAoa-Leu-OH conjugates as well as daunomycin using λ = 488 nm excitation
and recorded at 10 μM concentration in Tris buffer (pH 7.4) containing 20 mM Tris-HCl and 50 mM NaCl.

Figure 4. Cleavage sites (black arrows) and the corresponding
fragments identified by LC-MS after incubation of the DauAoa-
LTVSPWY-NH2 conjugate in the presence of rat liver lysosomal
homogenate.
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DNA-Binding Ability of DauAoa-Leu-OH and Dau
Aoa-LTVSPWY-NH2 Conjugates. The apparent binding
constant (K), proportional to the DNA-binding ability of the
compounds, was determined by using the neighbor exclusion
model46 for conjugate DauAoa-LTVSPWY-NH2, for con-
jugate DauAoa-Leu-OH (considered as the smallest drug
containing metabolite of DauAoa-LTVSPWY-NH2), and for
free daunomycin as a control. We found that all the compounds
were able to bind to DNA. However, the binding efficacies were
different. The following order could be established: K (×105)
(M−1) = 11.70 for Dau > K (×105) (M−1) = 3.23 for Dau
Aoa-Leu-OH > K (×105) (M−1) = 2.75 for DauAoa-
LTVSPWY-NH2. These data indicate that the interaction
between Dau and DNA is more pronounced than the
interaction with the conjugates. It is interesting to note that
no marked difference was observed in the DNA-binding
capacity between DauAoa-LTVSPWY-NH2 with seven
amino acid residues in the chain and DauAoa-Leu-OH
possessing only a single amino acid attached to daunomycin.
This means that not only the intact conjugate, DauAoa-
LTVSPWY-NH2 but also its degradation product can efficiently
bind to the DNA.

In Vitro Cytostatic Effect of the DauAoa-LTVSPWY-
NH2 Conjugate. The in vitro cytostatic effect of the Dau
Aoa-LTVSPWY-NH2 conjugate and free daunomycin was
determined and expressed as IC50 values on four human cancer
cell lines: HL-60 human leukemia, HepG2 human hepatoma,
MCF-7 human breast adenocarcinoma, and SK-BR-3 human
breast cancer cell lines. We found that the conjugate and also
the free daunomycin exerted the highest cytostatic effect on
HL-60 cells. Concerning the in vitro cytostatic effect of the
conjugate, the following order could be established: HL-60
(IC50 = 0.53 ± 0.12 μM) > HepG2 (IC50 = 3.07 ± 0.02 μM) >
MCF-7 (IC50 = 7.42 ± 0.49 μM) > SK-BR-3 (IC50 = 37.90 ±
2.83 μM). These data clearly indicate that the conjugate was
less effective on SK-BR-3 cells, while on HepG2 and MCF-7
cells it had a higher cytostatic effect. We expected a higher

cytostatic effect on SK-BR-3 cells, because the ErbB-2 receptor
is overexpressed on these cells,42 while MCF-7 has a normal
ErbB-2 expression level. The comparison of the cytostatic effect
of free daunomycin results in a slightly different order: HL-60
(IC50 = 0.05 ± 0.03 μM) > MCF-7 (IC50 = 0.18 ± 0.09 μM) >
HepG2 (IC50 = 0.66 ± 0.21 μM) > SK-BR-3 (IC50 = 3.64 ±
0.52 μM). However, the IC50 values for MCF-7 and HepG2
differ only marginally. In the case of HepG2, the IC50 value of
the conjugate was 4.5 times higher than that of daunomycin.
The ratio between the IC50 for the conjugate per IC50 for the
free drug was 10.6, 41.2, and 10.4 in the cases of the HL-60,
MCF-7, and SK-BR-3 cells, respectively, indicating that on
MCF-7 cells the relative effectivity of this conjugate was not as
high as it was on HL-60, SK-BR-3, and HepG2 cells.
Cellular Uptake of DauAoa-LTVSPWY-NH2 Conju-

gate. Cellular uptake of compounds (DauAoa-LTVSPWY-
NH2 conjugate and Dau) was studied by flow cytometry, and
the percentage of daunomycin positive cells was determined.
Data are shown in Figure 5. We observed concentration
dependent cellular uptake in the cases of SK-BR-3, HepG2, and
MCF-7 cells but not in the case of HL-60 cells. The percentage
of the daunomycin-positive cells was almost 100% after treating
HL-60 cells with any concentration of the conjugate.
Daunomycin was taken up the most efficiently by HL-60 and
MCF-7 cells at a concentration of 0.8 μM (data not shown),
while cellular uptake of the conjugate was observed only at 20
μM concentration for MCF-7 cells, and also at this
concentration, the ratio of daunomycin-positive cells was only
20.5%. Cellular uptake of the conjugate was higher in the case
of HepG2 and SK-BR-3 cells compared to that of MCF-7.
Optimization of Treatment Conditions for Proteomic

Studies. On the basis of in vitro cytostasis and cellular uptake
data obtained after the treatment with the DauAoa-
LTVSPWY-NH2 conjugate, HL-60 cells were selected for
further studies. We were interested in determining the
alterations in the protein expression profile of treated HL-60
cells by proteomic methods. Therefore, first the optimal

Figure 5. Ratio of daunomycin-positive cells after treatment with DauAoa-LTVSPWY-NH2 conjugate in the 0.8−100 μM concentration range for
90 min.

Table 1. Cytotoxicity Expressed as IC50 ± SD Values (in μM) of DauAoa-LTVSPWY-NH2 Conjugate and Free Daunomycin
as a Function of Time on HL-60 Cells

time (h)

compd 3 24 48 72

Dau 8.03 ± 3.25 0.02 ± 0.01 0.001 ± 0.000 <2.56 × 10−4

DauAoa-
LTVSPWY-NH2

>100 10.21 ± 0.27 2.75 ± 1.04 2.02 ± 0.94
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treatment conditions (time and concentration) had to be
established. For this purpose, the in vitro cytotoxicity of Dau
Aoa-LTVSPWY-NH2 and daunomycin was determined on HL-
60 human leukemia cells after 3, 24, 48, and 72 h of treatment.
The calculated IC50 values of the compounds are shown in
Table 1. After 3 h, the conjugate was not cytotoxic in the

concentration range applied [(2.6 × 10−4)−102 μM]. The IC50

values of the DauAoa-LTVSPWY-NH2 conjugate decreased
with time to IC50 = 10.21 ± 0.27 μM (24 h) and IC50 = 2.75 ±
1.04 μM (48 h). In the case of treatment with daunomycin for
72 h, the cells died almost completely; therefore, this treatment
time could not be used to compare the effects of daunomycin

Figure 6. Protein expression profile of nontreated (A) and daunomycin-treated HL-60 cells (B). Arrows and spot numbers show the significantly
different spots on the gel where the expression level was higher.

Table 2. Identified Proteins with Altered Expression Due to the Treatment with Daunomycina

average level in

identified protein
spot

number
control
sample

Dau-treated
sample

fold-
change

Mascot
score Mr (Da) pI

proliferating cell nuclear antigen (PCNA) (Cyclin)Homo sapiens
(Human)[PCNA_HUMAN]

201 1440.7 171.5 0.12 2111 28768.78 4.57

tubulin β chain (tubulin β-5 chain)Homo sapiens
(human)[TBB5_HUMAN]

1504 1337.6 9713.9 7.26 11510 49670.82 4.78

Ran-specific GTPase-activating protein (Ran-binding protein 1) (RanBP1)
Homo sapiens (Human)[RANG_HUMAN]

2001 789.7 1648.5 2.09 560 23310.12 5.19

actin, cytoplasmic 1 (Beta-actin)Homo sapiens
(Human)[ACTB_HUMAN]

2402 11178.5 1615.8 0.14 17877 41736.73 5.29

aSpot number is for the identification of the spots on the gel. Average levels of the proteins in different samples are calculated by PDQuest 8.0
software. Fold change is the ratio of the average protein expression level in the daunomycin-treated and control samples. Mr is the theoretical
molecular weight, while pI is the theoretical isoelectric point of the identified protein.

Figure 7. Protein expression profile of nontreated (A) and DauAoa-LTVSPWY-NH2 conjugate-treated HL-60 cells (B). Arrows and spot numbers
show the significantly different spots on the gel where the expression level was higher.
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and the conjugate. In the case of 24 and 48 h treatment times,
both daunomycin and the conjugate had a cytotoxic effect on
HL-60 cells; however, the free daunomycin was more cytotoxic.
On the basis of these data the following conditions were

selected for the proteomic studies: c = 9 μM for DauAoa-
LTVSPWY-NH2 conjugate, c = 0.024 μM for daunomycin, and
24 h treatment time.
Protein Expression Profile of Treated and Nontreated

HL-60 Cells. After optimizing the treatment conditions, HL-
60 human leukemia cells were treated for 24 h with DauAoa-
LTVSPWY-NH2 conjugate or with daunomycin. Proteins were
isolated from treated as well as from nontreated control cells
and separated by two-dimensional gel electrophoresis. Gel
patterns after staining were compared using the PDQuest
software. Comparisons of representative gels are shown in
Figures 6−8. The spots with higher optical density are denoted
with an arrow and are shown only on the gel where higher

expression is observed. In the sample from cells treated with
daunomycin, four differently expressed proteins could be
observed compared to the nontreated control cells (Figure 6,
Table 2). Two proteins (tubulin β chain and Ran-specific
GTPase-activating protein) showed higher (7.26-fold and 2.09-
fold, respectively) and two proteins (proliferating cell nuclear
antigen and β-actin) showed lower (0.12-fold and 0.14-fold,
respectively) expression levels in daunomycin-treated samples
compared to nontreated sample.
In the case of a DauAoa-LTVSPWY-NH2-treated sample,

eight significantly different spots were identified (Figure 7,
Table 3) in comparison with the nontreated control sample.
Two spots could be indicative of a higher (2.29-fold and 2.21-
fold) level of protein expression. These are Ran-specific
GTPase-activating protein, which is involved in the regulation
of cell cycle, and an actin-binding protein, Plastin-2,
respectively. However, the expression of six proteins decreased

Table 3. Identified Proteins with Altered Expression Due to the Treatment with the DauAoa-LTVSPWY-NH2 Conjugate
a

average level in

identified protein
spot

number
control
sample

DauAoa-
LTVSPWY-NH2
treated sample

fold-
change

Mascot
score Mr(Da) pI

translationally controlled tumor protein (TCTP) (p23) (histamine-
releasing factor) (HRF) (fortilin)Homo sapiens
(Human)[TCTP_HUMAN]

1002 1406.2 5.6 0.004 3665 19595.34 4.84

Rho GDP-dissociation inhibitor 2 (Rho GDI 2) (Rho-GDI beta) (Ly-
GDI)Homo sapiens (human)[GDIS_HUMAN]

1003 2253.9 5.6 0.002 3288 22988.01 5.10

Ran-specific GTPase-activating protein (Ran-binding protein 1)
(RanBP1)Homo sapiens (human)[RANG_HUMAN]

2001 789.7 1805.0 2.29 560 23310.12 5.19

transitional endoplasmic reticulum ATPase (TER ATPase) (15S Mg(2+)-
ATPase p97 subunit) (valosin-containing protein) (VCP)Homo sapiens
(human)[TERA_HUMAN]

2802 994.4 271.7 0.27 2657 89321.80 5.14

plastin-2 (L-plastin) (lymphocyte cytosolic protein 1) (LCP-1) (LC64P)
Homo sapiens (human)[PLSL_HUMAN]

3702 482.3 1065.6 2.21 4924 70288.39 5.29

heat shock cognate 71 kDa protein (heat shock 70 kDa protein 8)Homo
sapiens (human)[HSP7C_HUMAN]

3802 6507.8 5.6 0.001 10972 70898.09 5.37

D-3-phosphoglycerate dehydrogenase (EC 1.1.1.95) (3-PGDH)Homo
sapiens (Human)[SERA_HUMAN]

6604 1067.9 526.0 0.49 4131 56650.5 6.29

fructose-bisphosphate aldolase A (EC 4.1.2.13) (muscle-type aldolase)
(lung cancer antigen NY-LU-1)Homo sapiens
(Human)[ALDOA_HUMAN]

8303 2105.1 999.3 0.47 1143 39420.02 8.30

aSpot number is for the identification of the spots on the gel. Average levels of the proteins in different samples are calculated by PDQuest 8.0
software. Fold change is the ratio of the average protein expression level in the conjugate-treated and control samples. Mr is the theoretical molecular
weight, while pI is the theoretical isoelectric point of the identified protein.

Figure 8. Protein expression profile of daunomycin-treated (A) and DauAoa-LTVSPWY-NH2 conjugate-treated HL-60 cells (B). Arrows and spot
numbers show the significantly different spots on the gel where the expression level was higher.
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after the treatment with the conjugate. The expression level of a
heat-shock protein and two proteins involved in signaling
decreased compared to the nontreated control cells.
The intensity of two additional spots corresponding to

proteins involved in metabolic pathways (D-3-phosphoglycerate
dehydrogenase and fructose-bisphosphate aldolase A) was
weaker. This observation might suggest that the expression of
these proteins could occur also at a lower level, but the drop is
less marked (by 0.49-fold and 0.47-fold, respectively). It is
important to point out that increased expression of the Ran-
specific GTPase-activating protein was observed in both
daunomycin- and DauAoa-LTVSPWY-NH2 conjugate-ad-
ministered cells at a similar level (2.09-fold in Dau-treated and
2.29-fold in conjugate-treated samples, respectively).
Protein expression profiles of cells treated with daunomycin

or with conjugate were also compared. The results are
summarized in Figure 8 and Table 4. Three significantly
different protein spots were detected. These changes suggest
that one protein, the tubulin β chain, was expressed at a lower
level (by 0.20-fold) in DauAoa-LTVSPWY-NH2 conjugate-
treated cells. In contrast, the administration of HL-60 cells with
the conjugated drug for 24 h resulted in markedly higher
expression of two proteins: the proliferating cell nuclear antigen
(by 12.63-fold) and the 14−3−3 protein γ (by 11.50-fold)
compared to that of free daunomycin-treated cells.

■ DISCUSSION

Here, we report on the synthesis, characterization, and in vitro
cytostatic effect of a new oxime bond containing the
daunomycin conjugate DauAoa-LTVSPWY-NH2. The stabil-
ity of this compound was investigated under different
conditions, and it was found that even after 24 h the Dau
Aoa-LTVSPWY-NH2 conjugate was not degraded either in 10%
serum containing medium or in sodium acetate/acetic acid
buffers in the pH range studied (pH 2.5−7.0). The conjugate in
the presence of rat liver lysosomal homogenate was cleaved
enzymatically, resulting in DauAoa-Leu-OH as the smallest
drug containing metabolite of the conjugate. This metabolite, as
well as the DauAoa-LTVSPWY-NH2 conjugate, could bind
efficiently to DNA; therefore, DNA synthesis might be
inhibited by this compound in the cells.
The in vitro cytostatic and cytotoxic effect and cellular uptake

of the conjugate indicated that the cellular uptake mechanism
could be different in the case of the studied cell lines. The
cellular uptake of the DauAoa-LTVSPWY-NH2 conjugate
was limited in the case of MCF-7 cells, which express ErbB-2 in
normal or low levels.42 In contrast, SK-BR-3 cells, which are

ErbB-2 overexpressing cells, could take up the conjugate more
effectively. The IC50 value of DauAoa-LTVSPWY-NH2 on
SK-BR-3 cells was higher compared to other investigated cell
lines. Interestingly, free daunomycin was not as effective on this
cell line as on the others (in this case the IC50 value of the
conjugate was only 10.4 times higher than that of free
daunomycin). This finding, e.g. the cells with the highest
amount of targeted receptors showed the lowest cytostatic
effect, needs to be studied further. Experiments are in progress
to analyze the uptake mechanism. Efficient cellular uptake and a
remarkable in vitro cytostatic effect of the DauAoa-
LTVSPWY-NH2 conjugate were observed on HepG2 cells,
which moderately express the ErbB-2 receptor.43 The differ-
ence in the cellular uptake properties and the in vitro cytostatic
effect of the DauAoa-LTVSPWY-NH2 conjugate on different
cell lines could be explained by different cellular uptake
mechanisms and/or the different intracellular fates of the
compound. Also, the mode of action might be different for the
Dau-conjugate compared to Dau itself. The conjugate had the
highest cytostatic effect on HL-60 cells and the cellular uptake
was also the most effective in the case of this cell line. On HL-
60 cells, Trinks and co-workers could not detect ErbB receptors
by Western blot analysis, while mRNA expression was
observed.50 These data suggest that in the case of HL-60
cells the conjugate could be taken up efficiently by one or more
different mechanisms.
For a better understanding of the effect of the DauAoa-

LTVSPWY-NH2 conjugate on HL-60 cells, we have initiated a
comparative analysis of the protein expression profile of treated
and nontreated cells and also of conjugate vs free daunomycin
treated cells. We observed that the expression level of several
proteins altered due to the treatment with the conjugate or with
the free drug (Dau) in comparison with proteins from
untreated cells. Most interestingly, three proteins were
identified, whose expression was lower (tubulin β chain) or
markedly higher (proliferating cell nuclear antigen and protein
kinase C inhibitor protein 1) after administration of HL-60 cells
with Dau−peptide conjugate vs free drug. The results of
proteomic analysis performed and described in this paper could
be adaptable for systematic analysis of the mechanism of action
of bioconjugates with preferential properties vs the properties
of the covalently attached free cargo (e.g., drug). On the basis
of findings summarized in this paper, further studies are in
progress to identify the potential role of proteins, whose
expression level was dependent on the compounds (free vs
conjugated drug) used for treatment and could be considered
as relevant for target validation.

Table 4. Identified Proteins with Different Expressions in the Daunomycin-Treated or DauAoa-LTVSPWY-NH2 Treated
Samplesa

average level in

identified protein
spot

number

Dau-
treated
sample

DauAoa-LTVSPWY-
NH2 treated sample

fold-
change

Mascot
score Mr (Da) pI

proliferating cell nuclear antigen (PCNA) (cyclin)Homo sapiens
(human)[PCNA_HUMAN]

201 171.5 2165.8 12.63 2111 28768.78 4.57

14−3−3 protein γ (protein kinase C inhibitor protein 1) (KCIP-
1)Homo sapiens (human)[1433G_HUMAN]

1101 157.7 1814.0 11.50 3116 28302.59 4.80

tubulin β chain (tubulin β-5 chain)Homo sapiens
(human)[TBB5_HUMAN]

1504 9713.9 1981.3 0.20 11510 49670.82 4.78

aSpot number is for the identification of the spots on the gel. Average levels of the proteins in different samples are calculated by PDQuest 8.0
software. Fold change is the ratio of the average protein expression level in the conjugate and daunomycin-treated samples. Mr is the theoretical
molecular weight, while pI is the theoretical isoelectric point of the identified protein.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc2004236 |Bioconjugate Chem. 2011, 22, 2154−21652163



■ ASSOCIATED CONTENT

*S Supporting Information
Analytical RP-HPLC chromatogram of the purified conjugate,
recorded chromatograms, and LC-MS analysis of a conjugate
solution. This material is available free of charge via the Internet
at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*Fax: 36 1 372 2620. Telephone: 36 1 372 2828. E-mail:
fhudecz@elte.hu.

■ ACKNOWLEDGMENTS

This work was supported by Medichem2 (1A005/04),
Hungarian Research Fund (OTKA K68285, TS44742),
Ministry of Health (ETT 044-03/2009), GVOP-3.2.1-2004-
04-0352/3.0, and University of Konstanz (Zukunftskolleg,
Project 879/08).

■ REFERENCES
(1) Wiernik, P. H., and Dutcher, J. P. (1992) Clinical importance of

anthracyclines in the treatment of acute myeloid leukemia. Leukemia 6
Suppl 1, 67−9.
(2) Takimoto, C. H., and Calvo, E. (2008) Principles of Oncologic

Pharmacotherapy. In Cancer Management: A Multidisciplinary
Approach, 11th ed., Chapter 3.
(3) Von Hoff, D. D., Rozencweig, M., Layard, M., Slavik, M., and

Muggia, F. M. (1977) Daunomycin-induced cardiotoxicity in children
and adults. A review of 110 cases. Am. J. Med. 62, 200−8.
(4) Riehm, H., and Biedler, J. L. (1971) Cellular resistance to

daunomycin in Chinese hamster cells in vitro. Cancer Res. 31, 409−12.
(5) Shen, S. H., Gu, L. J., Liu, P. Q., Ye, X., Chang, W. S., and Li, B.

S. (2008) Comparative proteomic analysis of differentially expressed
proteins between K562 and K562/ADM cells. Chin. Med. J. (Engl.)
121, 463−8.
(6) Keenan, J., Murphy, L., Henry, M., Meleady, P., and Clynes, M.

(2009) Proteomic analysis of multidrug-resistance mechanisms in
adriamycin-resistant variants of DLKP, a squamous lung cancer cell
line. Proteomics 9, 1556−66.
(7) Yang, Y. X., Hu, H. D., Zhang, D. Z., and Ren, H. (2007)

Identification of proteins responsible for the development of
adriamycin resistance in human gastric cancer cells using comparative
proteomics analysis. J. Biochem. Mol. Biol. 40, 853−60.
(8) Jiang, Y. J., Sun, Q., Fang, X. S., and Wang, X. (2009)

Comparative mitochondrial proteomic analysis of Rji cells exposed to
adriamycin. Mol. Med. 15, 173−82.
(9) Chen, Y., Daosukho, C., Opii, W. O., Turner, D. M., Pierce, W.

M., Klein, J. B., Vore, M., Butterfield, D. A., and St Clair, D. K. (2006)
Redox proteomic identification of oxidized cardiac proteins in
adriamycin-treated mice. Free Radical Biol. Med. 41, 1470−7.
(10) Li, X., Pan, W., Qiu, F., and Qiu, Z. Y. (2006) Proteomic

approach to the effect of epirubicin on hepatoma cells at subcellular
level. Fen Zi Xi Bao Sheng Wu Xue Bao 39, 407−13.
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S1: Analytical RP-HPLC chromatogram of Dau=Aoa-LTVSPWY-NH2 conjugate 
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S2: Stability Dau=Aoa-LTVSPWY-NH2 conjugate as documented by the RP-HPLC 

analytical chromatograms recorded in 0.1 M  sodium citrate/citric acid buffer at pH 2.5 after 3 

and 24 hrs (for details see Materials and methods) 
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S3: Stability of Dau=Aoa-LTVSPWY-NH2 conjugate as documented by the RP-HPLC 

analytical chromatograms recorded in 0.1 M  sodium citrate/citric acid buffer at pH 5.0 after 3 

and 24 hrs (for details see Materials and methods) 
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S4: Stability of Dau=Aoa-LTVSPWY-NH2 conjugate as documented by the RP-HPLC 

analytical chromatograms recorded in 0.1 M  sodium citrate/citric acid buffer at pH 7.0 after 3 

and 24 hrs (for details see Materials and methods) 
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S5: Stability of Dau=Aoa-LTVSPWY-NH2 conjugate in 10% FCS containing cell culture 

medium as documented by the RP-HPLC analytical chromatograms recorded after 3 and 24 

hrs (for details see Materials and methods)
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S6: Degradation of Dau=Aoa-LTVSPWY-NH2 conjugate in the presence of rat liver 

lysosomal homogenate as documented by the LC-MS spectra recorded after 5 min (A), 2 hrs 

(B), 4 hrs (C), 6 hrs (D), 8 hrs (E), or 24 hrs (F) incubation. As control conjugate sample 

dissolved in 0.2 M sodium acetate buffer, pH = 5.0 was incubated at 37°C for 24 hrs in the 

absence of lysosomal homogenate and analyzed by LC-MS (G). Mass spectra averaged over 

the chromatographic window where the compounds eluted are shown. (For details see 

Materials and methods.) 
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Conjugation of Type I Antifreeze Protein to Polyallylamine Increases
Thermal Hysteresis Activity
€Ozge Can† and Nolan B. Holland*

Department ofChemical & Biomedical Engineering, Cleveland StateUniversity, 2121Euclid Avenue, Cleveland,Ohio 44115,United States

’ INTRODUCTION

Antifreeze proteins (AFPs) help organisms to survive at
subzero temperatures or at temperatures lower than the freezing
point of their body fluids by inhibiting ice crystal growth. Interest
in this phenomenon has given rise to many studies in order to
gain more information as to how they prevent the ice crystal
growth.1 It is generally accepted that AFPs bind to specific planes
of the ice surface, which stops subsequent crystal growth at
temperatures below the colligative melting point. This interac-
tion of AFPs with ice crystals results in thermal hysteresis, which
is the difference between the freezing and melting temperatures.
AFPs also prevent the redistribution of the water between ice
crystals and the solution referred to as ice recrystallization.2

These properties have use in potential applications such as cold
storage of cells or tissues, ice slurries used for refrigeration
systems, and food storage.3�8 To minimize the amount of
protein needed for a given application, antifreeze proteins with
thermal hysteresis activity at low concentrations are desirable.

Among AFPs, there is a considerable variance in thermal
hysteresis activity, even among proteins with similar structures.
The most extensively characterized type I fish AFP is the winter
flounderHPLC6 protein, which has three repeats of 11 amino acid
residues.9,10 A longer type I AFP is AFP9 from winter flounder,
which has four repeat sequences.11 This longer protein is more
active than its shorter isoform, illustrating the general effect of
increased size on the thermal hysteresis activity. More recently, a
much larger type I AFP was discovered in American plaice with a
molecular weight of approximately 17 kDa. This protein is five
times larger than the AFP9 and exhibited significant thermal
hysteresis activity even at low concentrations.12,13

Differences in thermal hysteresis activity have also been ob-
served in other types of AFPs. For example, the activity ofβ-helical
insect AFPs is affected by the addition or deletion of coils from the
structure of the protein. It has been shown that enhanced activity
in longer insect AFPs results from the larger ice surface binding
area of the proteins, as long as the repeating sequences continue to
match the ice crystal lattice structure.14,15

For the globular type III antifreeze proteins, a differentmechan-
ism for increased activity has been reported. Miura et al. observed
enhanced activity in a natural protein consisting of two type III
AFP domains connected by a nine residue linker.16 They com-
pared the activity of this protein with its single domain counterpart
and reported that the two-domain protein is more active than the
single domain protein. This enhancement is most pronounced at
low concentrations, yielding thermal hysteresis activities as much
as 6 times greater than the monomer. This effect was explained by
the assumption that the average distance between the two domains
of the protein adsorbed on the surface is smaller than that of the
adsorbed monomers. Hence, in order to saturate the ice surface
and stop the ice growth, a smaller amount of dimer would be
needed as compared to the monomer.

A more detailed investigation of the increased activity of the
type III dimers showed that a recombinant two-domain type III
AFP from Antarctic eel pout is twice as active as its monomer.17

However, when they inactivated one of the domains, its activity
was reduced to only 1.2 times greater than that of the monomer.
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ABSTRACT:Antifreeze proteins (AFPs) are ice binding proteins found
in some plants, insects, and Antarctic fish allowing them to survive at
subzero temperatures by inhibiting ice crystal growth. The interaction of
AFPs with ice crystals results in a difference between the freezing and
melting temperatures, termed thermal hysteresis, which is the most
common measure of AFP activity. Creating antifreeze protein con-
structs that reduce the concentration of protein needed to observe
thermal hysteresis activities would be beneficial for diverse applications
including cold storage of cells or tissues, ice slurries used in refrigeration
systems, and food storage. We demonstrate that conjugating multiple
type I AFPs to a polyallylamine chain increases thermal hysteresis
activity compared to the original protein. The reaction product is
approximately twice as active when compared to the same concentration
of free proteins, yielding 0.5 �C thermal hysteresis activity at 0.3 mM protein concentration. More impressively, the amount of
protein required to achieve a thermal hysteresis of 0.3 �C is about 100 times lower when conjugated to the polymer (3 μM)
compared to free protein (300 μM). Ice crystal morphologies observed in the presence of the reaction product are comparable to
those of the protein used in the conjugation reaction.
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When two monomers were linked through a disulfide bond such
that two domains could not bind to the ice surface simultaneously,
the dimer was again only 1.2 times as active as its monomer,
indicating that the two domains need to be both active and able to
simultaneously bind to the ice surface to achieve maximum
activity.

Expanding on this principle, thermal hysteresis activity of type
III was further increased by adding domains by tandem repetition
to create three and four domain proteins.18 However, diminish-
ing return above three domains was observed. On the basis of the
reported flexibility of the linker,19,20 this likely is the result of
limited freedom of the domains in the multimer, particularly the
central domains that are confined at both termini.

To overcome the limited mobility of tandem repeats, we
present here a different strategy for increasing the number of
domains per molecule. Type I AFPs are conjugated to a polymer
chain through their carboxy-terminal end. This results inmultiple
binding domains per chain, while still retaining individual
domain mobility. Type I AFP, as opposed to a more active
AFP, was chosen for two reasons. First of all, it consists of a single
α helix with no disulfide bonds or post-translational modifica-
tion, so large quantities of active protein (∼100 mg/L of culture)
can be expressed in E. coli and purified using relatively simple
procedures.21 Second, it could be modified to remove acidic
residues that would compete with the carboxy-terminus in the
conjugation reaction. The goal of the work is to reduce the
amount of protein necessary to observe significant thermal
hysteresis activity, so the low overall thermal hysteresis of the
Type I AFP is not a primary issue.

’MATERIALS AND METHODS

Synthesis and Cloning of the Genes for the Proteins. E. coli
strain BL21*(DE3) (Invitrogen) was used as the cloning and the
expression host strain using the pET20b vector (Novagen). The
procedure for obtaining the gene for producing the type I AFP
genes was previously described by Solomon and Appels.21 We
used a slightly modified version of their technique to obtain the
sequence for rAFP (Table 1). Briefly, four primers were used,
two of which included themajor portion of the sequence that was
extended using the two other shorter primers according to the
overlap extension technique. It is noteworthy that rAFP was
designed based on 11 amino acid repeat sequences found in the
native winter flounder proteins, but differs in that the repeat
sequences have less variability than the native proteins and it
contains five 11 residue repeats instead of the three or four
repeats naturally found.
In order to conjugate this protein to a polyallylamine (PAA)

specifically through its carboxy terminus, we produced a variant
of the protein with the two aspartic acid residues replaced by
asparagines, which have a similar side group size but without the
carboxylic acid group (Table 1). This modified protein, rAFP-N,
was prepared with the same procedure to create the gene for
producing rAFP except using a slightly modified forward exten-
sion primer to replace the aspartic acid residues with asparagines.
PCR amplifications were carried out using a thermal cycler

(Thermo Electron Corp.) in a 50 μL reaction containing 0.01 μM
template primers, 1.25 μM short primers, nuclease free water,
and PCR master mix (Promega). Purified DNA and the pET20b
expression vector were each 10-fold over digested with NdeI and
BamHI restriction endonucleases. Digestion products were pre-
pared for ligation by purification with agarose gel electrophoresis.

Quick Ligase Buffer (New England Biolabs) was used in 5 min
ligation reaction including approximately 50 ng of the vector
DNA and a 10-fold molar excess of the insert DNA followed by
plating. After overnight growth, colonies were selected and
plasmid DNA was purified using a miniprep kit (Qiagen). DNA
sequencing (Cleveland State University Genomics Laboratory)
was used to verify that the gene was ligated into the plasmid
properly.
Protein Expression and Purification. Overnight cultures of

transformed bacteria in 5 mL of ampicillin containing LB
medium was used to inoculate 1 L cultures having 100 mg
ampicillin. Samples were induced with isopropyl-β-D-thiogalac-
topyranoside (IPTG) (Thermo Fisher Scientific) after cultures
reached an optical density of 0.6 at 600 nm. Induced samples
were shaken in an incubator at 37 �C for 6 h.
Samples were purified (>95% as measured by polyacrylamide

gel electrophoresis and reverse-phase HPLC) using ethanolic
extraction according to the protocol reported by Solomon and
Appels.21 The purified protein was dialyzed against 100 mM
ammonium bicarbonate using 1000 Da cutoff membrane fol-
lowed by lyophilization.
Molecular weights of the proteins were determined by

mass spectrometry as 5108.6 and 5105.6 Da for rAFP and
rAFP-N, respectively. These results were in accordance with
the weights calculated from the primary sequences. Concen-
tration of a master solution was determined by amino acid
analysis (University of Oklahoma Molecular Biology Proteo-
mics Facility).
Conjugation Reactions. In a round-bottom flask, 5 μL

polyallylamine (Sigma-Aldrich) (Mw∼17 000, 20 wt % in water)
was mixed with 24 μL EDC (1-Ethyl-3-[3-dimethylaminopro-
pyl]carbodiimide hydrochloride) (Sigma-Aldrich) and 10.9 μL
sulfo-NHS (n-hydroxysulfosuccinimide) (Sigma-Aldrich) in 300 μL
0.4% acetic acid, 30 mM ammonium bicarbonate.22 Approxi-
mately 13 timesmolar excess of the rAFP-N (0.3 mM)was added
to the reaction mixture, which was stirred for 2 h at room
temperature. Unreacted impurities were removed by dialysis
using 3500 MW cutoff Spectra/Por dialysis membrane.
Size ExclusionHPLC.A 500 μL aliquot of the reactionmixture

was loaded on the 20 mL bioscale size exclusion column (Bio-
Rad Laboratories) filled with Toyopearl HW-55F resin (Tosoh).
Reaction buffer solution was pumped through the column in the
down-flow mode at a flow rate of 1 mL/min. UV absorbance at
230 and 280 nm were used to monitor the eluted sample.
Thermal Hysteresis Experiments.The concentration depen-

dence of the thermal hysteresis activity of the AFPs wasmeasured
as the difference between the melting and the freezing tempera-
tures of protein solutions. The melting and freezing points were
measured as previously described using a homebuilt nanoliter
osmometer attached to an optical microscope (Olympus).23

Briefly, a single drop of protein solution was suspended in oil.

Table 1. Amino Acid Sequence and Thermal Hysteresis
Activity of Reported AFP Constructs

protein sequence/structure

activity at

0.3 mM

(�C)

rAFP MD TASDAAAAAAL (TAANAAAAAAL)4 TAR 0.28

rAFP-N MN TASNAAAAAAL (TAANAAAAAAL)4 TAR 0.23

rAFP-N/PAA Polyallylamine-graft-rAFP-N 0.50
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The droplet was flash frozen at around �30 �C and, upon
increasing the temperature to the melting point, was thawed
slowly until a single ice crystal was obtained. The temperature
was subsequently decreased (0.01 �C/min) until reaching the
freezing temperature, where rapid crystal growth was observed.

’RESULTS

We successfully expressed and purified two different recom-
binant type I antifreeze proteins, rAFP and rAFP-N (Table 1), as
verified by DNA sequencing of the gene, mass spectrometry, and
amino acid analysis. The rAFP protein was first designed and
expressed by Solomon and Appels,21 based on theHPLC6winter
flounder type I AFP. It consists of initial HPLC6 residues,
including the first 11-residue repeat sequence, followed by four
of the terminal HPLC6 11-residue repeats. The five 11-residue
repeats is greater than the three commonly found in nature. The
rAFP-N protein is the same as rAFP except that mutations were
introduced to substitute the two aspartic acid residues with
asparagine residues. This eliminates the acidic side groups that
could compete with the protein carboxy terminus in the con-
jugation reaction with the amine groups of the polyallylamine.

The conjugation reaction product of rAFP-N (5.1 kD) with
PAA (17 kD) was passed through a size exclusion chromatog-
raphy column (Figure 1) and fractionated to determine which
peaks contained active antifreeze protein, as determined by
thermal hysteresis measurements and ice crystal morphologies.
The 280 nm absorbance is attributed to the PAA, whereas both
the protein and PAA absorb at 230 nm. The first (high molecular
weight) peak contains active antifreeze protein and corresponds
to the reaction product. The second peak also exhibits activity,
and is attributed to unreacted protein. None of the other peaks
contained active protein.

All three protein constructs (rAFP, rAFP-N, and rAFP-N/
PAA) exhibit thermal hysteresis activity (Figure 2). Although
rAFP and rAFP-N have comparable activities up to 0.2 mM, the
activity for rAFP-N was lower than that for rAFP at higher
concentrations. We speculate that the lower thermal hysteresis
activity of rAFP-N may be the result of reduced solubility since
the charged aspartic acid residues were removed to facilitate the
specific conjugation reactions, but it could also be caused by
structural differences induced by the point mutations. When
compared to reported thermal hysteresis values of its shorter
isoform HPLC-6,24 rAFP is more active at all concentrations
measured, i.e., up to 2 mM.

The activity of the rAFP-N/PAA is measured using the
reaction mixture, which includes both the rAFP-N conjugated
to the PAA and any unreacted protein. For comparison to the
unconjugated protein, the thermal hysteresis is plotted against
the protein domain concentration, which includes both protein
domains conjugated to the polymer and free unreacted domains.
This domain concentration is based on the known amount of
protein added in the reaction. At concentrations below 0.3 mM
of rAFP-N, the rAFP-N/PAA reaction product is at least twice as
active compared to rAFP or rAFP-N. It would have been
preferable to compare the conjugation product purified from
unreacted protein by chromatography. However, quantification
of the protein domain concentration in the fractionated samples
was not successful. We attempted using NMR, but the signal
from the acetic acid in the sample buffer, which was necessary to
solubilize the product, overwhelmed the NMR spectra of the
sample. Amino acid analysis of the product also did not produce

reliable results presumably because of the interference of the
polymer backbone.

Ice crystal morphologies were observed in the presence of the
AFP. At all concentrations, the ice crystal morphologies in the
presence of rAFP were similar, with ice crystals between 10 and
15 μm at low concentrations and slightly larger at 0.53 mM
(Figure 3A). Truncated bipyramidal ice crystals are initially

Figure 1. Size exclusion chromatograph of the conjugation reaction
mixture. The sample was fractionated at several intervals to identify the
peaks that contained active antifreeze proteins. The sample is detected
by UV absorbance (black line: 230 nm, gray line: 280 nm).

Figure 2. Concentration dependence of thermal hysteresis. Thermal
hysteresis measurements of the pure proteins, rAFP (diamonds) and
rAFP-N (solid circles), and the reaction product, rAFP-N/PAA (open
circles), were measured at a cooling rate of 0.01 �C/min. The concen-
trations for rAFP-N/PAA indicate the molar concentration of the rAFP-
N protein molecules used in the reaction mixture.

Figure 3. Ice crystal morphologies in the presence of antifreeze protein
constructs: A, rAFP (530 μM); B, rAFP-N (600 μM); C, rAFP-N/PAA
(32 μM of rAFP-N). For all samples, the c-axis is parallel to the paper
plane. Scale bars are 10 μm.
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formed, followed by more complete bipyramid formation over
time. Similar hexagonal bipyramidal ice crystal morphologies
have been reported in the presence of the shorter isoform of
rAFP.25 At the burst point, the ice crystals fail at the bipyramid tip
growing in the direction of the c-axis. The rAFP-N also produced
bipyramidal structures, which were frequently truncated at lower
concentrations. Surprisingly, the rAFP-N burst point morphol-
ogy was substantially different than rAFP. Ice crystals failed at the
edge and center of the crystal with ice crystal growth always along
the a-axis (Figure 3B). Ice crystal morphologies of the rAFP-N/
PAA reaction product revealed similar behavior as rAFP-N
except that much smaller ice crystals were obtained at all
concentrations (Figure 3C). Again, failure occurred at the tip
and at the center of the ice crystal growing along the a-axis,
similar to rAFP-N.

The first and second peaks of the rAFP-N/PAA reaction
product purified by size exclusion chromatography (Figure 1)
were fractionated and ice crystal morphologies were observed
(Figure 4). The concentration for these samples is unknown due
to the inability to quantify the conjugated protein adequately.
Thermal hysteresis activities of the samples from first row to the
fourth row are 0.25, 0.28, 0.20, and 0.11 �C, respectively. No ice
crystal morphology change was detected for the remainder of the
peaks indicating that the first two peaks constitute the majority of
the reacted and unreacted protein.

’DISCUSSION

Activity of antifreeze proteins is primarily measured through
the concentration-dependent thermal hysteresis, which is the

difference between the melting and freezing points of ice crystals
in AFP solutions. Thermal hysteresis results from the noncolli-
gative depression of the freezing point through AFP interaction
with the ice crystal surface. Several factors have been reported to
affect the thermal hysteresis activity of a given protein, including
the size of the protein (steric effect), the surface area and lattice
matching of the ice binding face (affinity), and the ability of the
multiple protein domains to bind with the ice surface simulta-
neously (avidity).14,15,17,20 The widely accepted mechanism for
thermal hysteresis is described by a model based on the Kelvin
effect.26 Once proteins bind to the ice surface, the spacing
between the adsorbed protein molecules determines the level
of thermal hysteresis activity. This model relies on the pinning of
the ice crystal by the proteins leading to curvature of the growing
ice surface between the protein molecules resulting in an
increased energy barrier for the addition of water molecules.
This can stop the growth of the ice crystal, effectively lowering
the freezing point. Since the growth of the ice crystals has been
observed to be completely stopped, the proteins must be
irreversibly adsorbed to the ice.

Irreversible adsorption conflicts with the observed concentra-
tion dependence of thermal hysteresis, which suggests that there
is an equilibrium process occurring. To reconcile these observa-
tions, Kristiansen and Zachariassen27 presented a convincing
model with a two-step process: protein equilibrium (reversible)
binding occurs at the colligative freezing temperature as the ice
begins to form, but as the crystals mature, the proteins become
trapped in the surface (irreversible) to result in thermal hyster-
esis. The concentration dependence of thermal hysteresis is a
result of different protein concentrations present at the interface
due to the reversible binding step.

On the basis of the above model, for a given antifreeze protein
that binds to a specific plane of the ice surface, increasing the
concentration at the interface during the reversible adsorption
step will tend to increase the thermal hysteresis. Adsorption/
desorption equilibrium should therefore be considered when
designing an antifreeze protein molecule. The most common
approach used to increase surface concentrations has been to
increase the affinity of protein binding to the ice, by increasing
the area of the protein binding face for helical AFPs.11,12 The
increase in affinity reduces the rate of desorption leading to an
increased equilibrium protein concentration at the surface.
Increasing the affinity is to some extent limited in that the
quality of lattice matching diminishes with the addition of
helical repeats.

Increased avidity also can result in increased thermal hyster-
esis, particularly at low protein concentrations, as has been
reported with the naturally occurring two-domain type III
AFP.20 Using a modified Langmuir adsorption model, we illu-
strated that this can be explained by an increased surface
concentration during reversible adsorption.28 This insight in-
spired the design of the high-avidity AFP construct produced by
the conjugation of multiple AFPs to a polymer chain (Figure 5).
The high avidity results in an increased concentration of the
surface-bound proteins and activity of the product. Hence, a
smaller concentration of protein is required to obtain the same
activity compared to free AFP.

The proposed mechanism of action is for the increase in
activity of the rAFP-N/PAA is the increased avidity. During
the reversible step of the AFP interactionwith ice crystals, multiple
proteins attached to a single polymer chain can adsorb to the
ice surface. Even if there was a relatively weak interaction of

Figure 4. Ice crystal morphologies in the presence of theHPLCpurified
rAFP-N/PAA. The c-axis is parallel to the paper plane except for the
third row, in which it is perpendicular to the paper plane. From left to
right: Initial single ice crystal, ice crystal just before and after the burst
point, respectively. First row is the left arm of the first peak in Figure 1,
while the remaining rows represent the top-right of the first peak,
bottom-right of the first peak, and the second peak in Figure 1,
respectively. No ice crystal morphology change was detected for the
remainder of the peaks. Scale bar is 10 μm.
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the individual proteins, resulting in significant probability of ex-
change of the molecules, desorption of one or more of the
protein molecules would not be enough to disengage the whole
construct from the surface. All proteins would need to desorb
simultaneously, leading to near-zero probability of complete
desorption. This will lead to high surface coverage even at low
solution concentrations. It is noteworthy that, using a similar
approach, the conjugation of hydrophobic side chains to poly-
mers has been used to produce stable adsorbed layers on
hydrophobic surfaces.29

As expected, in the reaction product containing the AFP
conjugated to the PAA we observed an increase in thermal
hysteresis compared to equivalent concentrations of pure pro-
tein, particularly at low concentrations. We expect that using
reaction mixture containing both the conjugate and unreacted
protein underestimates the actual thermal hysteresis values of
conjugation product with no free AFP. The degree of this
underestimation may be relatively small in light of the reported
conferring of full activity to a defective AFP by the addition of a
small fraction of an active AFP.30 Even with the potential
underestimation of the effectiveness, it is impressive that the
conjugated product was able to achieve a thermal hysteresis of
0.3 �C with about 1% of the total protein concentration needed
for the free AFP (3 μM of the protein domain compared to
300 μM, respectively). This drastically lowers the total amount of
protein necessary to achieve the same activity.

If the high avidity of the rAFP-N/PAA leads to high surface
coverage particularly at low concentrations, one may question
why a greater increase in thermal hysteresis is not observed.
Although there is significant thermal hysteresis activity improve-
ment within the concentration range studied, these values fall
below the thermal hysteresis values reported for the hyperactive
type I AFP.13 A likely answer is that the distribution of the protein
along the polymer both in distance and in frequency may not be
optimal for maximizing surface coverage. This could lead to
incorrect alignment of the protein molecules on the ice lattice.
The reaction product obtained in this study has multiple protein
molecules attached to a polyamine carrying multiple ice binding
sites. It is likely that misalignment of the ice binding faces during
the reversible exchange is more pronounced for this bigger
molecule compared to individual protein molecules and hence
there might be a limit to the number of protein molecules on the
polymer chain that can simultaneously align with the ice surface.

By changing the ratio of protein to polymer, an optimal number
of proteins for the maximizing thermal hysteresis activity could
be obtained. If greater thermal hysteresis is desired, another
approach could be to use more active antifreeze proteins such as
insect antifreeze proteins.

Different types of AFPs produce different ice crystal morphol-
ogies, which is attributed to their structural differences.31 For
example, type I AFPs bind to the bipyramidal (201) plane of ice.26

Molecular modeling studies revealed that the main source of this
interaction was the steric compatibility between the ice plane and
the AFP.32 Type III AFPs comparably bind to the prism (100)
plane of the ice crystal.33 Similarly, steric contributions and
hydrophobic interactions were found to play an important role
in ice binding of these AFPs by using molecular dynamics
simulations, ice docking, and energy minimization studies.26,34�36

The ice crystal morphology observed for both rAFP-N and the
conjugation product rAFP-N/PAA is initially a truncated bipyr-
amid thatmay growwith time to form amore complete bipyramid,
more often at higher concentrations. The similar behavior suggests
that the conjugation does not alter the manner in which the
proteins bind to the ice surface. It is unknownwhy themorphology
of the ice crystal growth is different between the rAFP and the
rAFP-N. The conversion of the two aspartic acids to asparagines
are outside of the binding region of the protein and are not
expected to alter the simple α-helical fold of the protein. For some
unknown reason, the loss of the charged residues leads to the
greater prevalence of truncated bipyramidal crystals, as well as
burst growth along the a-axis instead of the c-axis.

Creating superior AFP constructs that have thermal hysteresis
activity at low concentrations would make it more feasible
economically to use them as additives for cryopreservation and
refrigeration systems. We have successfully demonstrated a
potential route toward this goal. Through the use of higher-
activity AFP domains, such as insect AFPs, and optimizing the
density of conjugation, even greater improvements in activity
might be obtained.
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Figure 5. Schematic representations of rAFP-N/PAA reaction product.
The rAFP-N models were created by extending the length of winter
flounder AFP (PDB ID 1WFA37) while maintaining the α-helical
structure, using DeepView/Swiss-PdbViewer software program.38 PAA
(17 kDa) was produced using PyMOL version 0.99.
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ABSTRACT:

PEGylated multivalent structures are a new class of platform for biological applications due to their biocompatibility properties.
Here, we present the synthesis of a trivalent structure 1 based on poly(ethylene glycol) units (PEG) as potential synthetic
multifunctional carrier molecule. To evaluate whether this PEGylated platform could be useful for the conjugation of bioactive
compounds, a well-known lipopolysaccharide (LPS) inhibitor 2, developed in our laboratory, was selected to be conjugated to 1.
The LPS-neutralizing activity of the resulted conjugates and precursors was established using the chromogenic Limulus amebocyte
lysate (LAL) assay. The trivalent structure 1 did not show LPS-binding activity, nonconjugate LPS inhibitor 2 showed high LPS-
neutralizing activity, and the trivalent conjugate 4 displayed increased LPS-neutralizing activity and a reduced toxicity profile. These
results prove the efficacy of this trivalent platform as a multivalent ligand scaffold for biological applications.

’ INTRODUCTION

The conjugation of bioactive compounds to oligo- and polymeric
materials constitutes a useful strategy of outstanding interest in
the field of medicinal chemistry.1,2 These materials can be used
either as carrier systems for drug delivery or as bioactive multi-
valent platforms for the presentation of several copies of a pharma-
cological agent with a specific topology. Overall, these systems
should enable the administration of much lower doses of the drug
with higher efficiency, thereby minimizing unwanted side effects.
Additionally, for substances with poor water solubility, these
systems afford the possibility to increase this property and hence
the effectiveness of the drug.

Dendrimer structures have emerged as a new class of biopoly-
mers with structural properties3�5 and biological applications of
interest.6�10 These compounds are highly branched polymers

with a well-defined chemical composition and structure. In this
regard, PEGylated dendrimers, in which a multifunctional den-
dritic core is attached to polyethylene glycol (PEG) chains, are a
subclass of dendrimers that maintain the special features of the
dendrimers and amplify the properties of PEG.11,12 PEG is a
highly flexible, water-soluble, nontoxic, and non-immunogenic
polymer. Drug or protein conjugation to PEG increases its solu-
bility in water, protects against degrading enzymes, and prevents
immunogenicity, preserving the original biological functions
of the conjugated bioactive molecules.13 In addition, the pre-
sence of PEG reduces kidney ultrafiltration, improves bioavailability,
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increasing drug half-life, and, in general, facilitates its adminis-
tration.14,15 In fact, various PEGylated dendrimers have been
described and showed lower toxicity, fewer hemolytic properties,
long blood circulation times, low organ accumulation, and high
accumulation in tumor tissue.16�18

Nevertheless, the synthesis of highly branched dendritic struc-
tures is often tedious and challenging and involves considerable
synthetic effort, generally resulting in low yields of final dendri-
mers.19 Simple, easy-to-synthesize multivalent platforms (i.e.,
generation 0 dendrimers) that are able to maintain some of these
unique dendrimer properties are the optimal scaffolds to construct
newmultivalent ligands. Multivalence is a phenomenon whereby
multiple, simultaneous, energetically coupled target/ligand inter-
actions enhance the overall activity and selectivity compared to
the corresponding monomeric interaction.

Here, we describe the synthesis of a very promising class of
trivalent PEG-based platform 1, which consists of three copies of
monodisperse PEG units attached to nitrilotriacetic acid (NTA)
as trivalent ligand scaffold (Figure 1). In addition to the conjuga-
tion of multiple copies of bioactive compounds, such platforms
may also increase water solubility and reduce toxicity of the con-
jugated molecules caused by the presence of PEG moieties.

To evaluate whether this PEGylated platform could be useful
in the conjugation of bioactive compounds, a LPS inhibitor
developed in our laboratory, compound 2,20 was selected to be
conjugated to 1 (Figure 1). LPS is a bacterial endotoxin present

in the outer leaflet of Gram-negative bacteria that plays a major
role in Gram-negative sepsis.21 Sepsis is a serious systemic res-
ponse to infection that represents the foremost cause of death in
intensive care units (ICUs),22 accounting for 750 000 hospitali-
zations in the U.S. annually.23,24 To date, only one example of
dendrimers with LPS-neutralizing activity has been reported.25,26

In these studies, David and co-workers examined a variety of
amine-terminated poly(amidoamine) (PAMAM) dendrimers.27

The authors derivatized the surface amines of these dendrimers
with lipopolyamines and obtained a multibranched dendritic struc-
ture that neutralized LPS-induced inflammatory responses in
vitro and afforded protection against endotoxic shock in a murine
model.26 No reports concerning other types of dendritic-like
multivalent structures have been found in the literature.

The selected LPS-inhibitor, compound 2, was successfully
conjugated to the trivalent platform 1, thereby rendering a new
construct 4 with an improved endotoxin-neutralizing activity
and toxicity profile, confirming the utility of this new PEGylated
platform as a multivalent scaffold.

’EXPERIMENTAL PROCEDURES

General Materials and Methods. All chemicals and solvents
were purchased from Calbiochem-Novabiochem AG, Iris Biotech
GmbH, Fluka Chemika, Albatross Chem, GL Biochem, Sigma-
Aldrich, Panreac, KaliChemie, Merck KGaA, or Scharlau and

Figure 1. Synthesis of conjugates 4 and 5. Trivalent platform 1 is depicted drawing multifunctional core NTA in red and the PEG chains in blue. The
potent LPS-neutralizing agent 2 and the amphipathic monomer 3 are also shown. (i) TFA-DCM (1:1); (ii) TFA-H2O-TIS (95:2.5:2.5); (iii) PyBOP,
HOBt, DIEA.
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were used as received without further purification. Distilled and
deionized water was used for the preparation and rinsing of all
solutions. Endotoxin-free water, LPS from E. coli 055:B5 and
Polymyxin B were purchased from Sigma. The LAL reagent and
the chromogenic substrate were obtained from Cambrex. Analy-
tical RP-HPLC was performed using an Alliance 2695 Waters
chromatography system with a RP Symmetry column and a
Waters 996 photodiode array detector, using different linear gradients
(see SI). Semipreparative HPLC was carried out on a Waters
chromatography system equipped with a Waters 2487 dual
absorbance detector and ESI-MS Waters Micromass ZQ), per-
formed on a Symmetry column with linear gradients of B, MeCN
(with 0.1% TFA), in A, H2O (with 0.1% TFA), at a flow rate of
20 mL/min, using different linear gradients (see SI). Flash
RP-LCwas performed on a Combi Flash system from Isco Teledyne
using RediSep C18 cartridges (4 g) with linear gradients of B,
MeCN (with 0.1% TFA), in A, H2O (with 0.1% TFA), at a flow
rate of 20 mL/min (see SI for elution conditions). HPLC-MS
was performed onWaters Alliance 2695 chromatography system
equipped with Waters 995 photodiode array detector and ESI-MS
Waters Micromass ZQ), on a Symmetry column with linear
gradients of B, MeCN (with 0.1% FA), in A, H2O (with 0.1% FA),
at a flow rate of 20 mL/min (see SI for elution conditions). Mass
spectra were recorded on a Voyager MALDI-TOF spectrometer
using either ACH or SA matrices dissolved in H2O/MeCN/FA
(1:1:0.1). 1H NMR spectra were recorded on a Varian Mercury
400 spectrometer at 400 MHz in DO2. Peptide solid-phase syn-
thesis was carried out following standard methods28 described in
Supporting Information section.
Synthesis of (TOTA)3NTA (1). NTA (12.0 mg, 0.063 mmol),

was preactivated for 15 min with DIC (29.4 μL, 0.19 mmol) and
HOBt (28.3 mg, 0.19 mmol) in 10 mL of DCM�DMF (7:3).
Then, Boc-TOTA (73.6 mg, 0.23 mmol) and TEA (52.74 μL,
0.38 mmol) dissolved in 10 mL of DCM�DMF (7:3) were
added to the preactivated NTA. The reaction was stirred for
48 h under N2 atmosphere at room and checked by RP-HPLC
(conditions A). The solventmixturewas evaporated under vacuum,
and the residue was dissolved in DCM; washed with saturated
NaHCO3 and brine; dried over MgSO4 and evaporated to dry-
ness under vacuum to obtain 1a as yellow oil (76.2 mg, 95% yield,
67% purity). The crude mixture 1a was purified using a flash
chromatography system with a RP C18 column (condition G in SI)
to afford 1a (83% of recovery yield). 1a: RP-HPLC (tR = 23.1
min, purity 97%, condition A in SI); MALDI-TOF (m/z calcd.
for C51H99N7O18 1097.74, found 1098.6 [M+H]+). 1H NMR
(400 MHz, D2O): δ ppm 1.43 (s, 27H), 1.71�1.84 (m, 12H),
3.21 (m, 6H), 3.26 (bs, 6H), 3.36 (dd, J = 6.8, 12.4 Hz, 6H), 3.53
(t, J = 6.02, 6.02 Hz, 12H), 3.56�3.66 (m, 24H), 5.12 (bs, 3H),
7.73 (bs, 3H). 13C NMR (400 MHz, MeOD): δ ppm 28.37,
29.15, 29.60, 37.23, 38.34, 50.49, 59.79, 69.34, 69.37, 70.08, 70.42,
76.68, 77.00, 77.32, 77.32, 156.06, 170.33. Then, compound 1a
was treated with 15 mL of TFA�DCM (1:1) for 30 min. TFA
was removed by evaporation to dryness yielding 1 (41.1 mg, 96%
yield). 1: RP-HPLC (tR = 8.1min, purity 88%, condition A in SI),
MALDI-TOF (m/z calcd. for C36H75N7O12 797.55, found 798.6
[M+H]+).
Synthesis of 2a. Fmoc-6-aminohexanoic acid (1 equiv) and

DIEA (10 equiv) were sequentially added to 2-chlorotrityl
chloride resin (300 mg, 1.00 mmol/g) and the resin was stirred
for 1 h. The incorporation was followed by a 10 min capping step
with MeOH (240 μL). After Fmoc removal, Fmoc-Arg(Pbf)�OH
(4 equiv) was incorporated into the resin using 2 � 45 min

consecutive coupling treatments with HATU (4 equiv) in DMF
as coupling reagent in the presence of DIEA (8 equiv). Next,
the Fmoc group was removed and Fmoc-protected N1-(Fmoc)-
1,12-diamino-4,9-dioxadodecan-succinamic acid (4 equiv) was
coupled overnight using HOAt (4 equiv), PyBOP (4 equiv),
and DIEA (12 equiv). Then, the Fmoc group was removed and
Fmoc-Arg(Pbf)-OH was incorporated using the conditions ex-
plained above. Finally, palmitic acid (5 equiv) was added over-
nightwithHOAt (5 equiv), PyBOP(5 equiv), andDIEA(15 equiv).
The compound was then cleaved using TFA�DCM (1:99) (5�
0.5 min). Solvents were evaporated and the residue was dissolved
in H2O�MeCN (1:1) and lyophilized to afford 2a (139.1 mg,
32% yield). The crude product was purified by semipreparative
RP-HPLC (condition F in SI) to yield 2a with optimal purity. 2a
RP-HPLC (tR = 14.9 min, purity 97%, condition D in SI), ES+MS
(m/z calcd. for C74H125N11O15S2 1471.9, found 738 [M+H]+/2).
Synthesis of 2. The synthesis of 2 has been described else-

where.20 Fmoc-6-aminohexanoic acid (4 equiv) was coupled to
Rink Amide MBHA resin with DIC (4 equiv) and HOAt (4 equiv)
in DMF for 6 h. Subsequent steps in solid phase were carried out
as explained for the synthesis of 2a. Finally, the cleavage of the
compound from the solid support and deprotection of side-chain
groups was carried out with TFA�H2O�TIS (95:2.5:2.5) for
2 h. TFAwas then removed by evaporation with nitrogen and the
crude compound was precipitated with cold anhydrous TBME,
dissolved in H2O�MeCN (1:1) and lyophilized. Then, it was
purified by semipreparative RP-HPLC (condition E in SI) to
yield the desired 2with excellent purity. 2RP-HPLC (tR = 10.4min,
purity 98%, condition C in SI), MALDI-TOF (m/z calcd. for
C48H94N12O8 966.73, found 967.81 [M+H]+).
Synthesis of 3. Fmoc-Arg(Pbf)-OH (1 equiv) in DCM and

DIEA (10 equiv) were sequentially added to CTC resin (218mg,
1.00 mmol/g), and the resin was stirred for 1 h. At the end of the
coupling, a treatment with MeOH (175 μL) for 10 min was
carried out to cap the free chloride groups of the resin. The Fmoc
group was removed and palmitic acid (5 equiv) was added
overnight with HOAt (5 equiv), PyBOP (5 equiv), and DIEA
(15 equiv) as coupling reagents. Cleavage of the final compound
from the resin was afforded by mild acidic treatments with
TFA�DCM (1:99; 5� 0.5 min). The solvents were evaporated,
the compound dissolved in H2O�MeCN (1:1), and lyophilized
to obtain 3a (102.7 mg, 71% yield), which was used without
purification. 3aHPLC (tR = 16.8 min, purity 95%, condition D in
SI). Then, 3a was treated with TFA�H2O�TIS (95:2.5:2.5) for
1 h. TFA was evaporated and the residue was dissolved in MeOH,
precipitated with cold TBME, dissolved in H2O�MeCN (1:1),
and lyophilized to obtain 4.2 mg of 3 with 86% of yield. 3 RP-
HPLC (tR = 19.5min, purity 89%, condition B in SI),MALDI-TOF
(m/z calcd. for C22H44N4O3 412.34, found 413.01 [M+H]+).
Synthesis of Compound (2-TOTA)3NTA (4). Compound 2a

(20.0 mg, 0.0136 mmol) dissolved in 10 mL of DCM�DMF
(7:3) was preactivated for 15 min by adding PyBOP (7.1 mg,
0.0136 mmol) and HOBt (2.0 mg, 0.0136). Then, 1 (3.30 mg,
0.0041) and DIEA (4.6 μL, 0.0272 mmol) dissolved in 10 mL of
DCM�DMF (7:3) were added. The mixture was stirred under
N2 atmosphere at room temperature for 72 h; the reaction was
controlled by RP-HPLC (condition B in SI). The solvent was
evaporated under vacuum and the residue dissolved in DCM;
washed with saturated NaHCO3, 10%HCl, and brine; dried over
MgSO4; and evaporated to dryness. The crude product was
dissolved in MeOH and precipitated with cold TBME to obtain
4a (18.8 mg, 70% yield). 4a: RP-HPLC (tR = 26.3 min, purity
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80%, condition B in SI); MALDI-TOF (m/z calcd. for C258H444-
N40O54S6 5162.91, found 5180.02 [M+18]+). Then, 4a (18.8 mg)
was treated with TFA�H2O�TIS (95:2.5:2.5) for 3 h and TFA
was evaporated. The residue was dissolved in MeOH and pre-
cipitated with cold TBME. After centrifugation�decantation, the
compound was dissolved in H2O�MeCN (1:1) and lyophilized
to afford 4 as a white solid (6.1 mg, 86% yield). 4: RP-HPLC
(tR = 17.2 min, purity 83%, condition B in SI); MALDI-TOF
(m/z calcd. for C180H348N40O36 3648.94, found 3649.93 [M+H]+).
Synthesis of (3-TOTA)3NTA (5). 3a (20.0 mg, 0.030 mmol)

was preactivated for 15 min with PyBOP (15.7 mg, 0.030 mmol)
and HOBt (4.5 mg, 0.030 mmol) in 10 mL of DCM�DMF
(7:3). Compound 1 (7.26 mg, 0.0091 mmol) and DIEA (10.2 μL,
0.060 mmol) were dissolved in 10 mL of DCM�DMF (7:3) and
after stirring for 10 min were added to the preactivated compound
3a. The mixture reaction was stirred under N2 atmosphere at
room temperature for 72 h and controlled by RP-HPLC
(condition B). Then, the solvent was evaporated under vacuum
and the residue was dissolved in DCM; washed with saturated
NaHCO3, 10% HCl, and brine; dried over MgSO4; filtered; and
evaporated to dryness to obtain5a. This compoundwas dissolved in
MeOH and precipitated by the slow addition of cold MeCN
(20.2 mg, 81% yield). 5a: RP-HPLC (tR = 26.6 min, purity 84%,
condition B in SI); MALDI-TOF (m/z calcd. for C141H249N19-
O27S3 2738.79, found 2762.01 [M+Na]+). The protected 5a
(20.2 mg, 0.0073 mmol) was treated with TFA, as previously
explained for compound 4. Workup yielded 5 as a white solid
(8.6 mg, 88% yield). 5 RP-HPLC (tR = 14.9 min, purity 92%,
condition B in SI); MALDI-TOF (m/z calcd. for C102H201-
N19O18 1981.8, found 1981.78 [M+H]+).
LPS Neutralizing Activity. All solutions used in the LPS-

neutralizing activity assay were tested to ensure they were endotoxin-
free, and the material was sterilized by heating for 3 h at 180 �C.
LPS-neutralizing activity was measured using the chromogenic
Limulus Amebocyte Lysate (LAL) test, following the manufac-
turer’s instructions (Cambrex). The LAL reagent contains a
clottable protein that is activated in the presence of non-neu-
tralized LPS, being an extremely sensitive indicator of the presence
of endotoxin. When activated, this enzyme catalyzes the release
of p-nitroaniline (pNA) from the colorless chromogenic sub-
strate Ac-Ile-Glu-Ala-Arg-pNA. The released pNA can be measured
photometrically at 405 nm. Compounds were initially dissolved
in sterile phosphate buffered saline, PBS (137mMNaCl, 2.7 mM
KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.0) at a concen-
tration of 100 μM and preincubated with LPS (100 pg/mL in
sterile, endotoxin-free water) in a 96-well microplate for 60 min
at 37 �C. Polymyxin B (10 μg/mL in sterile PBS) was used as a
positive control. The colorimetric reaction was started by adding
12.5 μL of LAL reagent (reconstituted by adding 1.4 mL of LAL
reagent water) for an incubation period of 10 min at 37 �C. After
this time, non-neutralized LPS was detected by the addition of
25 μL of the chromogenic substrate (reconstituted with 6.5 mL
of LAL reagent water) for 5 to 8min at 37 �C. Acetic acid (25% v/v
final concentration) was added to stop the reaction, and the
absorbance was monitored at 405 nm in a Multiskan Ascent
microplate plate reader (ThermoLabsystems). At this concen-
tration, compounds that showed an LPS neutralization above
75% were tested to determine their IC50 (the concentration
required to neutralize 50% of LPS in vitro). IC50 values were
determined by a serial dilution assay using 100 pg/mL of LPS and
a range of compound concentrations (50 to 0.001 μM). All assays

were run in triplicate, and the curves were automatically adjusted
by nonlinear regression using Prism 4 (GraphPad) software.
Cell Culture.Mouse macrophages (RAW 264.7) were obtained

from ATCC (American Type Culture Collection, USA). The cells
were grown in Dulbecco’s Modified Eagle’s Medium (DMEM,
GibcoBRI) supplementedwith 10% fetal bovine serum(FBS�Gibco
BRI) and 1% L-glutamine. The cultures were incubated at 37 �C
in a humidified atmosphere of 5% CO2�95% air. Subcultures of
macrophages were prepared every 2�3 days by scraping cells
into fresh medium.
MTT Cell Viability Assays. Cell viability was evaluated by a

MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide) assay. RAW 264.7 cells were seeded in sterile 96-well
microtiter plates at a seeding density of 6 � 104 cells/mL in
DMEM supplemented with 10% FBS and allowed to settle for
24 h. Compounds were added at a 10 μM concentration to the
plates and the cells were further incubated for 24 h. After removal
of the medium, the precipitated formazan crystals were dissolved
in optical grade DMSO (100 μL), and the plates were read at
570 nm using a Wallac 1420 Workstation.

’RESULTS AND DISCUSSION

Design of Drug Conjugates with LPS-Neutralizing Activ-
ity. The trivalent PEGylated platform (compound 1, Figure 1)
was obtained by convergent synthesis from the condensation of a
commercially available propylene glycol (TOTA) and a trifunc-
tional core (NTA). This and other types of polycarboxylic acids
have been used in vivo as chelating agents for metals and their
complexes as contrast agents for magnetic resonance imaging
(MRI).29,30 Since their physiological removal was confirmed in
studies,31 they have been considered excellent cores for the
design of further biological applications.
As a first step and in order to evaluate whether our trivalent

platform would be useful for the conjugation of biologically
active compounds, we conjugated 2 to the trivalent structure 1
(Figure 1). In an ongoing research program currently underway
in our laboratory, compound 2 has recently been reported to
show high LPS-neutralizing activity.20 This compound displays
unique chemical features for optimal LPS binding: two Arg
residues conveniently separated by a PEG linker and a fatty acid
linked at the N-terminus. In fact, the cationic residues interact
with the negative phosphate groups of lipid A32 which is the
endotoxic moiety of the LPS,33,34 while the palmitic acid pro-
motes hydrophobic interactions with the lipophilic part of the
endotoxin35 and confers amphipathicity to the whole molecule, a
prerequisite for LPS neutralization.36 Moreover, the presence of
a PEG spacer is of interest in terms of improved water solubility
and pharmacokinetic profiles.14 In addition, the palmitoyl Arg
monomer 3 was included in the design to further evaluate the
relevance of the topology of positive charges in terms of LPS
interaction (Figure 1).
Synthesis of Trivalent PEGylated Platforms. The synthesis

of the trivalent platform 1 was achieved after conjugation of
conveniently monoprotected TOTA into the NTA core (see
Scheme 1 in Supporting Information). From diverse reaction
conditions evaluated, the use of DIC in the presence of HOBt
and TEA in DMF�DCM (7:3) for 48 h gave the best results. To
ensure an optimal yield, an excess of base was required to avoid
amine proton capture. The use of Fmoc as the protecting group
of TOTA was precluded in this design because of partial Fmoc
elimination during the coupling reaction. Hence, Boc-TOTAwas
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coupled to NTA under the conditions described above to yield
the Boc-protected compound 1a (95% yield, 67% purity). The
protected compound was then purified using an automated flash
chromatography system with a reverse-phase C18 column under
acid conditions. It is essential to purify the compound while it is
being protected to separate it efficiently from other byproduct.
Finally, the Boc group was removed by treatment with TFA 50%
in DCM for 30 min to obtain 1.
Conjugation of Bioactive Compounds to the Trivalent

Platform. To achieve proper conjugation, the carboxamide
group of compound 2 was replaced by a free carboxylic acid
and Arg side chains were kept protected with the Pbf group (see
Scheme 2 in Supporting Information). The synthesis of 2 has
been reported in detail elsewhere.20 CTC resin was used as solid
support in order to obtain the free carboxylic acid compound 2
required for amide bond conjugation. After the addition of Fmoc-
6-aminohexanoic acid (Fmoc-Ahx-OH) using DIEA as a base,
Fmoc-Arg(Pbf)-OH was coupled with two consecutive treatments
with the reactive aminium salt HATU.37 Next, N1-(Fmoc)-1,
12-diamino-4,9-dioxadodecan-succinamic acid was coupled over-
night using PyBOP instead of HATU to prevent N-terminus
guanidylation.38 After the second Arg coupling, palmitic acid was
added overnight. The compound was finally cleaved from the
solid support with mild acid treatments to yield 2a. In turn, 3a
was easily obtained on solid phase after incorporation of Fmoc-
Arg(Pbf)-OH into CTC, and subsequent Fmoc removal and
palmitic acid coupling.
Thus, 2a and 3a were conjugated to 1 with the coupling

reagent PyBOP in the presence of HOBt and DIEA under
anhydrous conditions (Figure 1). The reactions were monitored
byHPLC (see Supporting Information). The conjugationHPLC
traces of 2a with 1 showed that the conjugated compound 4a
polarity did not diminish drastically compared with its precursor
2a, even though 4a contained three palmitoyl residues and six
protected side chain arginines (Arg(Pbf)). The same effect was
observed for the conjugate 5a (data not shown). This behavior
illustrates how PEG-containing platforms are useful molecules to
solubilize hydrophobic compounds. After completion of the con-
jugation, a series of workup methods were evaluated, and we
found that simple extraction and precipitation procedures were
useful to obtain the protected conjugates with optimal purities,
thus avoiding tedious and both compound and time-consuming
RP-HPLC purifications. Finally, the protected conjugates were
treated with TFA to yield the desired conjugates 4 and 5 with
purities higher than 80% without any purification steps.
LPS-Neutralizing Activity. The LPS-neutralizing activity of

the conjugated constructs 4 and 5 was assayed using the chro-
mogenic Limulus amebocyte lysate (LAL) assay.39 The activity of
these compounds was compared against the activity of unconju-
gated 2 and 3 to study the effect of the conjugation. Finally,
trivalent platform 1 was also included to determine whether this
structure displayed on its own anti-LPS activity. All compounds
were tested at 100 μM, and the assay was performed as described
in the Experimental Procedures. The anti-LPS peptide polymyxin B
(PMB)40 was used as a positive control in this assay (Figure 2).
The trivalent structure 1 did not display LPS-binding activity.

This result correlates well with other studies that describe how,
although necessary, the presence of positive charges is not enough
for effective LPS binding and neutralization.35 Moreover, the
inability of this platform to neutralize LPS is relevant, since it
ensures that these structures will not interfere with the biological
activity of bioactive conjugated molecules and will only act as

multivalent scaffolds. At the evaluated concentration, 2 showed
high LPS-neutralizing activity, which is consistent with published
data.20 In contrast, monomeric compound 3 was inactive, there-
by suggesting that two positively charged residues were required
to interact with lipid A, regardless of amphipathicity. Finally,
conjugates 4 and 5 showed interesting behaviors. Construct 4
retained the neutralizing activity of inhibitor 2 and totally neu-
tralized LPS at 100 μM. In contrast, compound 5 had poor activity,
even though three copies of the acyl-Arg monomer were exposed
to LPS. Hence, as previously observed with other LPS-binders,
even though these compounds are usually cationic their LPS neu-
tralizing properties lie on the appropriate geometrical distribu-
tion of the positive charges on the binder chemical structure
rather than on their number.35,41 To further analyze the effect of
conjugation and multivalency, compounds 2 and 4 were sub-
jected to serial dilutions, and their IC50 values (i.e., the concen-
tration required to neutralize 50% of LPS in vitro) were calculated
(Table 1).
The experimental IC50 values obtained revealed that the

conjugation of 2 to the PEGylated trivalent structure involved
a twofold enhancement of its LPS-neutralizing activity. Such im-
provement correlates with the presence of three equal copies of
bioactive compound 2 in construct 4, suggesting an almost full
exposure of 2 in the multivalent construct.
The trivalent structures proposed herein are cationic in nature,

and it is known that some amphipathic cationic compounds could
present basal toxicity associated to cell membrane activity.42,43

Thus, we examined the toxicity, if any, of these conjugates in cells.
In order to choose an appropriate cell model, we selected RAW
264.7 murine macrophages. These cells are a powerful model to

Figure 2. Inhibitory activity of the compounds was determined using
the chromogenic LAL assay. PMB was included as a positive control.
Compounds were tested at a 100 μM concentration in the presence of
100 pg/mL of LPS. The LPS-binding assay was performed in three
independent assays as described in the Experimental Procedures. Data
are represented with ( standard deviation (SD).

Table 1. LPSNeutralization Activity (IC50) and Cell Viability
of Compounds 2 and 4

compound IC50 (μM)a % of cell viabilityb

2 18( 1 109 ( 18

4 9 ( 1 110( 14
a Inhibition of the compounds was determined using the chromogenic
LAL assay. The inhibitory activity is represented as IC50. Standard
deviations (SD) are also included. The assay was performed as described
in the Experimental Procedures. bCell viability was evaluated using
RAW 264.7 cells, after 24 h of incubation in the presence of 10 μM
concentration of compounds by MTT assay. The assay is described in
the Experimental Procedures.
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study LPS-induced cell signaling as well as the efficacy of LPS
inhibitors, given that they are criticalmembers of the innate immune
system and play a major role in the pathogenesis of sepsis.21 In
fact, the inhibition of inflammatory mediators such as tumor
necrosis factor-α (TNF-α) from LPS-challenged macrophages44

is usuallymeasured to determine the efficacy of LPS-neutralizers.33,45

However, cationic dendrimers have recently been described to
induce apoptosis in this cell model.46 Thus, in a first attempt to
determine whether these multivalent platforms are viable agents
for future in vitro and in vivo studies, the cytotoxicity of com-
pounds 2 and 4 was evaluated using MTT assays. These com-
pounds were tested at a concentration close to their IC50 values,
or 10 μM. At this concentration, both compounds were nontoxic
(Table 1). It has already been reported that these cells can
tolerate 2 at 10 μM, although it becomes moderately toxic at
higher concentrations.20 Interestingly, 4 was devoid of any toxic
effect even though it contained three copies of 2. These findings
are consistent and support the notion that both PEGylation and
the conjugation of molecules to cationic dendrimers is a viable
strategy to reduce or even remove their intrinsic toxicity while
maintaining the bioactive properties of the drug.16

’CONCLUSIONS

Here, we have presented the synthesis of a novel trivalent
PEGylated structure. This platform was obtained by convergent
synthesis from the condensation of a commercially available
propylene glycol (TOTA) and NTA as the multifunctional core.
The value of this PEGylated platform for the conjugation of
bioactive compounds was assayed with compound 2, a previously
described LPS-neutralizer. As a proof of concept, compound 2
was conjugated to the trivalent structure 1 to render construct 4.
The conjugated compound displayed improved LPS-neutralizing
activity and a reduced toxicity profile over the parent compound,
thus proving the efficacy of this platform as a multivalent ligand
scaffold for biological applications.
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xybenzotriazole;MALDI-TOF, matrix-assisted laser-desorption�
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Chromatographic elution methods used for characterization and purification 

    

Analytical RP-HPLC elution conditions: 

 

A: C4 (3.5 x 250 mm) column, gradient 0 to 65% of B in A in 30min.b 

B: C4 (3.5 x 250 mm) column, gradient 0 to 100% of B in A in 30 min. 

C: C18 (4.6 x 150 mm) column, gradient 0-100% of B in A in 15 min. 

D: C18 (4.6 x 150 mm) column, gradient 50 to100% of B in A in 15 min 

Semi-preparative HPLC-MS elution conditions:  

 

E: C18 (30 x 150 mm) column, gradient 0 to 100% of B in A in 30 min. 

F: C18 (30 x 150 mm) column, gradient 50-100% of B in A in 30min. 

 

 

Flash RP-LC elution conditions: 

 

 G: C18 RediSep of 4g column, gradient 0-100% of B in A in 20 min. 

 

Analytical HPLC-MS eluton conditions 

 

 H: C18 (3.9 x 150 mm) column, gradient 50-100% of B in A in 15 min. 

 

 

Peptide solid-phase synthesis method  

Solid phase syntesis was carried out manually using the Fmoc strategy in polypropylene 

syringes fitted with polyethylene porous disks. Solvents and soluble reagents were removed 

by suction. Washings between deprotection and couplings steps were carried out with DMF 

and DCM using 10 mL of solvent/g of resin each time. When syntheses were performed on 

2-chlorotrityl chloride resin (CTC); DCM was previously treated with basic alumina. The 

Fmoc group was removed by treatment with piperidine−DMF (1:4, v/v). All synthesis 

process was performed at 25 ºC. Couplings were monitored using standard colorimetric 

tests for solid-phase synthesis.
28
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Scheme 2. Solid-phase synthesis of compounds 2a (A) and 3a (B). A: (i) Fmoc-Ahx-OH, DIEA, 

DCM; (ii) MeOH; (iii)piperidine, DMF; (iv) Fmoc-Arg(Pbf)-OH, HATU, DIEA, DMF; (v) 

piperidine, DMF; (vi) PEG-linker, HOAt, PyBOP, DIEA, DMF; (vii) piperidine, DMF; (viii) 

Fmoc-Arg(Pbf)-OH, HATU, DIEA, DMF; (ix) piperidine, DMF; (x) palmitic acid, HOAt, PyBOP, 

DIEA, DMF; (xi) TFA-DCM (1:99). B: (i) Fmoc-Arg(Pbf)-OH, DIEA, DCM; (ii) MeOH; (iii) 

piperidine, DMF; (iv) palmitic acid, HOAt, PyBOP, DIEA, DMF; (v) TFA-DCM (1:99). 
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Analytical HPLC traces corresponding to different stages of the conjugate 4a synthesis. A: 

Compound 2a. B: Crude product of the synthesis at 72 h. The peak corresponding to the 

starting material is due to the excess equivalents used.  Final compound 4a is indicated by 

an arrow. C: Conjugate 4a after work-up treatment. D: Conjugate 4 (4a deprotected). 

  



 5 

(Boc-TOTA)3NTA (1a) 

 

RMN 1H 

 
 

RMN 13C 



 6 

Compound (2-TOTA)3NTA (4) 

   

0.00 15.00 30.00
Minutes

   

 

 

 

 

 

 

 

 

 

 

 

Mass (m/z)

2999.0 3243.2 3487.4 3731.6 3975.8 4220.0

1193.7

0
10
20
30
40
50
60
70
80
90

100
3644.94

3122.04

3649.93

3122.04

%
 I
n

te
n

s
it

y



 7 

Compound (3-TOTA)3NTA (5) 

 

 

     

 

899.0 1221.4 1543.8 1866.2 2188.6 2511.0

1390.1

0
10
20
30
40
50
60
70
80
90

100
1981.781202.61

2003.34

1229.26
1433.19

Mass (m/z)

%
 I
n

te
n

s
it

y

1981.78

2003.34

1202.61

1229.26
1433.19

0.00 15.00 30.00
Minutes



Published: September 08, 2011

r 2011 American Chemical Society 2179 dx.doi.org/10.1021/bc2001984 | Bioconjugate Chem. 2011, 22, 2179–2185

TECHNICAL NOTE

pubs.acs.org/bc

Simple, Direct Conjugation of Bacterial O-SP�Core Antigens to
Proteins: Development of Cholera Conjugate Vaccines
Peng Xu,† Mohammad Murshid Alam,‡,§ Anuj Kalsy,‡ Richelle C. Charles,‡ Stephen B. Calderwood,‡,||

Firdausi Qadri,§ Edward T. Ryan,*,‡,||,^ and Pavol Kov�a�c*,†

†NIDDK, LBC, National Institutes of Health, 8 Center Drive, Bethesda, Maryland 20892-0815, United States
‡Division of Infectious Diseases, Massachusetts General Hospital, 55 Fruit Street, Boston, Massachusetts 02114, United States
§International Centre for Diarrhoeal Disease Research, Dhaka, Bangladesh (ICDDR,B), Mohakhali, 1212, Dhaka, Bangladesh

)Harvard Medical School, 25 Shattuck Street, Boston, Massachusetts 02115, United States
^Department of Immunology and Infectious Diseases, Harvard School of Public Health, 677 Huntington Avenue, Boston,
Massachusetts 02115, United States

’ INTRODUCTION

Lipopolysaccharides (LPS) are carbohydrate polymers char-
acteristic of Gram-negative bacteria. They consist of Lipid A, the
toxic part through which the LPS is anchored into the bacterial
cell wall, the intermediate core oligosaccharide, and the O-spe-
cific polysaccharide (O-antigen, O-SP), which extends into the
bacterial environment, and is a virulence factor and the major
protective antigen of V. cholerae and many other bacterial
pathogens.1�3 Because of their toxicity, complete LPS molecules
are normally not used as components of vaccines, especially
parenteral vaccines, although oral whole-organism killed vaccines
contain a large component of LPS. Lipopolysaccharides can be
detoxified in many ways, one of which is mild hydrolysis with
dilute acetic acid, which separates the O-SP�core antigen from
the Lipid A. Many methods for conjugation of carbohydrates,
synthetic or bacterial, to proteins are available,4�6 but most of
them rely on significant chemical modification of the carbohy-
drate antigen to make it amenable to conjugation. Such ap-
proaches have the potential disadvantage that many epitopes
in the antigen important for eliciting protective immunity may
be changed by the treatment. This problem can be overcome by
using for conjugation a functional group intrinsic to the

polysaccharide, such as a carboxyl group in acidic polysaccharides
or the free amino group in glucosamine that is present in the
O-SP�core. A number of groups have produced conjugate
vaccines targeting the O-SP of Vibrio cholerae, a Gram-negative
bacterium and the cause of cholera, a severe dehydrating
diarrheal illness of humans with epidemic potential.7 Globally,
almost all cholera is caused by organisms of two serotypes (Inaba
and Ogawa) of the V. cholerae O1 serogroup. Protection against
cholera is serogroup specific, and the vibriocidal response and
anti-LPS antibodies are currently among the best markers of
protection against cholera.8 The vibriocidal response itself is
largely directed against V. cholerae LPS.9,10

The first to attempt conjugation of an acid-detoxifiedV. cholerae
LPS to proteins utilizing the amino group in the core were Gupta
and co-workers.11 They derivatized the O-SP�core antigen of
V. cholerae O1 (serotype Inaba, Figure 1), as well as the carrier
protein, with N-succinimidyl 3-(2-pyridyldithio) propionate, and
effected single-point attachment between the two molecular

Received: April 19, 2011
Revised: August 31, 2011

ABSTRACT: Bacterial O-SP�core antigens can be conjugated
to proteins in the same, simple way as synthetic, linker-equipped
carbohydrates by applying squaric acid chemistry. Introduction
of spacers (linkers) to either O-SP�core antigens or protein
carriers, which is involved in commonly applied protocols, is not
required. The newly developed method described here consists
of preparation of a squaric acid monoester derivative of
O-SP�core antigen, utilizing the amino group inherent in the
core, and reaction of the monoester with the carrier protein.
The intermediate monoester can be easily purified; its conjuga-
tion can be monitored by SELDI-TOF mass spectrometry and,
thus, readily controlled, since the conjugation can be terminated when the desired carbohydrate�protein ratio is reached. Here, we
describe production of conjugates containing the O-SP�core antigen of Vibrio cholerae O1, the major cause of cholera, a severe
dehydrating diarrheal disease of humans. The resultant products are recognized by convalescent phase sera from patients recovering
from cholera in Bangladesh, and anti-O-SP-core-protein responses correlate with plasma antilipopolysaccharide and vibriocidal
responses, which are the primary markers of protection from cholera. The results suggest that such conjugates have potential as
vaccines for cholera and other bacterial diseases.
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species. A similar approach, but using different chemistry, was
taken by Mulard and co-workers12 in their more recent, very
carefully executed work. When the latter authors12 revisited the
approach byGupta,11 which involved derivatization of both carrier
and antigen, they argued that introduction of linker was necessary
to overcome the decreased reactivity of the amino group in the
glucosamine, due to steric hindrance.

The squaric acid chemistry of conjugation of two amine
species discovered by Tietze13 has been shown to be a useful
means for preparation of neoglycoconjugates from synthetic
oligosaccharides.14 The method is quite efficient,6 but reserva-
tions have been expressed concerning its potential utility in
conjugate vaccine development.15 For instance, in limited animal
studies, oligosaccharides linked to proteins via squaric acid
chemistry induced lower antioligosaccharide antibody responses
compared to responses induced by an oligosaccharide�protein
conjugate linked via adipic acid chemistry, although both vac-
cines induced very prominent antioligosaccharide responses.16

We have previously developed prototype cholera vaccines using
short synthetic oligosaccharides involving the terminal sugar of
V. choleraeO1 O-SP and squaric acid chemistry, and found these
constructs to be immunogenic and protective in the standard
cholera animal model,17 calling into question the assumption that
conjugation by squaric acid chemistry may not be of utility. We
have examined a number of variables that affect the rate of
conjugation by the squaric acid method.18 On the basis of our
more recent detailed study,19 we have revised the original protocol
and have now applied it to the full bacterial O-SP�core antigens of
V. cholerae O1 Ogawa and Inaba, not just small oligosaccharide
fragments, and a model protein BSA directly, without prior
introduction of a linker to either O-SP�core antigen or protein
carrier. Here, we report that such conjugation is not only possible,
but equally simple as with synthetic, linker-equipped oligosacchar-
ides and, as with synthetic oligosaccharides,14 can be done with a
very small amount ofmaterial. Themethod in the present form19 is
simple to perform, gives reproducible results, allows preparation of
carbohydrate�protein constructs in a predictable way, and ap-
pears to be superior to protocols developed earlier.

’EXPERIMENTAL PROCEDURES

General.VVials equipped with Spin Vanes (Wheaton Science)
were used as reaction vessels. Conjugation of carbohydrates
was monitored by the BioRad Protein Chip SELDI system using
NP-20 chip arrays. 3,5-Dimethoxy-4-hydroxycinnamic acid
(sinapinic acid) was used as matrix. 13C NMR spectra (150MHz)
of O-SP�core antigens were taken at ambient temperature for
solutions in D2O with a Bruker Avance 600 spectrometer equipped
with a cryoprobe. Assignments ofNMR signals could be confidently
made by comparison with spectra of synthetic20 α-glycosides of
hexasaccharide fragments of the respective O-SPs, since spectra of
the O-SP�core and the hexasaccharides showed close similarity of
chemical shifts of equivalent carbon atoms of the internal residues
and of the terminal upstream21 residues. Bovine serum albumin
(BSA) was purchased from Sigma (cat. no. A-4503), and used as
supplied. Squaric acid dimethyl ester was purchased from Aldrich
Chemical Co. and recrystallized from MeOH.
Isolation of the Lipopolysaccharides of Vibrio cholerae

O1, Serotypes Inaba and Ogawa, and Preparation of the
O-SP�core Antigens. LPS was obtained from V. cholerae O1,
Ogawa (strain X-25049) or Inaba (strain 19479), by hot phenol/
water extraction22 followed by enzymatic treatment (DNase,
RNase and protease), and ultracentrifugation (100 000� g for 3 h).
The pellet containing LPS was dialyzed against distilled water
and freeze�dried. The LPS (10 mg/mL in 1% (v/v) aqueous
acetic acid) was heated at 105 �C for 3 h.23 Each hydrolysate was
separated into chloroform-soluble and water-soluble fractions by
thorough mixing with an equal volume of chloroform, followed
by low-speed centrifugation. The water-soluble fraction contain-
ing the degraded polysaccharide moiety was separated, washed
three or more times with chloroform, and then freeze�dried.
The degraded polysaccharide was further fractionated by size
exclusion chromatography (Sephacryl S-200) using water as
eluant, giving two major peaks. The first peak corresponding to
the O-SP�core23,24 was isolated and freeze�dried. The crude
O-SP�core products were further purified by ultrafiltration
using centrifugal filter devices (3K Amicon Ultra, Millipore)

Figure 1. Structure of bacterial O-SP�core antigen of Vibrio choleraeO1, serotype Inaba and Ogawa. The dotted bond indicates that the linkage of the
O-SP to core has not been established.
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and dialyzed against 10 mM aqueous ammonium carbonate
(centrifugation at 4 �C, 14 000 � g, 8 times, ∼35 min each
time) to remove the low molecular mass material. The retentate
was lyophilized to afford the O-SP�core antigens as white solids.

The 13C NMR spectra are in Figure 2. The SELDI-TOF mass
spectral analysis indicated that the average molecular mass of the
Inaba and Ogawa O-SP�core antigens were∼5100 and 5900 Da,
respectively.
Preparation of Squarate Derivatives of the O-SP�core

Antigens. 3,4-Dimethoxy-3-cyclobutene-1,2-dione (∼0.5 mg)
was added to a solution ofO-SP�core antigen (0.80mg and 0.92mg
for Inaba and Ogawa, respectively) in pH 7 phosphate buffer
(0.05 M, 50 μL) contained in a 1 mL V-shaped reaction vessel,
and the mixture was gently stirred at room temperature for 48 h.
The resulting solution was transferred into an Amicon Ultra
(0.5 mL, 3K cutoff) centrifuge tube and dialyzed against pure
water (centrifugation at 4 �C, 14 000� g, 8 times,∼35 min each
time). The retentate was lyophilized to afford the O-SP�core
squarate monomethyl ester as white solid [0.75 mg (94%) and
0.86 mg (93%)] for Inaba and Ogawa, respectively.
Conjugation of the O-SP�core Antigens to BSA. Conjuga-

tion of the InabaO-SP�core Antigen.BSA(0.9mg) and themethyl
squarate derivative of the Inaba O-SP�core antigen described above
(0.75 mg) were weighed into a 1 mL V-shaped reaction vessel and
60 μL of 0.5 M pH 9 borate buffer was added (to form ∼2.5 mM
solutionwith respect to the antigen; antigen/carrier = 10.8:1). A clear

Figure 2. 13C NMR spectra of the crude O-SP�core antigens of V.
cholerae, serotype Inaba and Ogawa in D2O.

Figure 3. Monitoring of the conjugation of Inaba O-SP�core antigens to BSA.



2182 dx.doi.org/10.1021/bc2001984 |Bioconjugate Chem. 2011, 22, 2179–2185

Bioconjugate Chemistry TECHNICAL NOTE

solution was formed. The mixture was stirred at room temperature
and the reactionwasmonitored by SELDI-TOFMS at 24, 48, 72, 96,
and 240 h (Figure 3), when the reaction was terminated by addition
of 300μLof pH7phosphate buffer. The solutionwas transferred into
an Amicon Ultra (0.5 mL, 30 K cutoff) centrifuge tube and dialyzed
(centrifugation at 4 �C, 10 000� g, 8 times, 12 min) against 10 mM
aqueous ammonium carbonate. After lyophilization, 0.80 mg (73%,
based on BSA) of conjugate was obtained as a white solid. On the
basis of the average MW of the hapten, the ratio hapten/BSA was
2.8:1 (conjugation efficiency, 26%).
Conjugation of the Ogawa O-SP�core Antigen. The protocol

described above was followed with 0.86 mg of the methyl squarate
derivative of the Ogawa antigen described above, 0.45 mg of
BSA (antigen/carrier = 21.5: 1) and 30 μL of pH 9 borate buffer
(∼4.9 mM solution with respect to hapten). Monitoring of the
progress of the conjugation is shown in Figure 4. After freeze�
drying, 0.54mg (84%, based on BSA) of conjugate was obtained as
a white solid. On the basis of the average MW of the hapten, the
ratio hapten/BSA was 4.8:1 (conjugation efficiency, 23%).
Evaluation of Immunoreactivity of Conjugates. Assessing

Lipopolysaccharide (LPS),O-SP�core-BSA, andBSA-Specific Antibody
Responses in Plasma of Patients with Cholera, as Well as Vibriocidal
Responses. Acute and convalescent phase blood was obtained
through fully Institutional Review Board-approved protocols from
twenty individuals with V. cholerae O1 stool-culture-confirmed
cholera (Ogawa = 10; Inaba = 10) admitted to the hospital of the
International Centre for Diarrheal Diseases Research, in Dhaka

Bangladesh (ICDDR, B). For this study, we used blood samples
obtained on days 2 and 7 after onset of illness for antigen-specific and
vibriocidal assays. We measured the vibriocidal antibody titer and
antigen-specific IgG antibody responses using the homologous
serotype ofV. choleraeO1LPS, orO-SP�core-BSA,Ogawa or Inaba.
We quantified anti-LPS, O-SP�core-BSA, and BSA IgG

responses in plasma using standard enzyme-linked immunosor-
bent assay (ELISA) protocols.25,26 To assess anti-LPS IgG res-
ponses, we coated ELISA plates with the homologous serotype
of V. cholerae O1 LPS (2.5 μg/mL)27 in PBS. To assess anti-
O-SP�core-BSA or anti-BSA IgG responses, we coated ELISA
plates with O-SP�core/BSA (1 μg/mL) or BSA (5 μg/mL) in
carbonate buffer pH 9.6, respectively. To each well, we added
100 μL/well of plasma (diluted 1:50 in 0.1% BSA in phosphate-
buffered saline�Tween) and detected the presence of antigen-
specific antibodies using horseradish peroxidase-conjugated anti-
human IgG antibody. After 1.5 h incubation at 37 �C, we
developed the plates with a 0.55 mg/mL solution of 2,20-azino-
bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS; Sigma) with
0.03% H2O2 (Sigma), and determined the optical density at
405 nm with a Vmax microplate kinetic reader (Molecular
Devices Corp. Sunnyvale, CA). Plates were read for 5 min at
14 s intervals, and the maximum slope for an optical density
change of 0.2 U was reported as millioptical density units per
minute (mOD/min). We normalized ELISA units by calculating
the ratio of the optical density of the test sample to that of a
standard of pooled convalescent-phase plasma from patients

Figure 4. Monitoring of the conjugation of Ogawa O-SP�core antigens to BSA.
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recovered from cholera. We assessed vibriocidal responses as
previously described, using guinea pig complement and the
homologous serotype of V. cholerae O1 Ogawa (X-25049) or
Inaba (19479) as the target organism.25 The vibriocidal titer was
defined as the reciprocal of the highest serum dilution resulting in
>50% reduction of the optical density associated with V. cholerae
growth compared to that of the positive control wells without
plasma.26 We compared the magnitude of acute to convalescent
phase responses, and tested for significance usingWilcoxon Signed
Rank test, and used linear regression for correlation analysis
between vibriocidal antibody and antigen-specific antibody res-
ponses. All reported P values were two-tailed, with a cutoff of
P < 0.05 considered a threshold for statistical significance.

’RESULTS AND DISCUSSION

Conjugations were performed with O-SP�core antigens of
Vibrio cholerae O1, serotypes Inaba and Ogawa, and the increasing
molecular mass of the conjugate was monitored as described.28 The
structures ofO-SPs of the two strains are very similar; they consist of
a chain of (1f2)-α-linked moieties of 4-amino-4,6-dideoxy-α-D-
mannopyranose (perosamine), the amino groups of which are
acylated with 3-deoxy-L-glycero-tetronic acid. The O-SPs of the
two strains differ in that the terminal, upstream perosamine moiety
in the Ogawa strain carries a methoxy group at C-2 (Figure 1). The
13CNMRspectra (Figure 2) of the antigens, where the signals of the
O-SPs largely predominate, show all structurally significant peaks
present in the spectra of the related, synthetic hexasaccharides.20

To ascertain whether simple, direct conjugation of O-PS�
core antigens is feasible, the antigens were treated with an excess
of squaric acid dimethyl ester at pH 7 for 2 days, when the
product was isolated by dialysis followed by freeze�drying. The
material thus obtained showed only moderate UV absorption at
the wavelength characteristic of squaric acid, but successful
formation of the corresponding monomethyl ester manifested
itself when the material was treated with BSA at pH 9 resulting in
smooth conjugate formation (Figures 3 and 4).

Knowing that the reaction rate of conjugation decreases with the
size of oligosaccharides, and considering the actual reaction rates for
a disaccharide, tetrasaccharide, and hexasaccharide,19 the conjuga-
tion was carried out at initial Inaba O-SP�core/BSA ratio 1:1.2
(w/w), which corresponded to an approximate molar Inaba
O-SP�core/BSA ratio of 10.8/1. The conjugation was performed
at an O-SP�core concentration of ∼2.5 mM. When the conjuga-
tion process was terminated after 10 d, SELDI analysis of the

purified conjugate after freeze�drying showed that the average
molecular mass of the conjugate obtained was 81 000 Da (molar
ratioO-SP�core/BSA=∼2.8). The conjugate still contained some
(∼5%) of the unchanged BSA (shown also in Figure 3, 240 h).

To ensure that no BSA used at the onset of the conjugation
would be left unconjugated, the reaction of the Ogawa O-SP�
core antigen was set up at a higher initial O-SP�core/BSA ratio
[∼2:1 (w/w), which corresponded to an approximate initial
molar Ogawa O-SP�core/BSA ratio of 21.5:1]. As shown in
Figure 4, only a negligible amount of unchanged BSAwas present
in the conjugation mixture after 24 h of the reaction time. After
96 h, when the conjugation was terminated, the conjugate was
isolated, and MS analysis by SELDI showed the average mole-
cular mass of the conjugate obtained to be ∼95 000 Da (molar
ratio O-SP�core/BSA = ∼4.8).

To assess the immunoreactivity of the conjugates and their
potential use as cholera vaccines, we measured anti-O-SP�core-
BSA antibody levels in the blood of patients with cholera in
Bangladesh, and compared these responses to anti-LPS and
vibriocidal responses, the latter two being among the primary
predictors of protection against cholera.8,29�31 There was ex-
cellent correlation of the immunoreactivity of the O-SP�core-
BSA conjugates and the homologous anti-LPS responses in
convalescent phase blood of humans recovering from cholera
in Bangladesh (Ogawa, R2 = 0.96, P < 0.001; Inaba, R2 = 0.93,
P < 0.001; Figure 5). There was also significant and antigen-
specific increases in anti-O-SP�core-BSA responses in conva-
lescent compared to acute phase blood for both the Ogawa and
Inaba constructs (P < 0.05; Figure 6). Responses correlated with
the vibriocidal response for Ogawa, and less well for Inaba
(Ogawa, R2 = 0.74, P < 0.001; Inaba, R2 = 0.2, P < 0.04;
Figure 7); importantly these correlation curves mirrored those
of the LPS IgG to vibriocidal relationship.

As pointed out above, previous researchers have proposed that
conjugate vaccines using squaric acid chemistry may not permit
the development of maximal immune responses targeting sugar
moieties. Here, we show that O-SP�core-protein conjugates
produced by this simplified protocol are recognized by conva-
lescent phase sera from patients recovering from cholera in
Bangladesh, and anti-O-SP-core-protein responses correlate with
plasma anti-LPS and vibriocidal responses. These results suggest
that such conjugates might have utility as vaccines, although this
can only be addressed by direct immunization studies and
immunologic analysis. Currently available cholera vaccines use

Figure 5. Correlation between anti-V. cholerae O1 LPS IgG antibody responses and corresponding O-SP�core-BSA IgG antibody responses. Lines
designate the linear correlations between the responses. Antibody responses were assessed for 10 patients with Ogawa (left panel) and 10 with Inaba
(right panel) during the acute and convalescent phases of infection.
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the oral route of immunization with killed whole cell prep-
arations, require repetitive dosing, and provide protection that
lasts for 6 to 36months.32 Infectionwith natural cholera results in
protection that lasts for years or decades.33�35 Development of
inexpensive and simple-to-produce cholera vaccines that provide
durable protective immunity would be significant. Whether a
conjugate vaccine administered parenterally, transcutaneously,
singly, or as a booster would fulfill these parameters is currently
unclear and will be the objective of our future investigations.

’CONCLUSIONS

We have shown that, when a sufficiently powerful method of
conjugation is applied, coupling of bacterial O-SP�core antigens
to proteins is a simple, high yielding process, and derivatization
aimed at introducing linkers to either O-SP�core antigens or
carrier proteins prior to conjugation is not necessary. This could
eliminate lengthy and often costly operations involved in in-
dustrial conjugate production. Squaric acid chemistry of con-
jugation of amine-containing substances13,19 is a useful tool for
conjugation of carbohydrate antigens, synthetic or bacterial, to
amine containing carriers. As can be expected from reaction rates
determined for various oligosaccharides by this method,19 high
molecular mass substances, such as the fragments of LPS used in
this work, conjugate at a proportionally diminished, but accep-
table, rate and efficiency. Conjugation of O-SP�core antigens to

protein carriers by this method utilizes the free amino group that
is inherent in the LPS core and, thus, yields neoglycoconjugates
with single-point attachment of ligands to carriers. From this
point of view, the method is analogous to those involving
chemical attachment of spacers to the synthons involved prior
to conjugation.11,12 Compared to the latter approaches, the
conjugation described herein is much simpler and less laborious,
and affords conjugates in higher yields with comparable overall
conjugation efficiency. It produces conjugates that are fully and
specifically recognized by immune responses in humans recover-
ing from infection. Such features are particularly attractive for
development of conjugate vaccines such as cholera, targeting
infections of the world’s most impoverished.
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’ INTRODUCTION

By the close of 2009, there were an estimated 33.3 million
people worldwide infected with HIV. This included 2.6 million
newly infected, and 1.8 million deaths.1 This is a 3-fold increase
compared to 1990.2 HAART (highly active antiretroviral
therapy) slows the progression of HIV to AIDS, and lengthens
and improves the quality of life for those infected. There are now
4 million people worldwide on HAART, with 73% of those in
Africa. However, three times as many people need treatment in
resource-limited nations that are not receiving it.3,4

In addition to millions still needing HAART treatment, the
utility of antiretroviral drugs is further limited by viral resistance
and toxicity issues.5,6 Moreover, there still exists no safe, effective
vaccine or prophylactic drug approved for preventing the acqui-
sition of HIV. The introduction of potent and cost-effective
therapies able to not only treat HIV, but also prevent the
transmission of the virus is of the utmost importance. This is
particularly critical in regions of the world such as sub-Saharan
Africa, where 67% of the world’s HIV infected individuals
reside.2,7 Here, an estimated 80% of people infected are not
aware of their own HIV status, and 90% of individuals do not
know their partner’s status.3

Sulfated polysaccharides have long been recognized as having
potent anti-HIV activity. Several naturally occurring sulfated
polysaccharides, such as heparin sulfate (HS) and dextran sulfate
(DS), inhibit the binding of HIV to CD4 positive cells in vitro in
the μg/mL or μM range (Figure 1).8�10 The inhibition of HIV
by polyanionic polysaccharides has been actively studied. There
are regions in the HIV surface glycoprotein gp120 containing
multiple basic amino acids, namely, the principle neutralizing
domain (V3 loop, amino acids 303�338), the C-terminal region
(amino acids 495�516), and a conserved region involved in
chemokine coreceptor binding (discontinuous amino acids in
regions 117�123, 207, 419�444).11�14 These regions have
been shown to interact with polyanions such as HS and DS,
which prevent binding to complementary antibodies.13,15 Sur-
face plasmon resonance (SPR) studies revealed strong poly-
anion-gp120 binding with immobilized HS and monomeric
gp120, yielding an affinity constant of 220 nM. These studies
also determined that an average of 4.4 gp120molecules bind each
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ABSTRACT: A study was undertaken to evaluate the feasibility of synthesizing
six sialic acid-PAMAM glycodendrimers using unprotected sialic acid in as few as
1�4 steps using two different reaction pathways, and to assess the sulfated
derivatives for anti-HIV activity. The syntheses were accomplished through
either the direct attachment of the sialic acid carboxyl group to amine-
terminated PAMAM (a divergent-like approach) using BOP coupling, or by
first reacting sialic acid with a polar bifunctional spacer molecule, attaching the
sugar-linker to carboxy-terminated PAMAM (a convergent-like approach), and
again using BOP-mediated coupling reactions. It was hypothesized that the latter
approach would be the most successful method, as any steric congestion
between the sialic acid and the PAMAM would be minimized using an
intervening polar linker. However, the divergent-like synthesis proved to be
the superior method, resulting in 11.4%, 14%, and 28% of the fully substituted
generations 0, 1, and 2 sialic acid-PAMAM conjugates, respectively, as compared to 6.4% of only the generation �0.5 sialic acid-
linker-PAMAM conjugate for the convergent-like method. Upon sulfation of the four glycodendrimers, binding capabilities to the
recombinant HIV protein, gp120, were assessed using an ELISA assay. Compounds that showed promising binding characteristics
were then further assessed for inhibition of HIV-1 infection using a well-characterized luciferase reporter gene neutralization assay.
The generation 2 sulfated sialic acid-PAMAM glycodendrimer, sulfo-6, bearing 16 sialic acids with 11 sulfate groups incorporated at
4.03% sulfur content by weight, was found to inhibit all four HIV-1 strains tested in the low micromolar range.
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chain of heparin, indicating that higher avidity binding would be
possible in a multivalent sense.15�17 Mechanistically, it has been
proposed thatHIV binds to cell surfaces electrostatically between
the polybasic V3 loop and host cell surface heparan sulfate
proteoglycans (HSPG).18 Another group suggested that a se-
quential process occurs, whereby first HSPG binds through a
high-affinity, selective interaction with the V3 loop on gp120,
followed by a second, lower-affinity interaction between such
polyanions and the conserved chemokine coreceptor region.15 It
has also been noted that the binding between gp120 and
polyanions occurs without disrupting the gp120-CD4 interac-
tion, further strengthening the argument that the polybasic
regions of gp120 bind to the chemokine coreceptors.11,15,18

HS and DS, while having strong affinity to the basic regions of
gp120, are also anticoagulants, making it difficult to achieve
therapeutic anti-HIV levels of the drugs without compromising
blood clotting time.19 Additionally, in phase I/II clinical trials,
DS was found to be poorly absorbed orally, and when given
intravenously, resulted in toxic side effects such as reversible
thrombocytopenia and alopecia and did not yield a therapeutic
effect based on HIV marker levels such as p24.20,21 However, a
later study of DS found good oral absorption of DS into the
bloodstream indicating that DS has therapeutic potential and
merits further study.22

A wide variety of other polysaccharides isolated from native
sources, and either naturally or synthetically sulfated, have been
found to have in vitro anti-HIV activity. Included are polysac-
charides isolated from bacteria such as E. coli K5, marine plants
such as algae, marine invertebrate animals such as tunicates and
sponges, and land plants such as lichen.23 These sulfated homo-
and heteropolysaccharides contain numerous simple monosac-
charide building blocks such as glucuronic acid, N-acetylglucos-
amine, galactose, mannuronic acid, and L-fucose, to name a few.
Most of these polysaccharides have anti-HIV activities in the
μg/mL range, all suffer from polydispersity of structure, and
some have toxicity issues similar to DS and HS.23

Sulfated polysaccharides, while potent in vitro inhibitors of
HIV, have not yet proven to be effective drug candidates for HIV
due to their inherent polydispersity, as well as toxicity issues. We
hypothesize that, if several shorter chains of the sulfated sugars
are anchored to a carrier molecule, anti-HIV activity can be
maintained, while toxicity and polydispersity of structure can be
decreased or eliminated. A carrier molecule that can be utilized in
this fashion is a dendrimer.

Dendrimers are a unique class of multivalent polymers, first
reported by Tomalia and co-workers in 1985.24 They are globular
in shape and consist of a wide variety of architectures, with
diverse sizes and chemical composition. Dendrimers are built in
series with varying numbers of branches, which gives rise to a
group of related molecules known as generations (G). With each
branching reaction comes an increase in the number of branches,
and subsequently, the next highest generation. Dendrimers can
be synthesized in one of two ways, either divergently or
convergently. Divergent synthesis involves building the dendri-
mer from the core outward, while a convergent strategy entails
first building blocks of the molecule separately, then attaching
them to a minimal core structure in the final step. Dendrimers
have been used in many medical applications ranging from drug
delivery to uses as immunodiagnostic reagents, MRI contrast
reagents, gene delivery vectors, immunostimulation agents/
adjuvants, or drug delivery vehicles.25�30 Dendrimer research
is important due to the diversity of structures that can be
devised and their utility in numerous biological applications. It
is important to understand the toxicity, solubility, and other
properties of dendrimers, to ensure that they can be safely used in
the development of new therapeutics. PAMAM (poly(amido
amine))-based dendrimers have been well-evaluated both in vitro
and in vivo. In the in vivo studies in mice and rats, it has been
found that PAMAM is cytotoxic in a size-dependent fashion, with
larger generations being more toxic.31 Other properties affecting
toxicity are charge (anionic PAMAM is less toxic than cationic)
and surface modification with other groups, such as PEG
(polyethylene glycol) or sugars.32 PEGylation/glycosylation of
PAMAM yields dendrimers with much lower toxicity profiles.31

When dendrimers are glycosylated, they are known as glyco-
dendrimers, a class of compounds first reported by Roy in
1993.33 Glycodendrimers built on a variety of dendrimer
scaffolds such as PAMAM have found numerous uses in medi-
cine due to the multivalent effect. Monovalent carbohydrates
typically have weak millimolar binding constants in protein�
carbohydrate recognition.34 However, binding affinities achieved
by themultivalent effect are orders of magnitude improved over a
one molecule�one receptor binding event.35,36 In nature, the
multivalent effect is observed in many interactions, for example,
in the viral infection by influenza where the viral trimeric hem-
agglutinin protein recognizes multiple copies of the carbohydrate
sialic acid on the host cell.37 A variety of sialic acid glycoden-
drimers were formulated as multivalent inhibitors of the binding
between hemagglutinin and the host cell. The degree of inhibi-
tion achieved by these glycodendrimers was 32�50 000-fold
higher than from monovalent sialic acid.37 Glycodendrimers,
therefore, present an alluring prospect for other medical applica-
tions because they increase the valency of a biologically active
carbohydrate and improve the binding constants between the
carbohydrate and the target protein.38,39

Scientists have begun to explore glycodendrimers as anti-HIV
agents. Many of these are glycosphingolipid (GSL) mimics, as it
is known that GSLs can be utilized by HIV-1 as alternate host cell
receptors in the infection process.40 The first account by
Schengrund reported the synthesis of sulfated galactosyl cera-
mide (SGalCer)-coated polypropyleneimine (PPI) dendrimers,
directed at preventing infection in CD4-negative cells.41,42 In
their studies, they determined that gp120 bound to their
glycodendrimers in the nM range, as compared to the known
polysaccharide HIV inhibitor DS, which bound in the pM range.
Cytotoxicity of the glycodendrimers at up to 3 mg/mL was not

Figure 1. Structures of polyanionic polysaccharides possessing anti-
HIV activity.
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observed. Since this initial report, there have been a few more
examples of potential anti-HIV glycodendrimers. Two other
GalCer-based dendrimers were reported by Castillon and co-
workers and Blanzat, Turrin, and co-workers.43,44 One had a
polyglycerol (PG) dendrimer core, and had lower activity than
the Schengrund glycodendrimers.42,43 The other GalCer glyco-
dendrimers were based on a phosphonic acid core, and deter-
mined to have sub-μM IC50s in a cell-based HIV assay (IC50 is
the concentration that reduces HIV infection by 50%). However,
these suffered from high cytotoxicities.44,45 Another report was of
a polylysine-sulfated cellobiose system.46,47 This glycodendrimer
was found to have an EC50 (effective concentration for 50%
effect) of 3.2 μg/mL, comparable to the NRTI (nucleoside
reverse transcriptase inhibitor) ddC (20-30-dideoxycytidine),
and was also determined to have low cytotoxicity. Additionally,
a mannose-based PG glycodendrimer was reported that targeted
the dendritic cell lectin DC-SIGN.48 The IC50 activity of this
glycodendrimer was μM, similar to the others. Finally, Schen-
grund and co-workers recently reported two types of glyco-
dendrimers based on the PPI core, terminating in either of
the glycosphingolipid derived sugar headgroups, 30-sialyllactose
(GM3) or globotriose (Gb3).

40 The GM3 and Gb3 glycoden-
drimers were assessed for anti-HIV-1 activity in T-cells and
primary peripheral blood mononuclear cells (PMBCs), and
yielded IC50 values ranging from 0.1 to 7.4 μg/mL.40

While the above results are encouraging, the search for easy to
make, cost-effective, and potent new anti-HIV therapeutics
remains a significant goal for the scientific/medical community
in light of the high rate of infection continuing to this day, the
longer life spans of infected individuals, and the therapeutic
failures occurring due to drug toxicity and resistance. All of these
factors contribute to fewer therapeutic strategies available to a
patient the longer they have been infected. Additionally, if new
anti-HIV therapeutics can be designed in such a way that they are
simple and cost-effective to produce, it will be easier to imple-
ment therapy in resource-limited regions of the world, where the
bulk of HIV infections are occurring.

Along these lines, we endeavored to create an initial trial set of
6 compounds based on the commercially available dendrimer
core, PAMAM (G = �0.5, 0, 0.5, 1, 1.5, and 2), and the
unprotected sugar, sialic acid (10, Scheme 2). This could be
accomplished by one of two pathways, a one-step divergent-like
pathway (Scheme 4), whereby sialic acid was directly coupled to
PAMAM, or a four-step convergent-like approach, where an
intermediary linker (8, Scheme 1) was first reacted with sialic
acid, then the sugar�linker conjugate coupled to PAMAM
Scheme 3). The first approach was anticipated to be the most
difficult as the sialic acid carboxyl group is sterically congested
andmight not be accessible enough to the also sterically crowded
multiple reaction centers in PAMAM. These potential pitfalls led
us to develop the second pathway, where a long linear hydro-
philic linker was first attached to sialic acid, followed by reaction
of the sugar�linker to PAMAM. This was thought to be the best
approach, as the steric consequences suffered by both reaction
partners would be greatly minimized in the presence of the
hydrophilic linker. Whichever pathway produced the desired
glycodendrimer conjugates with the best yields would then be
utilized in further syntheses.

As for the individual sugar and dendrimer choices, there were
many factors to consider. PAMAMwas chosen primarily because
of its availability and also because there was an abundance of data
available on the cellular toxicities of PAMAM-based molecules

(vide supra). Sialic acid was chosen for a few key reasons as well.
First, it contains a carboxyl group attached to the anomeric carbon,
making it easy to append it to either an amino-bearing linker or to an
amino-terminated PAMAM using standard solution-phase peptide
coupling methodologies, all without having the sugar protected.
Second, some preliminary anti-HIV data have been reported for a
sialic acid-based polysaccharide, colominic acid, in the sulfated form.
Colominic acid is anα-2f8-linked polymer of sialic acid (Figure 2).
Yang and co-workers found EC50 values as low as 0.06 μg/mL for
the larger molecular weight, more highly sulfated derivatives of
colominic acid (MWranging from8 to 16 kDa, sulfation 8�12%) in
MT-4 and C8166 cell lines infected with HIV in the presence of
these molecules.19 Their assay control, DS, yielded EC50 values of
0.5 and 2.51 μg/mL in the same cell lines, respectively. Finally, by
using the base sugar from a polymer with known anti-HIV activity,
we would be able to quickly ascertain if utilizing PAMAM as a
scaffold for the multivalent presentation of sulfated sugars to the
target protein, gp120, was as/more effective in binding to gp120/
inhibiting HIV infection than the known sulfated linear polysaccha-
ride standard, DS.

Once synthesized, all of the sulfated sialic acid-PAMAM
glycodendrimers could be assessed for anti-HIV-1 activity by two
separate, yet complementary assays. The first assay, a fast ELISA
(enzyme-linked immunosorbent assay) developed in our lab, could
be used to screen for the presence of gp120 binding. If activity was
found, a second, more sensitive luciferase reporter gene assay could
then be utilized to determine how well the sulfoglycodendrimers
were able to inhibit HIV-1 infection of TZM-bl cells.

’EXPERIMENTAL PROCEDURES

General Materials and Methods. All nuclear magnetic reso-
nance (NMR) spectroscopy was performed on a Bruker Avance III
500 MHz NMR spectrometer with either D2O or CDCl3 solvents
purchased from Acros. To simplify the analysis of the 1H NMR
spectra for compounds 1�6, the integrations were normalized for
1/4 of total protons, the equivalent of 1 branch of the full
glycodendrimer. For 13C analysis, 3-(trimethylsilyl) tetradeutero
sodium propionate (TSP) from Wilmad was used as a zero point
reference, and all spectra were proton decoupled. MALDI mass
spectral analysis was conducted on a Kratos/Shimadzu Axima-CFR
MALDI-TOF (University of the Pacific) and a Bruker Reflex III
MALDI-TOF (The Ohio State University). High-resolution ESI
mass spectral analysis was conducted on an IonSpec Fourier trans-
form mass spectrometer (University of Arizona). Flash chromatog-
raphy was performed using flash silica gel (32�63 μM) from
Dynamic Adsorbents Inc. Dialysis purification was performed using
Spectra/por Biotech Cellulose Ester dialysis membrane from
Spectrum Laboratories Inc. Reverse-phase high-pressure liquid
chromatography (RP-HPLC) was conducted on aHewlett-Packard
TI-series 1050 using a Grace Prevail C-18 5 μ 250 � 10 mm
column. Fast-paced liquid chromatography (FPLC) was performed
with a Pharmacia pump P-500 with a LCController LCC-500 Plus.

Figure 2. Sulfated colominic acid.
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The column used in conjunction with the FPLCwas a Bio-Gel P-10
2.5 cm � 120 cm column.
The reagents used came from a variety of sources and were used

without further purification: All poly(amidoamine) (PAMAM)
dendrimers were purchased from Aldrich. Benzotriazol-1-yloxytris-
(dimethylamino)phosphonium hexafluorophosphate (BOP) was
from Nova Biochem. N,N-Diethylisopropyl amine (DIPEA) was
purchased fromAlfa Aesar. Trifluoroacetic acid (TFA), triethylamine
(TEA), ammonium bicarbonate, and N,N-dimethylformamide
(DMF) were from EMD. Di-tert-butyl dicarbonate ((Boc)2O) was
purchased from Acros. 1,8-Diaminotriethyleneglycol was obtained
from Huntsman. N-Acetylneuraminic acid (sialic acid) was pur-
chased fromNacalai Tesque. 500 kDa dextran sulfate was purchased
from Sigma-Aldrich.
Note on Characterization. All labels on protons in the 1H

NMR data correspond to assignments given on the spectra. The
spectra can be found in the Supporting Information section.
Nomenclature Note. All glycodendrimers are named as fol-

lows: The number of end points, tetramer, octamer, or 16-mer,
followed by glyco-. If a linker is present between PAMAMand sialic
acid, the abbreviation DATEG (1,8-diaminotriethyleneglycol)
appears. The name terminates in PAMAM dendrimer.
{2-[2-(2-Amino-ethoxy)-ethoxy]-ethyl}-carbamic Acid tert-

Butyl Ester (8). 1,8-Diaminotriethyleneglycol 7 (5.0 g, 33.8 mmol)
was weighed into a flame-dried 500 mL round-bottomed flask.
Methanol (135 mL) was added, followed by TEA (340 mg, 3.4
mmol), then (Boc)2O (7.38 g, 33.8 mmol). The reaction was
heated to 35 �Cand stirred overnight. The solvents were evaporated
under reduced pressure and the crude residue was purified by flash
chromatography using 1:1 methanol/chloroform, giving 8 as a
viscous golden oil (4.25 g, 17.1 mmol, 51% yield). 1H NMR
(D2O): δ 1.41 (s, 9H, HT), 2.79 (t, 2H, J = 5.4 Hz, HS), 3.25
(t, 2H, J = 5.4 Hz, HP), 3.57 (q, 4H, J = 5.0 Hz, 9.7 Hz, HQ), 3.66
(s, 4H, HR).

13C NMR (D2O, TSP internal std): δ 30.4, 42.6, 72.1,
72.2, 74.9, 161.
N-Acetylneuraminic Acid {2-[2-(2-Amino-ethoxy)-ethoxy]-

ethyl}-amide (11). Sialic acid (10, 100 mg, 0.32 mmol) was
weighed into a flame-dried 25mL round-bottomed flask, dissolved
into DMF (2 mL) and placed under nitrogen. BOP (210 mg, 0.48
mmol) was added to the solution as a solid. In a separate flask, the
linker 8 (87 mg, 0.35 mmol) was dissolved in DMF (1 mL).
DIPEA (170 mg, 1.28 mmol) was then added. This mixture was
next added to the sialic acid solution. The reaction was heated to
35 �C and stirred for 24 h. The solvent was evaporated under
reduced pressure. The crude was dissolved in 1:2 dichloro-
methane/TFA (12 mL) and stirred for 2 h before the solvents
were evaporated under reduced pressure. The crude material was
purified with RP-HPLC using a gradient of deionized water/0.1%
trifluoroacetic acid and acetonitrile/0.1% trifluoroacetic acid giving
11, as a gummy white solid (155 mg, 0.35 mmol, 88% yield). 1H
NMR (D2O): δ 1.67 (t, 1H, J = 12.2 Hz, HB), 2.03 (s, 3H, HC),
2.31 (dd, 1H, J = 4.7 Hz, 13 Hz, HA), 3.19 (t, 3H, J = 4.8 Hz, HP),
3.43 (m, 2H, HS), 3.55�3.73 (M, 11H, HG,H,J,Q,R), 3.82 (dd, 1H,
J= 2.6Hz, 11.9Hz,HE), 3.89 (t, 1H, J= 10.3Hz,HI), 4.05 (m, 2H,
HD,F).

13C NMR (D2O, TSP internal std): δ 22.3, 39.0, 39.3, 39.8,
52.4, 63.4, 66.6, 67.0, 68.4, 68.9, 69.7, 69.8, 70.4, 70.7, 96.0, 173,
175. High-resolution electrospray mass spectrometry (HR-ESI+:
[M + H]+ (C17H34N3O10) calcd m/z = 440.2239. Found m/z =
440.2238.
General Procedure for the Synthesis of Glyco-DATEG-

PAMAMDendrimers. PAMAMG =�0.5, 0.5, and 1.5 (1 equiv)
were transferred to a 10 mL round-bottomed flask, G =�0.5 as a

solid, and 0.5 and 1.5 as a 20% wt solution in methanol. The
methanol was evaporated from G = 0.5 and 1.5 in vacuo. Next,
DIPEA (2.5 equiv/arm) was added, and flushed with nitrogen.
DIPEA (2.5 equiv/arm) was added, followed by BOP (1.2 equiv/
arm). The sugar linker 11 (1.1 equiv/arm) was placed into a
second 10 mL round-bottomed flask and dissolved in DMF
(1 mL). The two solutions were mixed together, heated to
35 �C, and stirred under nitrogen for 1, 7, and 14 days, respectively.
The solvents were evaporated under reduced pressure and the
crude product was dialyzed with 500 MWCO tubing in a 1 L flask
against nanopure water. The water was changed once every hour
for four hours, and allowed to stir overnight at 4 �C . The
remaining crudematerial was then lyophilized. The dialyzed crude
material was then purified using RP-HPLC with a linear gradient
between water/0.1% trifluoroacetic acid and acetonitrile/0.1%
trifluoroacetic acid. Fractions containing the product were col-
lected, grouped, and further purified using a 2.5� 120 cm Bio-Gel
P-10 in 0.03 M ammonium bicarbonate. A 6.4% yield of only
compound 1 was achieved by this method.
General Procedure for the Synthesis of GlycoPAMAM

Dendrimers. Sialic acid (10, 1.1 equiv/arm) was weighed into
a flame-dried 10 mL round-bottomed flask, flushed with nitrogen,
then dissolved into DMF (4 mL). BOP (1.5 equiv/arm) was then
added as a solid. PAMAM G = 0, 1, or 2 (20% wt in methanol)
(1 equiv) was next weighed into a separate 10 mL round-
bottomed flask and the methanol was evaporated under
reduced pressure. DMF (1.5�2.0 mL) andDIPEA (2.5 equiv/arm)
were added to the flask with PAMAM. The PAMAM solution
was then added to the sialic acid solution, heated to 35 �C, and
the reaction was stirred for 1, 7, or 14 days, respectively,
under nitrogen. The crude reaction product was dialyzed with
500 MWCO tubing against nanopure water. The water was
changed once an hour for four hours, then left stirring over-
night at 4 �C. The crude material was then purified using RP-
HPLC with a linear gradient between water/0.1% trifluoroa-
cetic acid and acetonitrile/0.1% trifluoroacetic acid providing
compounds 2, 4, and 6 in 11.4%, 14%, and 28% yields,
respectively.
General Sulfation Procedure. Nonselective sulfation of the

glycodendrimers was carried out according to the procedure of
Kunou et al.49 Briefly, the glycodendrimers were sulfated under a
nitrogen atmosphere at 0 �C, using a 3:1 ratio of SO3�pyridine
complex to hydroxyl groups per sugar unit. 10 mg of each
glycodendrimer and the appropriate mass of SO3�pyrindine
complex were each dissolved in 1.25 mL of dry DMF under N2.
The sulfating solution was added dropwise into the glycoden-
drimer solutions and the reaction mixtures were stirred for 1 h at
0 �C under N2. The reactions were terminated by the addition of
0.5 mL ice�cold water and the pH values of the reaction
mixtures were adjusted to above 9 with 2MNaOH. The reaction
mixtures were next added dropwise to 50 mL of ice�cold
acetone and left to precipitate at �20 �C for 24 h. The
precipitates were collected by centrifugation, then decantation
of the acetone. The precipitates were dissolved in small volumes
of water and purified via dialysis (either 500 or 1000 MWCO
tubing was used, Spectra/Por) against purified DI water at 4 �C.
The sulfated glycodendrimers were then obtained as fine white
solids by lypohilization. Finally, the sulfated glycodendrimers
were evaluated by Columbia Analytics in Tucson, AZ, to
determine the % sulfur for each. From this information, the
approximate number of sulfate groups incorporated into each
glycodendrimer was determined. For sulfo-1, 2, 4, and 6, the %S
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incorporated into each glycodendrimer was 11.22%, 15.32%,
2.02%, and 4.03%, respectively.
General procedure for the competitive ELISA with bioti-

nylated recombinant gp120. A competitive ELISA was devel-
oped to determine the inhibitive binding properties of the
sulfated glycodendrimers against the HIV-1 monoclonal anti-
body peroxidase-labeled murine mAb1101-P gp120 HIV-1
(Immunodiagnostics), to biotin-labeled rgp120 HIV-1 IIIB (b-
rgp120, Immunodiagnostics). Dextran sulfate (500 kDa) was
used as a positive assay control, and buffer was used as a negative
assay control. Competition between the b-rgp120 and the mAb
was evidenced by a decrease in the overall absorbance at 450 nm.
To run the assay, a 1:5000 dilution of b-rgp120 was prepared in
PBS and 100 μL of this dilution was transferred to the wells of
Reacti-Bind NeutrAvidin-coated strip plates (Thermo Scien-
tific). The plates were incubated for 1 h at 25 �C while shaking
at medium speed in a Jitterbug Plate Incubator Shaker (Boekel).
The plates were washed three times with PBS containing 0.05%
(v/v) Tween 20. 200 μL of PBS containing 1% (w/v) BSA was
added to each well to block nonspecific binding sites and the
plates were incubated for 1 h at 25 �C while shaking at medium
speed. While blocking, a 1:1000 dilution of the mAb 1101-P, and
0.2�400 μg/mL dilutions of the sulfated glycodendrimers were
prepared in PBS-Tween 20 containing 0.1% (w/v) BSA. The
plates were washed three times, and then the wells were treated in
duplicate with 50 μL of the sulfated glycodendrimer dilutions
plus 50 μL of the mAb1101-P dilution and incubated for 1 h at
25 �C while shaking at medium speed. The plates were washed
three times. The wells were treated with 100 μL of SureBlue
peroxidase substrate (KPL) and the kinetic reaction absorbances
were read for 10 min at 655 nm on a BioRad model 550 plate
reader. The kinetic reaction was stopped by the addition of 100
μL of 1 M HCl to each well. The end point absorbances were
read at 450 nm. The duplicate end point readings were averaged
and plotted against the log of the concentration (g/L) in a
nonlinear regression analysis using GraphPad Prism 4 software.
From this, IC50 (inhibitory concentration to achieve 50% of the
effect, in this case 50% less binding between b-rgp120 and the
mAb) values in μg/mL and R2 values were determined. A
minimum of two assays were completed for each glycodendrimer
or standard.
HIV Neutralization Luciferase Reporter Gene Assay. In-

hibition of HIV infectivity by the sulfated glycodendrimers was
assessed in a formally optimized, validated, and GCLP (good
clinical laboratory practice)-compliant infectivity reduction
assay according to the method of Montefiori et al. and con-
ducted at Duke University in the GCLP-certified Primate
Central Immunology Laboratory.50,51 The solid glycodendri-
mer samples and dextran sulfate were prepared for analysis as
follows: They were first dissolved in PBS and sterile-filtered to
give 1 mg/mL concentrations. The 1 mg/mL stock solutions
were serially diluted 1:3 in concentrations ranging from 50 to
0.02 μg/mL. The HIV-1 strains utilized in the assay included
Q23.17 (Clade A),MN.3 (Clade B), MW965.26 (Clade C), and
TV1.21 (Clade C). The cells assayed for infection were TZM-bl
cells expressing CXCR4, and engineered to express the human
cell receptors CD4 and CCR5, in addition to the enzymes,
firefly luciferase and Escherichia coli β-galactosidase. An addi-
tional positive control, HIVIG-C, a purified IgG pooled from
HIV+ donors from South Africa, was prepared from a stock 12.5
mg/mL solution and used in the assays in 1:3 dilutions ranging
from 625 to 0.29 μg/mL.

’RESULTS AND DISCUSSION

The purpose of this work was to examine the ease of
synthesizing glycodendrimers of various generations using both
convergent-like and divergent-like synthetic strategies, and to
perform some preliminary assessments for potential HIV-1
activity. With the sole exception of the preparation of compound
8, no protecting group chemistry was used in this study. Because
protecting group strategies require two additional steps per
group, and result in lower overall yields, eliminating these steps
saves time, and precludes the need for numerous purification
steps. To achieve this, a synthetic route was devised where the
reactions were conducted in a polar solvent to ease solubility
issues, the reagents would not target the unprotected hydroxyls,
and the chemistry utilized was efficient enough to allow for the
desired conversion to the fully substituted products could be
readily achieved. Whichever strategy proved superior would then
allow for the creation of a variety of glycodendrimers of various
sizes and sugar compositions more quickly. To test the con-
vergent-like strategy for the synthesis of dendrimers, sialic acid
was coupled to a hydrophilic linker, 8, which was then attached to
PAMAM, both utilizing amide linkages. As linker 8 was amine
terminated, the half generations of carboxylic acid-terminated
PAMAM (G =�0.5, 0.5, and 1.5) were employed in these cases.
For the divergent-like strategy, the carboxyl group of sialic acid
was coupled directly to the terminal amine of PAMAM G = 0,
1, and 2.
Glycodendrimer Synthesis. Generations �0.5, 0.5, and 1.5

were coupled to the sugar�linker complex through a convergent
synthetic method. To achieve this, the linker (1,8-diaminotriethy-
leneglycol, 7) was singly protected with di-tert-butyldicarbonate
((Boc)2O). As both ends of the linker are chemically equivalent,
this reaction afforded three products: unreacted starting material
(7), the monoprotected linker (8), and the diprotected linker (9).
Monoprotected linker (8) was isolated by normal phase flash
chromatography using 1:1 chloroform and methanol, giving the
desired product (8) in a 51% yield (Scheme 1).
The monoprotected linker (8) was next coupled to sialic acid

(10) using benzotriazol-1-yloxytris(dimethylamino)phosphonium
hexafluorophosphate (BOP) coupling conditions. After overnight
reaction at 35 �C, the Boc protecting group was removed in 1:2
dichloromethane/trifluoroacetic acid (TFA) (Scheme 2).
Compound 11was purified by reverse-phase high-pressure liquid

chromatography (RP-HPLC), giving the desired product in 88%
overall yield for two steps. Next, the sugar�linker (11) was attached
to PAMAM generations �0.5, 0.5, or 1.5 via an amide coupling
using BOP and DIPEA (N,N-diisopropylethylamine) in DMF at
35 �C, under nitrogen for 1, 7, or 14 days, respectively, producing
glycodendrimers 1 and 3 (Scheme 3).52 Glycodendrimer 5, un-
fortunately, was not isolated.
To make compounds 2, 4, and 6 using a divergent-like

approach, sialic acid (10) was mixed with the appropriate
PAMAM and allowed to react using BOP coupling conditions
at 35 �C under nitrogen gas for 1, 7, or 14 days. This produced
glycodendrimers 2, 4, and 6 (Scheme 4).
Glycodendrimer Characterization.One of the primary goals of

the research presented herein was to develop an efficient synthetic
strategy to evaluate convergent and divergent-like synthetic methods
to determine which method was simpler/more efficient for the
synthesis of sialic acid-coupled glycodendrimers as that could serve as
effective and potent anti-HIV-1 agents. An additional goal involved
the minimization/elimination of the polydispersity inherent to the
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polysaccharides known to have anti-HIV activity. If successful, this
would result in structurally well-defined glycodendrimers, and allow
for a greater understanding of which features are the most critical for
anti-HIV-1 activity. This was viewed as an important aspect of
the study as many of the previous reports yielded incompletely
substituted glycodendrimers (vide supra).40,41,43,46,47 In the current
study, the divergent-like approach consisted of only a single step
between sialic acid and the appropriate amine-terminated PAMAM
via a BOP coupling (Scheme 4). This synthesis was anticipated to be
difficult, as the carboxyl group on sialic acid is sterically hindered.
That, along with a large, bulky dendrimer, and the simultaneous
occurrence ofmultiple reactions in the coupling step,was expected to
present a great synthetic challenge and result in understandably low
yields. The convergent-like synthesis, on the other hand,was expected
to be much more facile as an intermediary polar primary amine-
terminated linker was first attached to sialic acid in a 1:1 reaction,
which was then coupled to carboxy-terminated PAMAM dendri-
mers (Scheme 3). This strategy was expected to be advantageous,

as the steric issues between sialic acid and PAMAM would be
minimized by the presence of a long polar spacer molecule. It was
thus anticipated that the coupling between the sialic acid-linker
(11) and various PAMAMcores would result in greater yields than
the divergent-like approach.
It was therefore a surprise to find that the divergent-like synthetic

method, where sialic acid was directly coupled to PAMAM,
produced the desired fully substituted products in higher yields
than the convergent-like approach. For the divergent-like reactions,
compounds 2, 4, and 6 were all isolated and completely character-
ized via 1H NMR, 13C NMR, and MALDI-MS in modest yields of
11.4%, 14%, and 28%, respectively. The yields were likely low due to
the steric issues previously mentioned.
For the convergent-like method, however, the addition of the

diaminotriethylene glycol linker was expected to aid the reactions
by reducing steric hindrance, yet resulted in minimal/no product
isolation. Compound 1 was only isolated/characterized in 6.4%
yield. For compound 3, the impurity of the sample and the low
quantities produced precluded the ability to obtain confirmatory
1H or 13C data; only MALDI MS analysis was possible. The
calculated molecular weight for 3 is 4462 Da; however, MALDI
MS showed small peaks for (M+H) m/z = 4467, (M�H2O)

Scheme 3. Amide Coupling of Sugar�Linker PAMAM
Generations �0.5, 0.5, and 1.5

Scheme 4. Amide Coupling of Sialic Acid (10) to PAMAM
Generations 0, 1, and 2

Scheme 2. Amide Coupling of Sialic Acid to Linker,
Followed by Deprotection

Scheme 1. Monoprotection of Diaminotriethylene Glycol (8)
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m/z = 4448, and (M�2H2O) m/z = 4428, along with impurity
peaks (M-compd 11-H2O) m/z = 4027 and (M-2 compd 11)
m/z = 3619. Compound 3 has more than 180 carbon atoms, so it
is likely there are at least two 13C atoms adding weight beyond
the calculated molecular mass. Compound 5 was neither isolated
nor confirmed, even after multiple attempts at synthesizing and
purifying this molecule. We hypothesize that the linker may have
been too conformationally flexible, allowing the linker to fold
back on itself and participate in intramolecular hydrogen bond-
ing with the polar face of the sialic acid. It is believed that this
would result in reduced/absent reactivity of the sugar�linker
to PAMAM.
These results clearly indicate that, for our system, the diver-

gent-like synthesis was the superior method as fully substituted
sialic acid glycodendrimers resulted. Yield improvements for the
divergent-like approach are currently being sought in the labora-
tory through substitution of the solvent and/or coupling reagent.
It is thought that a better combination can be found for this
system that will behave more favorably with the polarity/
solubility issues of the reactants, and result in improved yields,
all while maintaining the ability to use unprotected sugars.
Assessment of anti-HIV Activity. The second major goal of

the work presented herein involved the evaluation of sulfated
derivatives of the glycodendrimers for possible anti-HIV activity.
Once all of the glycodendrimers (1, 2, 4, and 6) were successfully
isolated and characterized, they were sulfated and purified
according to the method of Kunou et al. (Scheme 5).49 As this
method is not selective as to the location or number of sulfates
incorporated on the sugar hydroxyl groups, and the molecules
had been completely characterized after their initial synthesis,
further NMR and mass spectral analysis was not conducted.
Instead, elemental analysis for % sulfur (%S) was completed.
Using the %S for each glycodendrimer, the average number of
sulfate groups incorporated into each glycodendrimer was cal-
culated. The %S for sulfated compounds sulfo-1, 2, 4, and 6were
11.22%, 15.32%, 2.02%, and 4.03%, respectively, which translated
to an average number of sulfate groups incorporated of 10, 13,
2�3, and 11, respectively. The nonregiospecific sulfation meth-
od was utilized, rather than a more selective method, as these

require additional protection/deprotection steps to incorporate
the sulfate group on a specific hydroxyl group. As this was a
preliminary study to elucidate a synthetic path that would yield
glycodendrimers with anti-HIV-1 activity in the fewest possible
steps, it was decided that achieving a completely monomole-
cular compound at this stage of the project in terms of both
the number of sugars and sulfate groups incorporated was of
lesser importance than achieving a fully substituted glycoden-
drimer product. This will, however, continue to be a goal in
future work.
To evaluate whether or not the sulfated glycodendrimers had

the capability of binding to the target HIV-1 protein, gp120, a
simple in-house competitive binding ELISA assay was developed.
This assay was utilized as an initial screen to quickly assess
whether or not the sulfated glycodendrimers had the ability to
bind to b-rgp120 (biotinylated recombinant gp120) and thereby
inhibit the binding between b-rgp120 and an HRP (horseradish
peroxidase)-labeled monoclonal antibody specific to the V3 loop
of gp120. Briefly, b-rgp120 was incubated with NeutrAvidin-
coated plates. NeutrAvidin is a proprietary biotin-binding protein
capable of binding with high avidity to biotin-containing mol-
ecules and adhering them more/less permanently to the surface
of the plate. This was done to ensure that gp120, with a high
carbohydrate composition (∼50% byweight), did not wash off of
the plate. After blocking the open sites with bovine serum
albumin (BSA), the competitive binding step was initiated where
both the HRP-labeled monoclonal antibody specific to the V3-
loop of gp120 and either the serially diluted sulfated glycoden-
drimer or assay controls were incubated with the anchored
gp120. After the prescribed incubation period and rinsing, the
HRP substrate was added, and the reaction was monitored for
10 min at 655 nm, to observe linearity of the kinetics. The
reaction was then stopped with the addition of HCl and the plate
read again at 450 nm to ascertain the end point absorbances.
All of the sulfated glycodendrimers (sulfo-1, 2, 4, 6) were

initially evaluated by the ELISA. Each compound was assayed in
duplicate wells a minimum of two times, and all results were
compared to the positive assay control, 500 kDa dextran sulfate
(Figure 1), containing 17% sulfur (2.3 sulfates/sugar).53 Dextran

Scheme 5. Nonselective Sulfation of Glycodendrimer Products



2193 dx.doi.org/10.1021/bc200331v |Bioconjugate Chem. 2011, 22, 2186–2197

Bioconjugate Chemistry TECHNICAL NOTE

sulfate consistently results in an average IC50 (inhibitory con-
centration for a 50% reduction in gp120 binding) of 1.6 nM
with an R2 value of 0.99 for the nonlinear regression fit for
dose�response analysis (Table 1). Sulfo-1, 2, and 4 did not fit
nonlinear regression dose�response curves, evidenced by low R2

values (data not shown). For Sulfo-6, higher concentrations of
this molecule led to a noticeable decline in the absorbance at
450 nm, indicating that some binding to gp120 was achieved;
however, a 50% inhibition of antibody binding to b-rgp120 was
not achieved. It was hypothesized that lack of quantitative results
by the ELISA may have had more to do with the lower sensitivity
limits of the ELISA, rather than whether or not the compounds
actually had anti-HIV activity, and we are in the process of
optimizing the ELISA assay to improve its sensitivity. The
decision was therefore made to evaluate the two higher-order
sulfated glycodendrimers (sulfo-4 and 6) directly for anti-HIV
activity using the luciferase reporter gene assay because it is a
more sensitive assay. Sulfo-1 and sulfo-2 were not evaluated
further, because we had recently determined that other sulfated
glycodendrimers of similar size did not yield anti-HIV-1 activity
in the luciferase assay (data not shown).
The luciferase reporter gene assay used in this analysis was first

developed by Shaw and co-workers, then further optimized and
validated by Montefiori and colleagues.50,51,54 This assay evalu-
ates a single round of infection of a modified TZM-bl cell line,
derived from HeLa. TZM-bl cells express the HIV-1 coreceptor,
CXCR4, and have been engineered to express coreceptor CCR5
and receptor CD4, in addition to the integrated reporter genes
for firefly luciferase and the β-galactosidase gene from Escherichia
coli. The pseudoviruses utilized (Q23.17 (Clade A), MN.3
(Clade B), MW965.26 (Clade C), and TV1.21 (Clade C)) are
infectious, but are not able to replicate to yield viable virions and
are thus limited to one round of infection. Upon infection of the
TZM-bl cells, the tat gene carried by the pseudovirus is expressed
and the resultant Tat protein trans-activates the luciferase
reporter gene. Development of the assay involves quantifying
the luminescence resulting from the enzyme activity of luciferase,
which is directly proportional to the number of infection events
by the pseudoviruses. Addition of an agent with anti-HIV activity
results in a decrease in the luminescence signal. Both sulfo-4 and
6 were analyzed in the TZM-bl luciferase reporter gene assay, in

addition to the positive control, dextran sulfate. The IC50 values
(Table 1) are the sample concentration at which the relative
luminescence units were reduced by 50% compared to virus
control wells (no test sample). HIV inhibitory activity was
detected for Sulfo-6, with IC50 values for all viruses tested in
the low micromolar range. Reduction in luciferase signal by
Sulfo-4 was only observed at the highest compound concentra-
tions tested and did not reach the 50% neutralization cutoff. The
positive controls, dextran sulfate andHIVIG-C, were both potent
inhibitors as expected, yielding nM inhibition in all four HIV-1
strains, except TV1.21 for HIVIG-C, which was μM.
As with all in vitro assays, the results obtained are constrained

by the system used. Experiments in other laboratories have
shown that HIV neutralization assays in the TZM-bl cell system
may be less sensitive than assays in other cells, such as T cell lines
and PHA-stimulated PBMCs,40 and that viruses produced in
293T cells are more sensitive to neutralizing antibodies than the
same virus produced in PBMCs.55 We have also observed that an
assay based on the T cell line A3R5 can be 10- to 100-fold more
sensitive in the detection of neutralizing antibodies than the
TZM-bl assay, but only for viruses with a tier 2 (less-sensitive)
neutralization phenotype (unpublished data).56 The viruses
assayed here for inhibition by sulfo-4 and sulfo-6 are all tier 1
(more neutralization sensitive) and are equally sensitive to
neutralizing antibodies when assayed in TZM-bl and A3R5 cells.
However, it is possible that neutralization by sulfated polysac-
charides may behave differently in these two assay systems than
neutralization by antibodies, and the results here may under-
estimate the potential of these two compounds to inhibit HIV in
an optimal in vitro assay. Like Louder et al., we have also found
that a virus produced in 293T cells is more sensitive to
neutralization by antibodies than the same virus grown in
activated human PBMCs. The viruses used herein were pseudo-
viruses produced in 293T cells. In humans, the infecting HIV
would likely have been produced by lymphoid or monocytoid
cells. If HIV inhibition by sulfated polysaccharides follows the
trend observed with neutralization by antibodies, the results here
may overestimate the inhibition of HIV by sulfo-4 and sulfo-6 in
an infected individual. Clearly, further studies are needed to
understand the true utility of these and similar compounds in
protection from HIV infection in vivo, but the results presented

Table 1. Summary of Pertinent Structural and HIV Assay Data for Sulfated Glycodendrimers and Positive Assay Controls,
Dextran Sulfate, and Antibody HIVIG-C

compound

approxx MW

(g/mol) % sulfur

avg #

sulfates

ELISA

IC50
d

Q23.17

(Clade A) IC50
e

MN.3

(Clade B) IC50
e

MW965.26

(Clade C) IC50
e

TV1.21

(Clade C) IC50
e

Sulfo-1 2821 11.22 10 (2.5/sugar) >71 μM NAa NAa NAa NAa

Sulfo-2 2707 15.32 13 (3.25/sugar) >74 μM NAa NAa NAa NAa

Sulfo-4 3992 2.02 2 to 3 (0.25�0.38/sugar) >50 μM >12.5μMc >12.5μMc >12.5μMc >12.5 μMc

Sulfo-6 8777 4.03 11 (0.69/sugar) >23 μMb 5.1 μM 2.4 μM 1.6 μM 4.0μM

Dextran

Sulfate

500 000 17 2.3/sugar 1.6 nM 8.2 nM 4.4 nM 2.8 nM 2.6 nM

HIVIG-C 150 000 NAa NAa NAa 98.7 nM 35.3 nM 8.7 nM 0.34μM
aNA = Not applicable/no assay was conducted. bReduction in the absorbance at 450 nm by Sulfo-6 was only observed at the highest compound
concentrations tested and did not reach the cutoff level of a 50% reduction in absorbance at 450 nm. cReduction in the luciferase signal by Sulfo-4 was
only observed at the highest compound concentrations tested and did not reach the 50% neutralization cutoff. dValues are the sample concentration
(μM) at which the absorbance at 450 nmwas reduced by 50% compared to the control wells (no test sample). Sample concentrations ranged from 0.1 to
200 μg/mL in the assay wells. eValues are the sample concentration (μM) at which relative luminescence units (RLUs) were reduced 50% compared to
virus control wells (no test sample). Sample concentrations ranged from 0.02 to 50 μg/mL for the sulfoglycodendrimers and DS, and 0.29�625 μg/mL
for HIVIG-C.
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here provide encouragement for continuing to evaluate this
strategy (Figure 3).
The combined data from both the ELISA and luciferase

reporter gene assay suggest a few conclusions regarding the
potential of these molecules as anti-HIV molecules. First, the
assays were found to be complementary to one another: the
luciferase assay confirmed the anti-HIV activity of sulfo-6 that
was suggested by the ELISA result. This supports our strategy for
screening glycodendrimer compounds: the ELISA serves as a simple
screen forwhether or not a sulfated glycodendrimer has the ability to
bind the target gp120 protein, while the luciferase assay measures
how well the sulfated glycodendrimers prevent the infection of the
TZM-bl cells. Second, the activity of sulfo-6 is superior to that of
sulfo-4. Sulfo-4 contains 2.02% sulfur, 8 sugar residues and aMWof
approximately 4000 Da. It cannot be determined from the data
gathered whether the poor activity observed for sulfo-4 was due to
the small size, the low% sulfur, or as a result of both factors. Further
study of these effects is required. Therefore, all future sulfoglyco-
dendrimers envisionedwill need to be equal/larger than sulfo-6, and
have a minimum of 4% sulfur (by wt). It is hypothesized that, as the
sulfoglycodendrimers increase in size/sulfur content, both assays
will be better able to quantitate the HIV-1 activity, as the sulfogly-
codendrimers will be more adept at binding to gp120 multivalently,
and potentially serve as effective anti-HIV-1 agents. This is sup-
ported by a report by Subramaniam and co-workers, where it was
reported that the native trimeric spike of gp120 has a width of
15 nm.57 Compared with the known diameters of unsubstituted
PAMAMG = 1 and 2, which are 1.9 and 2.6 nm, respectively, it can
be theorized that the glycodendrimers reported herein can interact
with/bind to at least one gp120 monomer apiece.58 It is also
supported by reports in the literature illustrating a variety of
(glyco)dendrimer-based molecules with anti-HIV activity (μM�
nM), with molecular weights ranging from 12 400 to 24 581

Da.41,43,47,59 As we have now reported a sulfoglycodendrimer
(sulfo-6) with a MW of 8777 Da and 4.03% sulfur with μM activity
across all HIV-1 strains evaluated, we are satisfied that the ELISA/
luciferase assay combination will provide adequate sensitivity for
future molecules evaluated, as these will all be larger in size and
contain a minimumof 4% sulfate (by wt). Finally, in taking the sialic
acid monosaccharide, presenting it multivalently on PAMAM, and
sulfating it, wewere able to observemodestμMactivity (IC50 values
ranging from 1.6 to 5.1 μM). These values compared well to the
EC50 value of 0.4 μM for an 8000 Da sulfated colominic acid
derivative containing 6% sulfur, as reported by Yang et al.19 This
indicates that the strategy of taking smaller pieces of a polysaccharide
of known anti-HIV properties and presenting them in a multivalent
sense on a dendrimer scaffold can yield structurally well-defined
sulfoglycodendrimers with good anti-HIV activity. This approach
may also result in derivativeswith reduced or absent toxicity issues as
compared to the sulfated polydisperse polysaccharides from which
they are derived. This latter issue will be addressed in future studies.

’CONCLUSIONS

In summary, an initial series of 6 sulfoglycodendrimers were
sought, synthesized by either a divergent-like or convergent-like
approach, as potential anti-HIV agents. The syntheses were
planned with the fewest steps possible and no sugar protecting
group chemistry, to find the fastest and most facile way to make
sulfoglycodendrimers in the best yields possible. While it was
initially believed that the four-step convergent-like approach
would be the best reaction sequence, as the steric issues of both
sialic acid and PAMAM were minimized through the addition of
an intermediary hydrophilic linker, only 1 was produced, and in
poor yield. This contrasts with the one-step divergent-like path-
way, which at the outset was not expected to work well, given that

Figure 3. HIV-1 luciferase reporter gene assay results for % neutralization of four different HIV-1 strains (Q23.17, MN.3, MW965.26, and TV1.21) in
TZM-bl cells by glycodendrimers sulfo-4 and sulfo-6 with positive controls, dextran sulfate and HIVIG-C.
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both the sialic acid and PAMAM structures were sterically
congested. Surprisingly, this path led to the production of all
three desired glycodendrimers, 2, 4, and 6, in modest yields, and
all in one step. Glycodendrimers 1, 2, 4, and 6 were all fully
substituted with respect to the number of sugars attached to the
reactive groups terminating the various generations of PA-
MAM, thereby eliminating the polydispersity of structure
found in the parent polysaccharide colominic acid. While
the chemical sulfation process was not regioselective, it was
viewed to be of lesser importance at the current time than
finding the appropriate synthetic method and determining the
general minimum structural requirements necessary for these
molecules to have anti-HIV-1 activity. This was achieved in
sulfo-6. The synthesis of a completely monomolecular pro-
duct in terms of the number of both sugars and sulfates
incorporated remains a future goal.

In addition to finding an appropriate synthesis for the
glycodendrimers, a simple binding screen and well-character-
ized confirmatory functional assay were utilized to rapidly
determine their potential anti-HIV activity. Upon evaluation
of the sulfoglycodendrimers, sulfo-1, 2, 4, and 6, the in-house
ELISA screening assay suggested that only sulfo-6 bound to
b-rgp120. This was confirmed using the more sensitive luci-
ferase reporter gene neutralization assay, which detected μM
activity for sulfo-6. Thus, we have shown that a simple
monosaccharide building block derived from a known anti-
HIV sulfated polysaccharide can yield molecules possessing
anti-HIV-1 activity when appended to a multivalent scaffold,
even though they are smaller in size than the parent poly-
saccharide.
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Supporting Information 

Experimental Procedures: 

Tetrameric glyco-DATEG-PAMAM dendrimer (1):  PAMAM G = -0.5 (24 mg, 0.055 mmol) 

was weighed into a flame-dried 10 mL round-bottomed flask and dissolved in DMF (1 mL), and 

flushed with nitrogen. DIPEA (71 mg, 0.55 mmol) was added, followed by BOP (120 mg, 0.27 

mmol). The sugar linker 11 (100 mg, 0.23 mmol) was placed into a second 10 mL round-

bottomed flask and dissolved in DMF (1 mL). The two solutions were mixed together, heated to 

35˚C, and stirred under nitrogen for 24 hours. The solvents were evaporated under reduced 

pressure and the crude product was dialyzed with 500 MWCO tubing in a 1L flask against 

nanopure D.I. water. The water was changed once every hour for four hours, and allowed to stir 

overnight at 4˚C. The remaining crude material was then lyophilized. The dialyzed crude 

material was then purified using RP-HPLC with a linear gradient between water/0.1% 

trifluoroacetic acid and acetonitrile/0.1% trifluoroacetic acid. Fractions containing the product 

were collected, grouped, and purified through size exclusion chromatography with 0.03 M 

ammonium bicarbonate as the mobile phase. This provided compound 1, as a fluffy white solid 

(3 mg, 0.0017 mmol, 6.4% yield). 1H NMR (D2O): δ  1.73 (m, 1H, HB), 2.09 (s, 3H, HC), 2.36 

(dd, 1H, J= 5.0Hz, 16.4Hz, HA), 2.49 (t, 2H, J=7.2Hz, HM), 2.68 (s, 1H, HK), 2.87 (t, 2H, 

J=7.1Hz, HL), 3.43 (t, 3H, J=5.4Hz, HP), 3.49 (m, 3H, HS), 3.67 (m, 17H, HG,J,Q,R), 3.78 (m, 1H, 

HH), 3.88 (dd, 1H, J=2.6Hz, 11.8Hz, HE), 3.95 (t, 1H, J=9.7Hz, HI), 4.11 (m, 2H, HD,F). 13C NMR 

(D2O, TSP internal): δ  24.9, 35.2, 41.6, 41.7, 42.4, 51.90, 51.92, 54.9, 66.0, 69.5, 71.0, 71.4, 

71.6, 71.6, 72.2, 72.3, 72.9, 73.2, 98.3, 98.3, 98.4, 175.6, 177.6, 177.7. MALDI-TOF:  [M + Na]+ 

(C82H148N14O44Na) calcd m/z = 2055.9671, Found m/z = 2058.4. 

Tetrameric glycoPAMAM dendrimer (2):  Sialic acid (cmpd 10, 200 mg, 0.66 mmol) was 

weighed into a flame-dried 10 mL round-bottomed flask, flushed with nitrogen, then dissolved 

into DMF (4 mL). BOP (400 mg, 0.9 mmol) was then added as a solid. PAMAM G=0 (20% by 

wt. in methanol) (75 mg, 0.15 mmol) was next weighed into a separate 10 mL round-bottomed 

flask and the methanol was evaporated under reduced pressure. DMF (1.5 mL) and DIPEA (190 

mg, 1.5 mmol) were added to the flask with PAMAM. The PAMAM solution was then added to 

the sialic acid solution, heated to 35˚C, and the reaction was stirred for four days under nitrogen. 

The crude reaction product was dialyzed with 500 MWCO tubing against nanopure water. The 
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water was changed once an hour for three hours then left stirring overnight at 4˚C. The crude 

material was then purified using RP-HPLC with a linear gradient between water/0.1% 

trifluoroacetic acid and acetonitrile/0.1% trifluoroacetic acid providing compound 2, as a fluffy 

white solid (29.4 mg, 0.017 mmol, 11.4% yield). 1H NMR (D2O): δ 1.69 (t, 1H, J=12.3Hz, HB), 

2.08 (s, 3H, HC), 2.34 (dd, 1H, J=4.9Hz,13Hz, HA) , 2.76 (m, 2H, HM), 3.40 (m, 7H, HK,L,N,O), 

3.61 (d, 1H, J=9.3Hz, HG), 3.66 (dd, 1H, J=6.3Hz, 11.8Hz, HJ), 3.77 (m, 1H, HH), 3.87 (dd, 1H, 

J= 2.4Hz, 11.8Hz, HE), 3.94 (t, 1H, J=10.3Hz, HI), 4.09 (m, 2H, HD,F). 13C NMR (D2O, TSP 

internal std): δ 25.1, 32.7, 41.56, 41.6, 42.7, 51.6, 52.5, 55.2, 66.2, 69.7, 71.3, 73.2, 73.5, 98.6, 

118.2, 120.5, 165.8, 166.1, 175.6, 175.9, 177.9. MALDI-TOF:  [M + Na]+ (C66H116N14O36Na) 

calcd m/z = 1703.7574, Found m/z =1703.8. 

Octameric glyco-DATEG-PAMAM dendrimer (3):  Sugar linker 11 (53 mg, 0.12 mmol) was 

weighed into a flame-dried 10 mL round-bottomed flask, flushed with nitrogen, then dissolved 

into DMF (1 mL). BOP (58 mg, 0.13 mmol) was added as a solid. PAMAM G=0.5 (20% by wt. 

in methanol) (16 mg, 0.013 mmol) was weighed into a separate 10 mL round-bottomed flask and 

the methanol was removed in vacuo. Next, DMF (1 mL), then DIPEA (34 mg, 0.26 mmol), were 

added to the PAMAM. The PAMAM mixture was added to the sugar linker. The reaction was 

heated to 35˚C for seven days. The solvents were evaporated in vacuo and the crude was freeze-

dried. The crude was dialyzed with 500 MWCO tubing against nanopure water. The water was 

changed every hour for four hours, then stirred overnight at 4˚C. The crude material was next 

purified using RP-HPLC with a linear gradient between water/0.1% trifluoroacetic acid and 

acetonitrile/0.1% trifluoroacetic acid. This was followed by size exclusion chromatography in 

0.03 M ammonium bicarbonate buffer. 1H and 13C NMR showed the PAMAM was not fully 

substituted. For compound 3, the calculated molecular weight for C182H328N34O92  [M+H]+ was 

4462.2031. MALDI MS showed small peaks for [M+H]+ m/z=4467.033, [M-H2O] 

m/z=4447.926, and [M-2H2O] m/z=4428.818, but also found was [M-cmpd 11-H2O] 

m/z=4027.557. While MALDI MS shows evidence that 3 was synthesized, it was not present in a 

large enough quantity to get clear 1H or 13C data. 

Octameric glycoPAMAM dendrimer (4):  Sialic acid (10, 190 mg, 0.62 mmol) was weighed 

into a flame-dried 10 mL round-bottomed flask, flushed with nitrogen, then dissolved in DMF (4 

mL). BOP (310 mg, 0.7 mmol) was added as a solid. PAMAM G=1 (20% by wt. in methanol) 
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(100 mg, 0.07 mmol) was weighed into a separate 10 mL round-bottomed flask and the methanol 

was evaporated off under reduced pressure. DMF (2 mL) and DIPEA (180 mg, 1.4 mmol) were 

added to the PAMAM. The two solutions were mixed and the reaction was stirred under nitrogen 

for seven days. The solvents were then evaporated in vacuo and the crude was freeze-dried. The 

crude solid was next dialyzed with 500 MWCO tubing against nanopure D.I. water. The water 

was changed every hour for four hours then stirred overnight at 4˚C. The crude material was next 

purified using RP-HPLC with a linear gradient between water/0.1% trifluoroacetic acid and 

acetonitrile/0.1% trifluoroacetic acid. This was followed by size exclusion chromatography using 

Biogel P-10 gel in 0.03 M ammonium bicarbonate buffer producing compound 4, as a fluffy 

white solid (28 mg, 0.0101 mmol, 14% yield). 1H NMR (D2O): δ  1.68 (t, 2H, J=12.3Hz, HB), 

2.07 (s, 6H, HC), 2.33 (dd, 2H, J= 5.0Hz, 13.1Hz, HA), 2.43 (m, 6H, HM), 2.63 (m, 1H, HK), 2.83 

(m, 6H, HL), 3.33 (m, 12H, HN,O), 3.60 (d, 2H, J=9.6Hz, HG), 3.66 (dd, 2H, J=6.2Hz, 11.8Hz, 

HJ), 3.77 (m, 2H, HH), 3.86 (dd, 2H, J=2.4Hz, 11.8Hz, HE), 3.93 (t, 2H, J=10.2Hz, HI), 4.07 (m, 

4H, HD,F). 13C NMR (D2O, TSP internal std.): δ  25.0, 35.3, 35.5, 39.6, 41.3, 41.7, 42.5, 51.8, 

52.8, 54.0, 55.0, 66.0, 69.5, 69.54, 71.1, 72.9, 73.2, 98.4, 175.7, 177.6, 177.9.  MALDI-TOF:  

[M + H]+ (C150H264N34O76) calcd m/z = 3757.7837, Found m/z =3759.3. 

16-mer glyco-DATEG-PAMAM dendrimer (5):  Sugar linker 11 (75 mg, 0.17 mmol) was 

weighed into a flame-dried 10 mL round-bottomed flask, flushed with nitrogen, then dissolved 

into DMF (1 mL). BOP (93 mg, 0.21 mmol) was added as a solid. PAMAM G=1.5 (20% by wt. 

in methanol) (25 mg, 0.0085 mmol) was weighed into a separate round-bottomed flask and the 

methanol was evaporated off in vacuo. Next, DMF (1 mL), then DIPEA (44 mg, 0.34 mmol) 

were added to PAMAM. The PAMAM mixture was added to the sugar-linker. The reaction was 

heated to 35˚C and run for 14 days. The solvents were then evaporated in vacuo, and the crude 

was freeze-dried. The crude solid was next dialyzed with 500 MWCO tubing against nanopure 

water. The water was changed every hour for four hours, then stirred overnight at 4˚C. The crude 

material was then purified using RP-HPLC with a linear gradient between water/0.1% 

trifluoroacetic acid and acetonitrile/0.1% trifluoroacetic acid. This was followed by size 

exclusion chromatography using Biogel P-10 gel in 0.03 M ammonium bicarbonate buffer. 1H 

NMR showed that no fractions contained the fully substituted product. Compound 5 was not 

isolated. No clear 1H NMR was collected that indicated the presence of compound 5, therefore, 

no samples were sent out for MALDI-MS analysis. 
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16-mer glycoPAMAM dendrimer (6):  Sialic acid (10, 46 mg, 0.15 mmol) was weighed into a 

flame-dried 10 mL round-bottomed flask, flushed with nitrogen, then dissolved in DMF (1 mL). 

BOP (84 mg, 0.19 mmol) was added as a solid. PAMAM G=2 (20% by wt. in methanol) (25 mg, 

0.0077 mmol) was weighed into a separate round-bottomed flask and the methanol was 

evaporated under reduced pressure. DMF (1 mL) and DIPEA (40 mg, 0.31 mmol) were added to 

the PAMAM. The two solutions were mixed, heated to 35˚C, and reaction was stirred under 

nitrogen for 14 days. The solvents were then evaporated under reduced pressure and the crude 

sample was freeze-dried. The crude solid was then dialyzed with 500 MWCO tubing. The water 

was changed once an hour for four hours, then stirred overnight at 4˚C. Initial purification was 

conducted using RP-HPLC with a linear gradient between water/0.1% trifluoroacetic acid and 

acetonitrile/0.1% trifluoroacetic acid. This was followed by size exclusion chromatography using 

Biogel P-10 gel in 0.03 M ammonium bicarbonate buffer providing compound 6, as a fluffy 

white solid (17 mg, 0.00215 mmol, 28% yield). 1H NMR (D2O): δ  1.70 (m, 4H, HB), 2.10 (s, 

12H, HC), 2.35 (dd, 4H, J=4.9Hz, 13.1Hz, HA), 2.46 (m, 14H, HM), 2.68 (m, 1H, HK), 2.86 (m, 

14H, HL), 3.36 (m, 24H, HN,O), 3.63 (d, 4H, J=9.5 Hz, HG), 3.69 (dd, 4H, J= 6.2 Hz, 11.8Hz, HJ), 

3.79 (m, 4H, HH), 3.89 (dd, 4H, J= 2.4 Hz, 11.8Hz, HE), 3.96 (t, 4H, J=10.2 Hz, HI), 4.10 (d, 8H, 

J=10.8 Hz, HD,F). 13C NMR (D2O, TSP internal std): δ  25.0, 35.5, 39.6, 41.3, 41.7, 51.9, 54.1, 

55.0, 66.0, 69.45, 69.5, 71.1, 73.0, 73.3, 98.32, 98.34, 98.36, 98.38, 175.7, 177.7, 177.9, 166.6 

MALDI-TOF:  [M + Na]+ (C318H560N74O156Na) calcd m/z = 7934.8056, Found m/z =7937.166. 
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1H Nuclear Magnetic Resonance Spectra at 500 MHz 

{2-[2-(2-Amino-ethoxy)-ethoxy]-ethyl}-carbamic acid tert-butyl ester (compound 8) 1H NMR in 
D2O 
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N-Acetylneuraminic acid {2-[2-(2-amino-ethoxy)-ethoxy]-ethyl}-amide (compound 11) 1H 
NMR in D2O 
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Tetrameric glyco-DATEG-PAMAM dendrimer (compound 1) 1H NMR in D2O 
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Tetrameric glycoPAMAM dendrimer (compound 2) 1H NMR in D2O 
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Octomeric glycoPAMAM dendrimer (compound 4) 1H NMR in D2O 
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16-mer glycoPAMAM dendrimer (compound 6) 1H NMR in D2O 
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13C Nuclear Magnetic Resonance Spectra at 125 MHz 

{2-[2-(2-Amino-ethoxy)-ethoxy]-ethyl}-carbamic acid tert-butyl ester (compound 8) 13C NMR in 
D2O 
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N-Acetylneuraminic acid {2-[2-(2-amino-ethoxy)-ethoxy]-ethyl}-amide (compound 11) 13C 
NMR in D2O 
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Tetrameric glyco-DATEG-PAMAM dendrimer (compound 1) 13C NMR in D2O 
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Tetrameric glycoPAMAM dendrimer (compound 2) 13C NMR in D2O 
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Octameric glycoPAMAM dendrimer (compound 4) 13C NMR in D2O 
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16-mer glycoPAMAM dendrimer (compound 6) 13C NMR in D2O 
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Regenerative Biomaterials that “Click”: Simple, Aqueous-Based
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ABSTRACT: The click chemistry era has generated a library of versatile
“spring-loaded” reactions that offer high yields, regio- and stereospecificity, and
outstanding functional group tolerance. These powerful transformations are
particularly advantageous for the design of sophisticated biomaterials that
require high levels of precision and control, namely, materials that promote
tissue regeneration such as hydrogels, 2D functionalized substrates, and 3D
biomimetic scaffolds. In this review, the synthesis and application of
regenerative biomaterials via click chemistry are summarized. Particular
emphasis is placed on the copper(I)-catalyzed alkyne−azide cycloaddition,
Diels−Alder cycloadditions, and thiol−click coupling.

■ INTRODUCTION

In the simplest terms, tissue engineering has been defined as the
delivery of biomolecules, cells, and supporting structures to the
body to promote self-healing.1 To accomplish this, biocompatible
materials are required to serve as either structural supports for
tissue regeneration or delivery vehicles for cell and drug
transplantation. Biomaterials can also represent investigative
tools to elucidate mechanisms vital to regeneration. Common
materials employed within regenerative medicine strategies
include both two-dimensional (2D) substrates and three-dimen-
sional (3D) biomaterials. 2D substrates are most often used as
exploratory tools to study the presentation of specific bioactive
factors on cell fate. 3D biomaterials are similarly exploited, but can
also be manipulated to serve as a space filling agent, a delivery
vehicle, or a tissue engineering scaffold.2 These strategies require
well-defined structural materials and surfaces that impose
sophisticated function in order to advance the field of regenerative
medicine. This has created a trend toward the convergence of
synthetic organic techniques within regenerative biomaterials.
The exponential growth of click chemistry research within the

past decade has greatly facilitated the development of chemo-
selective chemistries applicable within regenerative medicine.
In 2001, Sharpless and co-workers introduced the term “click
chemistry” to define a set of nearly perfect reactions that
resemble natural biochemical ligations.3 These “spring-loaded”
reactions are orthogonal, regioselective, and highly efficient.
Moreover, click reactions can be performed in aqueous solutions
at room or physiological temperature, and display outstanding
functional group tolerance, making them compelling reactions

within the bioengineering toolkit for polymer synthesis and
bioconjugation.4

Given that there has been a number of outstanding reviews
written on polymer synthesis via click chemistry for biomedical
applications,4−7 this review will focus on the emerging trend of
click chemistry within the field of regenerative medicine. A
prime example is click cross-linked hydrogels. Click reactions
have also gained popularity as bioconjugation techniques for
decorating 2D cell substrates, and as elegant patterning
chemistries for immobilizing bioactive factors within 3D
scaffolds (Figure 1). The review begins with a brief overview
of three common click reactions employed within regenerative
biomaterials, and further highlights their use in tissue engineer-
ing and regenerative medicine.

■ COMMON CLICK REACTIONS IN REGENERATIVE
BIOMATERIALS

The term click chemistry often refers to the common copper(I)-
catalyzed alkyne−azide cycloaddition (CuAAC) (Scheme 1A).
This reaction is very similar to the classic Huisgen cyclo-
addition8 where an organic azide reacts with an alkyne to form
a triazole ring. Through the addition of a Cu(I) catalyst,
Meldal9 and Sharpless10 demonstrated that the Huisgen
cycloaddition reaction can proceed at low temperatures with
high rates, efficiency, and regiospecificity. Moreover, near-
perfect conversion is obtainable in both aqueous and organic
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solvents. CuAAC has proved to be particularly advantageous
within biomedical applications considering that the starting
materials, azides and terminal alkynes, are remarkably stable
within biological systems, enabling facile introduction of these
reactive groups into a wide range of biomolecules. Moreover,
alkynes and azides are not found in nature, thereby limiting side
products from forming.

However, the term click chemistry is not limited to the
CuAAC reaction, but embodies a synthetic philosophy of many
reactions with distinct mechanisms and conditions. A compar-
ison of click chemistries for regenerative biomaterials is
summarized in Table 1. According to Sharpless, a reaction can
achieve click status if it consists of readily available orthogonal
reactants that combine under mild conditions to produce a single
stereospecific product, with little or no isolation.3 Within the past
decade, there has been increasing investigation into reactions
that meet this definition, yet do not require a metal catalyst.11

The Bertozzi lab has developed a reaction of azides with
cyclooctyne derivatives12 referred to as strain-promoted azide−
alkyne coupling (SPAAC) (Scheme 1B). These cyclooctyne
derivatives greatly increase reactivity of azide−alkyne cycloadditions
in the absence of copper, particularly when difluorinated.13 Baskin
et al. exploited this phenomenon to conjugate fluorophores to
biological molecules by incorporating a gem-difluoro group next to
a strained alkyne.14 Reported reaction rates were 30−60 times
faster compared to those with nonfluorinated cyclooctynes.
Another click cycloaddition is exemplified by the Diels−Alder

(DA) reaction; a highly selective [4 + 2] cycloaddition between
an electron-rich diene and an electron-poor dienophile (Scheme
1C). This reaction was first reported by Otto Diels and Kurt
Alder in 1928,15 making the DA cylocaddition the oldest known
click reaction. DA chemistries offer high yields and minimal sides
reactions, and require very little energy. Contrary to other click
reactions, which commonly result in carbon−heteroatom bonds,
carbon−carbon bonds are formed in DA cycloadditions. These
bonds are thermally reversible at elevated temperatures. Water
has been shown to accelerate DA reactions,16,17 making the DA
reaction particularly desirable for biomedical applications.
Beyond cycloadditions, other highly efficient reactions, such

as nucleophilic substitutions, radical additions, and Michael
additions, are also considered click reactions. In particular,
thiol-click chemistries have recently gained merit within the
field of regenerative biomaterials. Schlaad and co-workers were
the first to identify the radical-mediated thiol−ene reaction as a
click reaction.80 In the mechanism, a radical abstracts a
hydrogel from the thiol to form an active thiyl radical, allowing
for an addition reaction between the thiyl radical and the
carbon−carbon double bond or “ene”. While both heat and
light can be used to generate radicals to initiate the thiol−ene
mechanism (Scheme 1D), photoinitiation of the radical
addition reaction between thiols and alkenes allows for spatial
and temporal control. Using light, the reaction can be easily
manipulated by controlling the light intensity, the dose, or the
duration.79 This thiol-click reaction has found specific
applications for biofunctionalization and surface modification.18

Thiol-Michael addition reactions represent another principle
variation among the thiol−click chemistries applicable to
regenerative biomaterials (Scheme 1E, F). The Michael addition
of thiols to electron-deficient “enes” has been investigated since at
least the 1940s,81 and to this day, it continues to be a versatile
tool within the field of bioconjugate chemistry. Thiol−click
Michael additions typically involve α,β-unsaturated carbonyl
compounds, and depend upon the nucleophilicity of the thiol
component.79 Thiol−maleimide click coupling (Scheme 1E) is a
particularly relevant example for this review, as it is frequently
exploited for protein conjugation.71,72,75,76 The vinyl sulfone−
thiol click reaction (Scheme 1F) has served as an important cross-
linking mechanism for the synthesis of enzyme-degradable
hydrogels.44

Figure 1. Schematic representation of click chemistry applied to
regenerative biomaterials. Click chemistry has been employed as a
cross-linking chemistry for hydrogel synthesis, and as bioconjugation
techniques for decorating 2D cell culture.

Scheme 1. Common Click Reactions for Regenerative
Biomatenalsa

a(A) Copper(I)-catalyzed alkyne−azide cycloaddition (CuAAC), (B)
azide−alkyne coupling (SPAAC), (C) Diels−Alder (DA) cycloaddition,
(D) Radical- mediated thiol−ene coupling, (E) Thiol-Michael addition
between maleimides, and (F) between thiols and vinyl sulfones.
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■ CLICK CROSS-LINKED HYDROGELS FOR TISSUE
ENGINEERING AND DRUG DELIVERY

Hydrogels are water-swollen, cross-linked polymer networks
capable of imitating the mechanical and architectural nature of
the cellular microenvironement of soft tissue.19 Due to their
high water content, hydrogels permit facile transport of oxygen,
nutrients, soluble factors, and waste. Moreover, many hydrogels
are biocompatible, biodegradable, and can be synthesized and
processed under relatively mild conditions. Accordingly,
hydrogels represent an optimal platform for many regenerative
medicine strategies. Often, hydrogel matrices are used to
provide a blank canvas in which biomolecules are immobi-
lized, thereby providing a defined chemical environment to
guide cell fate. Synthetic poly(ethylene glycol) (PEG) and
naturally derived agarose are two common examples of such
hydrogels.73,75

The mechanical characteristics of hydrogels are dictated by
the number of cross-links formed between the polymer chains
via covalent bonds or noncovalent interactions. In the past,
popular hydrogel cross-linking methodologies have included
radical polymerization and high-energy irradiation.20 The
majority of these reactions require cytotoxic cross-linking
agents or initiators, which can reduce biocompatibility of the
material. Within the past decade, click chemistry has emerged
as a viable alternative for both chemically cross-linked hydrogels
and their biofunctionalization. While copper is also known to
be cytotoxic, the strained reactions described above overcome
this deficit of CuAAC chemistry.
Alkyne−Azide Click Cross-Linked Hydrogels. Ossipov

et al. were the first to recognize the CuAAC reaction as an
efficient chemoselective cross-linking method for hydrogel
synthesis.21 Poly(vinyl alcohol) (PVA) was functionalized with
either acetylene or azide groups, and cross-linked by mixing
their aqueous solutions together with copper sulfate (CuSO4)
and sodium ascorbate as the cycloaddition catalyst. In another
example, alkyne-modified PVA was cross-linked with bifunc-
tional PEG-diazide cross-linkers. Hydrogels prepared with
polyfunctional PVA formed higher-modulus gels with reduced
swelling compared to those synthesized with the bifunctional
PEG cross-linker.
Hawker and co-workers22 applied the CuAAC click cross-

linking reaction to the synthesis of pure PEG hydrogels. In their
approach, diacetylene- and tetraazide-functionalized PEG were
reacted in a 2:1 ratio at room temperature under aqueous
conditions in the presence of CuSO4 and sodium ascorbate. By
manipulating both the polymer and catalyst concentration, they
were able to tune the cross-linking efficiency. Following
hydrogel formation, both acetylene and azide functionalized
chromophores were swollen into the hydrogel to visualize any
unreacted azide/acetylene functional groups. This revealed less
than 0.2% unreacted functional groups, confirming the efficient
nature of the CuAAC reaction. The degree of swelling and
stress/extension properties of the hydrogels were also examined
by varying the length of the diacetylene PEG chain.
To illustrate the utility of the CuAAC cross-linked PEG

hydrogels as tissue engineering and drug delivery scaffolds,
various researchers have incorporated peptides and degradable
linkers within their click cross-linked networks. In particular,
inclusion of the fibronectin tripeptide sequence, arginine-
glycine-aspartate (RGD), has been shown to be an essential
additive in almost all “blank slate” hydrogel formulations for
tissue culture. RGD is a prime cell adhesion site that isT
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recognized by many integrin receptors;23 therefore, incorpo-
ration of this peptide facilitates cell-matrix interactions. Liu
et al. synthesized diazide-functionalized RGD peptides to cross-
link tetraacetylene PEG under aqueous conditions with CuSO4
and sodium ascorbate.24 By varying the temperature, catalyst,
and precursor concentrations, the gelation time was altered
from 2 to 30 min. An increase in temperature or CuSO4
resulted in a decreased gelation time. The storage modulus was
also tailored by changing the azide linker length. These RGD
peptide hydrogels were tested for fibroblast delivery to promote
tissue repair. By increasing the concentration of RGD peptide,
fibroblast adhesion and proliferation also increased.
In a similar approach, van Dijk et al. incorporated a protease-

sensitive peptide within a CuAAC cross-linked PEG hydrogel
(Figure 2).25 Alkyne-functionalized star-shaped PEG molecules
(either 4- or 8-armed with a MW of 10 and 20 kDa, respectively)
were cross-linked with the protease-sensitive bis-azido peptide in
aqueous solution in the presence of CuSO4 and sodium ascorbate.
Incubation of the hydrogels in trypsin leads to complete
degradation of hydrogels after 40−80 h, depending on the
cross-link density.
The CuAAC reaction has also been employed as a cross-

linking method for natural polymers. While hydrogels formed
from synthetic materials, such as PEG, offer a blank canvas
permissive to cell function, materials native to the extracellular
matrix (ECM) can promote cell function.19 A prime example of
a native material commonly employed in regenerative strategies
is hyaluronic acid (HA)a ubiquitous nonsulfated glycosami-
noglycan, which impacts embryonic development, tissue
organization, wound healing, and angiogenesis.26 Crescenzi et
al. used the CuAAC click reaction to cross-link HA.27 Hyaluronic
acid (HA) was modified with either azide or alkyne groups and
cross-linked in water with Cu(I) at room temperature. Their
hydrogel revealed intriguing characteristics for both drug release
and tissue engineering applications. As a model for drug delivery,
benzidamine and doxorubicin were encapsulated within the click
hydrogels, which displayed release profiles ranging from hours to
several weeks, depending on the cross-link density. To confirm
the possibility that these hydrogels could serve as tissue
engineering scaffolds, yeast cells were imbedded within the
hydrogels, following removal of the copper catalyst through
dialysis. Cells exhibited 80% proliferating activity after 24 h in
culture. In a follow-up study, the influence of the dialkyne

structure on the properties of these HA click cross-linked
hydrogels was examined.28 HA azido-derivatives cross-linked
with shorter dialkynes experienced weaker storage moduli,
corresponding to predicted cross-linking densities as determined
by 1H NMR.
Gao and co-workers also employed the CuAAC reaction to

cross-link natural biopolymers.29 Both HA and chondroitin
sulfate (CS) were modified to contain azide functionalities, and
cross-linked with gelatin that had been modified with an alkyne
functionality. They argue that this triple copolymer system
better mimics the natural components of ECM by incorporating
proteoglycans, such as CS, and denatured collagen products,
such as gelatin, to promote cell surface adhesion. Aqueous
solutions of the polymers were combined and catalyzed by
Cu(I) to form a hydrogel with the time to gelation varying as a
function of catalyst concentration. Chondrocytes were cultured
in vitro to assess the cytotoxicity of the click hydrogels. After 3
days in culture, a confluent layer of cells had formed, confirming
the benefit of this click cross-linked hydrogel for chondrocyte
adhesion and proliferation.
Anseth and co-workers have gone beyond traditional CuAAC

cross-linking chemistry and synthesized PEG hydrogels via
SPAAC, to bestow copper-free, physiological conditions within
their networks.30 In their approach, a four-arm PEG tetra-azide
was reacted with difunctionalized difluorinated cyclooctyne
polypeptide sequence, to incorporate enzymatically degradable
cross-linker sequences throughout the material. Gelation occurred
in less than 5 min, and both rheological and 1H NMR data
support the ideality of the network, similar to previous click-based
networks.22 This click strategy tolerates cell encapsulation with
high viabilities (>90% at 24 h). As an extension of this study, De
Forest et al. enabled control over cross-link density and shear
moduli of these SPAAC cross-linked PEG hydrogels.31 By altering
either the azide to cyclooctyne ratio or the molecular weight of
PEG, hydrogels were synthesized with tunable moduli ranging
1000−6000 Pa. These SPAAC cross-linked PEG hydrogels have
also served as patterning platforms for the immobilization of
biological functionalities using thiol−ene click photocoupling30,31

(see Click Patterning of 3D Scaffolds section).
A drawback of CuAAC cross-linking is the lack of temporal

and spatial control due to the generation of the catalytic Cu(I)
species.32 Spatial and temporal control of network formation is
paramount in many tissue engineering applications. To overcome

Figure 2. Schematic representation of the synthesis of CuAAC cross-linked PEG hydrogels.25 Incorporation of enzymatically degradable peptides
renders hydrogels susceptible to degradation by trypsin proteases. (Copyright American Chemical Society, reproduced with permission from ref 25.)
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this, Adzima et al. sought to catalyze the CuAAC cross-
linking reaction via the photochemical reduction of Cu(II) to
Cu(I).32 Generating Cu(I) photochemically is analogous to the
initiation of a radical or carbocation species in traditional
photopolymerization processes, resulting in total spatial and
temporal control of the CuAAC reaction. The authors
developed this photoinducible azide−alkyne cycloaddtion
(pCuAAC) reaction to synthesize hydrogels by irradiating
multifunctional alkyne and azide functionalized PEG mono-
mers in the presence of CuSO4 and Irgacure 2959 photo-
initiator. To extend this system to biological systems, the
authors suggest modifications to mimic reverse-ATRP polymer-
izations that require significantly lower copper levels.33

Diels−Alder Click Cross-linked Hydrogels. Although
the DA click reaction has long served as an exceptional cross-
linking method for the synthesis of complex polymer
networks,34−37 the preparation of cross-linked hydrogels via
DA chemistry remains largely unexplored. A few DA hydrogels
have been synthesized with synthetic polymers;38−41 however,
these studies have mainly examined the effect of temperature
on both gelation time and retro-DA reaction. Recently,
Shoichet and co-workers reported a DA cross-linked hydrogel
with a specific tissue engineering application in mind.42 Furan-
modified HA was synthesized and cross-linked via dimaleimide-
PEG to form a stable hydrogel by mixing the two aqueous
solutions at room temperature (Scheme 2). By controlling the

furan to maleimide molar ratio, the mechanical and degradation
properties of the DA hydrogels could be altered. The reported
shear modulus of the hydrogels ranged from 275 to 680 Pa,
similar to that of central nervous system tissue. After 14 days of
culture in vitro, endothelial cells displayed high levels of cell
survival (>98%), and appeared to interact with the HA matrix.
The minimal swelling, complete degradation, and cell-
interactive properties of these DA hydrogels make them
promising materials for soft tissue engineering.
Thiol−Click Cross-Linked Hydrogels. Qiu et al. were the

first to harness the thiol-Michael click reaction for hydro-
gel formation.43 PEG-based copolymers containing multi-
ple thiol functionalities were cross-linked via divinylsul-
fone-PEG in neutral phosphate buffer. This system proved

to be bioorthogonal, as protein additives did not interfere with
the click cross-linking reaction; however, these proteins did
not contain any exposed thiols that could interfere with the
reaction. A thiol-click cross-linked hydrogel may be inappro-
priate for protein delivery if any free thiol groups are present on
the proteins. Notwithstanding this limitation, when proteins
were incorporated into these gels, their release was sustained
for 2−4 weeks.
Hubbell and co-workers took advantage of this Michael-type

addition click reaction to synthesize hydrogels with character-
istics similar to that of native ECM.44 Their approach was to
incorporate integrin-binding sites for cell adhesion and enzyme-
degradable sites into the matrix such that cell-secreted matrix
metalloproteinases (MMPs) would enable cell migration into
and remodeling of the biomimetic ECM.45 To achieve this,
they cross-linked bis-cysteine MMP substrate peptides with
vinyl sulfone-functionalized multiarm PEG. The resulting click
hydrogel networks displayed a defined molecular architecture,
and allowed for invasion by primary human fibroblasts. Cellular
invasion was shown to be dependent on the proteolytic activity
of the incorporated peptide. The hydrogels were also employed
as a drug delivery vehicle for the recombinant human bone
morphogenetic protein (BMP2) to rat cranium defects.
Correlating with their work in vitro, bone regeneration in vivo
depended on the enzymatic sensitivity of the incorporated
substrate.
Chawla et al. recently developed a 3D cell culture platform

for mesenchymal stem cells (MSCs) by cross-linking a
saccharide-peptide copolymer via Michael-type conjugation
addition between cysteine (Cys) and vinyl sulfone (VS).46 By
altering the pH of the cross-linking reaction, or the VS to Cys
ratio, they were able to tune both the degradation and
mechanical properties of the gel. Hydrogels that were cross-
linked with an equimolar ratio of VS to Cys maintained their
mechanically stability for longer than 21 days in vitro, similar to
dextran hydrogels cross-linked by Michael addition.47 These
hydrogels also exhibited a rapid gelation time, suggesting utility
for in situ surgical procedures, and displayed a microporous
network when visualized under environmental scanning
electron microscopy. Cell encapsulation was facilitated by the
cross-linking reaction occurring in culture medium. MSCs
remained viable after 14 days (>90%) in culture.
The radical-mediated thiol−ene click reaction has also been

employed as a hydrogel cross-linking method. Anseth and co-
workers developed a platform for hydrogel synthesis by a step-
growth reaction mechanism via thiol and norbornene
functionalities.48 Not always achievable with simple Michael
addition, thiol−ene photopolymerization offers spatial and
temporal control of network formation. Hydrogels were
synthesized by mixing norbornene-functionalized PEG with
either chymotrypsin- or MMP-degradable linkers in a 1:1
stoichiometric ratio in PBS. The networks maintained high cell
viability following encapsulation (>95% following 24 h).
Anderson et al. utilized these thiol−ene photopolymerized
PEG hydrogels to examine MSC behavior in response to
network properties.49 Both MMP cleavable peptide linkers and
nondegradable PEG-dithiol linkers were incorporated into the
hydrogel to monitor how MSC degradation of the matrix
affects their differentiation behavior. Their findings suggest that
directed chondrogenic and adipogenic differentiation of MSCs
are facilitated by increased cell-mediated hydrogel degradation.

Scheme 2. Formation of Diels-Alder Hyaluronic Acid Click
Hydrogels42
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■ CLICK IMMOBILIZATION OF PEPTIDES ON 2D
SURFACES

Well-defined chemically modified substrates, such as self-
assembled monolayers (SAMs), serve as investigative tools to
explore fundamental interactions applicable to regenerative
strategies. Surface functionalization is particularly advantageous
when engineering substrates for cell culture to harness control
over cell-matrix interactions. Many have employed this strategy
to immobilize ECM-derived biomolecules for ultimate
characterization of their effects on cell adhesion.50−53 Popular
immobilization strategies in the past have been based on
adsorption or covalent modification of a protein’s functional
group(s) to a chemically activated surface.54,55 These methods
can result in side reactions and are difficult to characterize both
physically and in terms of cellular response. Accordingly, there
has been a paradigm shift in the existing approaches for surface
functionalization from unspecific and nonselective reactions
toward highly specific orthogonal reactions that ensure
bioactivity and facilitate characterization of engineered
surfaces.56

CuAAC Click Immobilization. CuAAC is chemoselective
against common functionalities in biomolecules, and thus,
stable reactive species can be introduced within biomolecules
with ease. Accordingly, CuAAC serves as an effective click
reaction to chemoselectively immobilize peptides to otherwise
bioinert SAMs. Becker and co-workers developed a universal
technology for surface conjugation of any biomolecule
containing accessible azide groups.57 SAMs were subjected to
oxidation by UV exposure, creating a monotonically increasing
carboxyl density gradient. A bifunctional propargyl-functional-
ized linker was then attached to the carboxylic moieties of the
gradient to yield an alkyne gradient, making it susceptible to
modification with any azido-derivatized species via CuAAC
chemistry. The authors tested their methodology by
conjugating the RGD tripeptide sequence in a density gradient
ranging from 0 to 140 pmol cm−2. Smooth muscle cells
cultured on the RGD gradient surfaces revealed enhanced cell
attachment with increased RGD concentration. Alkyne-
modified KGRGDS has also been successfully coupled by
CuAAC chemistry to self-assembled polymeric micelles with
azide-functional groups, thereby yielding RGD-functionalized
polymeric nanoparticles that specifically bind to corneal
epithelial cells.58

Becker and co-workers later exploited their CuAAC
technology to couple osteogenic growth peptide (OGP) to
SAMs in order to explore the effects of OGP density on
preosteoblast cell adhesion, morphology, and proliferation.59

OGP has been recognized as a promising agent for bone tissue
engineering applications because it stimulates tissue regener-
ation of bone defects.60 To create the peptide gradient, the
carboxylic acid functionalities on the SAM layer were reacted
with the amine terminal of a bifunctional amine-poly(ethylene
oxide)-alkyne linker, resulting in an alkyne gradient. Azide-
terminated OGP peptides were then conjugated to the alkyne
gradient by immersing substrates in a solution of CuSO4,
sodium ascorbate, and peptide for 24 h at 40 °C. Preosteoblast
cells were cultured on the OGP functionalized gradient surfaces
in serum-free conditions for 7 days. Cell adhesion was highest
at low OGP peptide concentrations. At day 3, cells experienced
faster doubling rates compared to cells cultured on control
surfaces, but this effect subsided by day 7. This is indicative of
the natural transition made by osteoblasts from proliferative to

maturation phases. Gene expression experiments also verified
this phenomena with a 10-fold increase in collagen I expression
between days 3 and 7, coinciding with the initial stages of bone
mineralization.
Hudalla and Murphy fabricated SAMs expressing a variation

of the adhesive RGD peptide, RGDSP, as a means to study
stem cell adhesion.50 This was achieved via CuAAC. SAMs
were first prepared by immersing a gold substrate in an
ethanolic solution of 80 mol % tri(ethylene glycol)
alkanethiolate (HS-EG3) and 20 mol % azide-terminated
hexa(ethylene glycol) alkanethiolate (HS-EG6-N3). The result-
ing mixed SAMs contained approximately 10% HS-EG6-N3 and
90% HS-EG3 (Figure 3A); however, this result could be

tailored by varying the ratio of HS-EG6-N3 and HS-EG3. The
SAMs were classified as bioinert, as they displayed minimal
nonspecific protein adsorption. Acetylene-bearing RGDSP
(Hex-RGDSP) was then conjugated to the SAMs via HS-
EG6-N3 in the presence of a Cu(I) catalyst (Figure 3B). The
CuAAC reaction efficiency illustrated near-quantitative con-
jugation upon the addition of a tertiary amine, which has been a
proven method utilized by others to enhance CuAAC efficiency
by binding the Cu(I) catalyst.61 MSCs were cultured on top of
the RGDSP-presenting SAMs. RDGSP surface density and
intermolecular spacing regulated MSC morphology and
attachment (Figure 3C).
In a followup study, Hudalla and Murphy demonstrated that

CuAAC conjugation of biomolecules to SAM substrates can be
conducted in parallel with other chemistries, namely,
carbodiimide condensation.62 Incorporation of carboxylate-
terminated hexaethylene glycol alkanethiolate (HS-EG6-
COOH) with the original mixed SAM allowed for conjugation
of two distinct peptides, RGDSP and TYRSRKY, a

Figure 3. CuAAC click immobilization of peptides to SAM substrates
to study stem cell adhesion.50 (A) Mixed SAMs bearing azide groups;
(B) reaction between azide-functionalized SAMs with acetylene-
bearing RGDSP; (C) the surface density of RGDSP immobilized
via CuAAC affects mesenchymal stem cell adhesion and
spreading. (Copyright American Chemical Society, reproduced with
permission50.)
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proteoglycan-binding peptide. These experiments revealed that
these distinct extracellular factors work synergistically to
regulate MSC adhesion on 2D substrates. They also
demonstrated that soluble biomolecules, such as heparin, can
disrupt specific cell-material interactions, and in turn direct
MSC adhesion.
Diels−Alder Click Immobilization. Yousaf and Mrksich

were the first to exploit the DA reaction for protein
immobilization on 2D surfaces.63 In their approach, SAMs
were modified with a hydroquinonequinone group, which upon
oxidation provides a quinone, enabling a cycloaddition between
the quinone and a cyclopentadiene (cp). To demonstrate this
DA approach, they immobilized a biotin-cp conjugate, and
tested the affinity of the immobilized biotin for streptavidin.
This work demonstrated that the DA click reaction is an
attractive bioconjugation technique for a wide variety of
applications, which could be extended to regenerative
therapies. The authors also state that this method would
allow for controlled, sequential immobilization of several
biomolecules.
Sun et al. demonstrated the use of sequential click reactions

for protein immobilization on solid surfaces.64 First, the DA
click reaction was used to immobilize a heterobifunctional PEG
linker carrying alkyne and cyclodiene terminal groups onto an
N-(E-maleimidocaproyl)-functionalized glass slide. This re-
sulted in an exposed alkyne-terminated PEGylated surface,
vulnerable to conjugation with azide-containing biomolecules
via CuAAC click chemistry. Again, biotin was chosen as a
model protein for immobilization. Biotin-PEG-azide was added
to a glass vial containing the alkyne-PEGylated glass slide,
CuSO4, and a tertiary amine ligand. The reaction was left at 4
°C for 12 h. Biotinylated glass slides were then immersed in a
solution of dilute FITC-conjugated streptavidin at 4 °C for 2 h.
Confocal fluorescence images verified the fidelity of the click
protein immobilization. This technique is applicable to a wide
range of functionally complex biomolecules for the design of
biomimetic surfaces.
Thiol−Ene Click Immobilization. Waldmann and co-

workers reported the use of the thiol−ene reaction to
photochemically pattern proteins and other biomolecules
onto solid surfaces.65 Polyamidoamine dendrimers, containing
an aminocaproic acid spacer, were covalently attached to a
silicon oxide wafer surface. Cystamine was then conjugated to
the spacer, which upon disulfide reduction, exposed free thiols
on the surface. A solution of terminal-olefin-functionalized
biomolecules were spread onto the surfaces, and covered
with a photomask. Following irradiation at 365−405 nm,
a covalently attached pattern of thioethers was obtained. As
a test application, biotin was photochemically patterned onto
a thiolated wafer, and subsequently incubated in a solution
of Cy5-labeled streptavidin to render a fluorescent pattern
surface. Immobilization was shown to be dependent on
irradiation time and concentration of immobilized peptide.
They further exemplified the broad applicability of their
patterning method by immobilizing alkaline phosphatase, Ras,
and phosphopeptide, all of which retained their bioactivity and
binding affinities.
In an extension of this work, Waldmann and co-workers

demonstrated fast, oriented covalent immobilization of proteins
directly from lysates, eliminating any additional protein
chemical modifications.66 The authors took advantage of
the fact that, in cells, many proteins are post-translationally
S-farnesylated at a C-terminal “CAAX-box” by protein

farnesyltransferase (FTase).67 By genetically coding for the
CAAX tag, the authors enabled farnesylation in vitro or in vivo
with FTase, creating a facile method for “ene” incorporation
into a protein of interest. Once farnesylated, these proteins
were immobilized via the thiol−ene photochemical click
reaction to surface-exposed thiols.

■ CLICK PATTERNING OF 3D SCAFFOLDS
Throughout the past decade, several scaffolds have emerged
aiming to mimic the cellular microenvironment and ultimately
control cell fate and guide tissue regeneration. These scaffolds
can be fine-tuned to study a specific parameter of the
microenvironment. Notably, the effect of peptide presenta-
tion on the cell has been examined by spatially immobilizing
proteins and adhesion peptides in 3D patterns within
scaffolds. Growth factors localized in 3D scaffolds remain
bioactive68−70 and have been shown to orient axonal
growth,71,72 guide cellular migration,73 and cause morpho-
logical changes.30 The stringent spatial resolution and
controlled biochemical heterogeneity required for 3D
patterning make simple bioorthogonal chemistries para-
mount. The use of click reactions for 3D patterning of
scaffolds allows significant spatial control when combined
with multiphoton processing.75,76 Additionally, many of these
hydrogel scaffolds are click cross-linked, and sequentially click
patterned.30,31,74

Alkyne−Azide Click Patterning. Recently, Bowman and
co-workers demonstrated 3D patterning of hydrogels via
pCuAAC.32 The transient generation of Cu(I) facilitates spatial
and temporal control of the CuAAC reaction. PEG hydrogels
were first synthesized by a thiol-yne reaction, ensuring a
stoichiometric excess of alkynes. Postgelation, a solution of
photoinitiator (Irgacure 2959), copper sulfate, and an azide-
labeled fluorophore was swollen into the gel. Upon irradiation
with a photomask, Cu(I) is generated within the irradiated
areas, catalyzing the pCuAAC reaction between the azide-
fluorophore and the pendant alkynes in the polymer network,
ultimately producing a spatially defined fluorescent pattern
within the hydrogel. The authors note that future work is
required to translate this system to biological systems.
Thiol−Ene Click Patterned Scaffolds. Immobilization of

bioactive growth factors via thiol conjugation has become
increasingly popular given the ease of cysteine incorporation
within a peptide, making the thiol−ene click reaction
particularly relevant for 3D patterning. Anseth and co-workers
developed a sequential click protocol relevant to both
hydrogel synthesis and postgelation modification.30,31,74

Click cross-linked PEG hydrogels were first formed via
CuAAC, as an extension of the method taken by Malkock
et al.22 To enable photopatterning of their PEG hydrogels,
multifunctional photoreactive polypeptide sequences were
included within the network structure by incorporating the
non-natural amino acid, Fmoc-Lys(alloc)-OH.74 The allylox-
ycarbonyl (alloc) protecting group contains a vinyl functional
group capable of reacting with any thiol-containing com-
pound, such as cysteine. Upon exposure to UV light, thiyl
radicals are generated via the photocleavage of a hydrogen-
abstracting initiator, thereby using light to achieve spatial and
temporal control of thiol−ene functionalization within the
network. To illustrate this technique, a fluorescently labeled
cysteine containing peptide was patterned within PEG
hydrogels via transparency-based photolithographic pattern-
ing techniques.

Bioconjugate Chemistry Review

dx.doi.org/10.1021/bc200281k |Bioconjugate Chem. 2011, 22, 2199−22092205



This thiol−ene photopatterning method was later employed
to immobilize peptides and proteins within PEG hydrogels
cross-linked via SPAAC (Figure 4).30 Spatial and temporal

control was validated by selectively exposing certain locations
within the hydrogel matrix to light, and by controlling light
intensity and exposure time. Furthermore, the thiol−ene
reaction was confirmed to be cytocompatible, as 3T3 cells
encapsulated within the hydrogel maintained high viability
throughout patterning (>90% at 24 h post encapsulation), and
thiol−ene immobilization of RGD within the network was
shown to influence cell morphology. In a follow-up study,
DeForest et al. verified that patterning concentration within the
hydrogel is directly proportional to the dosage of light, as well
as the photoinitiator concentration.31 Using this system, they
were able to construct well-defined 3D biochemical gradients of
multiple peptides, offering potential promise to elucidate
fundamental biological processes essential to regenerative
medicine such as induced cell migration.
Thiol−Maleimide Click Patterning. The thiol−malei-

mide reaction exemplifies a variation of the thiol-Michael
click reaction. Shoichet and co-workers have exploited this click
reaction for 3D patterning of agarose hydrogels.68,72,75,76

Covalent modification of agarose with S-2-nitrobenzyl-cysteine
(S-NBC) renders a photolabile matrix, which upon UV
irradiation releases free thiols capable of reacting with any
thiol-reactive biomolecule through Michael addition. Thiol
channels were created on exposure to a focused laser beam, and
reacted with a maleimide-terminated RGD peptide. This
immobilized RGD channel volume promoted neurite extension
and cell migration.72 This system was also applied to study the
effect of immobilized platelet derived growth factor AA
(PDGF-AA) on neural stem/progenitor cell (NSPC) differ-
entiation.68 Hydrogels with immobilized RGD and PDGF-AA
supported NSPC adhesion and preferential differentiation to
oligodendrocytes.

In order to advance this click technology toward more
sophisticated architectures that better mimic the native
extracellular matrix, agarose was later modified with a coumarin
derivative, which upon exposure to a pulsed infrared laser yields
free thiols.75 The use of this photolabile group allows for
intricate 3D control by way of multiphoton excitation. Aizawa
et al. exploited this coumarin multiphoton patterning technique
to immobilize a gradient of the angiogenic factor, VEGF165,
within agarose hydrogels.76 Primary endothelial cells responded
to this immobilized gradient by displaying tip and stalk cell
morphology, eventually forming tubule-like structures as they
migrated in response to the VEGF gradient (Figure 5).

The “click” nature of thiol addition to a maleimide unit was
also exercised by Kosif et al.77 with the immobilization of
proteins in PEG-methacrylate based hydrogels. Hydrogel
synthesis was achieved using AIBN initiated thermal polymer-
ization, by which they directly incorporated a furan-protected
maleimide containing monomer. This furan-protected malei-
mide represents a DA adduct which is susceptible to thermal
cycloreversion. Postgelation, a thermal cycloreversion step
activated the maleimide group to its thiol-reactive form. To
evaluate this system as a potential template for bioconjugation,
thiolated-biotin was covalently attached to the hydrogels, and
its affinity for streptavidin investigated. This system is
particularly intriguing as it incorporates the retro-DA click
reaction, which is not commonly applied in regenerative
biomaterials.

■ CONCLUDING REMARKS
Click chemistry has long been recognized as a powerful tool
within biotechnology applications, and has since begun to gain
popularity for the preparation of functionalized materials
applicable in regenerative medicine strategies. These elegant,
versatile reactions represent attractive building blocks for
engineered hydrogel networks, decorated 2D cell culture

Figure 4. 3D biochemical patterning of PEG hydrogels via thiol−ene
photocoupling.30 Fluorescently tagged peptides were patterned within
SPAAC cross-linked networks. (Copyright Macmillan Publishers
Limited, reproduced with permission.30)

Figure 5. Primary endothelial cells guided in 3D patterned agarose
hydrogel.76 VEGF165 was immobilized in a concentration gradient
within the scaffold using the thiol-maleimide click reaction. (Copyright
Wiley-VCH Verlag GmbH & Co. KGaA; reproduced with
permission.76)
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surfaces, and patterned 3D biomimetic scaffolds. Click chem-
istry is particularly compelling for hydrogel formation and
modification because it is water-based chemistry. Moreover, the
click reaction provides impeccable control over the confor-
mation of the protein or peptide immobilized, thereby
maximizing its bioactivity. With the formation of stable covalent
bonds, one can be confident of a well-defined system with
which to study cellular response.
Each click reaction, however, has limitations that warrant

consideration. The obvious shortcoming of CuAAC is the
copper requirement. Copper has been shown to be cytotoxic,
and increased copper intake has been linked to hepatitis,
Alzheimer’s disease, and other neurological disorders.78

Another disadvantage of CuAAC is alkyne homocoupling.
Although rare, alkynes may react with another alkyne instead of
an azide.9 The evolution of SPAAC has played a substantial role
in catalyzing the development of click reactions beyond
CuAAC; however, the difluorinated cyclooctynes can be
difficult to synthesize14 thereby complicating what would
normally be a simple reaction. Collaboration between chemists
and bioengineers, as well as increased commercial access to
starting materials, will overcome some of these synthetic
limitations.
The DA click cycloaddition is a “reagent-free” click reaction

that does not require catalyst, photoinitiator, or radical
initiation. Moreover, the DA reaction is accelerated in aqueous
solutions, an ideal characteristic for biomaterial design. Despite
these strengths, the DA click reaction has been much less
explored relative to the CuAAC and thiol-click reactions,
perhaps due to longer reaction times. Although it has not been
specifically reported, the reaction time for the formation of HA
hydrogels via Diels−Alder click chemistry is likely greater than
8 h since hydrogels are allowed to form overnight.42 The rate of
reaction can be accelerated with heat or photoinitiation if
required. DA adducts can also undergo cycloreversion, but this
is only relevant at higher temperatures, and thus should not
pose a problem to biomaterials used in vitro or in vivo.
Recently, the thiol−click reaction has emerged as a pro-

minent reaction within the field of regenerative biomaterials,
particularly as a tool for protein conjugation, given the simpli-
city of immobilization via functional groups common to
proteins. However, it is difficult to control protein immobiliza-
tion via thiol-Michael addition due to cross-reactivity. In terms
of 3D patterning, this can be avoided by spatially controlling
where free thiols are exposed within a photolabile matrix using
two-photon laser technology. The anionic chain process of
thiol-Michael click reactions is thought to reduce its efficiency
and rate. On the other hand, the photoinitiated thiol−ene click
reaction occurs by free-radical addition, offering enhanced
spatial and temporal control. However, this method often
requires a photoinitiator, which can be cytotoxic and hence
reduce the biocompatibility of the material. Finally, free thiols
are susceptible to disulfide bond formation via oxidation, which
further limits the efficiency of thiol−ene click reactions.
What other bioorthogonal reactions are likely to emerge

within the field of regenerative medicine? Popik and co-workers
have recently developed a photoinducible azide−alkyne
cycloaddition reaction circumventing the copper catalyst
requirement.82 Generation of a dibenzocyclooctyne from a
photoprotected cyclopropenone provides spatial and temporal
control over the reaction under ambient conditions. While this
chemistry has not been applied to biomaterials to date, use of
this reaction would harness spatial and temporal control to the

already bioorthongal reactants without the use of a copper
catalyst. A highly effective click reaction for protein
immobilization is the Staudinger ligation.83 The simple nature
of this chemistry makes it an excellent candidate for the
synthesis of 2D substrates used to study stem cell proliferation/
differentiation. While we have reviewed several examples of
thiol−ene and thiol−Michael click reactions applied to
regenerative biomaterials, the thiol−yne reaction not yet been
tested in regenerative medicine. This reaction is capable of
consecutive reaction with two thiol functional groups.84

Application of this chemistry to hydrogel synthesis would
provide scaffolds with high cross-link densities. Finally, while
not traditionally defined as “click”, the orthogonal chemistry of
peptide binding pairs has recently been used to design
hydrogels with 3D immobilized proteins.85 Physical binding
pairs, barnase−barstar and streptavidin−biotin, were exploited
to simultaneously immobilize differentiation factors within an
agarose hydrogel. Application of this technology in the future
will avoid multistep protocols, while preserving protein
bioactivity.
In a short period of time, the use of click chemistry within

the field of regenerative medicine has exploded. The ability to
synthesize biomaterials with pristine definition and architecture
to ultimately control cell fate is unprecedented. To this day,
click reactions continue to evolve with the identification of new
orthogonal chemistries. Bioengineers will continue to translate
these improved chemoselective methodologies to their
regenerative materials. Already, we have seen a considerable
increase in the use of click reactions for biochemically
patterning 3D hydrogels, which we anticipate will increase
further. Sequential click reactions will likely emerge as a key
approach to design sophisticated biomaterials in a simplistic
manner.
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ABSTRACT: A series of diwalled and tetrawalled molecular umbrellas have been synthesized
using cholic acid, spermidine, and lysine as starting materials. Coupling of these molecular
umbrellas to an octaarginine peptide afforded agents that were capable of promoting the
transport of small interfering RNA to HeLa cells, as judged by the knockdown of enhanced
green fluorescent protein expression. The efficiency of this knockdown was found to increase
with an increasing number of facially amphiphilic walls present, and also when a cleavable
disulfide linker was replaced with a noncleavable, maleimido moiety; i.e., a group that is not
susceptible to thiolate-disulfide interchange. The knockdown efficiency that was observed for
one tetrawalled molecular umbrella−octaargine conjugate was comparable to that observed with
a commercially available transfection agent, Lipofectamine 2000, but the conjugate showed less
cytotoxicity.

The ability of small interfering RNA (siRNA) to silence
gene expression has generated considerable interest in

recent years because of its potential as a chemotherapeutic
agent and a biological tool.1−4 One of the major goals in this
area has been to improve the delivery of siRNA directly to the
cytosol to allow for more efficient incorporation into the RNA-
induced silencing complex (RISC), a key step in the silencing
process.2 To date, most approaches that have been used to
deliver siRNA appear to rely on endocytotic pathways. Because
endosomal release is known to be inefficient, a more direct
means of delivery would be highly desirable. In particular, if
siRNA could be transported into the cytosol via passive
diffusion, significant improvement in their efficacy should be
possible. With this ultimate goal in mind, we have begun to
explore molecular umbrellas as delivery agents for siRNA.5

Here, we report our results with first-generation molecular
umbrellas bearing a pendant octaarginine peptide moiety for
binding to siRNA.
As discussed elsewhere, molecular umbrellas are conjugates

composed of two or more facial amphiphiles (i.e., “walls”) that
are attached to a central scaffold.5 When immersed in a
hydrophilic environment, these molecules create a hydrophilic
exterior. Conversely, when immersed in a hydrophobic
environment, they create a hydrophobic exterior. Recently,
we have shown that the transport properties of molecular
umbrellas in model membranes do not follow the classic size/
lipophilicity rule.6 Specifically, bilayer transport rates were
found to increase with increasing numbers of umbrella walls
and increasing facial hydrophilicity. This is exactly the opposite

of what is expected on the basis of existing drug transport
theory.7 In addition, we and other researchers have shown that
molecular umbrellas can readily enter live HeLa cells and that
passive transport may play a significant role in this entry.8,9 On
the basis of these features, molecular umbrellas offer an
opportunity for promoting the passive transport of biologically
active agents across cell membranes in ways that have not
previously been possible.
As a first step in exploring molecular umbrellas for siRNA

delivery, we examined a series of molecular umbrella−
octaarginine conjugates for their ability to reduce (i.e., “knock
down”) gene expression of enhanced green fluorescent protein
(eGFP) in HeLa cells. Octaarginine was chosen because of its
contiguous array of positive charges for binding to siRNA
through electrostatic interactions and hydrogen bonding. Our
working hypothesis was that such conjugates would create a
“slide” within a plasma membrane for the passage of siRNA
and/or a “sheath” that shields the siRNA as it crosses the
bilayer (Figure 1). A related mechanism that can also be
envisioned is one in which the conjugates act like “ferries” to
shuttle the cargo across the membranes (not shown). In this
study, our primary aim was fourfold: (i) to determine whether
molecular umbrella−octaarginine conjugates can promote
siRNA-induced knockdown of eGFP expression beyond that
of octaarginine itself, (ii) to test whether knockdown efficiency
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is dependent on the size of the umbrella that is used, (iii) to
determine whether the introduction of a cleavable linker into a
molecular umbrella−octaarginine conjugate can improve
knockdown efficiency, and (iv) to judge the potential
importance of a slide versus a sheath mechanism of delivery.2

With this purpose in mind, five agents were chosen as
synthetic targets for this work, that is, conjugates 1−5 (Figure
2). Thus, comparison of 1 with 2 and comparison of 3 with 4
address the question of how umbrella size may influence siRNA
delivery. Comparison of 1 with 3 and comparison of 2 with 4,
bearing a cleavable disulfide or a noncleavable maleimido
moiety for conjugation, address the question of conjugate
lability on knockdown efficiency. As a control for investigating
the role that only the peptide portions of these conjugates play
in siRNA delivery, we synthesized an octaarginine analogue (5),
which contains a 2-mercaptoethanol moiety instead of a
molecular umbrella. To place the knockdown efficiencies of
these agents in perspective, we have compared them with that
found using Lipofectamine 2000, a proprietary formulation that
is widely used as a “gold standard” for transfection.
The synthetic method that was used to prepare conjugate 1 is

shown in Scheme 1. In brief, Boc protection of the terminal
amino groups of spermidine with 2-(Boc-oxyimino)-2-phenyl-
acetonitirile (Boc-ON) to give 6, followed by acylation with N-
[O-1,2,3-benzotriazin-4(3H)onyl]-3-(2-pyridyldithio)-
propionate (BPDP), afforded 7.10 Subsequent deprotection to
give 8 followed by acylation with the N-hydroxysuccinimide
ester of cholic acid (Ch-NHS) afforded 9, which was then
reacted with the free thiol form of 5 (designated as Pep-SH) to
give 1. The synthesis of 2 was conducted in a similar manner
(Scheme 2). In this case, lysine dicholamide was first activated
with N,N,N′,N′-tetramethyl-O-(N-succinimidyl)uronium tetra-
fluoroborate (TSU) and then used to acylate 8 to give 10.11

Conjugate 4 was synthesized by first acylating both terminal
amino groups of spermidine with lysine dicholamide, followed
by acylation of its secondary amine with 3-maleimidopropanoic
acid and conjugated addition of Pep-SH (Scheme 3). The
analogous diwalled conjugate, 3, was synthesized by a similar
route (note shown). Finally, the control peptide, 5, was

obtained by reacting Pep-SH with 2-(2-pyridyldithio)ethanol
(not shown).
Using procedures described in the Supporting Information

and 50 nM eGFP siRNA, knockdown efficiencies were
determined with concentrations of 1−5 that varied from 100
to 2000 nM. In control experiments, in which HeLa cells were
treated with only eGFP siRNA or with eGFP siRNA and 5, no
significant knockdown was observed (Figure 3). Because a
primary aim of this work was to compare the efficacy of 5 with
those of corresponding molecular umbrella conjugates under
similar experimental conditions, no effort was made to find
other conditions under which 5 shows significant activity, e.g.,
by using higher concentrations of 5. In contrast, when the
siRNA was first incubated with 1, the extent of knockdown
increased on going from 100 to 1000 nM; however, at a
concentration of 2000 nM, the extent of knockdown was found
to decrease. This corresponds to the concentration at which
cytotoxicity began to occur. Similar results were observed with
2 except that the knockdown efficiency was found to be
significantly greater (Figure 3). Thus, an increase in the number
of umbrella walls resulted in a significant increase in transport
activity.6 Compared with that of Lipofectamine 2000, however,
the ability of 2 to induce eGFP knockdown was significantly
weaker. Also reported in Figure 3 are the corresponding
cytotoxicities of these delivery agents, as determined by a
standard MTS assay. None of the conjugates displayed any
decrease in cell viability until a concentration of 1000 nM was
reached. This can be compared to the case of Lipofectamine
2000, which shows 76.8% cell viability using optimal conditions
described by the manufacturer.
To judge the consequences that a cleavable linker has on

molecular umbrella-assisted transport of siRNA, we examined
the relative activities of 3 and 4 (Figure 4). Similar to 1, the
diwalled analogue 3 showed very low activity. However, for the
tetrawalled conjugate that contained the maleimido linkage
(i.e., 4), its activity was significantly greater than that of its
cleavable counterpart, 2, and it compared favorably to that of
Lipofectamine 2000. Control experiments conducted with 4,
alone, showed no knockdown and no cytotoxicity at 500 nM.

Figure 1. Hypothetical slide created by two diwalled molecular umbrella−oligoarginine conjugates inserting into a plasma membrane (top) vs a
sheath (bottom), affording an exposed or shielded conformation. The black and white rectangles represent lipophilic and hydrophilic faces of the
umbrella, respectively, and the red spheres represent individual units of the siRNA.
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Although we hypothesized that the cleavable analogues might
exhibit greater activity because of a greater ability to release
siRNA into the cytoplasm, the exact opposite was observed. We
presently suspect that cleavage on the outer surface of the HeLa
cells via neighboring cysteine groups of membrane proteins
may be responsible for this difference. It is also noteworthy that

under optimized conditions (i.e., using 500 nM molecular
umbrella conjugate), 4 exhibited no significant decrease in cell
viability, whereas the use of Lipofectamine 2000 resulted in a
moderate decrease in cell viability.
In an effort to judge the potential importance of a slide

versus a sheath mechanism of transport, we conducted

Figure 2. Molecular structures of umbrella−octaarginine conjugates 1−4 and control peptide 5.
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knockdown experiments with 4 in two different ways: (i) by
incubating HeLa cells with the conjugate prior to the addition
of siRNA and (ii) by incubating 4 with the siRNA followed by
incubation with the HeLa cells. As shown in Figure 5, the latter
(where the umbrella conjugate is premixed with the eGFP
siRNA) clearly results in a greater knockdown efficiency. These
results suggest that contributions from a sheath mechanism of
delivery are likely to be more important than those from a slide
mechanism (Figure 5).
To judge the consequences that a cleavable linker has on

molecular umbrella-assisted transport of siRNA, we examined
the relative activities of 3 and 4 (Figure 4). Similar to 1, the
diwalled analogue 3 showed very low activity. However, for the
tetrawalled conjugate that contained the maleimido linkage
(i.e., 4), its activity was significantly greater than that of its
cleavable counterpart, 2, and it compared favorably to that of
Lipofectamine 2000. Control experiments conducted with 4,
alone, showed no knockdown and no cytotoxicity at 500 nM.
These findings demonstrate the feasibility of applying

molecular umbrella chemistry to siRNA transport. They also

show that significant improvements are possible in the case of
molecular umbrella−octaargine conjugates by increasing the
number of umbrella walls and increasing the stability of the
linker used to connect both components. The fact that the
knockdown efficiency of 4 is at a level that is comparable to that
of Lipofectamine 2000 while 4 exhibits reduced cytotoxicity
provides considerable incentive for exploring molecular
umbrellas more broadly in this context. It should be noted, in
this regard, that this comparison is based on experiments in
which HeLa cells were transfected for 4 h with the siRNA
complexes in serum-free media prior to changing to serum-
containing media. When serum was present throughout the
entire course of the transfection, the activity of 4 was reduced
by ∼50% (Supporting Information). In contrast, serum had a
negligible effect on the activity of Lipofectamine 2000. Whether
further changes in the composition and structure of such
molecular umbrella conjugates can minimize such reduction in
activity remains to be established.
Efforts currently in progress are focused on (i) the synthesis

of related conjugates in which the sense strand of a double-

Scheme 1. Synthesis of 1

Scheme 2. Synthesis of 2
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stranded siRNA has been covalently attached to the handle of a
molecular umbrella, thereby circumventing the need for a
pendant octaarginine moiety, and (ii) gaining insight into the

probable contributions made from passive transport and
endocytotic pathways for cellular entry. The results of these
studies will be reported in due course.

Scheme 3. Synthesis of 4

Figure 3. Percentage of eGFP knockdown (bar graph) and cell viability (empty rectangles) using varying concentrations of 1 (DW-S-S-Pep), 2
(TW-S-S-Pep), and 5 (OH-S-S-Pep) as compared to those of cells that were untreated. Lipofectamine 2000 was used as described by the
manufacturer. Values for percent knockdown of eGFP expression are given above each column and represent the average of a typical experiment
conducted in triplicate. Error bars represent the standard deviation of these values.
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Supporting Information 

Methods and Materials. 1H NMR spectra were recorded in either CD3OD or CDCl3 

using a Bruker 500 spectrometer and the solvent as a reference.  Silica gel 60 (Fluka, 

particle size 0.035~0.070 mm, 220-440 mesh) was used for all column chromatographic 

purifications. Thin-layer chromatography (TLC) was performed on a glass plate 

precoated with silica gel and a fluorescence indicator (EMD). Detection on TLC was 

made by use of sulfuric acid 10% in water, iodine or UV (254 or 365 nm).  All reagents 

and chemicals were obtained from commercial sources and used upon as received unless 

otherwise stated.  All molecular umbrella-octaarginine conjugates were purified by 

preparative reverse phase (RP)-HPLC and characterized by 1H NMR and high resolution 

mass spectrometry (HRMS). 

  High glucose containing Dulbecco’s modified Eagle’s medium (DMEM-H), DEPC-

treated water, trypsin-EDTA solution, G 418 disulfate salt, and antibiotic antimycotic 

solution were purchased from Sigma Aldrich (St. Louis, MO).  LipofectamineTM 2000, 

fetal bovine serum (FBS), and OPTI-MEM reduced serum media were obtained from 

Invitrogen (Carlsbad, CA).  Pep-SH (i.e., Ac-CRRRRRRRR-NH2) was custom-
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synthesized by GenScript USA, Inc. (Piscataway, N.J).  Duplexed and desalted siRNA 

was purchased from ThermoScientific Dharmacon siRNA Technologies (Lafayette, CO) 

with the sense and antisense sequences 5’-GACGUAAACGGCCACAAGUdTdT and 5’-

ACUUGUGGCCGUUUACGUCdTdT, respectively.  HeLa cells that stably expressed 

enhanced green fluorescent protein (HeLa eGFP cells) were obtained from Professor 

Juliano’s laboratory (University of North Carolina, Chapel Hill, NC).  The cells were 

maintained in normal growth medium containing DMEM-H with 10% FBS, 400 µg/mL 

G 418, and 1% antibiotic antimycotic solution and grown at 37°C and 5% CO2.   A Cell 

Titer 96 Aqueous non-radioactive cell proliferation assay (MTS assay) was purchased 

from Promega (Madison, WI).   

 

Boc-protected Spermidine (6).  To a solution that was prepared from 0.26 g (1.79 

mmol) of spermidine, 15 mL of CH3OH and 0.545 g  (5.38 mmol)  of triethylamine was 

added 0.974 g (3.96 mmol) of 2-(Boc-oxyimino)-2-phenylacetonitirile) (“Boc-ON”).  

After stirring the resulting solution at room temperature for 24 h, the solvent was then 

removed under reduced pressure.  Subsequent purification of the residue by column 

chromatography [silica gel, using a gradient starting from CHCl3/CH3OH (10/1, v/v) and 

ending in CHCl3/CH3OH/NH4OH (75/20/3, v/v/v)] afforded 310 mg (50 %) of 5 having 

1H NMR (500 MHz, CD3OD, 298K): 3.19(m,2H); 3.11(t,2H); 2.66(m,2H); 2.60(m,2H); 

1.64(m,2H); 1.52(m,4H); 1.44(bs,18H). 

 

Conjugate 7. To a solution that was made from 155 mg (0.45 mmol) of 6, 2 mL of DMF 

and 156 µL (0.9 mmol) of N,N-diisopropyl-N-ethylamine (DIPEA) was added 162 mg 
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(0.9 mmol) of N-[O-1,2,3-benzotriazin-4(3H) one-yl]-3,(2-pyridyldithio)propionate 

(BPDP), directly as solid.  For the synthesis of BPDP, see: Sarinya Shawaphun, S.; 

Janout; V.; Regen; S. L. (1999) Transbilayer movement of molecular umbrellas.  J. Amer. 

Chem. Soc. 121, 5860-5865. 

After stirring this solution for 18 h at room temperature, the solvent was removed under 

reduced pressure.  Subsequent trituration with aqueous NaHCO3 followed by water, and 

purification by column chromatography [silica gel, CHCl3/CH3OH/NH4OH (300/10/1, 

v/v/v) afforded 123 mg (50 %) of 7 having 1H NMR (500 MHz, CD3OD, 298 K): 8.40 (d, 

1H); 7.81(m,2H); 7.22(d, 1H); 3.35(t, 2H); 3.25(t, 2H); 3.05(m, 6H); 2.79(t, 2H); 1.68(m, 

2H); 1.54(m, 4H); 1.42(d,18H). 

 

Deprotection of 7 to give 8.  Deprotection was carried out by dissolving 122 mg (2.25 

mmol) of 7 in a solution made from 4.5 mL of CHCl3 plus 1.5 mL of CF3CO2H (TFA), 

followed by stirring for 2.5 h at room temperature.  Removal of the solvents under 

reduced pressure, followed by drying (16 h, 23°C, 1 mm Hg) afforded 76.8 mg (100%) of 

8 having 1H NMR (500 MHz, CD3OD, 298 K): 8.45 (d, 1H); 7.88(m, 2H); 7.28(d, 1H); 

3.47(t, 2H); 3.30(m, 2H); 3.09(t, 2H); 2.87(m, 6H); 1.90(m, 2H); 1.63(m, 4H). 

 

Umbrella Conjugate 9. To a solution derived from cholic acid  200 mg (0.489 mmol), 3 

mL of DMF and 65.7 mg (0.509 mmol) of DIPEA was added 156 mg (498 µmol) of 

N1,N1,N2,N2-tetramethyl-N-[O-succinimidyl]-uronium tetrafluoroborate TSU.  After 

stirring the mixture for 2 h at room temperature, a solution of 83.3 mg (0.244 mmol) of  8  

in 1.0 mL DMF and 0.4 mL (2.3 mmol) DIPEA was added and resulting solution stirred 
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for an additional 18 h at room temperature.  Removal of solvents under reduced pressure 

at 50°C gave a crude product that was washed, sequentially, with 5% NaHCO3 and water.  

The crude product was then dissolved in 5 mL of CH3OH and this solution then added to 

1% NaHCO3 to precipitate a crude product.  After centrifuging washing with water, and 

freeze drying, the product was purified by preparative thin layer chromatography [silica 

gel, CHCl3/CH3OH/water/NH4OH (70/20/1, v/v/v/v) to give 199 mg (74%) of 9 having 

1H NMR (500 MHz, CD3OD, 298K): 8.40 (d, 2H); 7.84(m, 2H); 7.23(d, 1H); 3.93(s, 4H); 

3.78(d, 4H); 3.36(m, 8H); 3.18(m, 8H); 3.06(m, 2H); 2.78(m, 2H); 0.71-2.35(m, 138H); 

0.70(s, 12H).  This 1H NMR spectrum was identical to that previously reported: Sarinya 

Shawaphun, S.; Janout; V.; Regen; S. L. (1999) Transbilayer movement of molecular 

umbrellas.  J. Amer. Chem. Soc. 121, 5860-5865. 

 

Umbrella-Peptide Conjugate 1.  To a solution that was made from 6.5 mg (5.9 µmol) of 

9 in 500 µL of CH3OH was added solution of 9.10 mg (6.4 µmol) of Pep-SH in 500 uL 

of CH3OH. After stirring at room temperature under an argon atmosphere for 48 h the 

mixture was subjected, directly, to purification by reverse phase HPLC [C18 column, 

0.06% TFA in water/CH3CN/(CH3)2CHOH] using a gradient that started with 80/10/35, 

v/v/v and ended with 5/10/85, v/v/v.  Concentration under reduced pressure at 45°C, 

followed by freeze drying for 48 h afforded 12.0 mg (81%) of 1 having 1H NMR (500 

MHz, D2O, 298 K) δ: 4.70 (t, 1H); 4.40 (m, 8H), 3.92(bs, 2H); 3.72(bs, 2H), 3.36 (m, 

2H); 3.27(m, 4H), 3.12(bs, 16H), 3.08(m, 4H); 2.90 (m, 2H); 2.75 (m, 2H); 0.79-2.20 (m, 

100H); 1.98 (s, 9H); 0.58(s, 6H); MALDI-TOF MS m/z  (MH+)  Calcd. for 

C111H204N37O19S2: 2423.5570.  Found: 2423.5488.  



 
SI-5 

 

Synthesis of Conjugate 10. To a solution derived from lysine dicholamide 219 mg 

(0.236 mmol) and 3 mL of DMF was added 87.3 mg (250 µmol) O-3,4-dihydro-4-oxo-

1,2,3-benzotriazin-3-yl-N,N,N’,N’-tetramethyl-uronium tetrafluoro borate (DBTU) and 

37.5 mg (0.290 mmol) of DIPEA.  After stirring the mixture for 3 h at room temperature, 

a solution of 36.9 mg (0.108 mmol) of  8  in 1.5 mL of DMF and 0.2 mL (1.15 mmol) of 

DIPEA was added and resulting solution stirred for an additional 18 h at room 

temperature.  Removal of solvents under reduced pressure at 50°C gave a crude product 

that was washed, sequentially, with 5% NaHCO3 and water.  The crude product was then 

dissolved in 5 mL of CH3OH and this solution then added to 1% NaHCO3 to precipitate 

crude product.  After centrifuging, washing with water, and freeze drying, the product 

was purified by preparative thin layer chromatography [silica gel, 

CHCl3/CH3OH/water/NH4OH (85/25/2/1, v/v/v/v) to give 126 mg (54%) of 10 having 1H 

NMR (500 MHz, CD3OD, 298K): 8.39 (d,2H); 7.80(m,2H); 7.21(d,1H); 4.26(m,2H); 

3.93(s,4H); 3.78(d,4H); 3.36(m,8H); 3.18(m,8H); 3.06(m,2H); 2.78(m,2H); 0.71-2.35(m, 

138H); 0.70(s,12H).  HRMS:  for C133H202N8O19S2Na calc.: 2182.4420 ; found: 2182.4408 

 

 

Umbrella-Peptide Conjugate 2.  To a solution that was made from 15.0 mg (7.0 µmol) 

of 10 in 1mL of CH3OH was added solution of 9.2 mg (6.51µmol) of Pep-SH in 500 µL 

of CH3OH. After stirring at room temperature under and argon atmosphere for 48 h the 

mixture was subjected, directly, to purification by reverse phase HPLC [C18 column, 

0.06% TFA in water/CH3CN/iso-propylalcohol, using a gradient that started with 
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40/5/35, v/v/v and ended with 5/10/95, v/v/v.  Concentration under reduced pressure at 

45°C, followed by freeze drying for 48 h afforded 11.80 mg (33%) of 2 having 1H NMR 

(500 MHz, D2O, 298 K) δ: 4.70 (t, 1H); 4.40 (m, 8H), 3.92(bs, 2H); 3.72(bs, 2H), 3.36 

(m, 2H); 3.27(m, 4H), 3.12(bs, 16H), 3.08(m, 4H); 2.90 (m, 2H); 2.75 (m, 2H); 0.79-2.20 

(m, 100H); 1.98 (s, 9H); 0.58(s,6H); MALDI-TOF MS m/z  (MH+)  Calcd. for 

C171H304N41O29S2: 3460.2010.  Found: 3460.3106 . 

 

Synthesis of Conjugate 11.  To a solution that was made from 200 mg (0.215 mmol) 

of lysine dicholamide, 1.4 mL of DMF and 42 µL of DIPEA was added 82.0 mg (0.235 

mmol) of N,N,N',N'-tetramethyl-O-(3,4-dihydro-4-oxo-1,2,3-benzotriazin-3-yl) uranium 

tetrafluoroborate (DBTU).  After stirring for 18 h at room temperature, a solution made 

from 15.7 mg of spermidine (0.108 mmol) plus 400 µL of DMF and 100 µL of DIPEA 

was then added.  Further stirring for 18 h at room temperature in closed flask, followed 

by concentration under reduced pressure, afforded a crude product that was purified by 

column chromatography [silica gel,  CHCl3/CH3OH/NH4OH (80/35/7, vol/vol/vol) to 

give 46 mg (22%) of  the N1,N3-bisconjugate of spermidine and lysine dicholeamide 

having 1H NMR (CD3OD, δ): 4.21(m, 2H); 3.94(s, 4H); 3.79(s, 4H); 3.40(m, 6H); 

3.16(m, 8H); 2.64(m, 4H); 0.9-2.30(m, 138H); 0.69(s, 12H). 

To a solution that was made from 6.0 mg (35.4 µmol) of 3-maleimido-propanoic acid, 

0.3 mL of DMF and 6.3 µL of DIPEA (0.0353mmol) was added 13.0 mg (0.0373 µmol) 

of DBTU.  After stirring for 3 h at room temperature, a solution that was made from 0.5 

mL of DMF, 30 µL DIPEA (0.168 mmol) of  58.0 mg (29.5 µmol)  of the N1,N3-

bisconjugate of spermidine and lysine dicholeamide and 20 µL DIPEA was added.  The 
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resulting mixture was stirred for an additional 18 h at  room temperature.  The product 

mixture was then concentrated under reduced pressure and the crude oily produce was 

washed with 5% NaHCO3, followed by freeze drying.  The crude product was then 

purified by RP HPLC [C18 column, using solvents A: EtOH/CH3CN/water (10/5/90, 

v/v/v), B: EtOH/CH3CN/water (96/8/4, v/v/v)  starting at A/B=30/70, ending A/B=0/100) 

to give 42.2 mg (68%) of 11 having 1H NMR (500 MHz, CD3OD, 298 K): 6.28(s,2H); 

4.28 (m,2H);3.94(s,4H);3.79(m, 6H);3.37(m, 6H)’3.15(m, 10H); 2.60(m, 2H);, 0.8-

2.35(m,138H);,0.70(s,12H). 

 

Umbrella-Peptide Conjugate 4.  To a solution that was made from 9.8 mg (4.64 

µmol) of 11 in 500 µL of CH3OH was added solution of 8.71 mg (6.17 µmol) of Pep-SH 

in 1.2mL of MeOH at room temperature.  After stirring under an argon atmosphere for 48 

h, the mixture was subjected, directly, to purification by reverse phase HPLC [C18 

column, 0.06% TFA in water/CH3CN/(CH3)2CHOH (using a gradient that started with 

80/10/35, v/v/v and ended with 5/10/85, v/v/v.  Concentration under reduced pressure at 

45°C, followed by freeze drying for 48 h afforded 12.42 mg (76%) of 4 as a white solid, 

which was dissolved in pure water and dialyzed against pure water using a 100 Dalton 

cut-off.  The resulting product exhibited 1H NMR (500 MHz, CD3OD, 298 K) δ: 4.70 (m, 

1H); 4.34(m,8H); 4.22 (m, 2H); 3.95(s, 4H); 3.72( m, 6H); 3.36(m, 8H); 3.20(m,27H); 

2.502.73(m,4H);0.85-2.35(m, 170H); 2.05(s, 3H); 0.69(s, 12H).  MALDI-TOF MS m/z  

(MH+) Calcd. for C176H308N41O29S2: 3524.3323.  Found: 3524.3135. 
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2-Mercaptoethanol-Peptide Conjugate 5.  To a solution of 15.0 mg (0.0761 mmol) of 

2-[2-hydroxyethyldithio]-pyridine in 500 µL of CH3OH was added 5.01mg (3.5 µmol) of 

Pep-SH.  After stirring under an argon atmosphere for 48 h, the mixture was diluted by 

adding 10 mL H2O and subjected to dialysis using MWCO 500 Da. Concentration under 

reduced pressure at 45°C, followed by freeze drying for 48 h afforded 4.85 mg (93%) of 

5 having 1H NMR (500 MHz, D2O, 298 K) δ: 4.70 (t, 1H); 4.37(m,8H); 3.82(t,2H); 

3.19(m, 16H); 3.00(m,2 H);, 2.86(t,2H); 2.03(s,3H); 1.60(m,32H).  MALDI-TOF MS 

m/z. C58H11N34O11S2  MH+ calc.: 1487.8608; found: 1487.8572 

 

siRNA Transfection.  HeLa eGFP cells were seeded into a 24-well plate at a density 

of 20,000 cells/well and grown for 24 h in DMEM-H medium with 10% FBS added.  

Cells were grown without antibiotics or G 418 present for at least one cell passage prior 

to transfection.  Molecular umbrella-oligoarginine conjugates 1 and 2 were dissolved in 

DEPC-treated water and these stock solutions (250 µM) then stored at 5°C; conjugates 3 

and 4 were stored as solids at -80°C and were dissolved immediately prior to use.  The 

duplexed siRNA was also dissolved in DEPC-treated water (75 µM) and stored in 50 µL 

aliquots at -80º C.  The concentration of siRNA was determined using UV absorption at 

260 nm.  Prior to transfection, molecular umbrella-oligoarginine stocks were diluted with 

OPTI-MEM buffer (4, 8, 20, 40, and 80 µM) and the siRNA diluted with OPTI-MEM 

buffer (2 µM).  The resulting two solutions were then combined (1/1, vol/vol) and 

incubated at room temperature for 30 min.  Growth medium was removed and the cells 

then rinsed with warm OPTI-MEM.  To each well was added 950 µL of fresh OPTI-

MEM medium and 50 µL of molecular umbrella-siRNA complex mixture.  The cells 
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were incubated at 37°C and 5% CO2 for 4 h.  Medium was then removed and replaced 

with DMEM-H with 1.5% FBS added and the cells incubated at 37°C and 5% CO2 for 72 

h.  The cells were rinsed with PBS and incubated for 5 min with 1x trypsin-EDTA 

solution (0.3 mL).  OPTI-MEM containing 10% FBS (1 mL) was added to each well, and 

the solution was vigorously pipetted to remove cells from the bottom of the plate.  The 

cells were pelleted by centrifugation for 5 min at 750 rpm.  The pellet was then 

resuspended in 0.5 mL PBS and analyzed for eGFP fluorescence using a BD FACS 

CANTOII flow cytometer.  LipofectamineTM 2000 was used as a reference, following 

optimum procedures as described by the manufacturer.  The percent knockdown of eGFP 

expression was determined using the BD FACSDiva software and correcting for eGFP 

fluorescence in untreated cells.   

Cell Viability Measurements. The cell viability of the eGFP-expressing HeLa cells 

after treatment with the molecular umbrella-siRNA complexes was determined using the 

MTS assay (CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay provided by 

Promega).  Cell viability was determined at the conclusion of the transfection experiment 

(72 h after exposure to the complexes).  In brief, cells were treated with trypsin-EDTA 

solution (0.3 mL) for 5 min after which OPTI-MEM media containing 10% FBS (1 mL) 

was added.  The cell suspension was vigorously mixed to remove all cells from the 

bottom of the plate, and a 130 µL aliquot was transferred to a 96-well plate.  At this time, 

25 µL of the MTS/PMS solution was added to each well and the plate incubated at 5% 

CO2 for 2 h (37°C).   The UV-VIS absorbance of each sample (total volume of 155 µL) 

was analyzed at 492 nm using a Labsystems Multiskan Ascent microplate reader.  Cell 

viability was expressed by the following equation: cell viability (%) = (Abssample/Abscontrol) 
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x 100%, where Abssample was the absorbance of the cell solution when treated with 

molecular umbrella-siRNA complexes and Abscontrol was the absorbance of untreated 

cells.  All absorbance values were corrected for background signal of the solution with no 

cells present. 

 
 
 
 
 
 
 
 
 

 
 
Figure S1.  Percentage of eGFP knockdown for 4 when the 4 h siRNA transfection 

asssay was (A) done without fetal bovine serum (FBS) present in the OPTI-MEM buffer, 

or (B) done with 10% FBS added to the OPTI-MEM buffer.  Values for percent 



 
SI-11 

knockdown of eGFP expression are given above each column and represent the average 

of a typical experiment done in triplicate.  Error bars represent the standard deviation of 

these values. 
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ABSTRACT: A simple and unique conjugation of norvanco-
mycin−fluorescein (VanF) has been achieved. It was charac-
terized by UV−vis and fluorescence spectra and confirmed by
MALDI-TOF mass spectrum. The photodynamic assay indicated
that VanF effectively inactivated the Gram-positive Bacillus
subtilis (ATCC 6633) from clinic with inactivation rate of
30−70% within 1−7.5 μM. In vitro, VanF showed low anti-
microbial activity with value of >128 μg/mL, binding affinity
with value of 180 nM per 108 cells/mL against the bacteria strains. The fluorescence imaging showed that VanF could label the B.
subtilis strain, but not the Escherichia coli (ATCC 25922), Enterococcus faecalis (ATCC 51299, VanD), and VRE strains from clinic.

Glycopeptide antibiotics, such as vancomycin and norvanco-
mycin, were used to combat infection of the Gram-positive

bacteria by inhibiting the bacterial cell wall synthesis.1 However,
the overuse of glycopeptide antibiotics in the clinical setting has
resulted in the vancomycin-resistant Enterococcus (VRE), which
is typically due to the mutation of peptidoglycan sequence from
N-acyl-D-Ala-D-Ala to N-acyl-D-Ala-D-Lac, resulting in the
substantial decrease of binding affinity to vancomycin.2,3 There
are no useful antibiotics for treatment of vancomycin-resistant
bacteria,4 but photodynamic therapy (PDT) may have such
potential. PDT is a photochemistry-based emerging technology
that relies on the wavelength-specific light activation of certain
nontoxic photosensitizers (PSs) to produce active molecular
species that are toxic to surrounding logical targets.5,6 PSs have
been conjugated to antibodies or peptide for treatment of the
area of bacteria infection, but the molecules of these targets are
so big and labeling PS to antibodies or peptide is relatively
complicated.7 So, developing easier and smaller targets is very
necessary. Xing and co-workers reported a simple and specific
conjugation of vancomycin−porphyrins to use for fluorescent
imaging and antibacterial studies of VRE.2

Eosin has been employed as PS to treat basal cell carcinoma.8

The chlorinated fluoresceins, synthesized by us earlier,9−11 has
the same parent structure as eosin (Figure 1). The similarity
suggests that the new compound could be linked to antibiotic to
construct an efficient conjugation of drug−fluorescein that may
apply to a biological target. On the basis of this idea, we
constructed a novel compound norvancomycin-chlorinated
fluorescein (VanF), and explored photodynamic inactivation
experiments, as well as antimicrobial activity, binding affinity,
and fluorescence imaging against B. subtilis.

VanF was prepared according to Scheme 1. Norvancomycin
hydrochloride (32 mg) and chlorinated fluorescein11 (18 mg)
were dissolved in 2 mL 0.1 M phosphate-buffered saline (PBS)
buffer (pH 8.5). The pH of the resulting mixture was adjusted
to 9.5 and stirred for 20 h at 4 °C; the reaction mixture was
loaded onto a silica gel column, eluted with methanol, collected,
and the fractions containing the target compound (monitored
by UV−vis) pooled, concentrated, and loaded onto a Sephadex
G-25 column to offer the purified VanF with yield 54%.
VanF was characterized by UV−vis and fluorescence spectra

and confirmed by MALDI-TOF (matrix-assisted laser desorp-
tion ionization, time-of-flight) mass spectrum, the peak at m/z
2023.15 [M+Na-2H]− corresponding to VanF was clearly
observed (Figure 2). The spectroscopic characterization
showed that VanF had a nearly 4-fold decrease in fluorescence
emission and a nearly 40% decrease in absorbance compared to
chlorinated fluorescein (Figure 3).
The photodynamic inactivation of VanF against the Gram-

positive bacteria B. subtilis was assayed as previously described.12

Briefly, the B. subtilis culture was washed with PBS buffer,
incubated with the tested compounds in the dark at 37 °C for
20 min with shaking, and illuminated by light with wavelength of
400−800 nm (350 mW), which was produced by Xenon lamp
and isolated by means of the optical filters, for 5 min to offer the
phototreated samples. The assays showed that the phototreated
VanF effectively inactivates B. subtilis; with the increase of VanF
concentration, the bacterial lethality increased (Figure 4a). When
the concentration of VanF was 7.5 μM, the bacterial lethality

Received: July 18, 2011
Revised: October 16, 2011
Published: October 17, 2011

Communication

pubs.acs.org/bc

© 2011 American Chemical Society 2217 dx.doi.org/10.1021/bc200382d |Bioconjugate Chem. 2011, 22, 2217−2221



reached to 70%. Also, the bacterial lethality was dependent on
the irradiation time; with the increase in irradiation time, the
bacterial lethality increased (Figure 4b), and it reached 68% after
5 min irradiation with concentration of 5 μM VanF. Eosin and
fluoresceins could successfully produce the singlet oxygen (1O2)
to inactivate the living cells;13 this suggests that the photo-
dynamic inactivity of VanF against B. subtilis is due to the effect
of the singlet oxygen species.14,15

Furthermore, we tested VanF with the Gram-negative bacteria
Escherichia coli, which contained the antibiotic-resistant plasmid; it
was induced with IPTG to produce the metallo-β-lactamase CcrA
(B1 subgroup),16 ImiS (B2 subgroup),17 and L1 (B3 subgroup),18

respectively. The results showed that VanF had no obvious

photodynamic inactivation toward the tested bacteria. This may be
ascribed to the large fluorescence group, which blocked VanF from
attaching to the bacteria, or the outer membrane of Gram-negative
bacteria, which blocked PS from entering the bacteria.15

In vitro antimicrobial activities of VanF were evaluated by
determination of MIC according to the Clinical and Laboratory
Standards Institute (CLSI) macrodilution (tube) method.19 The
MIC value of VanF against B. subtilis (ATCC 6633) was larger
than that of norvancomycin (Table 1), indicating that the
antimicrobial efficacy of VanF decreased. The decreased activity
of VanF implied that chlorinated fluorescein conjugated to
norvancomycin (Figure 1), in which the large fluorescence
group blocked VanF to bind to the peptidoglycan sequence

Figure 1. Structure of eosin, the chlorinated fluoresceins, and VanF.

Scheme 1. Conjugation of Chlorinated Fluorescein and Norvancomycin

Figure 2. MALDI-TOF mass spectrum of VanF.
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N-acyl-D-Ala-D-Ala. Further, the binding affinity of VanF to
B. subtilis was quantified. The results showed that both VanF
(7.5 μM, saturation concentration) and chlorinated fluorescein
(3.75 μM, saturation concentration) weakly bond to the bacteria
(Figure 5) with values of 180 and 46 nM per 108 cells/mL,

respectively, while VanF had 4-fold stronger binding ability than
the chlorinated fluorescein. In this investigation, the low
antimicrobial activity and low binding affinity of VanF are
consistent.
Imaging was conducted using VanF (Figure 6). Both VanF

and chlorinated fluorescein showed obvious fluorescent
imaging of B. subtilis, indicating that both of them could be
used as fluorescent probes. Meanwhile, VanF was also tested to
label the Escherichia coli (ATCC 25922), Enterococcus faecalis
(ATCC 51299, VanD), and VRE from clinic, but the results
indicated that it could label neither Gram-negative bacteria nor
vancomycin-resistant bacteria.
In conclusion, we successfully constructed a novel

fluorescence antibiotic VanF by conjugation of the chlorinated

Figure 3. UV−vis (a) and fluorescence (b) spectra of VanF and
chlorinated fluorescein. The concentrations of the tested compounds
were 8 μM (for UV−vis spectra) and 3.75 μM (for fluorescence
spectra) in 10 mM PBS buffer at pH 7.5 (λ ex = 400 nm).

Figure 4. (a) Photodynamic inactivation of B. subtilis strains with
different concentrations of VanF. (b) Time-dependent bacterial
lethality with incubation of 5 μM VanF.

Figure 5. Binding abilities of VanF (a) and chlorinated fluorescein (b)
to B. subtilis. The concentration of VanF was 7.5 μM in 10 mM PBS
buffer at pH 7.5 and the concentration of chlorinated fluorescein was
3.75 μM in 10 mM PBS buffer at pH 7.5. Both the concentrations of
VanF and chlorinated fluorescein are saturation concentration.

Table 1. MIC Values of VanF and Norvancomycin

compounds B. subtilis

norvancomycin 4 μg/mL
VanF >128 μg/mL
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fluorescein and norvancomycin. VanF was characterized by
UV−vis and fluorescence spectra and confirmed by MALDI-
TOF mass spectrum. The biological assay showed that VanF
had effective photodynamic inactivation against B. subtilis , low
antimicrobial activity with value of >128 μg/mL and binding
affinity with value of 180 nM per 108 cells/mL to the tested
bacteria. The fluorescence imaging showed that VanF could
label the B. subtilis strain, but not the Escherichia coli (ATCC
25922), Enterococcus faecalis (ATCC 51299, VanD), and VRE
strains from clinic.
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Figure 6. Fluorescent imaging of B. subtilis labeled with VanF (a) and chlorinated fluorescein (b). The concentrations of the tested compounds were
10 μM in 10 mM PBS buffer at pH 7.5.
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A Novel Conjugation of Norvancomycin-fluorescein for 

Photodynamic Inactivation of Bacillus subtilis 

 

 

General: Muller-Hinton Broth was obtained form Beijing Aoboxing Biotech. Company Ltd. 

Norvancomycin hydrochloride was obtained from North China Pharmaceutical Company, LTD. 

Other chemical reagents were purchased from commercial supplies. UV-vis spectra were recorded 

on Agilent 8453 UV-Vis spectrometer. The fluorescence emission spectra were recorded on 

HITACHI F-4500 Fluorescence spectrophotometer. Fluorescence imaging studies were carried out 

on Olympus FluoView FV1000 Confocal Microscope. MALDI-TOF-MS were acquired on an 

AXIMA-CFR time-of-flight (TOF) mass spectrometer. 

 

MIC test: 

Norvancomycin hydrochloride was dissolved in dd H2O to obtain 1280 µg/ml stock solution and 

VanF was dissolved in 0.01M PBS buffer (pH 7.5) to obtain the same 1280 µg/ml stock solution. 

The chosen bacteria were Bacillus subtilis (ATCC 6633). The MICs were determined by the 

Clinical and Laboratory Standards Institute (CLSI) macrodilution (tube) broth method.
1
  

 

Bacterial strain and preparation of cultures: 

Single colony of B. subtilis (ATCC 6633) on solid Luria-Bertani (LB) plates were transferred to 10 

ml of LB culture medium and were grown at 37 ˚C overnight. The bacteria were harvested by 

centrifuging (4˚C, 4000 rpm for 10 min) and washed with 0.01M PBS buffer (pH 7.5) three times. 

The supernatant was discarded and the remaining bacteria were re-suspended in the same PBS 

buffer and adjusted to O. D. 600 of 0.5-0.6. 

 

Evaluation of photodynamic inactivation of bacterial strains: 

Photodynamic experiments were performed according to the methods previously described.
2
 

Exactly, bacterial cells suspension were incubated with different concentrations of VanF in the 

dark for 20 min at 37 � in a shaker. All samples were illuminated with white light (400-800 nm, 

350 mW) isolated from the emission of a Xemon lamp for 5 minutes. Bacterial suspensions were 

centrifuged (4000 rpm for 10 min, at 4 ˚C). The supernatant was removed directly, the bacterial 

pellet was suspended and serially diluted (5×10
4
)-fold in 0.01M PBS buffer (pH 7.5). A 75 µL 

portion of the diluted bacterial cells was spread on the advance prepared solid LB agar plate and 

incubated overnight at 37 ˚C. The single colonies formed were counted. The percentage of dead 

bacteria was evaluated by dividing the number of colony-forming units between the samples 

incubated with photosensitizers with light illumination and the controls without light illumination.  

 

Binding affinity experiments  

Suspensions of B. subtilis (ATCC 6633) in PBS were incubated with VanF (7.5 µM) or chlorinated 



fluorescein (3.75 µM) at 37 °C for 40 min in the dark in a shaker. Then, the cultures were 

centrifuged (4000 rpm for 10 min) and the supernatant was removed directly. The bacterial pellet 

was suspended in 1.5 mL of 2% SDS, incubated overnight at 4 °C, and then sonicated for 30 min. 

The concentration of chlorinated fluorescein and VanF was determined by fluorescence intensity. 

Emission spectra of chlorinated fluorescein and VanF without B. subtilis were taken as controls. 

The fluorescence values of samples were referred to the samples labeling B. subtilis. 

 

Imaging test:  

Imagining test was performed according to the methods previously described.
3
 Equivalent 10 µM 

of VanF or chlorinated fluorescein and the bacterial cells suspensions were mixed together and 

then incubated in the dark for 1 hour at 37 ˚C in a shaker. After three times 0.01M PBS buffer (pH 

7.5) washing, the bacterial cells were spotted on glass slides, immobilized by the coverslips, and 

the cell imaging tests were conducted with a Olympus FluoView FV1000 Confocal Microscope. 
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ABSTRACT: RNA interference (RNAi) is being widely explored as a tool in
functional genomics and tissue engineering, and in the therapy of intractable
diseases, including cancer and neurodegenerative diseases. Recently, we
developed a photoinducible RNAi method using photosensitizing carrier
proteins, named CLIP-RNAi (CPP-linked RBP-mediated RNA internalization
and photoinduced RNAi). Novel carrier proteins were designed for this study
to establish a highly efficient delivery system for small interfering RNA (siRNA) or
short hairpin RNA (shRNA) and to demonstrate light-dependent gene
silencing. In addition, the results suggested that the dissociation of the siRNA
(or shRNA) from carrier proteins in the cytoplasm is a critical event in CLIP-
RNAi-mediated gene silencing.

■ INTRODUCTION

RNA interference (RNAi)-mediated gene silencing is a valuable
method for investigating gene function and for use in clinical
applications.1,2 To deliver small interfering RNAs (siRNAs) and
short hairpin RNAs (shRNAs) efficiently into the cytosol, many
RNA carriers, including lipids, nanoparticles, polymers, and
viral vectors, have been developed.3 However, there is much
room for improvement with respect to target gene specificity
and the ability to regulate gene expression.
In this regard, Shah et al. recently developed caged siRNAs,

which enabled a spatially and temporally controlled RNAi.4 In
this method, the attachment of photolabile protecting groups
(caging groups) to siRNA blocks gene silencing activity in the
absence of light, while the removal of the caging groups from
the siRNA with an external light trigger results in the induction
of the RNAi. A great variety of photolytic compounds capable
of attaching themselves to RNAs have been identified, although
their widespread use is limited by the optical wavelength for
deprotection, which must be around 350 nm.5

Previously, we reported that the utilization of a fluorescent
dye attached to an RNA carrier protein enabled light-
dependent gene silencing.6−8 We designed a cell-permeable
RNA-binding protein (TatU1A) labeled with a fluorescent dye
(TatU1A-dye) as an RNA carrier. TatU1A is a fusion protein
between a TAT-derived cell-penetrating peptide (CPP)9 and
the U1A RNA-binding protein (RBP).10 The TatU1A-dye
could undertake the specific delivery of an shRNA containing a
U1A binding sequence in its loop region.6,7 The complexes
formed between the TatU1A-dye and shRNA (TatU1A-dye/
shRNA) were internalized by cells via an endocytotic pathway.
TatU1A-dye/shRNA complexes were entrapped in endosomes
before photoirradiation, while after irradiation they were

released into the cytosol where they mediated gene silencing.
This delivery system was named “CLIP-RNAi (CPP-linked
RBP-mediated RNA internalization and photoinduced RNAi)”,
and in this study, its use is demonstrated with newly designed
carrier proteins (CPP-RBPs).

■ EXPERIMENTAL PROCEDURES
Plasmid Construction. Double-stranded DNA encoding

the flock house virus (FHV) coat peptide (residues 35 to 49)
(RRRRNRTRRNRRRVR) was prepared by primer extension
using the following primers, 5′- CCGCCCATGGGCAGCA-
GCCATCATCATCATCATCACAGCAGCGGCCGCCGTC-
GCCGCAACCGCACCCGCCG-3′ (sense, NcoI site underlined)
and 5 ′ -CGCCGCTAGCGTAATCCGGAACATCG-
TATGGGTAGCCGCGCACGCGACGGCGGTTGCGGCG-
GGTGCGGTTGCG-3′ (antisense, NheI site underlined), and
cloned into the NcoI-NheI site of the previously constructed
pET-TatU1A-C plasmid,6 yielding pET-FHVU1A-C. The DNA
segment encoding the Tat peptide (YGRKKRRQRRR) of pET-
TatU1A-C was converted to the cytoplasmic transduction
peptide 512 (CTP512) (YGRARRRRRRR) using the QuikChange
Site-Directed Mutagenesis Kit (Stratagene) with the follow-
ing primers: 5′-GCAGCGGCTACGGCCGCGCGCGTCGCCG-
CCGTCGCCGTCGCGGCTACCC-3′ (sense) and 5′-GGGTA-
GCCGCGACGGCGACGGCGGCGACGCGCGCGGCCGTAG-
CCGCTGC-3′ (antisense).
The coding sequence for the RNA-binding domain of

Drosophila Sex lethal protein (Sxl), was amplified with the
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pr ime r s 5 ′ -CCGCTCGAGTTAGGATCCCTTGC-
CATGCTCCTCAG-3′ (sense, XhoI site underlined) and 5′-
CGCGCTAGCGGCGCAAGCAACACCAACCTG-3′ (anti-
sense, NheI site underlined) from the Drosophila Sxl cDNA
clone, EDM1133−6921617 (Open Biosystems). Double-
stranded DNA encoding the bacteriophage λ N peptide (λN)
was amplified using the following primers: 5′-CCGCTCGAGT-
TAGGATCCAGGGCGGTTAACTGGTTTTGCGCTTACC-
CCAACCAACAGGGGATTTGCTGCTTCCATTG-3′ (sense,
XhoI site underlined) and 5′-CGCGCTAGCGGCCTGGATG-
CACAAACACGCCGCCGCGAACGTCGCGCAGAGAAAC-
AGGCTCAATGGAAAGCAGCAAATCC-3′ (antisense, NheI
site underlined). The coding sequences for Sxl or λN were
cloned into the XhoI-NheI site of pET-TatU1A-C,6 yielding
pET-TatSxl-C, and pET-TatλN-C, respectively.
Double-stranded DNA encoding the degradation signal

peptide CL1 (ACKNWFSSLSHFVIHL) was prepared by
primer extension using the following primers: 5′-CCGC-
GGATCCGCTTGCAAGAACTGGTTCAGTAGCTTAAGC-
CACTTTGTGA-3′ (sense, BamHI site underlined) and 5′-
CGGCCTCGAGTTAGCAGCTGTTAAGGTGGATCACAA-
AGTGGCTTAAGCTA-3′ (antisense, XhoI site underlined),
and cloned into the BamHI-XhoI site of pET-TatU1A-C,6

yielding pET-TatU1A-CL1-C. All of the constructs contained a
C-terminal Cys residue for later modification with Alexa Fluor
546 (Alexa546) C5 maleimide (Molecular Probes). The coding
sequences of the above-mentioned plasmid vectors were
confirmed by sequencing analysis with an ABI PRISM 310
genetic analyzer.
Purification and Fluorescent Labeling of Proteins. The

CPP-RBP plasmids described above were introduced into
Escherichia coli BL21(DE3). Transformants were grown at
37 °C, and expression of CPP-RBPs was induced by the addition
of isopropyl-β-D-thiogalactopyranoside (1 mM), followed by
growth at 30 °C for 16 h. CPP-RBP proteins were purified as
described previously,6 except for the TatU1A-CL1 protein, which
was purified from the insoluble fraction.
The carrier proteins were labeled with Alexa546 as previously

described.6,7 Protein concentration was determined using a
Protein Assay Kit (Bio-Rad), and the labeling efficiencies were
calculated by measuring the absorbance of Alexa546 with a
NanoDrop 1000 Spectrophotometer (Thermo Scientific). In all
experiments, the labeling efficiencies were adjusted to 30%
using separately prepared unlabeled carrier proteins.
Preparation of siRNAs and shRNAs. The shRNA

sequence used was as follows: 5′-GGCUACGUCCAGG-
AGCGCACAUUGCACUCCGUCGCGUCCUGGACGUAG-
CCUU-3′ (U1A binding sequences underlined).6,7 This shRNA
and the 3′-FAM-labeled shRNA were from JBioS (Japan).
To construct siRNA-type cargo RNAs, antisense and sense

strands were dissolved in distilled water at final concentrations
of 20 μM and were annealed by incubation at 90 °C for 1 min
followed by a 60 min incubation at 37 °C. The target sequence
in the enhanced green fluorescent protein (EGFP) mRNA was
5′-UGCGCUCCUGGACGUAGCCUU-3′. The sense strands
contained 5′ short extensions, which bound to their respective
RBPs, to make U1A-siRNA (5′-GGGCAUUGCACUCCGCC-
CUCUGGCUACGUCCAGGAGCGCAUU-3′), Sxl-siRNA
(5′-GGUUGUUUUUUUUCUGGCUACGUCCAGGAGCG-
CAUU-3′), and λN-siRNA (5′-GGCCCUGAAAAAGGGCCU-
CUGGCUACGUCCAGGAGCGCAUU-3′). The RBP binding
sequences are underlined. The 3′-FAM-labeled antisense strand

was purchased from JBioS and annealed with the sense strands
to make FAM-labeled siRNAs.
Cell Culture. Chinese hamster ovary (CHO) cells and

destabilized EGFP stably expressing CHO (EGFP-CHO) cells6

were cultured in Ham’s F-12 medium (Sigma) supplemented with
10% fetal bovine serum (Biowest), 100 units/mL penicillin, and
100 μg/mL streptomycin (Gibco, Invitrogen, US).
Cellular RNA Delivery by Carrier Proteins. The FAM-

labeled RNA (200 nM) and carrier protein (2 μM) were mixed in
T buffer [20 mM HEPES-KOH (pH 7.4), 115 mM NaCl, 5.4 mM
KCl, 1.8 mM CaCl2, 0.8 mM MgCl2, and 13.8 mM glucose] and
incubated at 37 °C for 10 min. CHO cells were grown on a 96-well
plate to 70% confluence and were treated for 2 h with the carrier/
RNA complex mentioned above. After washing, the cells were
visualized using a fluorescence microscope (Olympus, Japan). For
endosomal escape of the carrier/RNA complex, cells were
irradiated at 540 ± 10 nm for 11 s with a 100 W halogen lamp
(Olympus USH-1030 L) passed through the 40× objective lens as
described previously.6,7

Induction of RNAi-Mediated EGFP Gene Silencing and
Analysis of EGFP Gene Expression. EGFP-CHO cells were
grown on a 96-well plate to 70% confluence and treated for 2 h
with the unlabeled RNA/carrier protein complex. The RNA was
delivered to the cells by the carrier protein, and photoaccelerated
endosomal escape was induced by irradiation at 540 ± 10 nm for
64 s with a 100 W halogen lamp passed through the 4× objective
lens as described above. After 20 h of irradiation, cells were
recovered from dishes and resuspended in PBS. The EGFP mean
fluorescence intensities (MFIs) were analyzed by flow cytometry
using FACSCalibur and CellQuest software (BD Biosciences).
Data were acquired from 10 000 cells in all experiments.

■ RESULTS AND DISCUSSION
Design of Carrier Proteins (CPP-RBPs). We previously

demonstrated CLIP-RNAi-mediated EGFP silencing using CPP-
RBP protein (TatU1A) as an RNA carrier, and the silencing effici-
ency was 60−70%.6,7 The insufficient RNAi efficacy may be due to
insufficient RNA delivery efficiency that relates to the cell-targeting
activity of the CPP moiety of CPP-RBP or the size and RNA
binding efficiency of the RBP moiety, or may be due to inhibition of
the activity of the RNA with tightly bound CPP-RBP. To establish a
highly efficient siRNA or shRNA delivery system, a series of CPP-
RBP proteins was constructed and purified (Figure 1).

First, CPP-U1A variants were prepared to examine whether chang-
ing the CPP moiety of TatU1A significantly improved the RNA
delivery efficiency. An FHV coat peptide and a CTP512 peptide
were selected as the CPP moiety. Recently, it was reported that
the cellular uptake of the FHV peptide was higher than that of the

Figure 1. RNA carrier protein design. Schematic diagram of the RNA
carrier proteins used in this study. CPP, cell-penetrating peptide; RBP,
RNA-binding protein. The C-terminal cysteine was labeled with
Alexa546 as a photosensitizer.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc200095a |BioconjugateChem. 2011, 22, 2222−22262223



Tat peptide.11 The FHV peptide was internalized by various cell
types about 15- to 21-fold more efficiently than the Tat peptide.
Cytoplasmic transduction peptides (CTPs) were designed to
ensure efficient cytoplasmic delivery using computer-based
molecular modeling.12 The CTP512 peptide was evaluated as
the leading CTP as it possessed a transduction capacity
approximately 5-fold that of the Tat peptide.
Next, Tat-RBP variants were prepared. A partial sequence of the

Drosophila Sex lethal protein and the bacteriophage λ N protein
were used for the RBP moiety. Sex-lethal protein has two RNA-
binding domains (RBDs), which are required for specific RNA
binding.13−15 In this study, the protein region (173 amino acids),
which included the two RBDs, was used and is hereafter referred to
as Sxl. The dissociation constant (Kd) of the Sxl/RNA complex
(∼5 pM) is lower than that of the U1A/RNA complex (20
pM);16,17 therefore, high RNAi efficiency due to increased RNA
delivery efficiency might be expected from the Sxl/RNA
interaction. In addition, the N-terminal region (36 amino acids)
of the bacteriophage λ N protein, which included a relatively small
RNA binding motif, was employed, and is hereafter referred to as
λN. The high specificity and affinity of the complex between λN
and the target RNA (Kd = 5 nM) have been demonstrated
previously.18,19 The small size of λN may offer advantages over the
internalization of other carrier proteins.
Furthermore, to investigate whether the dissociation of the

carrier protein from shRNA or siRNA in the cytoplasm accelerated
RNAi-mediated gene silencing, a C-terminally extended TatU1A
bearing the degradation signal peptide CL1 (TatU1A-CL1) was
designed. The CL1 peptide is known to act as a degradation signal
peptide via the ubiquitin−proteasome pathway,20,21 and the
degradation of carrier proteins is thought to promote the release
of free shRNA or siRNA into the cytoplasm.
Effects of CPPs on RNAi Efficiency. To examine the

effects of CPPs on RNAi efficiency, three CPP-U1A variants
(TatU1A, FHVU1A, and CTP512U1A) were constructed and
purified. The CPP-U1As were labeled with Alexa546 and were
tested to determine whether they carried the shRNA into cells and
whether the carrier/shRNA complexes were released from the
endosome by photostimulation. FAM-labeled shRNAs were used
to visualize RNA localization. As shown in Figure 2, in all cases, the
Alexa546 and FAM fluorescence signals showed punctuate
distributions before irradiation, indicating that the carrier/shRNA
complexes were trapped in endosomes, as reported previously.6,7

After irradiation at 540 ± 10 nm, the Alexa546 and FAM
signals for all three variants were dispersed throughout the
cytosol. Moreover, there was no significant difference in FAM
fluorescence intensity between TatU1A and FHVU1A,
suggesting that they had almost equal transfection efficiencies.
Quantitative fluorescence image analysis of microscopic images
in Figure 2 using cellSens Dimension software (Olympus)
indicated that mean FAM intensity with CTP512U1A was
about 45% lower than that with TatU1A.
Next, the RNAi efficiencies with the CPP-U1A carriers were

examined by evaluating the knockdown of EGFP expression in
EGFP-CHO cells. EGFP silencing at 20 h after photostimulation
was assessed by flow cytometry. As is clearly shown in Figure 3A, a
dramatic light-dependent reduction in EGFP MFI was observed
with TatU1A-Alexa. The treatment of cells with the TatU1A-
Alexa/shRNA(anti-EGFP) complex followed by photostimulation
induced a 70% decrease in MFI when compared with the control
cells treated with T-buffer only, while without irradiation, no
decrease in MFI was observed in cells treated with the carrier/
shRNA complex (Figure 3A). Similarly, treatment with the

Figure 2. Translocation of the CPP-U1A/shRNA complexes via
endocytosis. CHO cells were treated with CPP-U1A-Alexa546/
shRNA-FAM complexes for 2 h at 37 °C and irradiated (540 ± 10 nm
light passed through a 40× objective lens for 11s) as described in
Experimental Procedures. Images were taken before and 2 min after
irradiation.

Figure 3. EGFP silencing by CPP-U1A-Alexa/shRNA complexes. The
shRNA has an anti-GFP sequence and a U1A-binding sequence. (A)
Flow cytometric analysis of EGFP-expressing cells treated with
TatU1A-Alexa546/shRNA complexes and irradiated (540 ± 10 nm
light passed through a 4× objective lens for 64 s). Cells were collected
for flow cytometric analysis at 20 h after irradiation. The silencing
effect was assessed by measuring EGFP mean fluorescence intensity
(MFI). (B) Comparison of CPP-U1A proteins in EGFP silencing.
EGFP MFIs of cells treated with different CPP-U1A-Alexa546/shRNA
complexes are compared to control cells treated with T-buffer only.
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FHVU1A-Alexa/shRNA or CTP512U1A-Alexa/shRNA com-
plexes induced a 74% and 59% decrease in MFI, respectively
(Figure 3B). These data indicate that the three CPP-U1A variants
had a similar effect on EGFP silencing, although the RNAi
efficiency of the CTP512U1A-Alexa/shRNA complex was slightly
lower than the other two. We suggest that the low RNAi efficiency
with CTP512U1A was due to the lower delivery efficiency of
CTP512U1A compared to that of the other two variants.
Effects of RBPs on RNAi Efficiency. Next, the RNAi

efficiencies of the Tat-RBP variants (TatU1A, TatSxl, and
TatλN) were compared to investigate the effects of the RBPs.
As shown in Figure 4A, the siRNAs carried by TatU1A-Alexa

and TatSxl-Alexa diffused into the cytoplasm in a photo-
dependent manner. However, in the case of TatλN, cellular
uptake of the carrier protein and the siRNA was not observed,
irrespective of irradiation. Hence, only the effects of the two
carrier proteins, TatU1A-Alexa and TatSxl-Alexa, on RNAi
efficiency were investigated. Unexpectedly, TatSxl-Alexa
exhibited a lower RNAi efficiency (47% decrease in MFI
compared to the control) than TatU1A-Alexa (59% decrease in
MFI compared to the control) (Figure 4B), although
quantitative fluorescence image analysis of microscopic images

of Figure 4A indicated that the cellular uptake of siRNA with
TatSxl-Alexa was higher than that with TatU1A (data not
shown). Given that the dissociation constant of the Sxl/RNA
complex is reportedly one order lower than that of the U1A/
RNA complex,16,17 these results suggested that the dissociation
of carrier proteins from shRNA or siRNA in the cytoplasm
might be important for RNAi efficiency.
Importance of RBP/RNA Dissociation on RNAi

Efficiency. To investigate this possibility further, the influence
of the CL1 peptide on the RNAi efficiency was examined using
CHO cells. As shown in Figure 5 and Supporting Information

Figures S1 and S2, although the internalization efficiency and
the light-dependent diffusion of TatU1A-CL1-Alexa with the
shRNA to the cytoplasm was equivalent to that of TatU1A-
Alexa, the use of TatU1A-CL1-Alexa increased the RNAi
efficiency (78% decrease in MFI) compared to TatU1A-Alexa
(69% decrease in MFI). This tendency was also confirmed in
other cell types (Figure S3). EGFP-silencing using the TatU1A-
CL1-Alexa/shRNA complex was also confirmed by analyzing
the EGFP level on a SDS-PAGE gel (Figure S4A). The EGFP
silencing level was dependent on the size of the area irradiated
(Figure S4A and B), and the cells treated with the complex
were not damaged by photostimulation (Figure S4C). These
results suggest that the dissociation of the shRNA from the
carrier protein in the cytoplasm is a critical event in CLIP-
RNAi-mediated gene silencing.

Figure 4. Comparison of Tat-RBP proteins with respect to cellular
delivery and EGFP silencing. (A) Translocation of the Tat-RBP-
Alexa546/siRNA. The sense strand of the siRNA contained 5′ short
extensions for the binding to U1A, Sxl, or λN. Transfection and
fluorescence microscopy were carried out as described in the legend to
Figure 2. (B) Comparison of Tat-RBP proteins with respect to EGFP
silencing. The silencing effects were calculated as described in the
legend to Figure 3.

Figure 5. Influence of the CL1 peptide on cellular delivery and EGFP
silencing. (A) Translocation of the TatU1A-CL1-Alexa546/shRNA.
Transfection and fluorescence microscopy were carried out as
described in the legend to Figure 2. (B) Comparison of TatU1A-
CL1 with TatU1A in EGFP silencing. The silencing effects were
calculated as described in the legend to Figure 3.
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■ CONCLUSION
The results presented here demonstrated that the three CPP-
U1A variants, TatU1A, FHVU1A, and CTP512U1A, possessed
similar carrier qualities and suggested that U1A was superior to
Sxl as the RBD moiety of the Tat-RBP. Attachment of the
degradation signal peptide, CL1, accelerated RNAi-mediated
gene silencing, suggesting that the dissociation of the carrier
protein and RNA due to the degradation of the carrier in the
cytosol is important for mediating RNAi activity. TatU1A-CL1,
which showed almost 80% RNAi efficiency, is an excellent
candidate RNA carrier protein for the CLIP-RNAi method.
CLIP-RNAi performed with the new carrier protein designed
for this study would be available for clinical and cell-engineering
applications.
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Fig. S1.  EGFP silencing in EGFP-CHO cells.  Anti-EGFP shRNA (200 nM) was 

mixed with TatU1A-Alexa546 or TatU1A-CL1-Alexa546 for complex formation, added 

to EGFP-CHO cells, and incubated at 37ºC for 2 h.  After 20 h of irradiation (540 ± 10 

nm light passed through a 4× objective lens for 64 s), fluorescent images were evaluated.  

The irradiated area is to the right of the dotted line. 
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Fig. S2. Cellular FAM intensities after incubation of CHO cells with 

TatU1A-Alexa/shRNA-FAM or TatU1A-CL1-Alexa/shRNA-FAM. (A) The FAM 

intensities of the cells were evaluated by flow cytometry using FACSCalibur (BD 

Bioscience). (B) Mean FAM intensities with TatU1A and TatU1A-CL1 were analyzed 

using Cell Quest software (BD Bioscience). 



0 

20 

40 

60 

80 

100 

shRNA

++
+ +

M
FI

 (%
)

+
++

TatU1A TatU1A-CL1 Protein-Alexa546

Light (-)
Light (+)

 

Fig. S3.  Evaluation of the knockdown of EGFP expression in EGFP stably-expressing 

human malignant mesothelioma cells.  Cells were treated with 

TatU1A-Alexa546/shRNA or TatU1A-CL1-Alexa546/shRNA complexes and irradiated 

(540 ± 10 nm light passed through a 4× objective lens for 64 s).  Cells were collected 

for flow cytometric analysis at 20 h after irradiation.  The silencing effect was assessed 

by measuring EGFP MFI. 
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Fig. S4. Partial photoinduction of EGFP silencing. (A) Photomasking films were 

prepared to enable partial photostimulation of cells in the microwells of a 96-well plate, 

as described previously (Endoh et al. J. Controlled Release 137, 241-5, 2009). The 

photomasking film was attached to the bottom of the culture plate, and the cells were 

irradiated using a 4× objective lens. Cell lysates were obtained 20 h after 

photostimulation, and were applied to a 15 % SDS-polyacrylamide gel without boiling. 

Since EGFP maintains its fluorescence under this condition, EGFP was imaged by using 

a fluorescence image scanner (HITACHI FMBIO-SC01). (B) The EGFP intensity in the 



partially irradiated wells. The EGFP intensity decreased depending on the size of the 

photostimulation area while the amount of total protein remained almost constant. As 

judged by the band intensity, the EGFP intensity decreased to 18% when the entire area 

was subjected to photostimulation. (C) Cytotoxicity after treatment with the 

TatU1A-CL1-Alexa546/shRNA complex and photostimulation. At 20 h after 

photostimulation, cytotoxicity was evaluated using the Cytotoxicity Detection Kit 

(LDH) (Roche, Switzerland), as described previously (Endoh et al. Bioconjug. Chem. 

19, 1017-24, 2008). 
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ABSTRACT: Gadolinium ion (Gd3+) complexes are com-
monly used as magnetic resonance imaging (MRI) contrast
agents to enhance signals in T1-weighted MR images. Recently,
several methods to achieve cell-permeation of Gd3+ complexes
have been reported, but more general and efficient method-
ology is needed. In this report, we describe a novel method to
achieve cell permeation of Gd3+ complexes by using
hydrophobic fluorescent dyes as a cell-permeability-enhancing
unit. We synthesized Gd3+ complexes conjugated with boron
dipyrromethene (BDP-Gd) and Cy7 dye (Cy7-Gd), and
showed that these conjugates can be introduced efficiently into cells. To examine the relationship between cell permeability and
dye structure, we further synthesized a series of Cy7-Gd derivatives. On the basis of MR imaging, flow cytometry, and ICP-MS
analysis of cells loaded with Cy7-Gd derivatives, highly hydrophobic and nonanionic dyes were effective for enhancing cell
permeation of Gd3+ complexes. Furthermore, the behavior of these Cy7-Gd derivatives was examined in mice. Thus, conjugation
of hydrophobic fluorescent dyes appears to be an effective approach to improve the cell permeability of Gd3+ complexes, and
should be applicable for further development of Gd3+-based MRI contrast agents.

■ INTRODUCTION

Many imaging techniques, such as X-ray computed tomography
(CT), ultrasonography (US), positron emission tomography
(PET), and magnetic resonance imaging (MRI), are currently
available for the diagnosis of diseases.1 On the other hand, MRI
is useful not only for clinical diagnosis, but also for in vivo
imaging in basic research.2 MRI is based on the NMR signals
derived from protons of water molecules, and can provide
three-dimensional images of internal body structures non-
invasively with high resolution. Gadolinium ion (Gd3+)
complexes are commonly used as MRI contrast agents.
Paramagnetic Gd3+ ions greatly shorten the longitudinal
relaxation time (T1) of water protons by interaction with
nearby water molecules.3 As a result, MR signals of tissues in
which Gd3+ ions have accumulated show high intensities in
T1-weighted MR images. More recently, sensors based on Gd3+

complexes enable us to visualize lesions which are otherwise
difficult to detect, as well as biological processes such as gene
expression and enzymatic reaction inside the body.4,5

On the other hand, Gd3+ complexes are generally cell-
impermeable, because of their high hydrophilicity, and are
distributed only extracellularly. Recently, attempts have been
made to develop cell-permeable Gd3+ complexes; for example,
the attachment of cell-penetrating peptides (CPPs) such as

polyarginines or HIV-1 tat peptides is a well-known method to
internalize Gd3+ complexes or other molecules into cells.6−9

CPPs consist of positively charged amino acids such as arginine
or lysine, and it is reported that electrostatic interactions
between the cationic CPPs and the anionic cell-membrane
trigger cell-penetration of the CPPs.10,11 The internalization
pathways of CPPs are thought to be endocytosis and
macropinocytosis, and its mechanism is highly dependent on
incubation conditions or conjugated molecules.12−14 However,
in the case of MRI contrast agents, entrapment of CPPs in
endosomes and/or lysosomes might lead to problems such as
relaxivity quenching. On the other hands, there is a report that
polyarginine-conjugated Gd3+ complexes easily leaked from
cells;6 therefore, the increased cell retention via disulfide bond
incorporation was also reported.15,16 Because of the relatively
low sensitivity of MRI, it is often difficult to detect small
amounts of the Gd3+ complexes by MRI; therefore, an efficient
method to internalize and retain Gd3+ complexes inside cells is
still needed in order to extend the applicability of MRI contrast
agents.
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For this purpose, we focused on fluorescent dyes, because
some fluorescent dyes can easily permeate the cell membrane,
and the cell permeation property should be controllable by
modification of their chemical structures. So, we anticipated
that the conjugation of fluorescent dyes to cell-impermeable
Gd3+ complexes would endow the complexes with cell
membrane permeability. The chemical structures of a few
fluorescent dye-Gd3+ complex conjugates (dye-Gds) have been
reported so far. One report described the cell permeation of the
Cy5.5-Gd3+ complex conjugate in the presence of LDL, but the
cell permeation ability was derived from the LDL.17 Another
report described a rhodamine-Gd3+ complex conjugate (Gd-
(Rhoda-DOTA)), but when Gd(Rhoda-DOTA) was intro-
duced into cells by injection, no MRI contrast enhancement
was obtained.18 Furthermore, Parker et al. reported cell-
permeable fluorescent lanthanide complexes, but they did not
examine the utility of their Gd3+ complexes as MRI contrast
agents.19,20 On the other hand, Mishra et al. reported DO3A-
ethylamine-derived contrast agents such as biotin-conjugated,
maleimide-bearing, and FITC-coupling Gd3+ complexes, and
the FITC-conjugated contrast agent was used for MRI and
optical labeling of NIH-3T3 cells by the incubation for 18 h.21

Here, we report a novel approach to develop cell-permeable
Gd3+ complexes by using hydrophobic fluorescent dyes as a
cell-permeability-enhancing unit. We also examined the
relaxivity of dye-Gds, the relationship between cell permeability
and dye structure, and the distribution of dye-Gds inside cells.
Furthermore, the behavior of cell-permeable and cell-
impermeable dye-Gds in mouse was also examined by MRI.

■ EXPERIMENTAL SECTION
Materials. p-NH2-Bn-DOTA (DOTA = 1,4,7,10-tetraaza-

cyclododecane-1,4,7,10-tetraacetate) and DOTA-mono[N-(2-
aminoethyl)ethanamide]-tris(t-butyl ester) were purchased
from Macrocyclics (Dallas, Texas, USA). All other reagents
and solvents were purchased from Tokyo Chemical Industry
Co. (Tokyo, Japan), Wako Pure Chemical Industries (Osaka,
Japan), Dojindo Laboratories (Kumamoto, Japan), Invitrogen
(Carlsbad, CA), or Aldrich Chemical Co. (St. Louis, MO) and
were used without further purification. Silica gel column
chromatography was performed by using Chromatorex-NH
(Fuji Silysia Chemical, Kasugai, Japan) or Silica Gel 60
(Spherical) (Kanto Chemical Co., Tokyo, Japan).
Instruments. 1H and 13C NMR spectra were recorded by

using a JEOL JNM-LA300 or JNM-LA400 spectrometer. Mass
spectra (ESI) were measured by using a JEOL JMS-T100LC
AccuTOF spectrometer. UV−visible spectra were obtained on
a Shimadzu UV-1650 spectrophotometer. Fluorescence spec-
troscopic studies were performed on a Hitachi F-4500
spectrofluorometer. Longitudinal water proton relaxation time
(T1) was measured by using an NMR instrument operating at
20 MHz, 0.47 T (Minispec mq20, Bruker, Germany). HPLC
analyses were performed on an Inertsil ODS-3 column (GL
Sciences Inc.; 4.6 mm × 250 mm) using an HPLC system
composed of a pump (PU-2080, JASCO) and a detector (MD-
2015 or FP-2025, JASCO). HPLC purifications were
performed on an Inertsil ODS-3 column (GL Sciences Inc.;
10.0 × 250 mm) using an HPLC system composed of a pump
(PU-2080, JASCO) and a detector (MD-2015 or FP-2025,
JASCO).
Fluorometric Analysis. Excitation slit width, emission slit

width, and photomultiplier voltage were 10 nm, 10 nm, and
400 V for Cy7-Gd derivatives, and 2.5 nm, 2.5 nm, and 700 V

for other dye-Gds, respectively. The spectra of dye-Gds were
measured in an aqueous solution buffered to pH 7.4 (100 mM
HEPES buffer) at room temperature. Relative fluorescence
quantum efficiencies of dye-Gds were determined by
comparing the area under the emission spectrum of the sample
(on an energy scale) with that of fluorescein in 0.1 M NaOH
aqueous solution (Φ = 0.85, for BDP-Gd and FL-Gd),
rhodamine B in ethanol (Φ = 0.97, for Gd(Rhoda-DOTA)) or
indocyanine green (ICG) in DMSO (Φ = 0.13, for Cy7-Gd
derivatives).
Relaxivity Measurements. The longitudinal water proton

relaxation times (T1) of aqueous solutions of dye-Gds were
measured in phosphate-buffered saline (PBS, Dulbecco’s
phosphate-buffered saline, pH 7.4) with or without 4%
human serum albumin at 37 °C, 20 MHz, 0.47 T (Minispec
mq20, Bruker). T1 values were measured from 30 points
generated by using the standard inversion−recovery procedure.
The r1 relaxivities (mM−1 s−1) of dye-Gds were determined
from the slope of the plot of 1/T1 versus concentration of dye-
Gds (0.50, 0.20, 0.10, 0.05, and 0 mM) except Cy7-Gd. The r1
relaxivity of Cy7-Gd was determined at different concentrations
of Cy7-Gd (0.10, 0.075, 0.05, 0.025, and 0 mM), because of its
low solubility.
Cell Culture. HeLa cells (human cervical cancer cells) and

NIH-3T3 cells (mouse fibroblasts) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
(v/v) fetal bovine serum, penicillin (100 units/mL), and
streptomycin (100 units/mL) at 37 °C in a humidified
incubator containing 5% CO2 in air. SHIN3 cells (human
ovarian cancer cells) were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with 10% (v/v)
fetal bovine serum, penicillin (100 units/mL), and streptomy-
cin (100 units/mL) at the same condition with HeLa cells or
NIH-3T3 cells.
Fluorescence Microscopic Imaging of Cells. Cells were

plated onto 35 mm poly(L-lysine)-coated glass-bottomed dishes
(MatTek Corporation, Ashland, MA) and cultured for 2 days.
The medium was removed, then dye-Gds in medium (10 μM,
containing 0.1% DMSO as a cosolvent) were added and
incubation was continued for 2 h. The stained cells were
washed twice with PBS, and fluorescence microscopic images
were captured in PBS. We used an inverted microscope (IX 71,
Olympus) with a 60× objective lens (PlanApo 60× /1.40 oil,
Olympus) and MetaFluor 6.1 software (Universal Imaging,
Media PA). The fluorescence images were observed through a
filter cube (NIBA for BDP-Gd and FL-Gd, WIG for
Gd(Rhoda-DOTA), and Cy7 for Cy7-Gd, Olympus).
MR Imaging of Cells. HeLa cells were plated onto 90 mm

noncoated dishes (Fast Gene) and cultured for 3 days. The
medium was removed, and then dye-Gds in DMEM (100 μM,
containing 0.1% DMSO as a cosolvent) were added and
incubation was continued for 2 h. The stained cells were
washed once with PBS buffer. The cells were harvested with
trypsin-EDTA solution (GIBCO, 0.25% trypsin, 1 mM
EDTA·Na), and DMEM was added. The cells were transferred
to a 15 mL centrifuge tube, and centrifuged at 1000 rpm, 4 °C
for 3 min. After removal of the supernatant, DMEM was added
and the cells were transferred to a micro test tube, then
centrifuged at 6200 rpm for 3 min. The tube was filled with
DMEM, and MR imaging was performed using a 4.7 T MRI
scanner (Biospec 47/40, Bruker) with 100 mT/m actively
shielded gradient coils equipped with a transmit/receive
birdcage coil (od/id: 255/197 nm, Bruker). T1-weighted MRI
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parameters were as follows: fast spin echo sequence, repetition
time (TR), 323 ms; echo time (TE), 14 ms; matrix size, 384 ×
384; field of view (FOV), 88 × 88 mm2; slice thickness, 1.5
mm; in-plane resolution, 0.23 × 0.23 mm2; number of signals
averaged, 40; scan time, 15.5 min. Dunnett’s test was used to
assess differences in the MR signal intensities between sample
and control cells. p < 0.05 was considered statistically
significant.
ICP-MS Measurements. Dye-Gd-labeled HeLa cells used

in MR imaging were resuspended and transferred to a 15 mL
centrifuge tube, then 20% sodium dodecyl sulfate solution
(SDS, 3 mL) was added, and the cells were incubated for
2 days. The solution was diluted to 10 mL with ultrapure water,
and concentrations of Gd3+ ion in the diluted solutions were
measured by ICP-MS. Tukey’s test (Figure 3c) and Student’s t
test (Figure 6c) were used to assess the significance of
differences in the concentrations of Gd3+ ion between different
groups of cells.
Flow Cytometric (FCM) Analyses. HeLa cells were

plated onto 35 mm poly(L-lysine)-coated glass-bottomed dishes
(MatTek Corporation) and cultured for 3 days. After removal
of the medium, Cy7-Gd derivatives in DMEM (10 μM,
containing 0.1% DMSO as a cosolvent) were added and
incubation was continued for 2 h. The stained cells were
washed 3 times with PBS buffer, then incubated with trypsin-
EDTA solution (GIBCO, 0.25% trypsin, 1 mM EDTA·Na),
and DMEM was added to the dishes. The cells were transferred
to a 15 mL centrifuge tube, and centrifuged at 1000 rpm for
3 min. The supernatant was removed. The cells were
resuspended in 0.5 mL of PBS, and fluorescence analyses
were performed using a BD LSR II Flow Cytometer (Beckman
Coulter; 633 nm laser excitation and a 750−810 nm emission
filter). Each analysis was performed with 10 000 cells.
Co-Staining with Organelle-Specific Fluorescent

Dyes. HeLa cells were plated onto 35 mm poly(L-lysine)-
coated glass-bottomed dishes (MatTek Corporation, Ashland,
MA) and cultured for 2 days. (i) Dextran-Alexa488 conjugate,
which accumulates in lysosomes, was prepared from Alexa
Fluor488 5-SDP ester (Invitrogen) and dextran, and purified on
a PD-10 column (GE Healthcare). Dextran-Alexa488 conjugate
in PBS (1 mg/mL) was mixed with the same quantity of
DMEM, and then added to the dish, after removal of the
medium. After incubation for 4 h, the stained cells were washed
three times with PBS. The medium was replaced with DMEM
and incubation was continued for 20 h. After removal of the
medium, dye-Gds in DMEM (10 μM, containing 0.1% DMSO
as a co-solvent) were added and incubation was continued for
2 h. The stained cells were washed twice with PBS, and
confocal fluorescence microscopy images were captured in PBS.
(ii) Mitotracker Red, which accumulates in mitochondria, and
dye-Gds in DMEM (100 nM and 10 μM, respectively,
containing 0.1% DMSO as a co-solvent) were added after
removal of the medium, and incubation was continued for 2 h.
The stained cells were washed twice with PBS, and confocal
fluorescence microscopy images were captured in PBS. (iii)
BODIPY TR ceramide, which accumulates in Golgi apparatus,
in DMEM (5 μM, containing 0.5% DMSO as a co-solvent) was
added after removal of the medium, and incubation was
continued for 30 min. The stained cells were washed three
times with PBS. The medium was replaced with DMEM and
incubation was continued for 30 min. After removal of the
medium, dye-Gds in DMEM (10 μM, containing 0.1% DMSO
as a co-solvent) were added and incubation was continued for

2 h. The stained cells were washed twice with PBS and confocal
fluorescence microscopy images were captured in PBS. We
used a confocal imaging system (TCS-SP5, Leica) equipped
with a white light laser, Leica Application Suite Advanced
Fluorescence (LAS-AF), and a 40× objective lens (HSX PL
APO 40×/1.25−0.75 oil CS, Leica). The excitation wavelength
and the fluorescence emission wavelength were 495 nm and
505−530 nm for BDP-Gd and dextran−Alexa488 conjugate,
552 nm and 600−620 nm for Gd(Rhoda-DOTA), 600 nm and
650−680 nm for BODIPY TR ceramide, and 670 nm and 750−
800 nm for Cy7-Gd and 6, respectively.
Fluorescence Imaging of Mice. All procedures were

approved by the Animal Care and Use Committee of the
University of Tokyo. BALB/cAJcl-nu/nu (male, 8-week-old)
were purchased from CLEA Japan, Inc. Mice were anesthetized
by intraperitoneal injection of pentobarbital (Nembutal,
Dainippon Sumitomo Pharma Co., 50 mg/kg). A solution of
1 or 6 in saline (100 μM, 100 μL) was administered to the mice
via the orbital vein, and fluorescence images were captured with
a Maestro In-Vivo Imaging System (CRi Inc., Woburn, MA).
The excitation wavelength was 670−710 nm, and fluorescence
emission (780−900 nm) was obtained. After imaging at each
time point, the mice were sacrificed with CO2 gas, and blood
was collected immediately from the heart. After incision of the
femoral vein, PBS was injected from the heart to wash out
residual blood, and organs were harvested. Fluorescence images
of isolated organs and blood were captured.
MR Imaging of Mice. This experiment complied with the

rules for animal experiments of The University of Tokyo. Mice
were fixed on a custom-made cradle and anesthetized
continuously with a mixture of oxygen and 1.5−2.0% isoflurane
(Forane, Abbott Japan). MR imaging was performed before the
injection of dye-Gds. Then, compound 1, 6, or Gd-DTPA in
saline (5 mM, 100 μL) was administered to the mice via the
orbital vein, and MR imaging was performed from 10 min after
the injection. For MRI experiments, we used a 4.7 T MRI
scanner (Biospec 47/40, Bruker, Germany), 100 mT/m
actively shielded gradient coils equipped with a transmitter
birdcage coil (od/id: 255/197 nm, Bruker), and a receiver
surface coil (35 mm, Takashima Seisakusho, Japan). T1-
weighted MR images were obtained with the following
parameters: sequence, fast spin echo; repetition time (TR),
300 ms; echo time (TE), 9.8 ms; matrix size, 256 × 256; field of
view (FOV), 64 × 64 mm2; slice thickness, 1.0 mm; in-plane
resolution, 0.25 × 0.25 mm2; number of signals averaged, 3. T1
maps were obtained with the following parameters: repetition
time (TR), 7000, 2000, 1000, 600, 300, 200, 150, 100 ms; echo
time (TE), 9.8 ms; matrix size, 128 × 128; field of view (FOV),
80 × 50 mm2; slice thickness, 1.0 mm; in-plane resolution,
0.63 × 0.30 mm2; number of signals averaged, 1; scan time,
12.1 min. Mice were kept warm at 37 °C with a heating pad
during MR imaging. The experiments were carried out twice for
each compound. T1 values of mouse liver were measured within
two regions of interest (ROI) in the left and right sides of the
liver, respectively. (The T1 values of the center of the liver were
unclear because of the presence of the aorta.) Each ROI
contained 102 voxels, and the T1 values of the liver were
calculated by averaging T1 values of voxels in both the left and
right ROIs. Student’s t test was used to assess the significance of
the differences in T1 values of the liver between pre- and
postinjection of 1, 6, or Gd-DTPA.
Fluorescence Microscopic Imaging of Liver Slices. This

experiment complied with the rules for animal experiments of
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The University of Tokyo. Mice were anesthetized by
intraperitoneal injection of pentobarbital (50 mg/kg), and a
solution of 1 or 6 in saline (5 mM, 100 μL) was administered
via the orbital vein. After 30 min, the mice were sacrificed with
CO2 gas. After incision of the femoral vein, PBS was injected
from the heart to wash out the blood. Then, the liver was
harvested, washed three times with PBS, embedded in OCT
compound (Tissue-Tek), frozen on 2,2-dimethylbutane cooled
with liquid N2, and cut into 5-μm-thick frozen sections.
Fluorescence images of the sections were captured on a
confocal imaging system (TCS-SP5, Leica) equipped with a
white light laser, Leica Application Suite Advanced Fluo-
rescence (LAS-AF), and a 63× objective lens (HSX PL APO
63×/1.40−0.60 oil CS, Leica). The excitation wavelength and
the fluorescence emission wavelength were 670 nm and 700−
800 nm, respectively.

■ RESULTS AND DISCUSSION
First, we carried out screening to identify fluorescent dyes
which can promote entry of Gd3+-DOTA complexes into cells.
We chose boron dipyrromethene (BODIPY), fluorescein,
rhodamine B, and Cy7 dye, which have different chemical
properties such as hydrophilicity, positive or negative charge,
molecular weight, and so forth. The chemical structures of
prepared dye-Gds are shown in Figure 1. These dye-Gds were
synthesized by conjugation of fluorescent dye isothiocyanates
to p-NH2-Bn-DOTA, and the conjugates were subsequently
coordinated to Gd3+ ion. Fluorescein isothiocyanate and
rhodamine B isothiocyanate were commercial products, while
BODIPY isothiocyanate and Cy7 isothiocyanate were synthe-
sized by the reaction of the aniline compounds and
thiophosgene. Gd(Rhoda-DOTA) was previously reported in
ref 18 where it was stated not to show contrast enhancement in
MR imaging of Xenopus embryos.
The fluorescence properties and r1 relaxivities of dye-Gds

are summarized in Table 1. In particular, the r1 relaxivities of

BDP-Gd and Cy7-Gd in PBS were about 5 and 8 times larger
than that of Gd-DTPA (DTPA: diethylenetriamine-
N,N,N′,N″,N″-pentaacetic acid; the r1 relaxivity of Gd-DTPA
was 4.1 mM−1 s−1 under the same conditions), which is a
widely used Gd3+ complex.22 We think that these high
relaxivities are derived from the high hydrophobicity of
BODIPY and Cy7 dye. BDP-Gd and Cy7-Gd seem to exhibit
stacking in aqueous solution, based on the low fluorescence
quantum yields and their spectra, and the resulting increment
of apparent molecular weight may lead to enhancement of the
r1 relaxivity because of the slow molecular rotation of the Gd3+

complex.22,23 However, additional effect of albumin was hardly
observed about BDP-Gd and Cy7-Gd. Only Gd(Rhoda-
DOTA) showed a large increment of the r1 relaxivity in 4%
albumin solution, and this may be due to the interaction with
albumin molecules.
Next, we examined the cell permeability of dye-Gds. HeLa

cells were incubated with 10 μM dye-Gds for 2 h, then
fluorescence images of the cells were captured. No toxicity was
observed under these conditions. Fluorescence microscopic

Figure 1. Structures of dye-Gds and Gd-DTPA.

Table 1. Chemical Properties of dye-Gds

r1 (mM−1 s−1)a

PBS
4%

albumin
λ abs

(nm)b
λ em

(nm)b Φ fl
b,c

BDP-Gd 22 24 497 509 0.16
FL-Gd 4.1 5.9 493 518 0.63
Gd(Rhoda-
DOTA)

6.3 17 557 582 0.28

Cy7-Gd 32 32 768 786 0.063
aData were measured at 20 MHz in PBS. bData were measured in
0.1 M HEPES buffer (pH 7.4). cΦ fl is the relative fluorescence
quantum yield determined by using fluorescein in 0.1 M NaOH
aqueous solution (0.85, for BDP-Gd, FL-Gd), rhodamine B in EtOH
(0.65, for Gd(Rhoda-DOTA)), or indocyanine green in DMSO (0.13,
for Cy7-Gd) as a fluorescence standard.
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analysis demonstrated efficient cell permeation of BDP-Gd,
Gd(Rhoda-DOTA), and Cy7-Gd, whereas FL-Gd was not
taken into the cells at all (Figure 2). Fluorescein is anionic and
relatively hydrophilic compared with the other dyes. According
to the results of costaining with organelle-specific fluorescent

dyes, each dye-Gd showed a different distribution inside cells
(Supporting Information Figure S1). BDP-Gd showed good
overlap with BODIPY TR ceramide, which specifically
accumulates in Golgi apparatus, and Cy7-Gd was accumulated
in lysosomes and mitochondria. In addition, we examined the

Figure 2. Fluorescence images of HeLa cells incubated with dye-Gds (10 μM). The left and right panels show differential interference contrast
(DIC) and fluorescence micrographs of HeLa cells, respectively. (a) BDP-Gd, (b) FL-Gd, (c) Gd(Rhoda-DOTA), (d) Cy7-Gd.

Figure 3. (a) T1-weighted MR image of HeLa cells incubated with dye-Gds, R8-Gd, and Gd-DTPA (100 μM) for 2 h. (b) MR signal intensities in
T1-weighted MR image of HeLa cells incubated with dye-Gds (n = 3). *p < 0.05. N.S., not significant. (c) Concentrations of Gd3+ ion in HeLa cells
measured by ICP-MS (n = 3). In the cases of FL-Gd, Gd(Rhoda-DOTA), and Gd-DTPA, the concentrations of Gd3+ ion could not be measured
because the apparent values were too small. *p < 0.05, **p < 0.01, and ***p < 0.001. Error bars show standard error.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc200127t |Bioconjugate Chem. 2011, 22, 2227−22362231



contrast effect of dye-Gds by MR imaging of live cells (Figure
3a,b). In the T1-weighted MR images, BDP-Gd, Cy7-Gd, and
R8-Gd, a cell-permeable octaarginine-conjugated Gd3+ com-
plex6 exhibited significant enhancement of the MR signal of
HeLa cells. On the other hand, significant enhancement was
not observed with cell-impermeable FL-Gd or Gd-DTPA.
Moreover, Gd(Rhoda-DOTA) also did not produce a
significant change of the MR signal, although its fluorescence
was observed in fluorescence microscopy. When we compared
the efficiency of cell permeation of dye-Gds by using ICP-MS,
BDP-Gd and Cy7-Gd showed higher cell permeation than
R8-Gd, while the quantity of Gd(Rhoda-DOTA) in the cells
was much lower than those of the other cell-permeable dye-
Gds (Figure 3c). Thus, BDP-Gd and Cy7-Gd showed good
cell permeability and acted as MRI contrast agents.
Furthermore, we examined the cell permeability of BDP-Gd
and Cy7-Gd using other cell lines (Supporting Information
Figure S2). BDP-Gd and Cy7-Gd were taken into both NIH/
3T3 cells and SHIN3 cells, and the fluorescence intensities of
the cells were equivalent to that in the case of HeLa cells.
To further examine the relationship between the chemical

structure of Gd3+ complexes and the cell permeability, we
synthesized various Cy7-Gd derivatives (Cy7-Gds) (Figure 4).
We chose Cy7-Gds as a basic scaffold because structural
elaboration is easier than in the case of BDP-Gd. Compound 1
has two anionic sulfo groups, and 2, 3, 4, and 5 have
asymmetric structures. Compound 6 has a poly(ethylene
glycol) (PEG) chain between the Cy7 dye and Gd3+ complex.
All of compounds 1−6 showed higher solubility in water than
did Cy7-Gd. The fluorescence properties and r1 relaxivities of
these Cy7-Gds are summarized in Table 2. Compounds 1 and
6 showed high r1 relaxivities, whereas compounds 2−5 showed
low r1 relaxivities, almost the same as that of Gd-DTPA. It is
considered that these differences arise from differences in the

degree of stacking of these compounds on the basis of the low
fluorescence quantum yields. Alternatively, hydrophobicity
and/or flexibility of linker of 1 and 6 such as thiourea-phenyl
moiety might change the local rotational dynamics of the Gd3+

complex and the r1 relaxivities. Moreover, additional effect of
albumin was hardly observed about 1 and 6, while compounds
2−5 showed the high r1 relaxivities in 4% albumin solution by
their interactions with albumin molecules.
Cell permeation of Cy7-Gds was examined by means of

fluorescence microscopy and FCM analysis (Figure 5). When
cells were incubated with 1 bearing sulfo groups, no
fluorescence was observed in the cells by fluorescence
microscopy (Figure 5b). On the other hand, 6 showed stronger
fluorescence intensity than that of Cy7-Gd (Figure 5c). In
FCM analysis, compounds 2−5 were less well taken into the
cells than Cy7-Gd, and cell permeation of 3 and 5, bearing a
carboxy group in the Cy7 scaffold was lower than that of 2 and
4, which have no carboxy group. Thus, as was expected, these
results showed that anionic compounds were less effective for

Figure 4. Structures of Cy7-Gds.

Table 2. Chemical Properties of Cy7-Gds

r1 (mM−1 s−1)a

PBS 4% albumin λ abs (nm)b λ em (nm)b Φ fl
b,c

Cy7-Gd 32 32 768 786 0.063
1 20 25 769 785 0.072
2 4.0 12 743 762 0.14
3 4.9 11 743 763 0.12
4 4.6 13 741 761 0.14
5 5.0 12 745 765 0.14
6 18 20 771 786 0.078

aData were measured at 20 MHz in PBS. bData were measured in
0.1 M HEPES buffer (pH 7.4). cΦ fl was determined by using
indocyanine green in DMSO (0.13) as a fluorescence standard.
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cell permeation.24 Compound 6 showed the highest
fluorescence intensity among the Cy7-Gds examined in FCM
analysis, and was accumulated in mitochondria on the basis of
the confocal fluorescence images (Supporting Information
Figure S3). Furthermore, we examined the contrast effects of
cell-permeable 6 and cell-impermeable 1 in MR imaging of live
cells. Compound 6 showed a significant signal enhancement of
live cells in MR imaging, whereas no significant enhancement
was observed in the case of 1 (Figure 6a,b). In addition, a
higher Gd3+ concentration of 6 was also observed in the cells
on ICP-MS measurement (Figure 6c). From these results, PEG
chains are thought to improve both cell permeation and water
solubility,25 and 6 was the best cell-permeable contrast agent
among the Cy7-Gds synthesized here.
We next examined the behaviors of cell-permeable 6 and cell-

impermeable 1 in in vivo MR imaging of mice. These two
compounds showed sufficient water solubility for MR imaging
and had high r1 relaxivities. First, compound 1 or 6 dissolved in
saline (100 μM, 100 μL) was administered intravenously to
nude mice, and then, the accumulation in various organs was

observed by means of fluorescence imaging. Each compound
accumulated mostly in the liver (Supporting Information Figure
S4). The reason 1 and 6 accumulate in the liver is considered
to be as follows. Indocyanine green (ICG), which is a
tricarbocyanine dye, is accumulated specifically in the liver
when it is administered, because it binds to serum protein such
as albumin and lipoprotein, and is carried to the liver.26

Therefore, ICG is used as a diagnostic agent to evaluate hepatic
function (Diagnogreen Daiichi Sankyo). ICG is taken into
hepatocytes via Na+-independent basolateral membrane trans-
port systems, such as organic anion transporting polypeptide 1
(OATP1) and organic anion transporter LST-1.27,28 Com-
pounds 1 and 6 also have tricarbocyanine structures, and
therefore might be taken into the liver via the same pathways as
ICG.
We also evaluated the MRI contrast effect of 1 and 6 in vivo.

Cell-impermeable 1 or cell-permeable 6 in saline (5 mM, 100
μL) was administered intravenously to mice, and T1-weighted
MR images and T1 maps of the body were measured (Figure 7).
After the injection of 6, MR signals of the liver were enhanced

Figure 5. Confocal fluorescence microscopic images of HeLa cells incubated with (a) Cy7-Gd, (b) 1, and (c) 6. Left and right panels show DIC and
fluorescence images, respectively. (d,e) FCM analysis of HeLa cells incubated with Cy7-Gd derivatives (10 μM). Each analysis was performed with
10 000 cells. Yellow, Cy7-Gd; light green, 2; blue, 3; deep green, 4; purple, 5; red, 6; black, control.
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in T1-weighted MR images, and the T1 value of the liver
decreased. Larger changes of the T1 value in the liver were
observed in the experiments with 6 (ΔT1 = 241 and 353 ms)
than in those with 1 (ΔT1 = 70 and 151 ms), although

accumulation of both compounds in the liver was observed in
the fluorescence images (Supporting Information Figure S4).
The changes of the T1 values in the liver were small when
Gd-DTPA was administered (ΔT1 = 38 and 99 ms), and it was

Figure 6. (a) T1-weighted MR image of HeLa cells incubated with Cy7-Gds (100 μM). (b) MR signal intensities in T1-weighted MR image of HeLa
cells (n = 3). *p < 0.05. N.S., not significant. (c) Concentrations of Gd3+ in HeLa cells (n = 3). ***p < 0.001. Error bars show standard error.

Figure 7. T1-weighted MR images and T1 maps of mice before (left) and after (right) the injection of 1, 6, or Gd-DTPA (5 mM, 100 μL). (a) T1-
weighted MR image of mouse injected with 6. (b,c,d) T1 maps of mice injected with (b) 6, (c) 1, and (d) Gd-DTPA. Dotted frames show the
position of the liver. (e) The T1 values in mouse liver in each experiment. Error bars show standard error (204 voxels). All changes of the T1 values in
each experiment were statistically significant (p < 0.001).
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considered that Gd-DTPA is nonspecifically distributed all over
the body and rapidly eliminated through the kidney.
To clarify the reason 6 showed a higher MR signal in the

liver than 1, we observed the fluorescence images of mouse
liver slices by means of confocal fluorescence microscopy. At
30 min after injection of 1 or 6 (5 mM, 100 μL, the same dose
used in MRI), mice were sacrificed, and the livers were
harvested. Frozen sections were prepared, and fluorescence
microscopic images were obtained. Interestingly, the fluo-
rescence intensity of hepatocytes of the mouse injected with 6
was much higher than that in the case of 1 (Figure 8), although

the fluorescence intensities of the liver were almost the same
after injection of the two compounds at low dose (100 μM,
100 μL, Supporting Information Figure S4). These results
indicated that cell-permeable 6 is accumulated in hepatocytes
more efficiently than cell-impermeable 1 at high dose (5 mM,
100 μL), and the difference of the MR signal would reflect the
difference in the amount of 1 or 6 in the liver due to their
biodistribution/excretion pathways.

■ CONCLUSION

In conclusion, we have developed a novel method for
enhancing the cell permeation of Gd3+ complexes by using
hydrophobic fluorescent dyes as a cell-permeation-promoting
unit. We designed and synthesized various fluorescence dye−
Gd3+ complex conjugates, and found that the Gd3+ complexes
conjugated with BODIPY and Cy7 dye were efficiently
accumulated into cells. We further examined the relationship
between cell permeability and chemical structure in a series of
Cy7-Gds, and the results showed that a hydrophobic and
nonanionic scaffold is favorable for the development of cell-
permeable Gd3+ complexes. Among the synthesized Cy7-Gds,
compound 6 was the best cell-permeable MRI contrast agent.
In addition, the behavior of Cy7-Gd derivatives in mice was
also examined. Our method has the further advantage of
enabling easy and detailed observation of the distribution of
Gd3+ complexes inside cells or tissues by means of fluorescence
imaging. This design strategy should be useful for further
development of various MRI contrast agents.
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Experimental Procedures and Characterization of Compounds 

  

 

Scheme S1. Synthesis of BODIPY isothiocyanate. (a) (1) TFA, CH2Cl2, r.t., (2) 

chloranil, r.t.; (b) BF3·Et2O, TEA, toluene, r.t.; (c) Pd/C, CH2Cl2/MeOH, r.t., under H2; 

(d) thiophosgene, Na2CO3, DMF, 0 ºC to r.t. 

 



 S2 

Synthesis of compounds 7 and 8: see reference S1. 

 

Synthesis of compound 9: Compound 8 (101 mg, 0.30 mmol) and Na2CO3 (151 mg, 

1.4 mmol) were dissolved in 25 mL of DMF. The resulting mixture was cooled at 0 ºC, 

and thiophosgene (100 µL, 1.3 mmol) was added dropwise under an argon atmosphere. 

The reaction mixture was warmed to room temperature and stirred for 2 h. The solvent 

was removed by evaporation, and the residue was purified by column chromatography 

(silica gel 60, CH2Cl2/hexane, 1:2) to afford compound 9 as an orange solid (113 mg, 

99%). 
1
H NMR (400 MHz, CDCl3): δ 1.40 (s, 6H); 2.56 (s, 6H); 6.00 (s, 2H); 7.30 (d, 

2H, J = 8.8 Hz); 7.37 (d, 2H, J = 8.8 Hz); 
13

C NMR (100 MHz, CDCl3): δ 14.6, 14.7, 

121.5, 126.5, 129.6, 131.1, 132.3, 134.0, 137.1, 139.8, 142.8, 156.0; HRMS (ESI
+
): 

Calcd for [M+H]
+
, 382.1361; Found, 382.1326. 

 

 

Scheme S2. Synthesis of Cy7 isothiocyanate. (a) Boc2O, TEA, MeOH, r.t.; (b) 10, NaH, 

DMF, r.t.; (c) TFA, CH2Cl2 / MeOH, r.t.; (d) thiophosgene, Na2CO3, DMF, 0 ºC to r.t.; 

(e) 10, NaH, DMF, r.t.; (f) TFA, r.t.; (g) thiophosgene, Na2CO3, DMF, 0 ºC to r.t. 
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Synthesis of compound 10: 4-Aminophenol (327 mg, 3.0 mmol) and triethylamine 

(TEA, 630 µL, 4.5 mmol) were dissolved in 15 mL of MeOH. Boc2O (786 mg, 3.6 

mmol) was added, and the mixture was stirred for 4 h at room temperature. The solvent 

was removed by evaporation, and the residue was purified by column chromatography 

(silica gel 60, CH2Cl2/MeOH, 19:1) to afford compound 10 as a colorless solid (615 mg, 

98%). 
1
H NMR (300 MHz, CDCl3): δ 1.51 (s, 9H), 5.54 (s, 1H), 6.36 (br s, 1H), 6.75 (d, 

J = 8.8 Hz, 2H), 7.18 (d, J = 8.8 Hz, 2H); 
13

C NMR (75 MHz, CD3OD): δ 28.7, 80.5, 

116.2, 122.2, 132.3, 154.4, 155.9; HRMS (ESI
-
): Calcd for [M-I]

-
, 208.0974; Found, 

208.0982. 

 

Synthesis of compound 11: Compound 10 (126 mg, 0.60 mmol) was dissolved in 15 

mL of DMF. Sodium hydride (60% in oil, 24 mg, 0.60 mmol) was added, and the 

mixture was stirred for 10 min at room temperature under an argon atmosphere. IR-780 

iodide (Aldrich, 200 mg, 0.30 mmol) was added to the mixture, and stirring was 

continued overnight. The solvent was removed by evaporation, and the residue was 

purified by column chromatography (NH silica, CH2Cl2/MeOH, 19:1) to afford 11 as a 

purple solid (184 mg, 73%). 
1
H NMR (300 MHz, CDCl3): δ 1.05 (t, J = 7.4 Hz, 6H), 

1.36 (s, 12H), 1.50 (s, 9H), 1.87 (sex, J = 7.4 Hz, 4H), 2.05 (t, J = 5.5 Hz, 2H), 2.72 (t, J 

= 5.5 Hz, 4H), 4.05 (t, J = 7.4 Hz, 4H), 6.05 (d, J = 14.3 Hz, 2H), 6.80 (br s, 1H), 6.99 

(d, J = 9.0 Hz, 2H), 7.09 (d, J = 7.7 Hz, 2H), 7.20 (d, J = 7.7 Hz, 2H), 7.27 (d, J = 6.8 

Hz, 2H), 7.34 (d, J = 6.8 Hz, 2H), 7.47 (d, J = 9.0 Hz, 2H), 7.91 (d, J = 14.3 Hz, 2H); 

13
C NMR (75 MHz, CDCl3): δ 11.6, 20.8, 21.1, 24.6, 27.9, 28.3, 46.1, 49.0, 80.4, 100.0, 

110.5, 114.8, 120.6, 122.2, 122.5, 125.0, 128.6, 133.4, 141.0, 142.1, 153.0, 155.5, 164.5, 

172.0; HRMS (ESI
+
): Calcd for [M−I]

+
, 712.4478; Found, 712.4478. 

 

Synthesis of compound 12: Compound 11 (118 mg, 0.14 mmol) was dissolved in 2.5 

mL of CH2Cl2, then 0.5 mL of trifluoroacetic acid (TFA) was added, and the mixture 

was stirred for 2 h at room temperature. The solvent was removed by evaporation. The 

residue was purified by column chromatography (NH silica, CH2Cl2/MeOH, 9:1) to 

afford 12 as a purple solid (99 mg, 95%). 
1
H NMR (300 MHz, CDCl3): δ 1.03 (t, J = 7.4 

Hz, 6H), 1.38 (s, 12H), 1.86 (sex, J = 7.4 Hz, 4H), 2.02 (t, J = 5.8 Hz, 2H), 2.67 (t, J = 

5.8 Hz, 4H), 4.00 (t, J = 7.4 Hz, 4H), 6.01 (d, J = 14.3 Hz, 2H), 6.70 (d, J = 8.8 Hz, 2H), 

6.85 (d, J = 8.8 Hz, 2H), 7.06 (d, J = 7.6 Hz, 2H), 7.19 (d, J = 7.6 Hz, 2H), 7.27 (d, J = 
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6.4 Hz, 2H), 7.34 (td, J = 7.6, 1.2 Hz, 2H), 7.96 (d, J = 14.3 Hz, 2H); 
13

C NMR (75 

MHz, CDCl3): δ 11.6, 20.7, 21.1, 24.4, 27.9, 45.9, 49.0, 99.7, 110.5, 115.0, 116.7, 122.1, 

122.6, 124.9, 128.5, 141.0, 141.7, 142.2, 142.4, 153.2, 165.3, 171.9; HRMS (ESI
+
): 

Calcd for [M−I]
+
, 612.3954; Found, 612.3963. 

 

Synthesis of compound 13: Synthetic procedure was the same as for 9. Purification of 

the reaction mixture was carried out by column chromatography (silica gel 60, 

CH2Cl2/MeOH, 9:1) to afford 13 as a purple solid (34 mg, 75%). 
1
H NMR (300 MHz, 

CDCl3): δ 1.04 (t, J = 7.4 Hz, 6H), 1.35 (s, 12H), 1.86 (sex, J = 7.4 Hz, 4H), 2.04 (t, J = 

5.8 Hz, 2H), 2.72 (t, J = 5.8 Hz, 4H), 4.07 (t, J = 7.4 Hz, 4H), 6.13 (d, J = 14.3 Hz, 2H), 

7.06 (d, J = 8.8 Hz, 2H), 7.09 (d, J = 8.8 Hz, 2H), 7.17-7.28 (m, 6H), 7.36 (t, J = 7.6 Hz, 

2H), 7.79 (d, J = 14.3 Hz, 2H); 
13

C NMR (100 MHz, DMSO-d6): δ 11.1, 20.4, 20.6, 

23.7, 27.2, 44.9, 48.6, 100.5, 111.4, 115.9, 121.1, 122.5, 123.9, 124.9, 128.3, 128.5, 

132.6, 140.3, 140.9, 142.1, 158.4, 161.5, 171.8; HRMS (ESI
+
): Calcd for [M−I]

+
, 

654.3518; Found, 654.3503. 

 

Synthesis of compound 14: Synthetic procedure was the same as for 11. Purification of 

the reaction mixture was carried out by column chromatography (Silica gel 60, 

CH2Cl2/MeOH, 2:1) to afford 14 as a purple solid (176 mg, 89%). 
1
H NMR (300 MHz, 

CD3OD): δ 1.26 (s, 12H), 1.39 (s, 9H), 1.83 (br s, 8H), 1.93 (br s, 2H), 2.65 (br s, 4H), 

2.78 (t, J = 6.8 Hz, 4H), 4.03 (br s, 4H), 6.08 (d, J = 14.3 Hz, 2H), 6.93 (d, J = 9.2 Hz, 

2H), 7.09 (t, J = 7.3 Hz, 2H), 7.18 (d, J = 7.7 Hz, 2H), 7.24-7.33 (m, 6H), 7.90 (d, J = 

14.3 Hz, 2H), 8.79 (s, 1H); 
13

C NMR (75 MHz, CD3OD): δ 22.5, 23.6, 25.2, 27.2, 28.2, 

28.7, 44.8, 50.2, 51.8, 80.7, 101.1, 112.0, 115.9, 121.7, 123.3, 123.6, 126.1, 129.7, 

135.4, 142.5, 143.5, 143.6, 155.3, 157.0, 165.6, 173.6; HRMS (ESI
+
): Calcd for 

[M+Na]
+
, 944.3566; Found, 944.3530. 

 

Synthesis of compound 15: Compound 14 (176 mg, 0.19 mmol) was dissolved in 2.5 

mL of TFA, and the solution was stirred for 30 min at room temperature. TFA was 

removed by evaporation, and the residue was purified by column chromatography 

(silica gel 60, CH2Cl2/MeOH, 7:3) to afford 15 as a purple solid (168 mg, quant.). 
1
H 

NMR (300 MHz, CD3OD): δ 1.27 (s, 12H), 1.82 (br s, 8H), 1.92 (t, J = 5.3 Hz, 2H), 

2.63 (t, J = 5.3 Hz, 4H), 2.76 (t, J = 6.8 Hz, 4H), 4.02 (t, J = 6.8 Hz, 4H), 6.08 (d, J = 
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14.3 Hz, 2H), 6.89 (d, J = 9.2 Hz, 2H), 6.93 (d, J = 9.2 Hz, 2H), 7.09 (t, J = 7.5 Hz, 2H), 

7.19 (d, J = 7.5 Hz, 2H), 7.25 (d, J = 7.5 Hz, 2H), 7.27 (d, J = 7.5 Hz, 2H), 7.89 (d, J = 

14.3 Hz, 2H); 
13

C NMR (100 MHz, CD3OD): δ 22.5, 23.6, 25.3, 27.2, 28.2, 44.9, 50.3, 

51.8, 101.1, 112.1, 116.8, 121.6, 123.3, 123.6, 126.1, 129.8, 136.5, 142.4, 143.4, 143.7, 

157.4, 165.6, 173.6; HRMS (ESI
+
): Calcd for [M+Na]

+
, 844.3042; Found, 844.3006. 

 

Synthesis of compound 16: Synthetic procedure was the same as for 13. Purification of 

the reaction mixture was carried out by column chromatography (Silica gel 60, 

CH2Cl2/MeOH, 2:1) to afford 16 as a purple solid (114 mg, >99%). 
1
H NMR (300 MHz, 

DMSO-d6): δ 1.22 (s, 12H), 1.67 (br s, 8H), 1.88 (br s, 2H), 2.44 (br s, 4H), 2.67 (br s, 

4H), 4.08 (br s, 4H), 6.19 (d, J = 14.3 Hz, 2H), 7.14 (t, J = 7.0 Hz, 2H), 7.20 (d, J = 8.4 

Hz, 2H), 7.31 (t, J = 7.5 Hz, 2H), 7.35 (d, J = 8.4 Hz, 2H), 7.45 (d, J = 7.5 Hz, 4H), 

7.67 (d, J = 14.3 Hz, 2H); 
13

C NMR (100 MHz, CD3OD): δ 22.4, 23.6, 25.2, 27.2, 28.2, 

44.9, 50.3, 51.8, 101.4, 112.2, 117.3, 123.1, 123.4, 126.2, 126.8, 128.9, 129.8, 136.7, 

142.5, 142.9, 143.6, 160.0, 164.3, 173.7; HRMS (ESI
+
): Calcd for [M+Na]

+
, 886.2606; 

Found, 886.2579. 

 

 

Scheme S3. Synthesis of dye-Gds. (a) DIEA or TEA, MeOH or DMF, r.t.; (b) GdCl3, 

1.0 M HEPES buffer (pH 7.4), r.t. 

 

Synthesis of compound 17: Compound 9 (101 mg, 0.27 mmol) and 

N,N-diisopropylethylamine (DIEA, 92 µL, 0.53 mmol) were dissolved in 30 mL of 
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DMF. A solution of p-NH2-Bn-DOTA (160 mg, 0.32 mmol) in 10 mL of DMF was 

added, and the mixture was stirred for 24 h at room temperature. The solvent was 

removed by evaporation, and the residue was purified by preparative HPLC (gradient, 

A/B = 50/50 to 0/100, 20 min, solvent A: H2O with 0.1% TFA; solvent B: CH3CN/H2O 

= 80/20 with 0.1% TFA) to afford 17 as an orange solid (222 mg, 94%). 
1
H NMR (400 

MHz, CD3OD): δ 1.49 (s, 6H); 2.48 (s, 6H); 2.54-4.91 (m, 25H); 6.06 (s, 2H); 7.28 (d, 

2H, J = 8.8 Hz); 7.32 (d, 2H, J = 8.3 Hz); 7.49 (d, 2H, J = 8.8 Hz); 7.72 (d, 2H, J = 8.3 

Hz); 
13

C NMR (100 MHz, CD3OD): δ 14.6, 15.0, 32.8, 49.7, 49.8, 50.1, 51.3, 52.8, 53.8, 

55.0, 57.1, 57.3, 57.5, 57.7, 116.6, 119.5, 122.2, 122.5, 125.8, 126.2, 129.6, 129.7, 

130.7, 132.6, 132.8, 139.5, 141.8, 143.3, 144.7, 156.7, 182.2; HRMS (ESI
+
): Calcd for 

[M+H]
+
, 891.3846; Found, 891.3889. 

 

Synthesis of compound 18: Fluorescein isothiocyanate (40 mg, 0.10 mmol), 

p-NH2-Bn-DOTA (55 mg, 1.1 mmol) and TEA (142 µL, 1.0 mmol) were dissolved in 4 

mL of MeOH, and the mixture was stirred for 24 h at room temperature. The solvent 

was removed by evaporation, and the residue was purified by preparative HPLC 

(gradient, A/B = 80/20 to 0/100, 30 min) to afford 18 as a yellow solid (62 mg, 65%). 

1
H NMR (400 MHz, CD3OD): δ 2.58-4.32 (m, 25H), 6.57 (dd, J = 8.8, 2.4 Hz, 2H), 

6.67(d, J = 8.8 Hz, 2H), 6.68 (d, J = 2.4 Hz, 2H), 7.19 (d, J = 8.4 Hz, 1H), 7.33 (d, J = 

8.3 Hz, 2H), 7.50 (d, J = 8.3 Hz, 2H), 7.83 (dd, J = 8.3, 2.0 Hz, 1H), 8.21 (d, J = 2.0 Hz, 

1H);
 13

C NMR (100 MHz, CD3OD): δ 103,5, 111.6, 113.9, 120.8, 125.8, 126.4, 129.0, 

130.4, 130.7, 132.4, 142.6, 154.4, 161.8, 171.0; HRMS (ESI
+
): Calcd for [M+H]

+
, 

899.2922; Found, 899.2919. 

 

Synthesis of compound 19: Rhodamine B isothiocyanate (mixture of isomers, 59 mg, 

0.11 mmol), p-NH2-Bn-DOTA (51 mg, 0.10 mmol) and TEA (138 µL, 1.0 mmol) were 

dissolved in 8 mL of MeOH, and the mixture was stirred for 24 h at room temperature. 

The solvent was removed by evaporation, and the residue was purified by preparative 

HPLC (gradient, A/B = 70/30 to 0/100, 30 min). The desired isomer was eluted after 

another isomer (elution time: 11.0 min and 12.2 min). Compound 19 was obtained as a 

red solid (29 mg, 59%). 
1
H NMR (300 MHz, CD3OD): δ 1.30 (t, J = 7.0 Hz, 12H), 

2.58-4.32 (m, 25H), 3.67 (q, J = 7.0 Hz, 8H), 6.97(d, J = 2.4 Hz, 2H), 7.04 (dd, J = 9.6, 

2.4 Hz, 2H), 7.25 (d, J = 9.6 Hz, 2H), 7.35 (d, J = 6.8 Hz, 2H), 7.36 (d, J = 8.3 Hz, 1H), 
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7.54 (d, J = 6.8 Hz, 2H), 8.07 (dd, J = 8.3, 2.4 Hz, 1H), 8.18 (d, J = 2.4 Hz, 1H); 
13

C 

NMR (100 MHz, CD3OD): δ 12.8, 46.8, 97.2, 115.0, 115.3, 119.6, 122.8, 126.3, 130.7, 

131.7, 132.5, 132.6, 132.8, 157.1, 159.3, 161.0, 162.6, 162.9, 167.8, 182.3; HRMS 

(ESI
+
): Calcd for [M−CF3COO

−
]

+
, 1009.4494; Found, 1009.4471. 

 

Synthesis of compound 20: Synthetic procedure was the same as for 18. Purification of 

the reaction mixture was carried out by preparative HPLC (gradient, A/B = 60/40 to 

0/100, 30 min) to afford 20 as a green solid (42 mg, 62%). 
1
H NMR (300 MHz, CDCl3): 

δ 1.01 (t, J = 7.4 Hz, 6H), 1.39 (s, 12H), 1.83 (sex, J = 7.4 Hz, 4H), 2.05 (t, J = 5.8 Hz, 

2H), 2.60-4.30 (m, 25H), 2.74 (t, J = 5.8 Hz, 4H), 4.07 (t, J = 7.4 Hz, 4H), 6.16 (d, J = 

14.3 Hz, 2H), 7.12 (d, J = 8.8 Hz, 2H), 7.20 (t, J = 7.6 Hz, 2H), 7.24-7.49 (m, 12H), 

8.01 (d, J = 14.3 Hz, 2H); 
13

C NMR (100 MHz, CD3OD): δ 11.6, 21.8, 22.4, 25.2, 28.5, 

46.4, 50.4, 101.1, 112.1, 115.8, 123.1, 123.3, 126.2, 126.3, 128.7, 129.7, 130.7, 135.3, 

142.5, 143.3, 143.7, 159.0, 173.9, 182.7; ; HRMS (ESI
+
): Calcd for [M+H]

+
, 

1163.6004; Found, 1163.5995. 

 

Synthesis of compound 21: Synthetic procedure was the same as for 18. Purification of 

the reaction mixture was carried out by preparative HPLC (gradient, A/B = 60/40 to 

0/100, 30 min) to afford 21 as a green solid (20 mg, 46%). 
1
H NMR (300 MHz, 

DMSO-d6): δ 1.31 (s, 12H), 1.69 (br s, 8H), 1.93 (br s, 2H), 2.43-4.37 (m, 37H), 6.22 (d, 

J = 14.3 Hz, 2H), 7.11-7.25 (m, 6H), 7.32-7.49 (m, 10H), 7.82 (d, J = 14.3 Hz, 2H), 

7.45 (d, J = 7.5 Hz, 4H), 9.75 (s, 1H), 9.77 (s, 1H); 
13

C NMR (100 MHz, DMSO-d6): δ 

20.8, 22.5, 23.8, 26.0, 27.3, 27.5, 43.6, 48.6, 50.8, 100.3, 111.4, 114.1, 121.6, 122.3, 

123.4, 124.7, 126.2, 128.5, 129.2, 134.0, 138.1, 140.8, 141.0, 142.1, 156.4, 162.7, 171.5, 

179.6; HRMS (ESI
-
): Calcd for [M−H]

−
, 1349.5297; found, 1349.5247. 

 

General synthetic procedure of dye-Gds: The conjugate of fluorescent dye and DOTA 

was dissolved in 1.0 M HEPES buffer (pH 7.4). GdCl3·6H2O (1.5−2.0 eq.) was added to 

the solution, and the mixture was stirred at room temperature overnight. The reaction 

mixture was purified by preparative HPLC. 

 

BDP-Gd: Orange solid (27 mg, 12%). HRMS (ESI
−
): Calcd for [M−H]

−
, 1044.2696; 

Found, 1044.2738; HPLC analysis: retention time, 14.7 min; purity, 99.7% integrated 
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intensity (eluent: A/B = 80/20 to 0/100, 20 min; flow rate = 1.0 mL/min; detection 

wavelength, 500 nm). 

 

FL-Gd: Yellow solid (9.9 mg, 87%). HRMS (ESI
−
): Calcd for [M−H]

−
, 1052.1772; 

Found, 1052.1819; HPLC analysis: retention time, 9.2 min; purity, 99.9% integrated 

intensity (eluent: A/B = 80/20 to 0/100, 20 min; flow rate = 1.0 mL/min; detection 

wavelength, 450 nm). 

 

Gd(Rhoda-DOTA): Red solid (10.0 mg, 40%). HRMS (ESI
−
): Calcd for [M−H]

−
, 

1162.3343; Found, 1162.3362; HPLC analysis: retention time, 12.2 min; purity, 99.6% 

integrated intensity (eluent: A/B = 80/20 to 0/100, 20 min; flow rate = 1.0 mL/min; 

detection wavelength, 550 nm).  

 

Cy7-Gd: Green solid (7.0 mg, 62%). HRMS (ESI
−
): Calcd for [M+CF3COO

−
]

−
, 

1430.4782; found, 1430.4831; HPLC analysis: retention time, 15.1 min; purity, 99.8% 

integrated intensity (eluent: A/B = 50/50 to 0/100, 20 min; flow rate = 1.0 mL/min; 

detection wavelength, 780 nm). 

 

Compound 1: Green solid (8.9 mg, 46%). HRMS (ESI
−
): Calcd for [M−H]

−
, 

1504.4303; found, 1504.4348; HPLC analysis: retention time, 11.4 min; purity, 99.7% 

integrated intensity (eluent: A/B = 80/20 to 0/100, 20 min; flow rate = 1.0 mL/min; 

detection wavelength, 780 nm). 
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Scheme S4.  Synthesis of indolenium salts. (a) 3-iodopropanoic acid, neat, 95 ºC; (b) 

1-iodopropane, CHCl3, reflux; (c) 5-bromovaleric acid, neat, 100 ºC; (d) iodomethane, 

CHCl3, reflux. 

 

Synthesis of compound 22: Neat 2,3,3-trimethylindolenine (3.22 mL, 20 mmol) and 

3-iodopropanoic acid (4.0 g, 20 mmol) were stirred for 5 h at 95 ºC. The reaction 

mixture was cooled to room temperature, and the product was reprecipitated from 

acetone and diethyl ether to afford 22 as pale yellow plates (5.8 g, 80%). 
1
H NMR (300 

MHz, DMSO-d6): δ 1.53 (s, 6H), 2.87 (s, 3H), 2.98 (t, J = 7.0 Hz, 2H), 4.65 (t, J = 7.0 

Hz, 2H), 7.62 (dd, J = 5.9, 2.9 Hz, 2H), 7.85 (dd, J = 5.9, 2.9 Hz, 1H), 8.00 (dd, J = 5.9, 

2.9 Hz, 2H), 12.75 (br s, 1H); 
13

C NMR (75 MHz, DMSO-d6): δ 14.4, 21.9, 31.1, 43.5, 

54.3, 115.6, 123.5, 128.9, 129.3, 140.8, 141.7, 171.6, 197.9; HRMS (ESI
+
): Calcd for 

[M−I]
+
, 232.1338; found, 232.1374. 

 

Synthesis of compound 23: 2,3,3-Trimethylindolenine (3.22 mL, 20 mmol) and 

1-iodopropane (1.94 mL, 20 mmol) were dissolved in 6 mL of CHCl3, and the mixture 

was heated to reflux in the dark under an argon atmosphere. The reaction mixture was 

stirred overnight, then cooled to room temperature, and the solvent was removed by 

evaporation. The residue was reprecipitated from acetone and diethyl ether to afford 23 

as pale yellow needles (4.8 g, 73%). 
1
H NMR (300 MHz, DMSO-d6): δ 1.00 (t, J = 7.3 

Hz, 3H), 1.55 (s, 6H), 1.89 (sex, J = 7.3 Hz, 2H), 2.87 (s, 3H), 4.46 (t, J = 7.3 Hz, 2H), 

7.62-7.65 (m, 2H), 7.85-7.87 (m, 1H), 7.99-8.03 (m, 1H); 
13

C NMR (75 MHz, 

DMSO-d6): δ 10.7, 14.0, 20.7, 22.0, 48.8, 54.1, 115.5, 123.5, 128.9, 129.4, 141.0, 141.8, 

196.5; HRMS (ESI
+
): Calcd for [2M+I]

+
, 531.2236; found, 531.2221. 
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Synthesis of compound 24: Neat 2,3,3-trimethylindolenine (3.22 mL, 20 mmol) and 

3-iodovaleric acid (3.6 g, 20 mmol) were stirred overnight at 100 ºC. The reaction 

mixture was cooled to room temperature, and the product was recrystallized from 

CH3CN to afford 24 as a pale red solid (2.1 g, 31%). 
1
H NMR (300 MHz, DMSO-d6): δ 

1.54 (s, 6H), 1.65 (quin, J = 7.3 Hz, 2H), 1.86 (quin, J = 7.3 Hz, 2H), 2.31 (t, J = 7.3 Hz, 

2H), 2.85 (s, 3H), 4.49 (t, J = 7.3 Hz, 2H), 7.60-7.66 (m, 2H), 7.82-7.89 (m, 1H), 

7.97-8.02 (m, 1H); 
13

C NMR (75 MHz, DMSO-d6): δ 14.0, 21.4, 22.0, 26.6, 33.0, 47.2, 

54.1, 115.4, 123.5, 128.9, 129.4, 141.1, 141.9, 174.0, 196.6; HRMS (ESI
+
): Calcd for 

[M−I]
+
, 260.1651; found, 260.1634. 

 

Synthesis of compound 25: 2,3,3-Trimethylindolenine (3.22 mL, 20 mmol) and 

iodomethane (1.25 mL, 20 mmol) were dissolved in 6 mL of CHCl3, and the mixture 

was heated to reflux in the dark under an argon atmosphere. The reaction mixture was 

stirred for 4 h, then cooled to room temperature, and the solvent was removed by 

evaporation. The residue was washed with acetone to afford 25 as a pale red solid (4.1 g, 

69%). 
1
H NMR (300 MHz, DMSO-d6): δ 1.54 (s, 6H), 2.78 (s, 3H), 3.98 (s, 3H), 

7.59-7.66 (m, 2H), 7.82-7.85 (m, 1H), 7.90-7.93 (m, 1H); 
13

C NMR (75 MHz, 

DMSO-d6): δ 14.1, 21.6, 34.7, 53.9, 115.1, 123.2, 128.7, 129.2, 141.5, 142.0, 195.9; 

HRMS (ESI
+
): Calcd for [2M+I]

+
, 475.1610; found, 475.1590. 
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Scheme S5.  Synthesis of Cy7-DO3A conjugates. (a) (1) 22 or 24, AcOH, Ac2O, reflux, 

(2) 23 or 25, AcOK, Ac2O, r.t.; (b) (1) DCC, NHS, DMF, r.t., (2) 

2-aminoethyl-mono-amide-DOTA-tris(t-Bu ester), r.t.; (c) 23 or 25, AcOK, Ac2O, r.t.; 

(d) 2-aminoethyl-mono-amide-DOTA-tris(t-Bu ester), DCC, HOBt, DIEA, DMF, r.t.; 

(e) TFA, r.t.; (f) GdCl3, 1.0 M HEPES buffer (pH 7.4), r.t. 
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Synthesis of compound 26: Glutaconaldehyde dianil monohydrochloride (1.79 g, 6.3 

mmol) was dissolved in 20 mL of AcOH and 20 mL of Ac2O. Compound 22 (2.2 g, 6 

mmol) was added to the mixture, and whole was heated to reflux under an argon 

atmosphere. The reaction mixture was stirred for 30 min, then cooled to room 

temperature, and the solvent was removed by evaporation. The residue was dissolved in 

25 mL of Ac2O, and 23 (2.17 g, 6.6 mmol) and potassium acetate (2.0 g, 20 mmol) were 

added. The mixture was stirred overnight at room temperature. The solvent was 

removed by evaporation, and the residue was purified by column chromatography (NH 

silica, gradient, CH2Cl2 to CH2Cl2/MeOH, 19:1) and preparative HPLC (gradient, A/B, 

50/50 to 0/100, 30 min) to afford 26 as a red solid (943 mg, 32%). 
1
H NMR (400 MHz, 

DMSO-d6): δ 0.95 (t, J = 7.3 Hz, 3H), 1.61 (s, 6H), 1.63 (s, 6H), 1.73 (sex, J = 7.3 Hz, 

2H), 2.67 (t, J = 7.3 Hz, 2H), 4.08 (t, J = 7.3 Hz, 2H), 4.24 (t, J = 7.3 Hz, 2H), 6.30 (d, J 

= 13.7 Hz, 1H), 6.47 (d, J = 13.2 Hz, 1H), 6.51 (t, J = 13.2 Hz, 1H), 6.56 (t, J = 13.2 Hz, 

1H), 7.17 (t, J = 7.3 Hz, 1H), 7.26 (t, J = 7.3 Hz, 1H), 7.31 (d, J = 7.3, 1H), 7.35 (t, J = 

7.3 Hz, 1H), 7.40 (t, J = 7.3 Hz, 1H), 7.44 (d, J = 7.3, 1H), 7.53 (d, J = 7.3, 1H), 7.60 (d, 

J = 7.3, 1H), 7.75 (t, J = 13.2 Hz, 1H), 7.82 (t, J = 13.2 Hz, 1H), 7.92 (t, J = 13.2 Hz, 

1H), 12.54 (br s, 1H); 
13

C NMR (100 MHz, DMSO): δ 11.0, 20.6, 27.1, 27.3, 31.4, 45.0, 

48.3, 49.0, 103.1, 104.7, 104.8, 110.6, 111.5, 122.3, 122.5, 124.1, 125.1, 125.4, 125.6, 

128.3, 128.5, 140.6, 141.3, 142.0, 142.1, 150.3, 152.1, 170.0, 172.0, 172.6; HRMS 

(ESI
+
): Calcd for [M+H]

+
, 495.3012; Found, 495.3016 . 

 

Synthesis of compound 27: Glutaconaldehyde dianil monohydrochloride (900 mg, 3.2 

mmol) was dissolved in 10 mL of AcOH and 10 mL of Ac2O. Compound 24 (1.2 g, 3.0 

mmol) was added to the mixture, and the whole was heated to reflux under an argon 

atmosphere. The reaction mixture was stirred for 30 min, then cooled to room 

temperature, and the solvent was removed by evaporation. The residue was dissolved in 

15 mL of Ac2O, and 25 (900 mg, 3.0 mmol) and potassium acetate (1.2 g, 12 mmol) 

were added. The mixture was stirred overnight at room temperature. The solvent was 

removed by evaporation, and the residue was dissolved in CH2Cl2. This solution was 

washed with water and brine, dried over Na2SO4, filtered through paper filter and 

evaporated. The residue was purified by column chromatography (NH silica, gradient, 

CH2Cl2 to CH2Cl2/MeOH, 4:1) and preparative HPLC (gradient, A/B, 50/50 to 0/100, 

30 min) to afford 27 as a red solid (231 mg, 16%). 
1
H NMR (300 MHz, CD3OD): δ 1.69 
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(s, 12H), 1.71-1.90 (m, 4H), 2.40 (t, J = 7.0 Hz, 2H), 3.60 (s, 3H), 4.09 (t, J = 7.0 Hz, 

2H), 6.27 (d, J = 13.9 Hz, 1H), 6.28 (d, J = 13.6 Hz, 1H), 6.55 (t, J = 12.7 Hz, 2H), 

7.20-7.28 (m, 4H), 7.39 (t, J = 7.7 Hz, 1H), 7.40 (t, J = 7.7, 1H), 7.47 (d, J = 7.3 Hz, 

2H), 7.59 (t, J = 12.7 Hz, 1H), 7.92 (t, J = 12.8 Hz, 1H), 7.94 (t, J = 13.2 Hz, 1H); 
13

C 

NMR (100 MHz, CD3OD): δ 9.2, 23.2, 27.8, 27.9, 28.0, 31.4, 34.2, 44.6, 50.2, 104.6, 

111.66, 111.75, 116.4, 119.3, 123.3, 123.4, 125.9, 126.1, 127.0, 129.7, 142.37, 142.40, 

143.7, 144.4, 152.9, 153.1, 157.7, 162.0, 162.4, 172.9, 173.9, 176.9; HRMS (ESI
+
): 

Calcd for [M−CF3COO
−
]
+
, 495.3012; Found, 495.3014. 

 

Synthesis of compound 28: Compound 26 (50 mg, 0.10 mmol), dicyclohexyl 

carbodiimide (DCC, 41 mg, 0.20 mmol), and N-hydroxysuccinimide (23 mg, 0.20 

mmol) were dissolved in 5 mL of DMF, and the mixture was stirred overnight at room 

temperature. 2-Aminoethyl-mono-amide-DOTA-tris(t-Bu ester) (74 mg, 0.12 mmol) 

was added to the mixture, and stirring was continued for 2 days. The solvent was 

removed by evaporation, and the residue was purified by preparative HPLC (gradient, 

A/B = 60/40 to 0/100, 30 min) to afford 28 as a green solid (33 mg, 30%). 
1
H NMR 

(400 MHz, CD3OD): δ 1.05 (t, J = 7.3 Hz, 3H), 1.45 (s, 18H), 1.54 (s, 9H), 1.68 (s, 6H), 

1.71 (s, 6H), 1.86 (sex, J = 7.3 Hz, 2H), 2.67 (t, J = 6.8 Hz, 2H), 2.97-4.20 (m, 26H), 

4.31 (t, J = 6.8 Hz, 2H), 6.22 (d, J = 13.2 Hz, 1H), 6.41 (d, J = 13.2 Hz, 1H), 6.52 (t, J = 

13.2 Hz, 1H), 6.59 (t, J = 12.7 Hz, 1H), 7.19 (t, J = 7.3 Hz, 1H), 7.23 (d, J = 7.8 Hz, 

1H), 7.30 (t, J = 7.3 Hz, 1H), 7.35 (d, J = 7.8 Hz, 1H), 7.36 (t, J = 7.8 Hz, 1H), 7.43 d, J 

= 7.3 Hz, 1H), 7.43 (t, J = 7.3 Hz, 1H), 7.52 (d, J = 7.8 Hz, 1H), 7.60 (t, J = 12.7 Hz, 

1H), 7.88 (t, J = 13.2 Hz, 1H), 8.00 (t, J = 13.2 Hz, 1H); 
13

C NMR (100 MHz, DMSO): 

δ 11.5, 22.0, 27.9, 28.2, 28.5, 34.6, 39.8, 40.3, 41.3, 46.6, 49.7, 49.8, 50.8, 52.9, 54.9, 

56.1, 83.1, 85.9, 103.8, 106.1, 111.3, 112.5, 123.3, 123.5, 125.4, 126.8, 127.0, 127.4, 

129.6, 129.9, 142.0, 142.8, 143.5, 143.6, 151.7, 154.3, 157.8, 166.7, 171.3, 172.2, 172.4, 

172.7, 175.0; HRMS (ESI
+
): Calcd for [M−CF3COO

−
]

+
, 1091.7273; found, 1091.7292. 

 

Synthesis of compound 29: Synthetic procedure was the same as for 28. Compound 29 

was obtained as a green solid (60 mg, 55 %). 
1
H NMR (400 MHz, CD3OD): δ 1.44 (s, 

18H), 1.52 (s, 9H), 1.677 (s, 6H), 1.682 (s, 6H), 1.71-1.83 (m, 4H), 2.29 (t, J = 6.8 Hz, 

2H), 2.94-4.18 (m, 28H), 6.24 (d, J = 14.4 Hz, 1H), 6.28 (d, J = 14.4 Hz, 1H), 6.54 (t, J 

= 12.4 Hz, 1H), 6.55 (t, J = 12.4 Hz, 1H), 7.20-7.29 (m, 4H), 7.38 (t, J = 7.6 Hz, 1H), 
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7.40 (t, J = 7.6 Hz, 1H), 7.46 (t, J = 6.6 Hz, 2H), 7.58 (t, J = 12.4 Hz, 1H), 7.91 (t, J = 

14.4 Hz, 1H), 7.94 (t, J = 14.4 Hz, 1H); 
13

C NMR (100 MHz, CD3OD): δ 24.0, 27.8, 

28.0, 28.1, 28.5, 31.5, 36.5, 39.6, 40.4, 44.5, 50.1, 50.3, 53.0, 54.9, 56.2, 82.9, 85.9, 

104.1, 105.1, 111.6, 111.8, 123.3, 123.4, 125.8, 126.2, 126.9, 127.0, 129.7, 129.8, 

142.35, 142.41, 143.8, 144.3, 152.6, 153.3, 157.7, 166.7, 172.2, 172.6, 174.3, 175.8; 

HRMS (ESI
+
): Calcd for [M−CF3COO

−
]

+
, 1091.7273; Found, 1091.7263. 

 

Synthesis of compound 30: Compound 22 (1.44 g, 4.0 mmol), glutaconaldehyde dianil 

monohydrochloride (570 mg, 2.0 mmol) and potassium acetate (785 mg, 8.0 mmol) 

were dissolved in 40 mL of Ac2O, and the mixture was stirred under an argon 

atmosphere overnight. The solvent was removed by evaporation, and the residue was 

purified by column chromatography (Silica gel, gradient, CH2Cl2 to CH2Cl2/MeOH, 

1:1) and preparative HPLC (gradient, A/B, 60/40 to 0/100, 30 min) to afford 30 as a 

green solid (346 mg, 33%). 
1
H NMR (300 MHz, CD3OD): δ 1.60 (s, 12H), 2.79 (t, J = 

7.0 Hz, 4H), 4.37 (t, J = 7.0 Hz, 4H), 6.34 (d, J = 13.2 Hz, 2H), 6.58 (t, J = 13.7 Hz, 

2H), 7.24 (t, J = 7.5 Hz, 2H), 7.31 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.3, 2H), 7.47 (d, J = 

7.3 Hz, 2H), 7.61 (t, J = 12.7 Hz, 1H), 7.95 (t, J = 13.2 Hz, 2H); 
13

C NMR (100 MHz, 

CD3OD): δ 29.0, 32.6, 40.9, 50.3, 105.1, 111.9, 123.4, 126.1, 127.5, 129.7, 142.4, 143.3, 

153.3, 158.1, 173.3, 173.9; HRMS (ESI
+
): Calcd for [M−CF3COO

−
]
+
, 525.2753; Found, 

525.2786. 

 

Synthesis of compound 31: Compound 24 (1.21 g, 3.0 mmol), glutaconaldehyde dianil 

monohydrochloride (427 mg, 1.5 mmol) and potassium acetate (589 mg, 6.0 mmol) 

were dissolved in 30 mL of Ac2O, and the mixture was stirred under an argon 

atmosphere overnight. The solvent was removed by evaporation, and the residue was 

purified by column chromatography (Silica gel, gradient, CH2Cl2 to CH2Cl2/MeOH, 

1:1) and preparative HPLC (gradient, A/B, 50/50 to 0/100, 30 min) to afford 31 as a 

green solid (955 mg, >99%). 
1
H NMR (300 MHz, CD3OD): δ 1.69 (s, 12H), 1.71-1.90 

(m, 8H), 2.39 (t, J = 7.0 Hz, 4H), 4.10 (t, J = 7.0 Hz, 4H), 6.29 (d, J = 13.6 Hz, 2H), 

6.56 (t, J = 12.7 Hz, 2H), 7.24 (t, J = 7.5 Hz, 2H), 7.27 (d, J = 7.5 Hz, 2H), 7.39 (t, J = 

7.5 Hz, 2H), 7.47 (d, J = 7.5 Hz, 2H), 7.60 (t, J = 12.1 Hz, 1H), 7.93 (t, J = 13.0 Hz, 

2H); 
13

C NMR (100 MHz, CD3OD): δ 23.2, 27.8, 28.0, 34.2, 44.6, 50.3, 111.8, 123.4, 

126.0, 127.1, 129.8, 142.4, 143.7, 153.1, 157.9, 162.5, 173.2, 176.9; HRMS (ESI
+
): 
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Calcd for [M−CF3COO
−
]
+
, 581.3379; found, 581.3378. 

 

Synthesis of compound 32: Compound 30 (52.5 mg, 0.10 mmol), DCC (31 mg, 0.15 

mmol), HOBt·H2O (15 mg, 0.10 mmol), 2-aminoethyl-mono-amide-DOTA-tris(t-Bu 

ester) (74 mg, 0.12 mmol), and DIEA (35 µL, 0.20 mmol) were dissolved in 5 mL of 

DMF, and the mixture was stirred overnight at room temperature. The reaction mixture 

was purified by preparative HPLC (gradient, A/B, 50/50 to 0/100, 30 min) to afford 27 

as a green solid (23 mg, 20%). 
1
H NMR (400 MHz, CD3OD): δ 1.45 (s, 18H), 1.54 (s, 

9H), 1.69 (s, 6H), 1.69 (s, 6H), 2.68 (t, J = 6.8 Hz, 2H), 2.80 (t, J = 7.3 Hz, 2H), 

2.92-4.20 (m, 28H), 4.35 (t, J = 6.8 Hz, 2H), 4.39 (t, J = 7.3 Hz, 2H), 6.31 (d, J = 13.7 

Hz, 1H), 6.37 (d, J = 13.2 Hz, 1H), 6.56 (t, J = 12.4 Hz, 1H), 6.58 (t, J = 12.4 Hz, 1H), 

7.22-7.29 (m, 3H), 7.32-7.49 (m, 5H), 7.62 (t, J = 12.4 Hz, 1H), 7.94 (t, J = 12.7 Hz, 

1H), 7.97 (t, J = 12.7 Hz, 1H); 
13

C NMR (100 MHz, CD3OD): δ 28.0, 28.1, 28.5, 32.7, 

34.6, 39.8, 40.3, 41.0, 41.6, 50.29, 50.33, 52.9, 54.9, 56.0, 83.3, 85.6, 104.8, 111.90, 

111.94, 123.4, 126.08, 126.12, 127.4, 129.7, 142.4, 143.30, 143.35, 153.1, 153.2, 157.9, 

172.47, 172.52, 173.2, 173.4, 173.9; HRMS (ESI
+
): Calcd for [M]

+
, 1121.7015; found, 

1121.6976. 

 

Synthesis of compound 33: Synthetic procedure was the same as for 32. Compound 33 

was obtained as a green solid (47 mg, 40%). 
1
H NMR (400 MHz, CD3OD): δ 1.45 (s, 

18H), 1.53 (s, 9H), 1.69 (s, 6H), 1.70 (s, 6H), 1.72-1.84 (m, 8H), 2.29 (t, J = 7.1 Hz, 

2H), 2.39 (t, J = 7.1 Hz, 2H), 2.88-4.25 (m, 28H), 4.06-4.14 (m, 4H), 6.25 (d, J = 13.6 

Hz, 1H), 6.32 (d, J = 13.2 Hz, 1H), 6.51-6.60 (m, 2H), 7.21-7.31 (m, 4H), 7.36-7.49 (m, 

4H), 7.60 (t, J = 12.9 Hz, 1H), 7.92 (t, J = 13.2 Hz, 1H), 7.96 (t, J = 13.2 Hz, 1H); 
13

C 

NMR (100 MHz, DMSO-d6): δ 21.7, 22.3, 26.5, 26.6, 27.2, 27.7, 31.3, 33.3, 34.8, 37.8, 

43.2, 47.7, 48.2, 48.6, 48.7, 50.9, 53.1, 54.4, 54.6, 81.2, 83.5, 110.9, 111.1, 112.2, 115.1, 

118.1, 122.5, 124.6, 124.7, 128.5, 141.0, 141.0, 142.17, 142.20, 169.7, 169.74, 169.85, 

171.5, 172.1, 174.3; HRMS (ESI
+
): Calcd for [M−CF3COO

−
]

+
, 1177.7641; found, 

1177.7591. 

 

General synthetic procedure of Cy7-DO3A: TFA (2 mL) was added to the conjugate 

of Cy7 dye and DO3A t-Bu ester (18-57 µmol), and the mixture was stirred for 2 h at 

room temperature. TFA was removed by evaporation, and the residue was purified by 
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preparative HPLC. 

 

Compound 34: Blue solid (14 mg, 55%). 
1
H NMR (400 MHz, CD3OD): δ 1.05 (t, J = 

7.3 Hz, 3H), 1.68 (s, 6H), 1.70 (s, 6H), 1.86 (sex, J = 7.3 Hz, 2H), 2.69 (t, J = 6.8 Hz, 

2H), 3.18-4.12 (m, 30H), 4.32 (t, J = 7.3 Hz, 2H), 6.27 (d, J = 13.7 Hz, 1H), 6.37 (d, J = 

13.7 Hz, 1H), 6.55 (t, J = 13.7 Hz, 1H), 6.58 (t, J = 13.7 Hz, 1H), 7.19 (t, J = 7.6 Hz, 

1H), 7.25-7.44 (m, 6H), 7.51 (d, J = 7.6 Hz, 1H), 7.59 (t, J = 12.9 Hz, 1H), 7.89 (t, J = 

12.9 Hz, 1H), 7.98 (t, J = 12.9 Hz, 1H); 
13

C NMR (100 MHz, CD3OD): δ 11.5, 22.0, 

27.9, 28.1, 34.6, 39.9, 40.2, 41.4, 46.5, 49.9, 50.6, 51.2, 51.7, 54.8, 55.6, 111.5, 112.4, 

123.3, 123.4, 125.5, 126.5, 127.0, 127.2, 129.6, 129.8, 142.1, 142.7, 143.6, 152.0, 152.1, 

153.9, 154.0, 157.7, 171.9, 172.9, 174.5; HRMS (ESI
+
): Calcd for [M−CF3COO

−
]

+
, 

923.5395; found, 923.5421.  

 

Compound 35: Blue solid (13 mg, 78%). 
1
H NMR (400 MHz, CD3OD): δ 1.68 (s, 6H), 

1.69 (s, 6H), 2.72 (t, J = 6.8 Hz, 2H), 2.78 (t, J = 6.8 Hz, 2H), 3.24-3.88 (m, 28H), 

4.34-4.39 (m, 2H), 6.31 (d, J = 13.7 Hz, 1H), 6.37 (d, J = 13.7 Hz, 1H), 6.56 (t, J = 12.4 

Hz, 1H), 6.57 (t, J = 12.4 Hz, 1H), 7.21-7.47 (m, 8H), 7.60 (t, J = 12.4 Hz, 1H), 

7.90-7.98 (m, 2H); 
13

C NMR (100 MHz, CD3OD): δ 28.0, 32.6, 34.7, 39.9, 40.2, 40.9, 

41.6, 50.2, 50.4, 51.8, 54.5, 55.7, 104.9, 111.6, 111.8, 123.4, 126.0, 126.2, 127.4, 129.7, 

142.3, 142.4, 143.3, 153.0, 153.4, 158.0, 172.7, 172.9, 173.5, 174.0; HRMS (ESI
+
): 

Calcd for [M−CF3COO
−
]
+
, 953.5137; found, 923.5132. 

 

Compound 36: Blue solid (36 mg, 73%). 
1
H NMR (300 MHz, CD3OD): δ 1.69 (s, 

12H), 1.69-1.86 (m, 4H), 2.30 (t, J = 6.6 Hz, 2H), 3.45-4.05 (m, 28H), 3.61 (s, 3H), 

4.07 (t, J = 6.6 Hz, 2H), 6.25 (d, J = 13.6 Hz, 1H), 6.28 (d, J = 13.6 Hz, 1H), 6.54 (t, J = 

12.7 Hz, 1H), 6.55 (t, J = 12.7 Hz, 1H), 7.20-7.29 (m, 4H), 7.36-7.49 (m, 4H), 7.59 (t, J 

= 12.7 Hz, 1H), 7.87-7.99 (m, 2H); 
13

C NMR (100 MHz, (CD3OD): δ 24.0, 27.8, 27.99, 

28.03, 31.5, 36.4, 39.7, 40.4, 44.6, 50.2, 50.3, 51.3, 54.8, 55.6, 104.3, 111.7, 123.3, 

123.4, 125.9, 126.2, 126.90, 129.7, 142.4, 143.8, 144.3, 152.7, 153.2, 157.6, 172.8, 

174.1, 176.0; HRMS (ESI
+
): Calcd for [M−CF3COO

−
]

+
, 923.5395; found, 923.5406. 

 

Compound 37: Blue solid (20 mg, 89%). 
1
H NMR (400 MHz, CD3OD): δ 1.68 (s, 

12H), 1.71-1.84 (m, 8H), 2.32 (t, J = 6.8 Hz, 2H), 2.39 (t, J = 7.1 Hz, 2H), 3.23-3.89 (m, 
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28H), 4.06-4.12 (m, 4H), 6.27 (d, J = 13.2 Hz, 1H), 6.29 (d, J = 12.7 Hz, 1H), 6.51-6.58 

(m, 2H), 7.21-7.29 (m, 4H), 7.36-7.48 (m, 4H), 7.58 (t, J = 12.7 Hz, 1H), 7.90-7.96 (m, 

2H); 
13

C NMR (100 MHz, CD3OD): δ 23.2, 24.0, 27.8, 27.98, 28.01, 34.3, 36.4, 39.6, 

40.3, 44.6, 44.7, 50.28, 50.33, 51.3, 54.6, 55.3, 55.6, 104.8, 111.9, 123.4, 126.0, 126.1, 

127.0, 129.8, 142.5, 143.7, 152.9, 153.1, 157.8, 173.1, 173.3, 176.0, 176.9; HRMS 

(ESI
+
): Calcd for [M−CF3COO

−
]

+
, 1009.5763; found, 1009.5742. 

 

Synthesis of Cy7-Gd derivatives: Synthetic procedure was the same as for dye-Gds.  

 

Compound 2: Blue solid (8.7 mg, 54%). HRMS (ESI
+
): Calcd for [M−CF3COO

−
]

+
, 

1078.4401; found, 1078.4356; HPLC analysis: retention time, 12.7 min (eluent: A/B = 

50/50 to 0/100, 20 min; flow rate = 1.0 mL/min; detection wavelength, 750 nm). 

 

Compound 3: Blue solid (9.4 mg, 62%). HRMS (ESI
+
): Calcd for [M−CF3COO

−
]

+
, 

1108.4143; found, 1108.4110; HPLC analysis: retention time, 11.3 min (eluent: A/B = 

50/50 to 0/100, 20 min; flow rate = 1.0 mL/min; detection wavelength, 750 nm). 

 

Compound 4: Blue solid (26 mg, 63%). HRMS (ESI
+
): Calcd for [M−CF3COO

−
]

+
, 

1078.4401; found, 1078.4376; HPLC analysis: retention time, 12.5 min (eluent: A/B = 

50/50 to 0/100, 20 min; flow rate = 1.0 mL/min; detection wavelength, 750 nm). 

 

Compound 5: Blue solid (16 mg, 72%). HRMS (ESI
+
): Calcd for [M−CF3COO

−
]

+
, 

1164.4769; found, 1164.4720; HPLC analysis: retention time, 12.3 min (eluent: A/B = 

50/50 to 0/100, 20 min; flow rate = 1.0 mL/min; detection wavelength, 750 nm). 
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Scheme S6.  Synthesis of compound 6. (a) DIEA, DMF, r.t.; (b) TFA, CH2Cl2, r.t.; (c) 

13, DIEA, DMF, r.t.; (d) GdCl3, 1.0 M HEPES buffer (pH 7.4), r.t. 

 

Synthesis of compound 38: O-(2-Aminoethyl)-O′-[2-(Boc-amino)ethyl]decaethylene 

glycol (Aldrich, 161 mg, 0.25 mmol) and DIEA (435 µL, 2.5 mmol) were dissolved in 2 

mL of DMF. A solution of p-SCN-Bn-DOTA (Macrocyclics, 154 mg, 0.28 mmol) in 2.5 

mL of DMF was added, and the mixture was stirred for 2 days at room temperature. The 

solvent was removed by evaporation, and the residue was purified by preparative HPLC 

(gradient, A/B, 99/1 to 0/100, 30 min) to afford 38 as a colorless solid (281 mg, 94%). 

1
H NMR (400 MHz, CDCl3): δ 1.44 (s, 9H), 2.01-4.66 (m, 73H), 7.22-7.31 (m, 4H); 

13
C 

NMR (100 MHz, CDCl3): δ 28.8, 32.7, 41.3, 45.4, 49.6, 49.9, 50.2, 51.3, 52.8, 53.8, 

55.0, 55.8, 57.1, 67.9, 70.3, 70.7, 70.95, 71.02, 71.1, 71.2, 71.3, 71.5, 80.1, 125.7, 130.8, 
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134.7, 139.4, 158.4, 169.0, 182.7; HRMS (ESI
+
): Calcd for [M+H]

+
, 1196.6224; found, 

1196.6234. 

 

Synthesis of compound 39: Compound 38 was dissolved in 8 mL of CH2Cl2, and 5 mL 

of TFA was added to the solution. The mixture was stirred for 2 h at room temperature. 

The solvent was removed by evaporation, and the residue was purified by preparative 

HPLC (gradient, A/B, 99/1 to 0/100, 30 min) to afford 39 as a colorless solid (227 mg, 

89%). 
1
H NMR (400 MHz, CD3OD): δ 2.04-4.96 (m, 73H), 7.30 (d, J = 8.3 Hz, 2H), 

7.41 (d, J = 8.3 Hz, 2H); 
13

C NMR (100 MHz, CD3OD): δ 32.7, 40.6, 45.3, 50.0, 51.2, 

52.8, 53.7, 54.8, 55.6, 57.1, 57.5, 67.9, 70.3, 70.7, 70.9, 71.1, 71.16, 71.23, 71.29, 71.33, 

71.42, 71.43, 125.7, 130.8, 134.7, 182.7; HRMS (ESI
+
): Calcd for [M−CF3COO

−
]

+
, 

1096.5699; found, 1096.5696. 

 

Synthesis of compound 40: Compound 13 (69 mg, 105 µmol) and DIEA (174 µL, 1.00 

mmol) were dissolved in 4 mL of DMF. A solution of compound 39 (110 mg, 100 µmol) 

in 4 mL of DMF was added, and the mixture was stirred overnight at room temperature. 

The solvent was removed by evaporation, and the residue was purified by preparative 

HPLC (gradient, A/B, 60/40 to 0/100, 30 min) to afford 40 as a green solid (53.8 mg, 

31%). 
1
H NMR (300 MHz, CDCl3): δ 0.92 (t, J = 7.5 Hz, 6H), 1.30 (s, 12H), 1.74 (sex, 

J = 7.5 Hz, 4H), 1.95 (s, 2H), 2.51-4.19 (m, 6H), 6.07 (d, J = 13.9 Hz, 2H), 7.03 (d, J = 

9.2 Hz, 2H), 7.12 (t, J = 7.5 Hz, 2H), 7.18 (t, J = 7.7 Hz, 4H), 7.26-7.35 (m, 8H), 7.91 

(d, J = 13.9 Hz, 4H); 
13

C NMR (100 MHz, DMSO): δ 11.1, 20.4, 23.7, 27.4, 43.5, 44.9, 

48.6, 68.6, 69.6, 69.8, 100.3, 111.3, 114.2, 115.2, 118.1, 121.5, 122.4, 124.8, 128.5, 

129.3, 140.8, 141.0, 142.2, 157.9, 158.3, 162.8, 164.0, 171.7, 181.0; HRMS (ESI
+
): 

Calcd for [M−CF3COO
−
]
+
, 1749.9139; found, 1749.9185. 

 

Synthesis of 6: Synthetic procedure was the same as for Cy7-Gd derivatives. 

Compound 6 was obtained as a green solid (17 mg, 86%). HRMS (ESI
-
): Calcd for 

[M+H]
+
, 1904.8145; found, 1904.8111; HPLC analysis: retention time, 15.6 min; purity, 

99.7% integrated intensity (eluent: A/B = 50/50 to 0/100, 20 min; flow rate = 1.0 

mL/min; detection wavelength, 780 nm). 

 

Synthesis of R8-Gd: See reference S2.
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d)  Cy7-Gd                 Mitotracker® green     Merged image
 c)  Cy7-Gd                 Dextran-Alexa488       Merged image
 b)  Gd(Rhoda-DOTA)       Dextran-Alexa488       Merged image
 a)  BDP-Gd                BODIPY® TR ceramide  Merged image
S20 

ure S1.  Confocal fluorescence microscopic images of HeLa cells incubated with 

-Gds and organelle-specific probes. Left, center and right panels show dye-Gds, 

anelle-specific probes and merged images, respectively. 
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Figure S2.  Fluorescence microscopic images of NIH/3T3 cells and SHIN3 cells 

incubated with BDP-Gd or Cy7-Gd (10 µM). The left and right panels show the 

differential interference contrast (DIC) and the fluorescence micrographs of cells, 

respectively.  

 

a) NIH/3T3 cells with BDP-Gd b) NIH/3T3 cells with Cy7-Gd 

c) SHIN3 cells with BDP-Gd d) SHIN3 cells with Cy7-Gd 
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Compound 6            Mitotracker® green     Merged image
S22 

e S3.  Confocal fluorescence microscopic images of HeLa cells incubated with 6 

itotracker® green. Left, center and right panels show 6, Mitotracker® green and 

erged image, respectively. 
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ABSTRACT: Functionalized multiwalled carbon nanotubes (f-MWNTs)
are of great interest and designed as a novel gene delivery system. In this
paper, we presented synthesis of polyamidoamine-functionalized multi-
walled carbon nanotubes (PAA-g-MWNTs) and their application as a
novel gene delivery system. The PAA-g-MWNTs, obtained from amide
formation between PAA and chemically oxidized MWNTs, were stable in
aqueous solution and much less toxic to cells than PAA and PEI 25KDa.
More importantly, PAA-g-MWNTs showed comparable or even higher
transfection efficiency than PAA and PEI at optimal w/w ratio.
Intracellular trafficking of Cy3-labeled pGL-3 indicated that a large
number of Cy3-labeled pGL-3 were attached to nucleus membrane, the majority of which was localized in nucleus after
incubation with cells for 24 h. We have demonstrated that PAA modification of MWNTs facilitate higher DNA uptake and gene
expression in vitro. All these facts suggest potential application of PAA-g-MWNTs as a novel gene vector with high transfection
efficiency and low cytotoxicity.

■ INTRODUCTION

Since application of viral vectors was restricted by their
drawbacks such as high immunogenicity, high toxicity, low gene
loading rate, and so on, researchers in this field have developed
many types of nonviral gene vectors.1−4 Recently, multiwalled
carbon nanotubes (MWNTs) have been explored as an efficient
novel gene delivery system due to their unique structure and
properties. However, the as-prepared carbon nanotubes are
water-insoluble, chemical modification of MWNTs is desired
for their application in gene delivery.5−12

Dendrimer-grafted MWNTs have been developed as gene
delivery vectors.13−15 Dendrimers containing large numbers of
surface primary amine groups can effectively improve water
solubility of MWNTs; meanwhile, the surface primary amines
can condense DNA via electrostatic interaction and then
deliver foreign DNA into cells. Yao group16,17 designed and
synthesized several kinds of dendrimer-functionalized MWNTs,
the obtained PAMAM-MWCNT possessed much lower
cytotoxicity and higher transfection efficiency. However, the
properties of dendrimers are mainly dependent on the number
of their generations and the synthesis is usually complicated.18

Recently, linear polyamidoamine (PAA), which can be easily
synthesized via one-step polyaddition of primary monoamines
or bis(secondary amine) to bisacrylamines, has attracted much
attention from researchers.19 In a previous work, secondary
and tertiary amines were introduced to the side chains
to improve water solubility and transfection efficiency.20

However, polymers with primary amino groups often show
higher stability in saline solution and better transfection
activity.21 To date, there are few reports on PAA with pendant
primary amine groups for gene delivery.22

Herein, we report a novel gene delivery system based on
MWNTs grafted with PAA. In our strategy, PAA with pendant
primary amine groups was synthesized via Michael polyaddition
of N-Boc-protected diamine to N,N-methylenebis(acrylamide).
Next, PAA was conjugated to MWNTs (PAA-g-MWNTs)
through EDC chemistry. The composition, morphology,
surface properties, and cytotoxicity of PAA-g-MWNTs were
characterized by FT-IR spectroscopy, thermogravimetric
analysis (TGA), scanning electron microscopy (SEM), zeta
potential, and WST measurement. Finally, using pGL-3 as a
reporter gene, we investigated the ability of PAA-g-MWNTs to
deliver foreign luciferase gene, including transfection efficiency
and intracellular trafficking.

■ EXPERIMENTAL PROCEDURES
Materials. MWNTs and EDAC were obtained from

domestic suppliers. PAA (Mw = 1.8 × 104) was synthesized as
described previously.22 Branched PEI 25KDa was purchased
from Sigma-Aldrich and used as received. N-Hydroxysuccinimide
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(NHS) was purchased from Alfa Aesar. Dulbecco’s Modified
Eagle’s Medium (DMEM), fetal bovine serum (FBS), 0.25%
Trypsin-EDTA, Opti-MEM, and Hoechst 33258 were purchased
from Gibco BRL (Grand Island, NY). Label IT Cy3 Nucleic
Acid Labeling Kit was obtained from Mirus Bio Corporation.
Luciferase assay system was obtained from Promega Corporation.
COS-7 and HeLa cell lines were purchased from China Center
for Type Culture Collection (CCTCC) (Wuhan University) and
cultured in DMEM supplemented with 10% FBS at 37 °C in a
humidified air atmosphere containing 5% CO2.
Amplification and Purification of Plasmid DNA. pGL-3

was used as the luciferase reporter gene and transformed in
E. coli JM109. pEGFP-N1 was used as the green fluorescent
protein gene and transformed in E. coli DH5R. Both plasmids
were amplified in LB at 37 °C for 12−16 h at 250 rpm, and
purified by QIAfilter plasmid Giga kit according to the
manufacturer’s protocol. The quantity and quality of plasmid
DNA was analyzed by spectrophotometric analysis at 260 and
280 nm and by electrophoresis in 0.7% (w/v) agarose gel. The
purified plasmid was dissolved in TE buffer and stored at −20 °C.
Synthesis and Characterization of PAA-g-MWNTs. Car-

boxylic acid groups were introduced onto MWNTs by acid
treatment following a previous protocol.23 Next, 10 mg of
MWNTs-COOH obtained from the above step was dispersed
into 10 mL of aqueous solution (pH = 6) of EDC (9.6 mg) and
NHS (5.7 mg) via sonication. After sonication for 3 h, 40 mg of
PAA was added to the above solution and changed the solution
pH to 9. The mixture was then sonicated for further 4 h and
stirred at room temperature overnight. Finally, the solution was
dialyzed against distilled water (MWCO = 50 000) to remove
the unreacted PAA. Next, the solution was centrifuged at
12 000 rpm for 30 min, the supernatant was sterile-filtered
(Millipore 220 nm) and stored as a stock solution.
The structure and composition of the purified PAA-g -

MWNTs were characterized by FTIR and TGA. TGA was
performed by scanning from 100 to 800 °C under nitrogen at a
heating rate of 20 °C min−1 by using TG/DTA 6200.
Morphology of the PAA-g-MWNTs/pEGFP-N1 complexes

was characterized by SEM (FEI Quanta 400). The complexes at
optimal w/w ratio of 15 were prepared as described above,
followed by vortexing for 5 s and incubating for 30 min at room
temperature. Afterward, a drop of the solution was deposited
onto a glass slide and stored in a desiccator overnight.
Cytotoxicity Assay. The cytotoxicity of PAA-g-MWNTs

to HeLa and COS-7 cells was evaluated by WST assay, in which
PAA was also tested as a control. HeLa and COS-7 cells were
seeded into 96 well plate at a density of 6000 and 5000 cells/
well in 100 μL complete DMEM. When cells achieved about
50% confluence after incubation for 24 h, 100 μL aliquots of
PAA-g-MWNT solutions in DMEM at different concentrations
were added to a 96 well plate and incubated for another 24 h.
Then, the DMEM was replaced with 100 μL fresh DMEM,
and 10 μL of WST solution was added to each well except
for the background wells and incubated for further 2 h. The
absorbance at 450 nm was measured using a microplate reader
(Perkin-Elmer Victor X4). The percent relative viability in
reference to control wells containing complete DMEM without
the added PAA-g-MWNTs was calculated by the following
equation:

where A is absorbance at 450 nm, A0 represents absorbance of
the solution containing cells and complete DMEM without
WST and PAA-g-MWNTs.
Preparation of PAA-g-MWNTs/DNA Complexes and

Agarose Gel Retardation Assay. PAA-g -MWNTs/DNA
complexes were freshly prepared in 150 mmol L−1 NaCl by
mixing PAA-g-MWNTs with pEGFP-N1 at desired w/w ratios,
followed by vortexing for 5 s and incubation for 30 min at room
temperature.
The complexes for agarose gel retardation assay were

prepared at w/w ratios of 1.5:1, 3:1, 4.5:1, 6:1, 9:1, 12:1, and
15:1 as described above. Gel electrophoresis was carried out in
TAE buffer in 0.7% (w/v) agarose gel at 80 V for 80 min. The
gel was visualized with a Fujifilm LAS-4000 image analyzer.
Zeta Potential Measurement. The zeta potential of

samples was measured with Zetasizer Nano-ZS (Malvern
Instruments) at 25 °C. The PAA-g-MWNTs/pEGFP-N1
complexes at various w/w ratios were freshly prepared as
described above. After incubating for 30 min, the solution was
diluted to 1 mL with pure water for zeta potential measurement.
In Vitro Transfection. In vitro transfection efficiency of

complexes was evaluated on HeLa and COS-7 cells, pGL-3 was
used as the report gene. Branched PEI 25KDa and PAA were
used as a control. HeLa and COS-7 cells were separately seeded
into 24 well plates at an appropriate density (6 × 104 for HeLa
cells, and 5 × 104 for COS-7 cells) with 1 mL of complete
DMEM. When the cells were incubated to 50−60% confluence
in the 24 well plate, the medium was replaced with 400 μL of
Opti MEM, and then, 100 μL aliquots of PAA-g-MWNT/DNA
complexes at various w/w ratios were added to each well. After
incubation for 4 h at 37 °C, the culture media was then
replaced with 1 mL of complete DMEM, and the cells were
incubated for further 48 h. All of the transfections were
performed in duplicate. For luciferase expression, after 48 h of
incubation, the medium was replaced with 200 μL of cell lysis
buffer and freeze−thawed twice. The lysate was centrifuged at
12 000 rpm for 3 min, 20 μL of supernatant was mixed with
100 μL of the luciferase assay substrate (Promega), and light
emission was measured with a Lumat 9507 luminometer
(Berthold Germany) for 10 s. The relative light units (RLU/mg
protein) were normalized against the total protein concen-
tration in the cell extracts, which was determined using a BCA
assay kit (Pierce).
To evaluate the effect of serum on gene delivery, we used

Opti MEM containing 10% FBS for transfection of cells with
PAA-g-MWNTs/DNA complexes. For transfection in the
presence of serum, when the cells achieved 50−60% confluence,
the medium was replaced with fresh Opti MEM containing 10%
FBS, and then, complexes at various w/w ratios were added to
each well. The other procedure was the same as that described
above.
Intracellular Trafficking. pGL-3 was labeled by Label IT

Cy3 Nucleic Acid Labeling Kit according to the manufacturer’s
protocol. Then, PAA-g-MWNTs at optimal w/w ratio (w/w
ratio = 15) was screened through the evaluation by luciferase
expression. PEI 25KDa at optimal w/w ratio (w/w = 1.3) was
used as a control.
COS-7 cells were seeded onto a coverslip in a 24 well plate

at a density of 4 × 104. After incubation for 24 h, the cells
achieved 40−50% confluence, the medium was replaced
with 400 μL of Opti MEM, and then PAA-g-MWNTs with
labeled pGL-3 at w/w ratio of 15 were added to each well. After
incubating for 4 h, the medium was replaced with 1 mL
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complete DMEM. At the end of each incubation period (4 h
and 24 h), the medium was removed, and the coverslip was
taken out and fixed with 4% formalin for 10 min. Then, the
cells were rinsed with PBS twice, and 100 μL of Hoechst 33258
(5 μg/mL) was added onto the coverslip and incubated for
10 min. Finally, the coverslip was washed with PBS and mounted
on a microscopic slide. Intracellular localization of Cy3-labeled
DNA was visualized by Nikon confocal system with excitation at
405 and 543 nm for Hoechst and Cy3, respectively. Image
analysis was used to determine whether Cy3-labeled DNA was
localized inside or over the nucleus, 5−10 of Z-series images at
1 μm interval containing blue fluorescence (nucleus) were
selected. DNA nucleus localization was confirmed by evidence of
the colocalization of blue and red fluorescence.

■ RESULTS
Synthesis and Characterization of PAA-g-MWNTs. PAA

was conjugated to the carboxyl groups on the surface of
MWNTs, which is shown in Scheme 1. After purification, the
obtained PAA-g-MWNTs were then characterized by FT-IR.
For comparison purpose, IR spectra of PAA, MWNTs-COOH,
and PAA-g-MWNTs are shown in Figure S1 (see Supporting
Information). The CONH group formed between PAA and
MWNTs-COOH shows IR bands at about 3400, 1650, and
1535 cm−1, suggesting successful formation of PAA-g-MWNTs
complexes.
The relative amount of PAA grafted onto the surface of

MWNTs was evaluated by thermogravimetric analysis (TGA).
As shown in Figure 1, MWNT-COOH was thermally stable up

to 600 °C, while PAA and PAA-g-MWNTs began to degrade at
about 300 °C. At 500 °C, PAA and PAA-g-MWNTs showed
about 75.4% and 72.2% weight losses, respectively; thus, PAA-
g-MWNTs contained about 95.7% PAA.

Cell Viability Assay. The relative cellular viabilities of
PAA-g-MWNTs and PAA are presented in Figure 2. The

cytotoxicity of PAA-g-MWNTs was found to be concentration
dependent, which meant that the cell viability decreased with
increasing concentration of PAA-g-MWNTs. Figure 2A shows
the cytotoxicity of PAA-g-MWNTs against COS-7 cells; the
viability of COS-7 cells incubated with the solution of PAA was
about 40% at a concentration of 80 μg/mL, while the viability
of COS-7 with PAA-g-MWNTs was about 80% at the same
concentration, suggesting much lower cytotoxicity of PAA-g-
MWNTs than that of PAA. Figure 2B gives the cytotoxicity of
PAA-g-MWNTs against HeLa cells. The viability of HeLa cells
against PAA-g-MWNTs and PAA at a concentration of 80 μg/
mL was about 50% and 20%, respectively. The result is similar
to that observed for COS-7 cells.
Agarose Gel Retardation. Agarose gel retardation assays

were performed to study the condensation ability of PAA-g-
MWCNTs. As shown in Figure 3, DNA was entirely retained in

Scheme 1. Synthesis Route of PAA-Functionlized MWNTs

Figure 1. TGA curves of MWNTs, PAA, and PAA-g-MWNTs.

Figure 2. In vitro cytotoxicity of PAA-g-MWCNTs in COS-7 (A) and
HeLa (B) cells. PAA was used as a control.
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the wells at w/w ratio above 1.5, suggesting high DNA binding
ability at low w/w ratios.
Zeta Potential Measurement. It is well-known that

positive surface charge of polymer/DNA complexes can
facilitate the nonspecific attachment of complex nanoparticles
to the negatively charged cellular membranes and the uptake of
polycation/DNA complexes by cells. The zeta potential of
PAA-g-MWNTs/DNA complexes was measured to assess their
surface charge. As shown in Figure 4, at w/w ratios below 3, the

zeta potential of the complexes is negative, indicating incomplete
complexation. With increase of the w/w ratio, the zeta potential
increased rapidly and reached a plateau of about 35 mV.
In Vitro Transfection. In vitro transfection was conducted

on COS-7 and HeLa cells to evaluate the ability of the PAA-g-
MWNTs to deliver foreign DNA into cells. PAA and branched
PEI 25KDa at the optimal w/w ratio were used as positive
controls, and pGL-3 was used as the report gene.
The transfection results in Figure 5A reveal that PAA-g-

MWNTs showed excellent transfection efficiency in COS-7
cells at w/w ratios from 2 to 30, which is comparable or higher
than that of branched PEI 25KDa. Luciferase expression (RLU/
mg protein) was related to the w/w ratio, with the w/w ratio
increasing, the luciferase expression increased obviously.
Optimized luciferase expression (RLU/mg protein) in COS-7
cells with PAA-g-MWNTs/pGL-3 complexes was a little higher
than that with PEI/pGL-3 complexes. The high transfection

efficiencies of PAA-g-MWNTs should be related to the
combinational factors including low cytotoxicity, strong DNA
binding ability and small particle size.
Similarly, the transfection results (Figure 5B) indicate that

PAA-g-MWNTs still express high transfection efficiencies in
HeLa cells, and the luciferase expression at optimal w/w ratio
was comparable to that of PEI/pGL-3 complexes.
Serum protein can hinder cellular uptake and promote

aggregation, often leading to reduction of the transfection
efficiency. To understand the effect of serum on the DNA
transfection, a transfection experiment was then performed
with COS-7 cells in the presence of 10% FBS. As shown in
Figure 5A, 10% of serum inhibited luciferase expression in
COS-7 cells with each polycation tested in this work including
PEI and PAA-g-MWNTs. The results illustrated that luciferase
expression in COS-7 cells only slightly decreased at low w/w
ratios; specifically, with the w/w ratio increasing, the luciferase
expression could not be effectively prohibited by serum,
indicating that the PAA-g-MWCNTs/DNA complexes were
less serum-sensitive for in vitro transfection. Similar results
were obtained in the case of HeLa cells.
Intracellular Trafficking of Cy3-Labeled pGL-3. Intra-

cellular trafficking of Cy3-labeled pGL-3 was analyzed by
CLSM and the result is shown in Figure 6. The optimal w/w
ratio for PAA-g-MWNTs and PEI 25KDa was determined to be
15 and 1.3, respectively. In order to distinguish the nucleus and

Figure 3. Agarose gel electrophoresis retardation assay of PAA-g-
MWNTs/DNA complexes at various w/w ratios. Lane 1, naked DNA;
lanes 2−8, w/w ratios of 1.5:1, 3:1, 4.5:1, 6:1, 9:1, 12:1, and 15:1,
respectively.

Figure 4. Zeta potentials of PAA-g -MWNT/DNA complexes at w/w
ratios ranging from 0.5 to 30 in 10 mmol L−1 NaCl aqueous solution.

Figure 5. Transfection efficiencies of PAA-g-MWNTs/pGL-3
complexes in COS-7 (A) and HeLa (B) cells. PAA and branched
PEI 25KDa were used as positive control.
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DNA, Hoechst 33258 was used to stain the nucleus, which
appeared to be blue fluorescence; meanwhile, the Cy3-labeled
pGL-3 appeared to be red fluorescence.
As shown in Figure 6, after transfection for 4 h, Cy3-labeled

pGL-3 was clearly visible. For PAA-g-MWNTs and PEI, a large
amount of Cy3-labeled pGL-3 was dispersed in the cytoplasm
and only a few red fluorescence particles were found interacting
with the nucleus membrane. Meanwhile, very little Cy3-labeled
pGL-3 was observed in the nucleus. After 24 h of transfection,
significant differences appeared within each group: most of the
red fluorescence particles were found aggregating in the
nucleus. For PAA-g-MWNTs, lots of red fluorescence particles
around the nucleus were observed, and almost all of the cells in
the field of view showed DNA nucleus localization. Similar
results were observed for PEI: there was no obvious difference
with distribution of Cy3-labeled pGL-3 between PAA-g-
MWNTs and PEI, except that cells transfected by PEI showed
relatively lower fluorescence density in nuclear localization.

■ DISCUSSION

In our experiment, the carboxyl groups on the surface of
MWNTs were first converted to succinimide-terminated
(Scheme 1); after the carboxyl groups were activated, the
cationic PAA was then added to the solution above, thus
leading to the formation of PAA-g-MWNTs. Similar procedures
were also reported previously.24 The obtained aqueous solution
of PAA-g-MWNTs was stable at room temperature without
any precipitation for up to 6 months, as shown in Figure S2
(see Supporting Information); however, the aqueous solution

of MWNTs-COOH precipitated rapidly, usually within a few
hours.
The size and morphology of MWNTs-COOH, PAA-g-

MWNTs, and PAA-g-MWNTs/DNA were characterized by
SEM. Figure 7A,B shows the image of raw MWNTs-COOH
and PAA-g-MWNTs. Obviously, after grafting with PAA, the
morphology of MWNTs did not change significantly. Figure 7C
presents the image of PAA-g-MWNTs/DNA. The SEM analysis
did not reveal significant differences in size among the MWNTs-
COOH, PAA-g-MWNTs, and PAA-g-MWNTs/DNA. A similar
result was also reported by Gao and colleagues.30

Cytotoxicity of carriers is a very important factor in gene
delivery. Previous work25,26 demonstrated that polycations first
combined with cell membrane via electrostatic interaction
between positively charged polycations and negatively charged
sites on the cells, which induced polycations to aggregate on
the cell membrane and lead to cell death. Functionalization of
carbon nanotubes has proven to be very useful for reducing
their cytotoxicity.27−29 Our results indicated that PAA-g-
MWNTs showed no significant cytotoxicity to COS-7 cells at
low concentration. However, with the concentration increasing,
the cytotoxicity increased slowly. The IC50 values of PAA-g-
MWNTs and PAA in COS-7 cells were estimated to be 108 and
66 μg/mL, respectively, much lower than that of PEI (IC50 =
10 μg/mL).22 The IC50 values of PAA-g-MWNTs and PAA to
HeLa cells are 78 and 52 μg/mL, respectively, which is similar
to the case of COS-7 cells. Since PAA contains primary and
tertiary amine groups, PAA-g-MWNTs may behave as a
polycation molecule, and thus cause certain cytotoxicity.
The ability of vectors to condense DNA into small-sized

particles is another important factor in gene delivery. To
facilitate efficient gene expression, cationic polymers should
strongly condense DNA to protect the DNA against digestion
by enzymes, and thus improve transfection efficiency. The
interaction of PAA-g-MWNTs with the pEGFP-N1 plasmid
was investigated by gel retardation assay, zeta potential
measurement, and SEM.
Gel retardation assay was performed to explore whether

PAA-g-MWNTs could effectively bind DNA. The result in
Figure 3 reveals that PAA-g-MWNTs could efficiently condense
DNA, and entirely retain DNA at w/w ratio above 1.5. The zeta
potential reached a plateau of about 35 mV, while the PAA/
DNA complexes reached a plateau of about 20 mV,22 which
was much lower than that of PAA-g-MWNTs/DNA complexes.
PAA-g-MWNTs with high zeta potential would facilitate
electrostatic interaction between cationic PAA-g-MWNTs and
polyanionic DNA.
Transfection efficiency is the most important factor in gene

delivery. In our work, PAA-g-MWNTs could deliver foreign
DNA into COS-7 and HeLa cells, with the transfection

Figure 6. Intracellular trafficking of Cy3-labeled pGL-3 (red) when
combined with PAA-g-MWNTs and PEI 25KDa at optimal w/w ratio.
The localization of fluorescent particles in COS-7 cells was visualized
at 4 and 24 h post-transfection. Nucleus (blue) was stained with
Hoechst 33258.

Figure 7. SEM images of MWNTs-COOH, PAA-g-MWNTs, and PAA-g-MWNTs/DNA.
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efficiencies comparable or even higher than that of PEI 25KDa
at optimal w/w ratio. Many factors are considered to affect
transfection efficiencies, among which w/w ratio is the most
important factor. With increasing of w/w ratio, the transfection
efficiency rosed up steeply, then reached a plateau, and finally
decreased. With the w/w ratio increasing, the cytotoxicity
increased, leading to decrease in the cell viability and
transfection efficiency. In addition, changing the w/w ratios
would also alter the surface charge of PAA-g-MWNTs/DNA
complexes, which could influence the DNA binding ability, and
in turn, the transfection efficiency. Previous work has
demonstrated that complexes with positive charge and small
size are beneficial for cellular uptake and intracellular
trafficking. In our study, PAA-g-MWNTs/DNA complexes
possess high positive charge (35 mV), the average length is
about 300 nm, and the diameter about 30−40 nm.
Cellular uptake and nuclei localization of PAA-g-MWNTs

were studied by delivery of Cy3-labeled pGL-3 to cells. Besides
the extracellular and cellular obstacles which reduced gene
expression, nuclear envelope is recognized as one of the most
important intracellular barriers. CLSM results in Figure 6
indicate that, for PAA-g-MWNTs and PEI, a majority of red
fluorescence particles were attached to nucleus membrane
within 4 h incubation, and some of them had already localized
in the perinuclear region and localized in nucleus after 24 h
incubation. On the basis of the results, intracellular trafficking
and cellular uptake of Cy3-labeled pGL3 displayed that PAA-g-
MWNTs showed superior DNA delivery ability to COS-7
nucleus than others.

■ CONCLUSIONS

In summary, PAA-grafted multiwalled carbon nanotubes were
successfully prepared to deliver foreign DNA to cells. In
comparison to PAA and PEI 25 KDa, PAA-g-MWNTs showed
significantly low cytotoxicity and strong ability to condense
DNA. Transfection efficiency results revealed that PAA-g-
MWNTs possessed comparable or even higher luciferase
expression than PAA and PEI at optimal w/w ratio. Intracellular
trafficking of Cy3-labeled pGL-3 also displayed that PAA-g-
MWNTs showed superior ability to deliver foreign DNA into
cell nucleus. The current study may provide useful insight into
design of novel nanovectors for efficient and nontoxic gene
delivery.
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ABSTRACT: In the design of new cationic lipids for gene
transfection, the chemistry of linkers is widely investigated
from the viewpoint of biodegradation and less from their
contribution to the biophysical properties. We synthesized two
dodecyl lipids with glutamide as the backbone and two lysines
to provide the cationic headgroup. Lipid 1 differs from Lipid 2
by the presence of an amide linkage instead of an ester linkage
that characterizes Lipid 2. The transfection efficiency of
lipoplexes with cholesterol as colipid was found to be very high
with Lipid 1 on Chinese Hamster Ovary (CHO) and HepG2 cell lines, whereas Lipid 2 has shown partial transfection efficiency
on HepG2 cells. Lipid 1 was found to be stable in the presence of serum when tested in HepG2 and CHO cells albeit with lower
activity. Fluorescence-based dye-binding and agarose gel-based assays indicated that Lipid 1 binds to DNA more efficiently than
Lipid 2 at charge ratios of >1:1. The uptake of oligonucleotides with Lipid 1 was higher than Lipid 2 as revealed by confocal
microscopy. Transmission electron microscopy (TEM) images reveal distinct formation of liposomes and lipoplexes with Lipid 1
but fragmented and unordered structures with Lipid 2. Fusion of Lipids 1 and 2 with anionic vesicles, with composition similar to
plasma membrane, suggests that fusion of Lipid 2 was very rapid and unlike a fusion event, whereas the fusion kinetics of Lipid 1
vesicles was more defined. Differential scanning calorimetry (DSC) revealed a high Tm for Lipid 1
(65.4 °C) while Lipid 2 had a Tm of 23.5 °C. Surface area−pressure isotherms of Lipid 1 was less compressible compared to
Lipid 2. However, microviscosity measured using 1,6-diphenyl-1,3,5-hexatriene (DPH) revealed identical values for vesicles made
with either of the lipids. The presence of amide linker apparently resulted in stable vesicle formation, higher melting temperature,
and low compressibility, while retaining the membrane fluid properties suggesting that the intermolecular hydrogen bonds of
Lipid 1 yielded stable lipoplexes of high transfection efficiency.

■ INTRODUCTION

Cationic lipid-based formulations offer attractive solutions for
in vitro delivery of nucleic acids.1−4 Liposomes containing
cationic lipids electrostatically bind with the polyanionic nucleic
acids resulting in a lipoplex that protects nucleic acids from
degradation and facilitates endosomal uptake.5,6 Structurally,
cationic lipids are amphiphilic with a hydrophilic cationic
headgroup connected with a linker to hydrophobic tails, usually
alkyl chains.7−9 Extensive investigations on chemistry and trans-
fection efficiency of cationic lipids suggest that a wide variety
of molecules are suitable when appropriate amphiphilicity is
maintained.5,6 Alkyl chains 8,10 and steroid molecules11 are a
few examples that were found suitable as hydrophobic groups,
while a large variety of cationic groups such as primary or
tertiary amines together with polyamine and quarternary
ammonium,12,13 guanidino groups,14 and amino acids15 were
found to enhance transfection efficiency. The enhancement in
transfection efficiency in the presence of a neutral lipid or a
colipid such as phosphatidylethanolamine or cholesterol was
the prime motivation to successfully test a large number of
cationic lipids with colipids.

Transfection efficiency by cationic lipids is strongly depend-
ent on the cell type and inclusion of colipids in formula-
tions.16−18 To obtain insight into the relationship between
transfection efficiency and the properties such as size, charge,
stability, and interaction with the biological membranes, cationic
lipids have been extensively investigated.15 These studies
indicated that compact, fluid, and positively charged lipoplexes
overcome serum destabilization, enhanced cellular associations,
and eventual escape from the endosomes by fusion.19 Amino
acids or short peptides have been used, especially as headgroup
moieties, in the design of cationic lipids.15 Cationic amino acids
lysine and arginine have been extensively used to provide the
cationic headgroup15 to facilitate complexation with the nucleic
acids. The pKa properties of amino acid histidine have been
used successfully20 to cause endosomolysis after uptake of
lipoplex. However, use of amino acids as backbone for the
cationic lipid has not been investigated. Earlier, we reported
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synthesis and transfection efficiencies of pyridinium-based
cationic lipids with glutamide as the backbone.21 In the design
of cationic lipids, linkers are used to connect the headgroup
or the hydrophobic portion to the backbone, for example,
glycerol.22−24 This is to provide biodegradability and thereby
safety due to decreased toxicities. Ester linkages are preferred
over ether linkers25 primarily for their biodegradability. In some
reports, the linkers are designed to enhance the release of the
nucleic acid from the lipoplex in response to a change in
conditions inside the cell. For example, low pH labile bonds
are used to dissociate the headgroup from the lipid in the
endosomal compartment and release the plasmid DNA.13

Reduction of linkers with disulfide bonds in the cytoplasmic
milieu destabilizes the complex26 thereby separating the nucleic
acid from the liposomes. Recently, in an otherwise chemically
similar lipid, the linker orientation was shown to have dramatic
effect on the transfection properties of the lipid.24 We report in
this study two lysinated-glutamide lipids which differ from each
other only in their linker chemistry, i.e., either amide or an ester
designated as Lipid 1 and Lipid 2, respectively. Lipid 1 with an
amide linker melts at a higher temperature and has higher
transfection efficiency than the low melting counterpart Lipid
2 with the ester linker. This striking structural difference
between the two lipids motivated further investigations to
address whether the linker has any role in determining the
transfection efficiency.

■ EXPERIMENTAL PROCEDURES
Materials. In this work, all chemicals and solvents were

purchased and used without further purification. The chemical
structures of the lipids were identified by melting point, FTIR,
1H NMR, and elemental analysis. Melting points were deter-
mined on a micro melting point apparatus. FTIR spectra were
performed on a JASCO FT/IR-4000 spectrometer. 1H NMR
spectra were recorded by a JEOL JNM-EX400 spec-
trometer using tetramethylsilane as an internal standard.
Elemental analyses were performed with a Yanaco CHN
Corder MT-3. ESI-HRMS was performed on a QSTAR XL
hybrid MS/MS system (Applied Biosystems/MDS sciex),
equipped with an ESI source.
1,6-diphenyl-1,3,5-hexatriene, ethidium bromide, NBD-

DHPE, and Rhodamine −DHPE were purchased from Molecular
Probes (USA). 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), cholesterol, L-α-phosphatidylglycerol (PG), and 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) were purchased
from Avanti Polar Lipids (USA). Fluorescein (FAM) Labeling
Kits were sourced from Ambion. 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and other reagents
were purchased from Sigma Co.
Synthesis of Z-Lys(Z)-Lys(Z)-OH. (A). Z-Lys(Z)-Lys(Z)-

OMe. Z-Lys(Z)-OH (3.42 g, 9.06 mmol), H-Lys(Z)-
OMe·HCl (3.0 g, 9.06 mmol), and triethylamine (2.76 g,
27.1 mmol) were dissolved in chloroform. The solution was
cooled to 0 °C, and DEPC (1.97 g, 1.09 mmol) was added to
the solution and stirred for 30 min at this temperature. After
stirring for 1 day at room temperature, the solution was con-
centrated in vacuo, and the residue was dissolved in chloroform.
The solution was washed with 0.2 N HCl, 5 wt % NaHCO3,
and water. The solution was dried over Na2SO4, concentrated,
and finally added to diethyl ether, which gave a white solid
powder: yield 4.56 g (73%, 6.5 mmol); mp 103−105 °C; FT-IR
(KBr) 3316, 2942, 1741, 1690, 1650, and 1542 cm−1; 1H
NMR (CDCl3) δ 1.37 (m, 4H, C*HCH2CH2), 1.49 (m, 4H,

CH2CH2NH), 1.62 (m, 2H, CHCH2(CH2)3NH), 1.83 (q, 2H,
CH3OC(O)C*HCH2), 3.08−3.18 (m, 4H, C*H-
(CH2)3CH2NHC(O)), 3.68 (s, 3H, CH3), 4.18 (s, 1H,
CH3OC(O)C*H), 4.53 (s, 1H, NHC(O)C*HNHC(
O)), 5.07 (m, 6H, C*H2Ph), 7.35 (d, 15H, C6H5). Anal.
Found: H, 6.77%; C, 63.4%; N, 7.97%. Calcd. for C37H46N4O9:
H, 6.71%; C, 64.3%; N, 8.11%.

(B). Z-Lys(Z)-Lys(Z)-OH. Z-Lys(Z)-Lys(Z)-OMe (4.6 g, 6.60
mmol) and 1 N NaOH 19 mL (19 mmol) were dissolved in
100 mL methanol, stirred for 1 h at room temperature, and pH
was adjusted to 2 by 1 N HCl. After removing methanol from
the solution in vacuo, the residue was added to ethanol. The
obtained white precipitate was removed by filtration, and the
solution was concentrated and added to n-hexane to give a
white precipitate. The precipitate was collected by filtration and
dried in vacuo : yield 4.30 g (95% 6.35 mmol) mp 145−147 °C;
FT-IR (KBr) 3322, 2941, 2863, 1692, 1652, and 1541 cm−1; 1H
NMR (CDCl3) δ 1.35 (m, 4H, C*HCH2CH2), 1.47 (m, 4H,
CH2CH2NH), 1.63−1.86 (br, 4H, C*HCH2), 3.10 (d, 4H,
C*H(CH2)3CH2NHC(O)), 4.26 (s, 1H, HOC(O)C*H),
4.50 (s, 1H, NHC(O)C*HNHC(O)), 5.06 (m, 6H, CH2Ph),
7.29 (d, 15H, C6H5). Anal. Found: H, 6.86%; C, 63.44%; N, 8.08%.
Calcd. for C36H44N4O9: H, 6.55%; C, 63.9%; N, 8.28%.
Synthesis of Lipid 1 (2C12-Gln-Lys-Lys). (A). Synthesis of

2C12-Gln. Synthesis of 2C12-Gln was described earlier (Bio-
conjugate Chem. 2006, 17, 1530).

(B). 2C12-Gln-Lys(Z)-Lys(Z)-Z. 2C12-Gln (0.93 g, 1.93
mmol), Z-Lys(Z)-Lys(Z)-OH (1.30 g, 1.92 mmol), and
triethylamine (0.37 g, 3.84 mmol) were dissolved in dry THF
(100 mL). The solution was cooled to 0 °C, and DEPC (0.52 g,
2.88 mmol) was added to the solution and stirred for 1 day at
room temperature. After stirring, the solution was concentrated
in vacuo , and the lipid was recrystallized from ethanol, which
gave a white solid powder: yield 1.07 g (50%, 0.94 mmol); mp
184−187 °C; FT-IR (KBr) 3295, 2925, 2853, 1693, 1637, and
1543 cm−1; 1H NMR (CDCl3) δ 0.86−0.89 (t, 6H, CH3), 1.25
(m, 36H, CH3(CH2)9), 1.33 (s, 4H, CH2CH2NHC(O)),
1.48 (br, 6H, C*H(CH2)NHC(O)), 1.58−2.40 (s, 8H,
C*HCH2CH2CH2, C*HCH2CH2CH2), 2.44 (m, 2H,
C*HCH2CH2C(O)), 3.16−3.23 (br, 8H, CH2NHC(O),
CH2NHC(O)O), 4.11 (s, 1H, C*HNHC(O)), 4.35 (s,
1H, C*HNHC(O)), 4.51 (s, 1H, C*HNHC(O)), 4.92−
5.15 (br, 6H, CH2Ph) 7.28−7.34 (m, 15H, C6H5). Anal. Found:
H, 8.94%; C, 68.3%; N, 8.56%; Calcd. for C65H101N7O10: H,
8.93%; C, 68.5%; N, 8.60%.

(C). 2C12-Gln-Lys-Lys. 2C12-Gln-Lys(Z)-Lys(Z)-Z (0.93 g,
0.82 mmol) was dissolved in 100 mL ethanol with heating, and
Pd/carbon (0.5 g) was added to the solution. H2 gas was
bubbled slowly into the solution for 14 h at 70 °C. Pd/carbon
was removed by filtration, and the solution was dried in vacuo
to give a solid powder: yield 0.34 g (52%, 0.43 mmol, as
a trihydrate); mp 104−107 °C; FT-IR (KBr) 3289, 2920,
2851, 1639, and 1557 cm−1; 1H NMR (CDCl3) δ 0.87−0.90
(t, 6H, CH3), 1.28 (m, 36H, CH3(CH2)9), 1.52−2.17 (br, 20H,
CH2CHNHC(O), CH2C*H, CH2CH2C*H, CH2(CH2)2C*H),
3.12−3.35 (br, 8H, CH2-NHC(O), CH2NHC(CO)O),
4.31−4.56 (br, 3H, C*HNHC(O)). Anal. Found: H, 10.9%;
C, 64.9%; N, 11.4%. Calcd. for C41H89N7O7: H, 11.3%; C,
62.2%; N, 12.4%. ESI-HRMS: m/z = +738.6569 (calcd value for
C41H84N7O4 = 738.6584).
Synthesis of Lipid 2 (2C12Glu-Lys-Lys). (A). Didodecyl-

L-Glutamate Toluene-p-Sulfonate (2C12L-Glu TosOH).
L-Glutamic acid (6.0 g, 40.0 mmol), p-toluenesulfonic acid
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(6.82 g, 48.0 mmol), and 1-dodecanol (17.8 g, 96.0 mmol)
were dissolved in toluene (250 mL), and refluxed for 5 h by use
of Dean−Stark apparatus. The solution was concentrated in
vacuo, and the residue was dissolved in 200 mL of diethyl ether,
and refrigerated to 4 °C for 1 day, which gave a white solid
powder: yield 13.1 g (49%), mp 65−66 °C. Anal. Found: H,
9.93; C, 65.4; N, 2.40; Calcd. for C36H65NO7S: H, 9.99; C,
65.9; N, 2.14. FT-IR (KBr) 2921 cm−1 (ν C−H), 2850 cm−1

(νC−H), 1743 cm
−1 (ν ester), 1533 cm

−1 (δNH), 1182 cm
−1 (νC−O).

1H NMR (CDCl3, internal reference: tetramethylsilane) δ
0.86−0.90 (m, 6H, CH3) δ 1.26 (m, 36H, CH3-(CH2)9), δ 1.55
(m, 4H, CH2CH2OC(O)), δ 2.15−2.25 (m, 2H,
C*HCH2CH2C(O)), δ 2.34 (s, 1H,CH3Ph), δ 2.43−2.58
(m, 2H, C*HCH2CH2C(O)), δ 3.95−4.11 (m, 4H,
CH2CH2OC(O)), δ 7.12−7.14 (d, 2H, C6H5), δ 7.72−
7.74 (d, 2H, C6H5).

(B). 2C12Glu-Lys(Z)-Lys(Z)-Z. 2C12Glu-Lys(Z)-Lys(Z)-Z was
synthesized by similar method with 2C12Gln-Lys(Z)-Lys(Z)-Z:
yield 1.20 g (51%); mp 130−131.5 °C; FT-IR (KBr) 3307 cm−1

2924 cm−1 (νC−H), 2853 cm−1 (νC−H), 1732 cm−1 (νCO(ester)),
1688 cm−1 (νCO(urethan)), 1640 cm−1 (νCO(amide)), 1543 cm−1

(δN−H),
1H NMR (CDCl3) δ 0.86−0.90 (m, 6H, CH3), δ 1.26

(m, 40H, CH3-(CH2)9, C*HCH2CH2CH2), δ 1.49 (m, 4H,
CH2CH2NHC(O)), δ 1.56 (m, 4H, CH2CH2OC(O)), δ
1.68−1.88 (br, 4H, CH2C*HNHC(O)), δ 1.94−2.01(m, 1H,
C*HCH2CH2C(O)), δ 2.11−2.16 (m, 1H, C*HCH2CH2C-
(O)), δ 2.36 (m, 2H, C*HCH2CH2C(O)), δ 3.16 (m, 4H,
CH2CH2NHC(O)), δ 4.03 (m, 4H, CH2CH2OC(O)), δ
4.15 (m, 1H, CH2OC(O)C*HNH C(O)), δ4.38 (q, 1H,
NHC(O)C*HNH C(O)), δ 4.53 (q, 1H, NHC(
O)C*HNH C(O)OCH2Ph), δ 5.07 (m, 6H, PhCH2OC(
O), δ 7.31 (d, 15H, C6H5). Anal. Found: H, 8.69; C, 67.8; N,
6.20; Calcd. For C65H99N5O12: H, 8.73; C, 68.3; N, 6.13.

(C). 2C12-Glu-LysLys. 2C12Glu-LysLys was synthesized by
similar method with 2C12Gln-LysLys: yield 0.40 g (49%, 0.47
mmol, as a hexahydrate); FT-IR (KBr) 3307 cm−1 and 2925
cm−1 (νC−H), 2854 cm

−1 (νC−H), 1737 cm
−1 (νCO(ester)), 1654

cm−1 (νCO(amide)), 1557 cm−1 (δN−H),
1H NMR (CDCl3) δ

0.86−0.90 (m, 6H, CH3), δ 1.27 (m, 36H, CH3(CH2)9), δ 1.50−
2.27 (br, 18H, CH2), δ 2.51 (m, 2H, C*HCH2CH2C(O)), δ
3.15 (m, 4H, CH2-NH2), δ 4.14−4.20 (m, 4H, CH2CH2OC(
O)), δ 4.30−4.57 (br, 3H, C*HNHC(O)). Anal. Found: H,
9.4; C, 58.1; N, 8.00. Calcd. for C41H93N5O12: H, 11.1; C, 58.1;
N, 8.26. ESI-HRMS: m/z = +740.6245 (calcd value for
C41H82N5O6 = 740.6265).
Preparation of Liposomes. Cationic amphiphiles Lipid 1,

2, and the colipid cholesterol were dissolved in chloroform
and mixed in glass vials at 1:1 mol ratio. Chloroform was then
removed with a thin flow of nitrogen and the dried lipid film
was kept under vacuum for 4−5 h. Subsequently, deionized
water was added to the dried lipid film for overnight rehydra-
tion. The vial was vortexed thoroughly at RT to produce
multilamellar vesicles (MLVs). MLVs were sonicated until
clarity to obtain small unilamellar vesicles (SUV).
DNA-Binding Assay. Agarose Gel Electrophoresis. Plas-

mid pGFPN3 was complexed with cationic lipids at charge
ratios varying from 0.3:1 to 3:1 (lipid/DNA) to measure the
DNA binding ability. In a typical binding assay, 0.6 nmol of
DNA, corresponding to 200 ng of plasmid DNA, was com-
plexed with the lipids, at indicated charge ratios, in 10 mM
phosphate buffer (pH 7.5), deionized water or 0.5× PBS in a
volume of 20 μL and incubated at room temperature for
30 min. After addition of the tracking dye bromophenol blue,

samples were directly loaded on a 1% agarose gel with TAE
buffer and electrophoresed at 80 V for approximately 2 h. The
gel was stained with ethidium bromide (EtBr), post electro-
phoresis, and visualized under a transilluminator. DNA binding
was also carried out by EtBr fluorescence titrations as described.27

Ethidium Bromide (EtBr) Fluorescence Quenching. The
binding of DNA with Lipid 1 and 2 was studied using EtBr as
the fluorescent probe. The lipids were reconstituted with
colipids DOPE or cholesterol in deionized water using standard
protocols. Bound EtBr was expelled from the DNA−EtBr
complexes by the lipid. This displacement of EtBr is reflected
as a drop in the fluorescence signal, since unbound EtBr does
not fluoresce. All fluorescence measurements were carried
out using a Hitachi F-4500 fluorescence spectrophotometer.
The excitation wavelength, λ ex, was 516 nm and the emission
wavelength was kept at 598 nm (slit width 5 × 5 nm2). Briefly,
2.3 μg of pCMV-β-gal plasmid DNA was added to 500 μL of
20 mM Tris−HCl buffer (pH 7.4) in a fluorescence cuvette.
EtBr 0.23 μg, from a diluted stock solution, was added to DNA
and the baseline fluorescence was determined. The fluorescence
intensity obtained upon each addition of lipid was normalized
relative to the fluorescence signal of DNA−EtBr complex, in
the absence of the lipid, which was taken as 100%. The binding
of DNA by the lipid was recorded after each addition at time
intervals of 5 min.
Transfection. CHO, HepG2, cells were plated at a density

of 10 000 cells per well in a 96-well plate on the previous day.
Plasmid DNA pCMVβ-gal was purified by using the Qiagen Kit
(endotoxin free) using the manufacturer’s protocol and also by
CsCl−EtBr density gradient ultracentrifugation using standard
protocols. Plasmid (0.9 μg corresponding to 2.72 nmol) was
complexed with varying amounts of Lipid 1 and 2, formulated
with cholesterol at 1:1 mol ratio, to obtain charge ratios varying
from 1:1 to 9:1, DNA/Lipid, in DMEM without serum and
incubated at RT for 30 min. Complexes were added to cells
after appropriate dilution with DMEM to achieve 0.3 μg per
well, and incubated for 3 h. The medium was then replaced
with complete medium containing 10% serum.
Serum stability experiments were performed as described21 in

CHO and HepG2 cells. Briefly, transient transfections, in vitro,
were done in the presence of fetal calf serum. Lipid/DNA com-
plexes were prepared in the absence of serum and incubated for
a period of 30 min at room temperature. Serum was then added
to the complex to obtain the 10% final concentration and then
added to the cells, seeded on a 96-well plate and the charge
ratios varied from 2:1 to 12:1 Lipid/DNA. Data is represented
as β-gal activity/well (20 000 cells). Reporter gene assay was
carried out 48 h post transfection and efficiency depicted as
relative β-gal activity. In these assays, cells were washed with
PBS and lysed in 50 μL of lysis buffer (0.25 M Tris.HCl, pH
8.0, and 0.5% NP40). β-Gal activity was estimated by adding
50 μL of 2× substrate (1.33 mg/mL ONPG, 0.2 M sodium
phosphate, pH 7.15, and 2 mM magnesium chloride) to an
equal volume of the lysate in a fresh 96-well plate and incubated
at 37 °C. Absorption at 405 nm was converted to β-gal units
by using a standard curve generated with pure commercial
enzyme.
Differential Scanning Calorimetry. Thermal transitions

in Lipids 1 and 2 were performed using VP-DSC MicroCal
calorimeter (VP-ITC model). The calorimetry was performed
using Lipids 1 and 2 (8.8 mg/mL) vesicles prepared in
deionized water as described above except the sonication step.
All samples (250 μL) were degassed before acquiring the scans
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which were performed between 10 °C and 95 o C at a scan rate
of 60 deg/h. Water or buffer baselines were obtained and
subtracted from lipid scans.
Fluorescence Anisotropy Measurements. These meas-

urements were carried out using Fluorolog 3−22 Fluorescence
Spectrophotometer (Jobin Yvon,USA). Lipids 1 and 2 were
prepared from chloroform stocks by the appropriate addition of
the fluorescent probe DPH (1,6-diphenyl-1,3,5-hexatriene) at
300:1 mol ratio of Lipid/DPH, to obtain 2 mM stock of the
lipid. This mixture was then dried under nitrogen gas. The
residual chloroform was then removed in a vacuum for 4 h.
Lipid films were then hydrated in 1 mL of buffer (Tris. HCl,
pH 7.4, 100 mM) overnight, vortexed, and sonicated prior
to the scans between 15 and 90 °C with 2.5 °C increments.
Fluorescence anisotropy was measured by recording the DPH
fluorescence values (excitation at 354 nm and emission at
427 nm) in parallel and perpendicular polarizer positions.
Anisotropy values were calculated by instrument software.
Membrane Fusion. Membrane fusion between cationic

lipid vesicles and anionic vesicles was monitored by Fo ̈rster
resonance energy transfer (FRET) between NBD-PE and
Rhodamine DHPE. The liposomes containing the fluorophores
were prepared with the following composition: DOPC:DO-
PE:egg PG:NBD-PE:Rh-PE at a mole ratio of 75:20:5:0.8:0.8.
Cationic liposomes were prepared with Lipid 1 and 2 along
with cholesterol in a mole ratio of 50:50. The fusion was
initiated by mixing 50 nmol of cationic lipid vesicles with 10
nmol of fluorescent lipids in phosphate buffered saline (10 mM
sodium phosphate buffer, pH 7.4, with 150 mM of sodium
chloride) at 25 °C in stirring conditions. The increase in
fluorescence was monitored in a Hitachi F4300 spectro-
fluorimeter by exciting the sample at 460 nm and collecting the
emission at 530 nm. The total fluorescence was measured by
adding Triton X-100 at a final concentration of 0.15%. The
small but measurable quenching due to Triton X-100 was
corrected. Anionic vesicles were also prepared using phopha-
tidic acid instead of PG at the same mole ratio, and we obtained
similar results.
Surface Area−Pressure Isotherms. The measurements

were made on a Langmuir trough manufactured by Nima
(model 622D) using high-purity water as subphase. Lipids 1
and 2 were prepared as stocks in chloroform and spread at the
air−water interface in less than 5 μL. The pressure−area iso-
therms were obtained at compression rates of 50 cm2 per
minute. Since the surface area available with the trough does
not allow us to monitor the collapse point of the monolayer,
only the rate of change of the surface pressure for change in
molecular area was used in the study.
Transmission Electron Microscopy. SUVs of Lipids 1

and 2 (2 mM) were prepared as described earlier. The vesicle
solution was cast on the poly(vinyl acetate)-coated copper grid
and stained with 1.0 wt % uranyl acetate aqueous solution. The
TEM images were recorded by JEM-2000EX/FX (JEOL, Co.
Ltd.) with 80 kV accelerating voltage.
Live Uptake of DNA by Confocal Microscopy. Cham-

bered cover glass was plated with 20 000 cells (CHO) and
incubated with lipoplexes (with 6:1 lipid/DNA charge ratio)
prepared with Lipids 1 and 2 in 300 μL of DMEM containing
Oregon Green-labeled plasmid pCMVβ-gal plasmid DNA
prepared as described. After the incubation period of
3 h, DMEM was removed, and the cells were washed with
PBS twice before obtaining images (Leica TCS S52). The
cells containing labeled DNA (ChromaTide Oregon Green

488−5′dUTP): RhDHPE-labeled lipid complexes were visual-
ized using the 488 nm excitation of argon laser, 405 nm
excitation of diode while Rhodamine was detected using HeNe
excitation wavelength of 543 nm. The emission collection
wavelengths were 500−540 nm for Oregon Green, 415−485
nm for Hoechst 33258, and 560−615 nm for Rhodamine. In
each panel, 5 slices of 0.5 μm were combined. Last panel
indicates overlaid images depicting nuclear staining with
Hoechst 33258.
Toxicity Assay. Cytotoxicity of the Lipids 1 and 2 were

assessed in CHO cells using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT). Complexes prepared
with lipid, were evaluated for their toxicity to cells by per-
forming the MTT assay as described27 in 96-well plates at
charge ratios used in the transfection experiments. Cells were
incubated with transfection complexes for 3 h at 37 °C in
serum-free DMEM. Soon after transfection, cells were washed
with PBS and replaced with 100 μL DMEM+25 μL MTT
(2 mg/mL in PBS) for 3 h. The medium was removed and
replaced with 100 μL DMSO/methanol 1:1 (v/v) and mixed to
dissolve the formazan crystals. Absorbance was then measured
at 540 nm with untreated cells serving as controls. Results were
expressed as percent viability. [A540 (treated cells) −
background/A540 (untreated cells) − background] × 100.
Small Angle X-ray Diffraction of the Lipid

Vesicles. Vesicles of Lipids 1 and 2 with cholesterol were
prepared as described above. The lipid concentration for SAXS
studies was 5 mM and vesicles were used without sonication.
Diffraction data were collected on a S3-MICROpix attached to
a Dectris 100K Platus detector (Hecus Xray Systems, Graz,
Austria) located 300 mm from the sample. Detector was
precalibrated with silver behenate. Samples were filled in 1 mm
thin-walled quartz-glass capillaries in tight thermal contact with
a programmable Peltier unit. Samples were equilibrated for 10
min at each temperature before measurement. The data were
fitted using Fit2d software.28

■ RESULTS
Synthesis of the Lipids. To investigate the role of the

amide and ester linker in a cationic lipid on transfection
properties, 2C12Glu and 2C12-Gln were synthesized and later
coupled to Z-Lys (Z)-Lys(Z)-OH. The schemes for the
synthesis of Lipid 1 (amide lipid) and Lipid 2 (ester lipid) is
given in Scheme 1A,B. The purity was assessed by HPLC and
chemical nature of the compounds was confirmed by FTIR,
1H-NMR, and elemental analysis.
DNA Binding Properties of Lipid 1 and 2. Agarose

Gel Retardation Assay. We initially investigated the DNA-
binding ability of Lipid 1 and 2 by a gel-based assay. Both lipids
formulated with cholesterol bind to plasmid DNA, pEGFPN3
(Figure 1A). Formation of a complex and its retardation was
observed with Lipids 1 and 2 with cholesterol as the colipid at
0.3:1 charge ratio. At charge ratios greater than 2:1, the com-
plexes were either retained in the well or not amenable to EtBr
binding after electrophoresis. The binding of lipids with the
plasmid was found to be ratio-dependent. The binding of Lipid
1 was more avid compared to Lipid 2 when formulated with
DOPE (data not shown). Therefore, only formulations with
cholesterol were taken up for further biophysical investigations
and cell biological activity in vitro.

Fluorescence Quenching. Binding strengths of cationic
lipids with DNA are important to correlate the transfection
properties of lipids to its chemical structure. Exclusion of EtBr
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from DNA upon the addition of cationic lipid, and consequent
enhancement of fluorescence, provides a sensitive and
quantitative measurement for DNA binding. Figure 1B shows
the DNA binding pattern of Lipid 1 in comparison to Lipid 2,
which was similar at lower charge ratios. However, at charge
ratios above 1:1, Lipid 1 shows a slightly stronger binding with
∼25% drop in the fluorescence intensity when compared to
∼17% decrease with Lipid 2.
Uptake of Lipoplexes in CHO Cells. We examined the

cellular uptake of lipoplexes prepared with Lipid 1 and Lipid 2
formulated with cholesterol in CHO cells. An Oregon-Green
labeled plasmid probe (green) was mixed with an equal
proportion of unlabeled DNA to prepare lipoplexes labeled with
0.5 mol % of fluorescent lipid (RhDHPE), at the charge ratios
indicated and added to CHO cells followed by incubation at 37
°C for 3 h. After thorough washes with DMEM, live cells were
viewed by confocal microscopy. The upper panel, i.e., Lipid 1
(Figure 2), exhibited particulate bright red fluorescence originating
from the Rhodamine-labeled lipid that colocalized with the

labeled-plasmid DNA. Uptake of Lipid 2 was comparatively less
(see merged panel of this figure). Quantitative analysis of the
confocal image was done by measuring mean fluorescence
intensity (MFI) per cell using LAS AF software. When compared
with Lipid 2, we observed a 3-fold increase in the MFI measured
either by OG-labeled DNA or Rhodamine-labeled liposomes in
the uptake of lipoplexes prepared with Lipid 1/Chol.
Biophysical Characterization of the Lipids. Determi-

nation of the Melting Temperature of the Lipids. Hydrated
lipid samples with and without the colipid, cholesterol, were
subjected to thermal transitions in a differential scanning
calorimeter (DSC). The heat capacity changes in the lipid
phase as a function of temperature were plotted in Figure 3.
The transition midpoints were found to be 65.4 and 23.5 °C for
Lipid 1 and 2, respectively. Similar transition midpoints was
also found for these lipids in the presence of cholesterol. The
transition midpoint for lipids is known to be determined by the
chain length of the alkyl group. Since both lipids have identical
chain length (C12) and identical head groups, the higher

Scheme 1. A. Synthesis Scheme and Structure of Glutamide Lipid 1 (n = 12) with the Amide Linker. B. Synthesis Scheme and
Structure of Lipid 2 (n = 12) with Ester Linker
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melting temperature of Lipid 1 may have been due to additional
interactions in Lipid 1. To confirm the phase transitions, we
used identical preparations of Lipid 1 and 2 with a fluorescent
probe diphenyl hexatriene (DPH) at 300:1 ratio (lipid/DPH,
mol/mol). Anisotropy of DPH is sensitive to the microviscosity
of its location. DPH resides at the center of the bilayer and its

anisotropy has been extensively used to estimate the phase
transition temperatures of lipid assemblies. Lipid 1 exhibited a
sharp phase transition around 67 °C, whereas Lipid 2 had a
shallow transition at lower temperatures (Supporting Informa-
tion Figure 1S). Thus, a higher melting temperature of Lipid 1
was confirmed by two independent methods.

Transmission Electron Microscopy (TEM). Having deter-
mined the melting temperature of liposomes of Lipids 1 and 2,
we sought to examine the structural features of these liposomes
by transmission electron microscopy (TEM). The images
obtained with Lipid 1 vesicles prepared with cholesterol or
DOPE as the colipid at charge ratio 3:1 revealed the formation
of very well-defined spherical structures with a clear inside−
outside demarcation. The average size of the vesicles was
between 100 and 200 nm in diameter. In contrast, liposomes
prepared with Lipid 2 with either of the colipids resulted in
supramolecular assemblies that were fragmented and poorly
defined (Figure 4). The liposomal preparation with Lipid 2
resulted in structures with long continuous layers that were not
discrete. Liposomes of Lipid 1 had unaltered morphology when
the particles were prepared either in water or in the presence of
PBS (ionic strength = 0.154) (data not shown).
To confirm our observations further, we subjected both the

liposomal samples to small angle X-ray scattering (SAXS).
SAXS provides information on characteristics of long-range-
ordered structures and has been extensively used in identifying
the phase properties of the lipids in membranes. The SAXS
pattern of Lipids 1 and 2 as shown in Figure 5 indicated defined
scatter peaks for Lipid 1 with ordered assembly, and the
simulation fitted the scatter to ordered lamellar structures. The
scatter profile of liposomes prepared with Lipid 2 resulted in a
broad scatter peak indicative of an amorphous material. The
peak distances in the scattergram were used to calculate the dl
(thickness of the membrane). We obtained 3.58 nm for the
thickness of the Lipid 1. We obtained similar distance for Lipid
2 though the peak peak intensities were significantly smaller in
case of this lipid. The thickness saturated phosphatidylcholine
of 12-carbon chains gives a thickness of 3.0 nm, which is
comparable with Lipid 1. The results of SAXS confirm the
absence of organized structure in the liposomes of Lipid 2.

Compressibility of Lipid Monolayers. With a view to inves-
tigate the higher melting temperature of Lipid 1, we spread
both lipids on water subphase and monitored the changes in
surface pressure as a function of area occupied by the molecule

Figure 2. Uptake of lipoplexes and analysis by confocal microscopy:
Transfection complexes with the corresponding lipid were added to
cells in the absence of serum and incubated for 3 h. Lipid 1/Chol at
6:1 DNA/Lipid (top) and Lipid 2/Chol at 6:1 DNA/Lipid (bottom).
DNA was labeled with Oregon-Green while liposomes were labeled
with Rhodamine DHPE at 0.5 mol %. The merged panel indicate
colocalization of the fluorophores. Cell nuclei were stained with Hoechst
(blue). Panels on the extreme right depict images merged with the
transmission channel. Five optical sections in the middle region, each of
0.5 μm thickness, were combined to generate the images.

Figure 3. Differential scanning calorimetric scans of lipid vesicles:
Thermograms of Lipid 1 and Lipid 2 formulated with equimolar
amounts of cholesterol. Vesicles were prepared as described in
methods.

Figure 1. Binding of DNA with Lipids 1 and 2 in the presence of the
colipid cholesterol: (A) 1% Agarose gel electrophoresis of plasmid
pCMVβ-gal complexed with Lipids 1 and 2 at charge ratios varying
from 0.3:1 to 3:1 Lipid/DNA, indicated above each well. Samples were
electrophoresed using TAE buffer (pH 8.0) and visualized post-
electrophoresis by staining with EtBr. Control in each panel denoted
as “C” pertains to naked plasmid DNA. (B) Fluorescence quenching
by EtBr exclusion assay of Lipids 1 and 2 formulated with colipid
cholesterol. Fluorescence titration curves depict quenching of
fluorescence due to release of EtBr from pCMVβ-gal plasmid DNA
upon lipid binding in a buffer containing 20 mM Tris·HCl (pH 7.4).
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(Figure 6). Surface pressure vs area isotherms of monolayers of
lipids provides information on the surface areas and
intermolecular interactions. The slow compressibility of Lipid
1 compared to that of Lipid 2 suggested that the Lipid 1
monolayer experiences additional resistance to compression
compared to Lipid 2. This resistance may possibly be attributed
to additional interactions between molecules.

Fusion Properties with Anionic Liposomes. Fusion of the
membrane components of the lipoplex membrane with the

cellular membrane is critical for release of DNA. We monitored
the fusion between cationic liposomes of both lipids along with
the anionic vesicles prepared with a composition similar to the
plasma membrane. The fusion kinetics was monitored using
FRET between the donor, NBD-PE, and the acceptor, Rh-PE.
Lipid 2 as seen in Figure 7 showed rapid increase in fluorescence

signal and reached a value representative of complete mixing, i.e.,
in the presence of Triton X-100, within 1 min. Many variations
employed in the experimental design such as the ratio of labeled
and unlabeled vesicle and composition of the labeled vesicles did
not change the kinetics. Since Lipid 2 has poorly defined vesicles
as seen in TEM, it is possible that these vesicles were unstable,
hence show very rapid increase in fluorescence that was not
typical of a fusion process. On the other hand, Lipid 1 shows
comparatively slower kinetics of fusion with labeled vesicles. The
fusion kinetics was similar when the labeled vesicles were prepared
with phosphatidic acid instead of phosphatidylserine (data not
reported).

Figure 4. Transmission electron micrographs of Lipids 1 and 2: Lipids
formulated with DOPE or cholesterol were complexed with plasmid
pCMVβ-gal DNA in 1× PBS buffer at Lipid/DNA 6:1 charge ratio.
Lipoplexes were stained with uranyl acetate as described.

Figure 5. Small-angle X-ray diffraction of lipid vesicles: Vesicles of
Lipids 1 and 2 formulated with cholesterol were prepared. The lipid
concentration was kept at 5 mM and used without sonication.
Diffraction data were collected and fitted using Fit2d software.

Figure 6. Surface pressure isotherms of Lipids 1 and 2 were generated
in the presence of high-purity water as the subphase. Isotherms are
representative of four independent measurements with very good
reproducibility between the isotherms.

Figure 7. Membrane fusion kinetics: Membrane fusion between
anionic vesicles with Lipid 1 or Lipid 2 was monitored by fluorescence
resonance energy transfer between NBD-PE and Rhodamine PE, as
described.
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Biological Activity and Stability in Serum. Transient
Transfection in CHO and HepG2 Cells. The lipids initially
characterized for their DNA-binding properties were then
tested for transfection efficiency in four cell lines, namely,
CHO, HepG2, MCF-7, and HeLa. Both the lipids were
formulated with DOPE or cholesterol as colipid and tested for
transfection efficiency. Formulations with DOPE as colipid
were consistently lower than formulations with cholesterol as
colipid (data not shown), when tested in CHO cells. Hence, in
all further studies only cholesterol-containing liposomes were
used. Transient transfections of the two lipids at varying charge
ratios from 2:1 to 9:1 Lipid/DNA, using pCMVβ-gal as the
reporter gene, were performed as described in CHO cells
(Figure 8a) and HepG2 cells (Figure 8b and c). When com-
pared with the cationic lipid standards, i.e., DOTAP/DOPE
and polycationic lipid, Lipofectamine, we observed slightly
better transfection than DOTAP, and the efficiency was 50% of
the transfection observed with Lipofectamine. We also tested
the 14- and 16-carbon analogues of Lipid 1, which is 12-carbon,
and found that Lipid 1 has shown higher transfection than the
14- and 16-carbon analogues, >3-fold, Supporting Information
Figure 2S. As in the case of HepG2, Lipid 1 (Figure 8b)
exhibited much higher activity than Lipid 2 (Figure 8c). Lipid 2
was inefficient in all cell lines tested. The biological activity of
Lipid 1 with the amide linkage was consistently higher than that
of Lipid 2 that is ester-based in both HeLa cells Supporting
Information Figure 3S and MCF-7 (data not reported). In all
cell lines, maximal activity was observed at 3:1 Lipid/DNA with
Lipid 1 formulated with cholesterol.
Although lipids bind DNA by charge−charge interaction,

these may not protect DNA sufficiently from degradation by
nucleases. Stability in serum is an important property when
developing protocols for in vivo gene transfer. To assess the
serum stability of Lipid 1, serum was included in the medium,
to a final concentration of 10%, at the time of incubation of
cells with the complexes. As evident from Figure 8a−c, com-
pared to the controls, i.e., in the absence of serum, Lipid 1
retained approximately 25% of its transfection efficiency in the
presence of serum at 10% final concentration in CHO and 40−
57% in the case of HepG2 cells at all charge ratios. Transfection
decreased further in the presence of serum concentrations
greater than 10%. Lipid 2 has observable but low transfection in
HepG2 cells at 3:1 charge ratio and good stability in the

presence of serum (Figure 8c). Overall, the transfection efficiency
in the presence and absence of serum has a similar bell-shaped
curve as a function of charge ratio.

Toxicity. Toxicity is an important issue to be dealt with while
generating formulations useful for gene delivery protocols. We
performed MTT-based cell viability assays at various charge
ratios, i.e., 1:1 to 9:1 in CHO cells. Percent cell viabilities upon
treatment with Lipid 1 at charge ratios 3:1 is ∼70% (Figure 9).

In contrast, Lipid 2 is inefficient at this charge ratio, although
nontoxic. The utility of Lipid 1/cholesterol offsets the observed
toxicity making it effective in vitro.

■ DISCUSSION

Two glutamic acid-based lipids that have identical head groups
and acyl chains were synthesized. These lipids differ from each
other with respect to the chemistry of the linker connecting
the acyl chains to glutamide. Lipid 1 with the amide linker
exhibited high transfection efficiency in four different cell lines,

Figure 8. Transient transfection in vitro: (a) Transfection of CHO cells with Lipid 1 formulated with equimolar amounts of the colipid,
cholesterol, at charge ratios varying from 2:1 to 9:1 Lipid/DNA in the absence (light gray) and presence of serum (dark gray) and normalized
to milligrams protein. Graph depicts reporter gene activity at various charge ratios. Standards such as Lipofectamine (Lfamine) and DOTAP at
2:1 and 3:1 charge ratio, respectively, were included for comparison. Lipid 2 did not show any detectable reporter gene activity on CHO cells
and was not plotted. (b) Transfection in HepG2 cells with Lipid 1/Chol at the indicated charge ratios in the absence (light gray) and presence
of serum (dark gray). (c) Transfection in HepG2 cells with Lipid 2/Chol at the indicated charge ratio in the absence (light gray) and presence
of serum (dark gray).

Figure 9. Determination of cell viability in CHO cells. Lipid 1 and 2:
DNA:Lipid complexes of Lipids 1 and 2 formulated with cholesterol
was evaluated for cytotoxicity at the indicated charge ratios varying
from 1:1 to 9:1 N/P. Following 3 h incubation, the MTT assay was
performed. Percent cell viability represents experiments performed in
triplicate as described in Materials and Methods. The absorption
values obtained using reduced formazan, in the absence of lipids, were
taken to be 100.
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when compared to Lipid 2 with an ester linker. Among the
popular colipids such as DOPE and cholesterol, both lipids
exhibited higher transfection efficiency with cholesterol
compared to DOPE. The binding of lipids to DNA in EtBr
exclusion assay showed identical profiles, however, at charge
ratios >1:1, Lipid 1 shows stronger displacement of EtBr.
Similar charge ratio dependency was also observed in gel
retardation assay with these lipids. Electron microscopy images
of the lipoplexes prepared using Lipids 1 and 2 along with the
colipids cholesterol and DOPE showed clearly that Lipid 1
lipoplexes have a defined morphology, whereas Lipid 2
aggregates were irregular and amorphous. Lack of defined
liposomal structure of Lipid 2 vesicles was also confirmed by
broad scattering profile in SAXS. It is apparent that the stronger
binding and formation of defined stable complexes are
important in the interaction of Lipid 1 with cells and eventually
in their uptake. The higher uptake of the lipoplexes with Lipid
1, as seen from confocal microscopy may consequently be
responsible for observed higher transfection efficiency. Lipid 1
has also demonstrated efficient transfection in the presence of
serum when tested in both CHO and HepG2 cells. The
benefits of serum in transfection protocols have been
reported.29,30 Stability in serum suggests the potential of
these lipids for DNA delivery in vivo.
Biophysical Basis for Higher Transfection Efficiency

with Lipid 1. DNA binding being a prerequisite for achieving
good transfection efficiency, it must be condensed prior to cell
uptake. Cationic lipids bind electrostatically to the DNA.3,30

This process results in condensation and protection of the
DNA and leads to the formation of complexes that are
particulate in nature.3,31 DNA present in a particle is more
efficiently taken up by the cell and endocytosed than free DNA.
Characterization of lipoplexes at varying charge ratios revealed
that transfection efficiency sharply increases with DNA
condensation, change in zeta potential from negative to positive
value, and observations of ordered lipoplexes in electron
micrographs.32 Although DNA was found to be condensed
below optimal charge ratios, DNA was accessible to nucleases
leading to decrease in transfection. Stability of the lipoplex is
critical for protecting the DNA during transfection and also
enhancing the uptake of the lipoplex by the cells.32 Though
binding of Lipid 2 with the DNA was comparable to Lipid 1,
the packing of the DNA into lipoplexes may be inefficient
leading to particles that may be large and variable in size. Thus,
Lipid 2, a 12-carbon lipid, does not provide sufficient stability
for the formation of liposomes; hence, its uptake by cells and
subsequent transfection is poor. Though Lipid 1 has same chain
length and headgroup as Lipid 2, its melting temperature was
nearly 40 °C higher. Melting temperature of lipids depends
strongly on the length of the acyl chains and increases with the
increase in chain lengths. Since Lipids 1 and 2 have identical
chain lengths, the higher melting temperature may be due to
additional interactions between the molecules. The stabilizing
effect of the intermolecular hydrogen bond was observed
between the headgroups in phosphatidylethanolamines (PE),
which increases the melting temperature of PEs by nearly 20 °C
compared to phosphatidylcholines of similar alkyl chain
length.33 Such intermolecular hydrogen bonding was observed
in Gemini quaternary ammonium surfactants that contain an
amide linker but not in ester-containing surfactants.34 In
addition, the data on polarization of DPH, an indicator of
microviscosity of the membrane, suggests that both lipids possess
similar microviscosity values, corroborating the observations that

the higher melting temperature of Lipid 1 does not originate
from the hydrophobic portion of the molecule. The addition of
the slow compression rate of Lipid 1 monolayers compared to
Lipid 2 also points to the fact that Lipid 1 monolayers experience
additional intermolecular interactions. Since the head groups of
both lipids are identical, the altered isotherm may originate
intermolecular interactions. The amine linkers of Lipid 1 possibly
form a hydrogen bond with carbonyl group of the adjacent lipid
in a liposome, thus providing additional stability necessary for a
stable lipoplex (Figure 10). In our opinion, this is the first report

of an approach to increase the stability and transfection of
cationic liposomes by designing features favoring intermolecular
hydrogen bonding.
Unsaturated lipids, predominantly oleic acid, containing

cationic lipid formulations showed higher transfection efficiency
than formulations with saturated lipids. Investigation of
transfection efficiency with a given cationic lipid (DOTAP)
along with phosphatidylethanolamine lipids with various acyl
chains with different lengths indicated that unsaturated PEs are
essential compared to saturated PEs for efficient transfection.35

Hydrophobic moiety of cationic lipids strongly modulates their
transfection activity. A study on the chain length variants of
DOTAP suggests that DLTAP (N-[1-(2,3-dilauroyloxy)-
propyl]-N,N,N-trimethylammonium methylsulfate) was least
efficient in transfection.36 In this context, the observation of
higher transfection efficiency of Lipid 1, despite having higher
melting temperature, is interesting. It is observed that higher
melting points of long acyl chain containing lipids do not mix
with other membranes easily. Fusion between vesicles occurs
readily above the phase transition temperature of the lipids.
Below the phase transition temperature, the lipids are in
crystalline phase and have restricted fluidity, essential for
mixing of the membrane contents.37 Within a cell, transfection
processes involve membrane−membrane interactions between
lipoplex and endosomal membrane and fusion.38 Fusion is
essential for dissociation of the cationic lipids from the DNA
and release the DNA into the cytoplasm. Though Lipid 1 has
higher melting temperature, its microviscocity as measured by
DPH, is still in the range of 12-carbon lipids.

Figure 10. Intermolecular interactions of Lipid 1. Model depicting
stabilization of Lipid 1 through intermolecular interactions generated
through hydrogen bonding.
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Hence, the miscibility of Lipid 1 may not restrict fusion with
other membranes. Amide linkers have been used in the design
of cationic lipids and were found to be biodegradable and
stable.39 DOGS is a popular amide linker containing cationic
lipid, where the amide linker is between the backbone and the
headgroup.40 A series of cationic lipids with amide and ester
linkers to a pyridinium headgroup were synthesized. Amide
linker containing lipids were found to be superior in transfection
compared to the ester containing pyridinium lipids.41 However,
the amide containing lipids melt at slightly lower temperatures
than the ester lipids. In another study, a series of detergents were
synthesized with amide or ester linkers to amino acid head
groups. The amide detergents bound to the oligonucleotides
more efficiently than the ester containing detergents.42 In Lipid
1, the amide linker provides stability to the liposome and the
lipoplex by forming an intermolecular hydrogen bond which
did not seem to influence the membrane interactions crucial for
transfection. Incorporating intermolecular interactions, such as
hydrogen or ionic bonds, in cationic lipids offers yet another
strategy to design efficient cationic lipids.

■ CONCLUSIONS
Stability of a lipoplex is important for achieving good trans-
fection efficiencies. This is dependent on the nature of the
cationic headgroup and DNA interactions and the hydrophobic
volume of the lipid. The overview of lipid/DNA interactions
and lipid properties of the two lipids, different in their linker
chemistry, suggests that stable formation of liposomes with
Lipid 1 was critical for superior transfection properties com-
pared to Lipid 2. Formulations made with Lipid 1 were stable
in serum, thereby implying its utility for in vivo experimenta-
tion. Since the two lipids are identical in all aspects except for
the linker, the stability of amide linker containing Lipid 1 is
due to the presence of intermolecular hydrogen bonds leading
to stable vesicles. This observation is supported by higher
transition temperatures, TEM, SAXS, and monolayer studies.
Incorporation of intermolecular interactions may be yet another
way to increase the stability of the liposomes and thereby
transfection.
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Lacko, I. (2009) Biodegradable gemini surfactants. Correlation of area
per surfactant molecule with surfactant structure. J. Colloid Interface Sci.
329, 153−159.
(35) Koynova, R., Tenchov, B., Wnag, L., and MacDonald, R. C.

(2009) Hydrophobic moiety of cationic lipids strongly modulates their
transfection activity. Mol. Pharmaceutics 6, 951−958.
(36) Regelin, A. E., Fankhaenel, S., Gu ̈rtesch, L., Prinz, C., von

Kiedrowski, G., and Massing, U. (2000) Biophysical and lipofection
studies of DOTAP analogs. Biochim. Biophys. Acta 1464, 151−164.
(37) Ma, B., Zhang, S., Jiang, H., Zhao, B., and Lv, H. (2007)

Lipoplex morphologies and their influences on transfection efficiency
in gene delivery. J. Controlled Release 123, 184−94.
(38) Friend, D. S., Papahadjopoulos, D., and Debs, R. J. (1996)

Endocytosis and intracellular processing accompanying transfection
mediated by cationic liposomes. Biochim. Biophys. Acta 1278, 41−50.
(39) Niculescu-Duvaz, D., Heyes, J., and Springer, C. J. (2003)

Structure-activity relationship in cationic lipid mediated gene trans-
fection. Curr. Med. Chem. 10, 1233−61.
(40) Behr, J. P., Demeneix, B., Loeffler, J. P., and Perez-Mutul, J.

(1989) Efficient gene transfer into mammalian primary endocrine cells
with lipopolyamine-coated DNA. Proc. Natl. Acad. Sci. U. S. A. 86,
6982−6.
(41) Zhu, L., Lu, Y., Miller, D. D., and Mahato, R. I. (2008)

Structural and formulation factors influencing pyridinium lipid-based
gene transfer. Bioconjugate Chem. 19, 2499−2512.

(42) Santhiya, D., Dias, R. S., Shome, A., Das, P. K., Miguel, M. G.,
Lindman, B, and Maiti, S. (2009) Role of linker groups between
hydrophilic and hydrophobic moieties of cationic surfactants on
oligonucleotide-surfactant interactions. Langmuir 25, 13770−13775.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc2002874 |Bioconjugate Chem. 2011, 22, 2244−22542254



1 

 

Supporting  information  

 

Synthesis and transfection efficiency of cationic oligopeptide lipids: Role of linker 

Vijaya Gopal
a
, Jennifer Xavier

a
, Mohammad Zahid Kamal

a
, Srinath Govindarajan

a
, Makoto 

Takafuji
b
, Shuta Soga

b
, Takayuki Ueno

b
, Hirotaka Ihara

b
, and Nalam M. Rao

a
* 

 

 

Contents: 

 

Figure 1S: Thermal transitions of liposomes made with Lipid 1 and 2 using DPH anisotropy. 

Liposomes prepared with lipid 1 and 2 and cholesterol as colipid were loaded with DPH 

(300:1mole ratio of lipid to DPH) and were subjected to linear temperature ramp and the 

anisotropy values were taken after equilibration at each temperature. The transition from high 

to low anisotropy with an increase in temperature is indicative of melting and where the 

midpoint of transition gives the melting temperature. 

 

Figure 2S: Transfection efficiencies of chain length analogs of Lipid 1 on CHO cells. 

Lipsomes prepared with Lipid 1 and its 14- and 16- carbon analogs were complexed with 

plasmid pCMVβ-gal DNA. The transfection efficiency of the three lipoplexes, depicted in the 

bar diagram, represent β-activity of Lipid 1 C12-gray, C14-black and C16-white, in CHO 

cells. 

 

Figure 3S: Transfection of HeLa cells with Lipid 1 and 2 formulated with equimolar amounts 

of the co-lipid cholesterol at charge ratios varying from 1:1, 3:1 and 6:1 Lipid/DNA. Graph 

depicts relative β-gal activity as described in the experimental section. 
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Figure 1S. Thermal transitions of liposomes made with Lipid 1 and 2 using DPH anisotropy. 

Liposomes prepared with lipid 1 and 2 and cholesterol as colipid were loaded with DPH 

(300:1mole ratio of lipid to DPH) and were subjected to linear temperature ramp. Anisotropy 

values were taken after equilibration at each temperature. 
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Figure 2S: Transfection efficiencies of chain length analogs of Lipid 1 on CHO cells. 

Lipsomes prepared with Lipid 1 and its 14- and 16- carbon analogs were complexed with 

plasmid pCMVβ-gal DNA. The transfection efficiency of the three lipoplexes, depicted in the 

bar diagram, represent β-activity of Lipid 1 C12-gray, C14-black and C16-white, in CHO 

cells . 
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Figure 3S: Transfection of HeLa cells with Lipid 1 and 2 formulated with equimolar amounts 

of the co-lipid cholesterol at charge ratios varying from 1:1, 3:1 and 6:1 Lipid/DNA. Graph 

depicts relaltive β-gal activity as described in the experimental section. 
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ABSTRACT: Cell-penetrating peptide based vehicles have been developed for
the delivery of different payloads into the cells in culture and in animals.
However, several biological features, among which is the tendency to trigger
innate immune response, limit the development of highly efficient peptide-based
drug delivery vectors. This study aims to evaluate the influence of transportan 10
(TP10) and its chemically modified derivatives, PepFects (PFs), on the innate
immune response of the host system. PFs have shown high efficiency in nucleic
acid delivery in vitro and in vivo; hence, the estimation of their possible toxic side
effects would be of particular interest. In this study, we analyzed cytotoxic and
immunogenic response of PF3, PF4, and PF6 peptides in monocytic leukemia
and peripheral blood mononuclear cell lines. In comparison with amphipathic
PFs, TP10, TAT, stearyl-(RxR)4 peptides, and the most widely used transfection
reagents Lipofectamine 2000 and Lipofectamine RNAiMAX were also analyzed in
this study. IL-1β, IL-18, and TNF-α cytokine release was detected using highly sensitive enzyme-linked immunosorbent assay
(ELISA). Cell viability was detected by measuring the activity of cellular enzymes that reduce water-soluble tetrazolium salts to
formazan dyes and apoptosis was evaluated by measuring the levels of caspase-1 and caspase-3/7 over untreated cells. All
peptides were found to be nontoxic and nonimmunogenic in vitro at the concentrations of 10 μM and 5 μM, respectively, and at
a dose of 5 mg/kg in vivo, suggesting that these CPPs exhibit a promising potential in the delivery of therapeutic molecules into
the cell without risks of toxicity and inflammatory reactions.

■ INTRODUCTION

Efficient internalization of therapeutic agents into target cells is
very important to gain the desired therapeutic effect. However,
since the plasma membrane limits the internalization of high
molecular weight molecules into the cell, therapeutic
applications of nucleic acids and proteins have been restricted.1

Several techniques have been used to promote efficient drug
delivery, for instance, electroporation, encapsulation in
polymers or liposomes, viral delivery systems, and so forth.
However, these approaches have several serious drawbacks,
including complex manipulation, limited efficiencies in in vitro
and in vivo systems, cytotoxicity, and undesired immunogenic
effects.2,3

Cell-penetrating peptides (CPPs) have proven their ability to
deliver various drug molecules, DNA, RNA, and proteins in
cultured cells.4 Synthetic CPPs were designed with predeter-
mined structures and they maintain the parent peptide’s
functions. This enables different chemical modifications of the
CPPs as well as expression with specific proteins or application
together with other delivery vectors, which gives an advantage
for the construction of novel, more efficient therapeutic agents.5

Several modifications of CPPs have been investigated in order
to improve gene delivery. In particular, stearic acid modification
of different membrane-permeable relatively short peptides, such

as TAT,6 transportan,7,8 octa-arginine (R8),
9 and (RxR)4, was

shown to substantially increase their transfection efficiency.6,8,10

It has been shown that stearic acid modification enhances CPP-
mediated plasmid DNA delivery, promoting more efficient
endosomal escape,10 enhanced cellular association, as well as
higher nuclear delivery.9 Lysosomotropic agents such as
chloroquine and methylamine are also capable of improving
the release of therapeutic molecules from acidic endosomal
compartments, raising the pH, and performing proteolytic
cleavage;11,12 however, their application in vivo for therapeutic
use is limited, due to their toxicity.13,14

Although therapeutic protein agents and peptides used in
clinical settings are generally considered nontoxic, antither-
apeutic protein antibodies can develop during the treatment.
Antitherapeutic protein antibodies or antidrug antibodies might
neutralize or otherwise compromise the clinical effect of
therapeutics and can also be associated with serious adverse
events related to cross-reactivity with autologous proteins of the
host organism.15 Immune response to therapeutic proteins is
categorized by activation of the immune system by foreign
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proteins, resembling immune response against pathogens or
vaccines, involving T-cells, B-cells, and the innate immune
system.15

The size, surface charge, surface hydrophilicity, surface
morphology, and the amino acid sequence of the peptides
can significantly affect the immunogenicity of the peptide/
nucleic acid complexes and their clearance by the macro-
phages.16 Additionally, undesired toxicity can be mediated
through interactions of the oligonucleotides with the proteins.
These effects can be sequence-dependent, such as interaction
with Toll-like receptors (TLRs), or sequence-independent.17

For example, RNA molecules can also affect TLRs 3, 7, and 8,
eliciting undesired immune stimulation that manifests as
hyperplasia in lymphoid organs and mononuclear cell infiltrates
in nonlymphoid organs.18,19 Therefore, development of suitable
delivery system will depend not only on the efficiency of
delivery vectors to transport therapeutic agents through the
biological barriers, but also on their risks of producing side
effects: toxicity and undesired immunogenicity.20−22

In the previous study, stearyl and chloroquine modifications
introduced in the TP10 structure were successfully used to
overcome the problem of endosomal entrapment of therapeutic
agents.5,23 The introduction of the stearyl moiety at different
positions led to PF3 and PF4 peptides (Table 1), which

enabled luciferase plasmid (pGL3) delivery at the concen-
tration of 2 μM (Table 2).23 Covalently bound chloroquine
analogue24 and stearyl moiety in different positions improved
the activity of TP10 in serum,8 generating the PepFect 6 (PF6)
peptide, which promoted an efficient siRNA-delivery in vitro
using only 50 nM siRNA and 2 μM PF6 peptide (Table 2).
In this study, we tested PepFect peptides and PepFect/

nucleic acid complexes for the undesired toxicity and
immunogenicity both in vitro and in vivo using the
concentrations and similar complex formation conditions,
which have been previously reported and indicated to gain
the best therapeutic effect. Possible toxic and immunogenic
effects of TP10, PF3, PF4, and PF6 peptides were compared

with the immunogenic activities of unmodified TP10, well-
studied cationic peptides TAT and stearyl-(RxR)4,

25 and the
most widely used Lipofectamine transfection reagents. Our
results show that PF peptides are efficient nontoxic and
nonimmunogenic peptide-based vectors for nucleic acid
delivery both in vitro and in vivo, suggesting promising
perspectives for their future therapeutic applications without
any risks of inflammation.

■ EXPERIMENTAL PROCEDURES

Synthesis of Cell-Penetrating Peptides. The peptides
were synthesized in a stepwise manner at a 0.1 mmol scale on
an automated peptide synthesizer (Applied Biosystemsmodel
433A) using N-Fmoc (N-fluorenylmethyloxycarbonyl) solid-
phase peptide synthesis strategy. All the solvents and reagents
used for the peptide synthesis were purchased from Sigma-
Aldrich, Germany. Stearyl-modified peptides were prepared
according to previously reported protocol,8 and chloroquine
modification from PF6 peptide was performed as described by
El Andaloussi et al.5 (Table 1). Peptides were purified by
preparative reversed-phase HPLC (Agilent 1200) using C4
column (Phenomenex Jupiter C4, 5 μm, 300 Å, 250 × 10 mm)
using a gradient of 5−100% acetonitrile/water containing 0.1%
TFA. Molecular weights of the peptides were analyzed by
MALDI-TOF mass-spectroscopy (The Voyager-DE PRO
Biospectrometry System). The mass spectra were acquired in
positive ion reflector mode using α-cyano-4-hydroxycinnamic
acid as a matrix (Sigma−Aldrich), and purity was about 95% as
determined by analytical HPLC. The molar concentrations of
the peptide solutions were determined based on dilutions of
accurately weighed substances.
HPRT1 siRNA. HPRT1 (hypoxanthine phosphoribosyl-

transferase 1) siRNA was provided by Peter Guterstam.26 500
μM stock solutions of siRNA were stored at −20 °C. Sequences
of HPRT1 siRNA are as follows: sense 5′-GCCAGACUUU-
GUUGGAUUUGAAATT and antisense 5′-AAUUUCAAAUC-
CAACAAAGUCUGGCUU.
Plasmid pEGFP-C1. Plasmid pEGFP-C1 (Clontech Labo-

ratories, Inc., USA), 4.7 kb, encodes a red-shifted variant of
wild-type green fluorescent protein, GFP, which has been
optimized for brighter fluorescence and higher expression in
mammalian cells (excitation maximum at 488 nm and emission
maximum at 507 nm). Plasmid was propagated and purified
using Qiagen plasmid DNA purification kit (QIAGEN Group,
USA), according to manufacturer's protocol.
Cell Cultures. THP-1, human acute monocytic leukemia

cells (CLS, Germany), and PBMC, human peripheral blood
mononuclear cells, isolated from healthy donor by standard
density gradient centrifugation and washed in PBS to remove
platelets were kindly provided by Dr. Alar Aints, were grown at
37 °C, 5% CO2 in RPMI 1640 medium with glutamax
supplement, 0.1 mM nonessential amino acids, 1.0 mM sodium

Table 1. Peptide Sequences Used in This Studya

CPP amino acid sequences refs

TP10 AGYLLGKINLKALAALAKKIL-amide 40
PF3 (stearyl-TP10) stearyl-AGYLLGKINLKALAALAKKIL-amide 8
PF4 AGYLLGK(stearyl)INLKALAALAKKIL-

amide
41

PF6 stearyl-AGYLLGKbINLKALAALAKKIL-
amide

5

TAT (48−60) GRKKRRQRRRG-amide 42
stearyl-(RxR)4 stearyl-(RxR)4-amide 10
aStearyl − N-terminal stearic acid moiety. bTrifluoromethylquinoline
based derivative conjugated to succinylated lysine tree × - 6-
aminohexanoic acid.

Table 2. Transfection Efficiencies of the PF Peptides

CPP biological effect cell line
peptide effective
concentration transfection efficiencies refs

PF3 (stearyl-
TP10)

plasmid delivery (pGL3) CHO, U87 2.25 μM (CR 1:3) 108−109 RLU/mg 23

PF4 oligonucleotide (2ÒMe RNA)
delivery

HeLa pLuc 705 1.4 μM (CR 1:7) Up to 100-fold increase in splice correction over
untreated

41

PF6 siRNA delivery HEK, MEF, ES,
Jurkat

2 μM (MR 40, 50 nM
siRNA)

>80% of down regulation 5
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pyruvate, 10% fetal bovine serum, 100 U/mL penicillin, and
100 mg/mL streptomycin (PAA Laboratories GmbH,
Germany) further named as complete medium.
PF3/pEGFP-C1 and PF4/pEGFP-C1 Complex Forma-

tion. Complexes of peptides with plasmid DNA (pEGFP-C1)
were prepared as described previously.5 Briefly, 0.5 μg of green
fluorescent protein expressing pEGFP-C1 plasmid was mixed
with PF3 or PF4 at different plasmid/peptide charge ratios
(CRs) 1:1 and 1:5 in MQ water in 1/10th of the final treatment
volume (i.e., 30 μL). CRs were calculated theoretically, taking
into account the positive charges of the peptide and negative
charges of the plasmid. Final concentration of PF3 or PF4 was
0.75 μM at CR 1:1 and 3.75 μM at CR 1:5 (Table 3).
Complexes were incubated for 1 h at room temperature.

PF6/siRNA Complex Formation. PF6 (100 μM stock
solution) was mixed with HPRT1 siRNA (10 μM stock
solution) in MQ water in 1/10th of final treatment volume (i.e.,
30 μL), using peptide/siRNA molar ratios (MRs) 40 and 30,
siRNA 50 nM and 100 nM, respectively, and were formed as
described previously.5 Complexes were incubated for 1 h at
room temperature. In the case of Lipofectamine 2000 and
Lipofectamine RNAiMAX (Invitrogen, Sweden), complexes
were formed according to the manufacturer’s protocol.
Formation and stability of all the peptide/nucleic acid

complexes in the presence or absence of serum was confirmed
by agarose gel (2%) stained with EtBr (0.5 μg/mL).
MTS Proliferation Assay. Long-term toxicity was eval-

uated using MTS proliferation assay (Promega, Sweden), which
measures the activity of mitochondrial dehydrogenases to
convert tetrazolium salts into formazan. 2 × 104 THP-1 cells
were seeded into 96-well plate and treated with PF3, PF4, and
PF6 peptides at the following concentrations: 1, 5, and 10 μM
and peptide/nucleic acid complexes (PF3 or PF4 and pEGFP-

C1 complexes at CR 1:1 and CR 1:5; PF6 and siRNA
complexes at MR 40, 50 nM siRNA and at MR 30, 100 nM
siRNA) for 24 h in complete medium. Thereafter, MTS
proliferation assay was performed according to the manufac-
turer’s protocol. Untreated cells were defined as 100% viable.
The results are the means of three independent experiment
performed in duplicate.
Cytokine Detection from Cell Culture Supernatants

and Mouse Serum. THP-1 or PBMC cells were stimulated
with 15 ng/mL of PMA (Phorbol 12-myristate 13-acetate
(Sigma)) one day before experiment and then 1 × 106 cells
were seeded into 24-well plates. Thereafter, the cells were
incubated for 24 and 48 h with PF3, PF4, and PF6 at the
concentration of 5 μM. In parallel, the cells were treated with
plasmid/PF3 or plasmid/PF4 at CR 1:1 and 1:5 and HPRT1
siRNA/PF6 complexes at MR 40, 50 nM siRNA for 4 h in
serum-free medium followed by addition of 1 mL complete
medium. LPS (10 μg/mL) and poly (i:c) (0.1 μg/mL) were
used as positive controls. Supernatants were collected after 24
and 48 h and applied on IL-1β, IL-18, and TNF-α ELISA kits
according to manufacturer’s protocol (Quantikine kit, R&D
Systems, Inc., Minneapolis, MN, USA). The remaining cells
were used for the preparation of the extracts, which were
applied to the caspase-1 and caspase-3/7 activity assays. Optical
density of supernatants from each well was determined using a
Tecan Sunrise absorbance plate reader at wavelength of 450 nm
with correction at 540 nm. Obtained absorbance values were
directly proportional to cytokine concentration in each well.
The results are the means of three independent experiment
performed in duplicate.
Caspase Activity Assay. Extracts from 1 × 106 THP-1 or

PBMC cells were prepared by lysing the cells with Lysis Buffer
(R&D Systems, Inc., Minneapolis, MN, USA) for 40 min on
ice, followed by incubation with caspase fluorogenic substrates
(WEHED-AFC or Z-DEVD-R110 substrate for caspase-1 or
caspase-3/7 activity detection, respectively) for 2 h at 37 °C.
Measured fluorescence signals are proportional to enzyme
activity and monitored over time using a fluorescence plate
reader, set for excitation at 400 nm and emission at 505 nm
according to manufacturer’s protocol. Results are normalized by
the cell count in each well and expressed as fold increase in
caspase activity of apoptotic cells over untreated cells. The

Table 3. Layout of the Peptide/Nucleic Acid Complexes

CPP
pEGFP-C1
plasmid HPRT1 siRNA

PF3 CR 1:1 CR 1:5
PF4 CR 1:1 CR 1:5
PF6 MR 30, 100 nM

siRNA
MR 40, 50 nM
siRNA

Figure 1. Cell proliferation test. THP-1 cells were incubated with PF3, PF4, and PF6 peptides for 24 h at concentrations of 1, 5, and 10 μM (a).
Cells were treated with peptide/nucleic acid complexes: pEGFP-C1/PF3, pEGFP-C1/PF4, at CR 1:2 and 1:3 and HPRT siRNA/PF6, at MR 40, 50
nM siRNA and at MR 30, 100 nM siRNA for 24 h (b). All incubations were performed in complete medium. The values represent the mean of at
least three independent experiments performed in duplicate (mean ± SEM).
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results are the means of three independent experiment
performed in duplicate.

In Vivo Toxicology. C57BL/6 male and female animals
(8−10 weeks old at the beginning of the experiments) were
used for toxicity and immunogenicity assessments. Cytokine
levels in serum were analyzed at 24 and 48 h after i.v. injections
of 1 and 5 mg/kg of TAT (48−60) and their equimolar doses
of 0.01 and 0.06 μmol per animal of TP10, stearyl-(RxR)4, PF3,
PF4, and PF6, respectively. Some animals received LPS (10 μg
i.p.). Blood samples were collected via heart puncture, and
serum was separated using serum gel-separation tubes
(Terumo). Ketamine (75 mg/kg (Vetoquinol, Bioketan)) and
dexmedetomidine (1.0 mg/kg (Laboratorios SYVA S.A.U.,
Dorbene)) in saline solution were applied via i.p. injection and
used for anesthesia. Liver, kidney, lung, and spleen were
dissected immediately after blood sample collection and rapidly
frozen in 2-methylbutan at −60 °C. The cryosected slices were
fixed in formalin and stained with hematoxylin and eosin. Slices
were analyzed for pathological deviation. Two mice were used
per group in three independent experiments.
Statistical Analysis. Values in all experiments are

represented as mean ± SEM of three independent experiments
done in duplicate. In toxicity measurements, decrease in
viability was considered significant at p < 0.001 using ANOVA
Dunnett’s multiple comparison test.

■ RESULTS

In Vitro Toxicity and Immunogenicity. Aiming to
estimate possible toxic and immunogenic effects of PF3, PF4,
and PF6 peptides we measured activity levels of caspases-1, 3,
and 7 and interleukin IL-1β, IL-18, and TNF-α cytokine
production by THP-1 and PBMC cells after 24 and 48 h of
treatment. In vitro cell viability test showed no toxic effects in
THP-1 cells treated with the peptides PF3, PF4, and PF6 at
concentrations of 1, 5, and 10 μM and incubated for 24 h in
complete medium (Figure 1a). Moreover, treatment with
plasmid/peptide complexes at CR 1:1 and 1:5 or with peptide/
siRNA complexes at MR 40, 50 nM siRNA also did not show
any toxic effects. At the same time, treatment with peptide/
siRNA complexes at MR 30, 100 nM siRNA reduced cell
viability up to 30%. Therefore, only CPP/siRNA complexes at
MR 40, 50 nM siRNA were preferred for the further in vitro
experiments. Toxic effects were observed during the treatment
with the lipofectamine/nucleic acid complexes, whereas only
55% of the cells remained viable after 24 h of incubation
(Figure 1b). Estimation of the cytokine levels showed no
enhanced interleukine release induced by PF3, PF4, and PF6
peptides in THP-1 or in PBMC cell lines (Figure 2a,b,c;
Supporting Information Figure S1a). In parallel, we measured
and analyzed the immunogenic influence of cationic peptides:
TAT, stearyl-(RxR)4, and chimeric amphipathic TP10. We
found no influence of these peptides on THP-1 and PBMC
cells (Figure 2 a,b; Figure S2) and the results were similar to

Figure 2. Cytokine release (pg/mL) in THP-1 cell culture supernatants were measured by ELISA assay. IL-1β (a) and TNF-α (b) release in cell
culture supernatants were measured after 24 and 48 h of incubation with TP10, TAT, stearyl-(RxR)4, PF3, PF4, and PF6 peptides. IL-18 (c) release
was measured after incubation with PF3, PF4, and PF6 peptides, pEGFP-C1/PF3, pEGFP-C1/PF4, HPRT1 siRNA/PF6 and Lipofectamine 2000/
pEGFP-C1 and Lipofectamine RNAiMAX/siRNA complexes. LPS (10 μg/mL) was used as a positive control. The values represent the mean of at
least three independent experiments performed in duplicate (mean ± SEM).
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the effects exhibited by PF peptides. Modest increase in
cytokine activity triggered by TAT and stearyl-(RxR)4 was
considered not statistically significant. Indicated influence on
the release of IL-1β, TNF-α, and IL-18 was insignificant if
compared to lipopolysaccharide (LPS) or poly (i:c) (used in
this study as positive control for PBMC cells) after 24 and 48 h

of incubation. Next, we analyzed whether the peptide/nucleic
acid complexes formed at different charge ratios are able to
trigger the cytokine release. No evidence of increased cytokine
level was noticed in both THP-1 and PBMC cell lines in
response to treatment with plasmid/peptide and siRNA/
peptide complexes (Figure 3a,b; Figure S1b,c) at CR 1:5 for

Figure 3. Cytokine release (pg/mL) in THP-1 cells treated with PF peptides/nucleic acid complexes. IL-1β (a) and TNF-α (b) measured by ELISA
assay after 24 and 48 h of incubation with pEGFP-C1 plasmid (0.5 μg), siRNA (50 nM), pEGFP-C1/PF3, pEGFP-C1/PF4, HPRT1 siRNA/PF6,
and Lipofectamine 2000/pEGFP-C1 and Lipofectamine RNAiMAX/siRNA complexes. LPS (10 μg/mL) was used as a positive control. The values
represent the mean of at least three independent experiments performed in duplicate (mean ± SEM).

Figure 4. Caspase activity measured in THP-1 cell line. Caspase-1 (a) and caspase-3/7 (b) activity were measured in cells incubated with PF3, PF4,
and PF6 peptides for 48 h as described previously. The results are expressed as fold increase in caspase activity of apoptotic cells over noninduced
cells. The values represent the mean of at least three independent experiments performed in duplicate (mean ± SEM).

Figure 5. IL-1β and TNF-α cytokines level detection in vivo. Immunocompetent mice were treated with TP10, TAT, stearyl-(RxR)4, PF3, PF4, and
PF6 peptides at the dose of 0.01 or 0.06 μmol per animal (corresponding to 1 mg/kg and 5 mg/kg, respectively). Serum samples were collected 24 h
after i.v. injections and applied to the ELISA assay. IL-1β (a) and TNF-α (b) levels were measured by a TECAN absorbance plate reader. The values
represent the mean of at least three independent experiments performed in duplicate (mean ± SEM).
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plasmid and for siRNA at 50 nM concentration, which is the
highest effective dose of siRNA used in the previous studies.5

Thereafter, we estimated the caspase-1 and caspase-3/7 activity
in the cells treated with 5 μM PF peptides and peptide/nucleic
acid complexes measuring the rate of hydrolysis of a fluorogenic
substrate in the cell lysates. Caspase activity rates 2-fold over
those of noninduced cells or higher were considered to be
significant caspase activity of apoptotic cells in these studies.
Measured caspase-1 and caspase-3/7 activity was similarly
compared with the caspase activity of the untreated cells
(Figure 4a,b). The results showed that the peptides used in the
current study lack apoptotic activity in vitro.

In Vivo Immunogenicity. In order to confirm the in vitro
data, the peptides were administrated to immunocompetent
mice via i.v. injection followed by collection of the blood
samples after 24 and 48 h. Mice that received 10 μg LPS were
used in this study as a positive control. Similarly to the results
obtained from in vitro studies, ELISA analyses of the separated
serum samples also showed no evidence of enhanced IL-1β or
TNF-α cytokine production after 24 or 48 h of treatment with
PF3, PF4, PF6, TP10, TAT, and stearyl-(RxR)4 peptides at
doses of 0.01 and 0.06 μmol per animal (corresponding to 1
mg/kg and 5 mg/kg, respectively, as it is shown in Figure 5a,b).
Indicated release of IL-1β and TNF-α cytokines was
insignificant if compared to lipopolysaccharide (LPS). Addi-
tionally, no pathological deviations were observed in liver,
kidney, lung, and spleen dissected from animals, which received
1 mg/kg and 5 mg/kg of PFs, TP10, TAT, and stearyl-(RxR)4
peptides (data not shown).

■ DISCUSSION
Application of CPPs has evolved as an attractive tool to solve
the problems of drug delivery.27 However, successful usage of
the drug carriers in clinics has been mostly limited by their
possible undesired side effects, namely, immunogenicity and in
vivo toxicity. The main goal of the current study was to evaluate
the influence of the PepFect delivery agents on the immune
activity in vitro and in vivo, which is a novel aspect of the PF
peptide-based delivery system investigation. Despite the fact
that CPPs contain fewer than 30 amino acids28 and contain no
evidence for oncogene activation,27 the research on biological
side effects of cationic and amphipathic peptides has still been
receiving great attention.20 Several independent experiments on
cell viability, membrane integrity, as well as toxicity analyses
suggested that amphipathic peptides such as TP10 affect
cellular metabolism at the concentrations ranging from 5 to 10
μM, whereas the cationic CPPs penetratin, TAT, and
nonaarginine showed no toxic effect at similar concentration
range.29 As PF peptide design is based on the TP10 peptide
sequence with minor chemical modifications, we could not
eliminate the possibility that they could induce undesired toxic
and inflammatory effects in vitro and in vivo. It has been shown
that TAT peptide induces no cytotoxicity in vitro even at the
concentration up to 400 μM. In the same work, toxicity was
evaluated in vivo by applying peptides to the rabbit’s cornea 4
times daily for 7 days. At doses 1000 times the IC50 values,
penetratin peptide showed no toxicity in vivo and TAT caused
some mild eyelid swelling.30 Similarly, polyarginine peptides
also did not induce any cellular toxicity at siRNA/peptide ratio
of negative/positive charges of 40.30−32 These studies indicate
that the use of TAT peptide for anticancer therapy, for instance,
does not induce a measurable immune response, although long-
term toxicity studies have not been performed yet.3

Chloroquine has been used for a long time in the treatment
or prevention of malaria. Due to its immunosuppressive
activity, chloroquine is applied for treatment of autoimmune
disorders, such as rheumatoid arthritis and lupus erythemato-
sus.33 Recently, chloroquine was used to overcome the
problems of endosomal escape of the entrapped and
deactivated therapeutic molecules in vitro. The coaddition of
chloroquine in solution enhances endosomal release of peptide-
based delivery vehicles.8 In order to promote endosomal escape
and increase the transfection efficiency the chloroquine
moieties were introduced in the PF6 structure.5 At the same
time, chloroquine has been associated with several toxicity
cases, including retinal injury and skin irritations particularly
when provided at high doses for a long time range.34,35 Toxic
side effects and the ability of chloroquine to influence immune
system limit therapeutic application of this lysosomotropic
agent in vivo.
In the current study, we investigated possible toxic and

immunogenic activity of the PF peptides and compared them
with the widely used cationic CPPs such as TAT, stearyl-
(RxR)4, and amphipathic TP10, trying to bring out the
differences or possible enhanced influence of PF peptides on
the activation of the immune system. During the analyses, the
greatest attention received the peptide/nucleic acid complexes
with the highest charge and molar ratios that proved to be
stable in serum and showed a particular effectiveness in case of
different cell line transfections.5 Our results demonstrated the
lack of viability reduction in THP-1 cell line, as well as no
indication of primary inflammatory effects after 24 or 48 h of
incubation with PF peptides. Peptides showed no toxic
influences on THP-1 cell viability even at concentration of 10
μM, although this was observed mainly in serum containing
complete medium (Figure 1 a,b). Moreover, lipofectamine
agents exhibited strong cytotoxic effect, reducing cells viability
up to 55%. None from the measured IL-1β, IL-18, and TNF-α
cytokines were overexpressed in the THP-1 cells in response to
TP10, TAT, stearyl-(RxR)4, or PF peptide treatment (Figure 2
a,b,c).
Similarly, no evidence of enhanced in vitro IL-1β production

was observed also in noncancer PBMC cell line (Figure S1a,
Figure S2). The peptides were applied at the concentration of 5
μM dose, which corresponds to the peptide amount used for
complex formation. As expected, the cells treated with the
peptide/nucleic acid complexes similarly showed no increase in
cytokine release if compared with the peptide-treated or
untreated cells (Figure 3a,b; Figure S1b,c). None of the
lipofectamine reagents induced the increased cytokine
production at the recommended manufacturers̀ dose in vitro
(Figure 2c; Figure 3a,b; Figure S1b,c). At the same time, cells
incubated with LPS demonstrated increased cytokine level in
growth medium, more then 100 times higher than in the
untreated cells (Figure 2 a,b,c; Figure 3a,b; Figure S1 a,b,c).
Thereafter, we estimated if PF peptides could possibly trigger

apoptotic events in immune cells. We performed total caspase-1
and caspase-3/7 activity measurements in vitro. Caspases are
crucial mediators of programmed cell death (apoptosis).36

Among them, caspase-3 is a frequently activated death protease,
catalyzing the specific cleavage of many key cellular proteins,
initiating apoptosis.37 Caspase-1 or ICE (interleukin-1β
converting enzyme) is an essential regulator of inflammatory
responses through its capacity to process and activate proIL-1β,
proIL-18, and proIL-33.38,39 Therefore, caspase-1 is considered
“inflammatory” caspase. We measured caspase-1 and caspase-3/
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7 activity in the immune cells treated with PF3, PF4, and PF6
peptides. No activation of the measured caspases was detected
in the cells, compared to LPS, suggesting that these peptides
lack caspase-dependent apoptotic activity (Figure 4a,b).
In summary, we found that PFs peptides are not toxic or

immunogenic at tested concentrations in vitro, and we
proceeded with testing PF3, PF4, and PF6 peptides in vivo.
Similar to the results from in vitro studies, none of the peptides
induced an increase of the cytokine levels in blood serum
(Figure 5a,b) or caused pathological deviations in liver, kidney,
lung, and spleen of the treated animals (data not shown). PF
peptides, which were obtained by chemically modifying the
TP10 peptide sequence, exhibited similar effects with TP10,
and also with TAT and stearyl-(RxR)4 peptides, showing no
influence on the host system. The peptide dose used for i.v.
injections in current in vivo immunogenicity study, 5 mg/kg,
was much higher than the dose used for in vivo nucleic acid
delivery in the previous study.5 Having evaluated the data
obtained with TP10, TAT, stearyl-(RxR)4 peptides and
compared then with the results of PF peptides, we conclude
that the peptides have no evidence of inflammatory effects in
vivo. PF peptides resemble the effects shown by TP10,
suggesting that introduced stearyl and chloroquine groups in
TP10 sequence do not interfere with cellular immunogenicity.
Although the novel TP10 analogues used in this study were

found not to be toxic and immunogenic in vitro and in vivo,
long-term toxicity studies have not been performed yet to
confirm the data. The current study confirms that PF3, PF4,
and PF6 peptides have indeed a promising potential in plasmid
and siRNA delivery without evidence of undesired toxicity and
inflammation.
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Figure S1. IL-1β cytokine release measured by ELISA assay in PBMC cells 

incubated with PF peptides and peptide/nucleic acid complexes. IL-1β release in cell 

culture supernatants after 24 and 48 h of incubation with PF3, PF4 and PF6 (a), with 

plasmid/CPP complexes: pEGFP-C1/PF3, pEGFP-C1/PF4 and Lipofectamine™ 2000 

(b) and with HPRT1 siRNA/PF6 complexes and Lipofectamine™ RNAiMAX (c). 

Poly (i:c) (0.1 µg/ml) was used as a positive control. The values represent the mean of 

at least three independent experiments performed in duplicate (mean ± SEM). 
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Figure S2. IL-1β cytokine release measured by ELISA assay in PBMC cells 

incubated with TP10, TAT and stearyl-(RxR)4 peptides. IL-1β measured by ELISA 

assay after 24 and 48 h of incubation with the peptides. Poly (i:c) (0.1 µg/ml) was 

used as a positive control. The values represent the mean of at least three independent 

experiments performed in duplicate (mean ± SEM). 
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ABSTRACT: 1,2,4,5-Tetrazines have been established as
effective dienes for inverse electron demand [4 + 2] Diels−
Alder cycloaddition reactions with strained alkenes for over 50
years. Recently, this reaction pair combination has been applied
to bioorthogonal labeling and cell detection applications;
however, to date, there has been no detailed examination and
optimization of tetrazines for use in biological experiments. Here,
we report the synthesis and characterization of 12 conjugatable
tetrazines. The tetrazines were all synthesized in a similar fashion
and were screened in parallel to identify candidates most ideally
suited for biological studies. In depth follow-up studies revealed
compounds with varying degrees of stability and reactivity that
could each be useful in different bioorthogonal applications. One
promising, highly stable, and water-soluble derivative was used in pretargeted cancer cell labeling studies, confirming its utility as
a bioorthogonal moiety.

■ INTRODUCTION

Bioorthogonal ‘click’ chemistry reactions are a powerful tool for
exploring different aspects of biological systems. The ability to
perform these chemical reactions in cellular environments (in
cellulo chemistry) and host organisms (in vivo chemistry)
without interference from biological components allows for
selective ‘tagging’ of cellular targets and provides a means to
image or track biochemical components and interactions. The
most widely used and well-known bioorthogonal reaction is the
azide and alkyne [3 + 2] cycloaddition.1 The use of ring strain
to promote this reaction was a major development in the field
allowing for the [3 + 2] cycloaddition to proceed at room
temperature without the need for catalysts.2 Notable
accomplishments utilizing this chemistry have involved the
labeling of cell surface glycoconjugates,3 cell membrane lipids,4

and glycans in living organisms,5,6 among others.7,8 Another
bioorthogonal reaction using a similar concept, but employing
1,2,4,5-tetrazines and strained alkenes for [4 + 2] inverse
electron demand cycloadditions, has emerged more re-
cently.9−11 This reaction has gained popularity due to the
potential for extremely fast cycloaddition kinetics with trans-
cyclooctene (TCO) as the dienophile. Applications have
included fluorescent cancer cell labeling,12,13 in vivo cancer
imaging with 111In,14 18F radiolabeling,15−17 as well as cancer
cell detection applications.18,19

The effectiveness of the strained alkene−tetrazine reaction is
clear, but there has been little detailed investigation on
optimizing the reactant properties for bioorthogonal use.
However, there is a wealth of reactivity data in nonaqueous

media, beginning with the observation in the late 1950s that
tetrazines can react with unsaturated compounds.20 Following
this publication, much progress was made in synthesizing
different tetrazines for reactions with various dienophiles21,22

including kinetic analysis of this cycloaddition reaction with
different dienophiles by Sauer.23−25 Sauer reported a range of
[4 + 2] cycloaddition reactivity based on the nature of the
dienophile that spans 9 orders of magnitude with 1,2,4,5-
tetrazines including the first use of norbornene and TCO,
which have been the primary dienophiles used in recent
bioorthogonal literature.25,26 TCO has proven to be a much
faster reactant than norbornene for bioorthogonal applica-
tions,9,10 but the latter is more stable and commercially
available. No reported attempts at improving the dienophile
reactivity for bioorthogonal use with tetrazines were published
until a recent article emerged describing a new derivative of
TCO.27 The large cycloaddition rate differences seen by
changing the chemical nature of the dienophile are equaled by
changing the substituents in the 3 and 6 positions of 1,2,4,5-
tetrazines.28 However, only a few tetrazines have been
employed in biological environments for bioorthogonal label-
ing. The primary tetrazines used for this application found in
recent literature are the 3,6-monoaryl as well as the diaryl-s-
tetrazines shown in Figure 1. Tetrazine A and carboxylic acid
modified versions of this compound shown in Figure 1 have
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been employed for many applications by our lab,12,13,15,17−19

whereas tetrazines B and C have been reported elsewhere and
were used for various purposes including the postsynthetic
modification of DNA as well as for the synthesis of a
‘BioShuttle’ that effectively assists in transporting cargo into
cells.9,11,14,29−31 These tetrazines fall within the mid-range of
reported cycloaddition reactivity with dienophiles mainly
because some of the tetrazines with the fastest kinetics are
not stable in water.32 With such a large range of reactivity, many
substituents are likely to be suitable for bioorthogonal use and
could have a significant impact on the kinetics of the reaction.
In dealing with bioorthogonal reactions, another parameter
besides the rate constant that should be considered is aqueous
solution stability. Here, we report the design, synthesis, and
characterization of a series of 12 conjugatable tetrazines with
varying functional groups. We demonstrate a variety of solution
stabilities and reaction rates and validate the bioorthogonal use
of a new highly stable and water-soluble tetrazine.

■ EXPERIMENTAL PROCEDURES

General Considerations. All chemicals and reagents were
purchased from commercial sources and used without further
purification. (E)-Cyclooct-4-en-1-yl (2,5-dioxopyrrolidin-1-yl)
carbonate (TCO−carbonate) was synthesized as previously
described.13 NMR spectra were collected on a Varian 500 MHz
spectrometer. 1H and 13C NMR spectra were referenced to
residual solvent peaks or TMS (0.00 ppm). All phosphate
buffered saline (PBS) solutions used were composed of 0.01 M
phosphate buffer, 0.0027 M potassium chloride, and 0.137 M
sodium chloride, pH 7.4. HyClone DBPS/Modified was used
for DPBS. HyClone USDA tested fetal bovine serum was used
in FBS stability studies. Herceptin (trastuzumab) was
purchased from Genentech. Analytical high-performance liquid
chromatography (HPLC) and liquid chromatography−mass
spectrometry (LCMS) were performed on a Waters 2695
HPLC equipped with a 2996 diode array detector, a Micromass
ZQ4000 ESI-MS module, and a Varian 100 × 2.0 mm RPC18
column at a flow rate of 0.3 mL/min. Preparative HPLC was
performed on a Varian ProStar model 210 instrument equipped
with a model 335 diode array detector, a model 701 fraction
collector, and a Varian 250 × 21.2 mm RPC18 column at a flow
rate of 21 mL/min. HPLC buffers contained: buffer A (0.1%
trifluoroacetic acid (TFA) in H2O) and buffer B (acetonitrile
with 10% H2O and 0.1% TFA). Three to five milligram
portions of all compounds were weighed 3× on a Mettler
Toledo AB265-S/Fact balance with an accuracy of 0.03 mg in
the preparation of stock solutions. Mass spectrometry measure-

ments for exact mass were performed by the Department of
Chemistry Instrumentation Facility at the Massachusetts
Institute of Technology using a Bruker Daltonics 4.7 T Fourier
Transform Ion Cyclotron Mass Spectrometer (FTMS).
Synthesis. General Tetrazine Synthesis Procedure.

Compounds 1−12 were synthesized by mixing 2 mmol of 4-
(aminomethyl)benzonitrile, ethyl 6-aminohexanimidate dihy-
drochloride, or 4-cyanobenzoic acid with 10 mmol of
formamidine acetate, acetamidine hydrochloride, 2-cyanopyr-
idine, or pyrimidine-2-carbonitrile under N2. Anhydrous
hydrazine (2 mL) was then added slowly to the solid mixture
with stirring (Note: This procedure should be carried out in a
well-ventilated fume hood due to the formation of ammonia
gas). Reactions were then stirred at room temperature or with
heat for 30 min to 2 h. Sodium nitrite (10 mmol) in water was
added to the reaction mixture followed by dropwise addition of
2% aqueous HCl until the solution reached approximately pH
3. The solution turned red and stopped bubbling indicating that
the dihydrotetrazines were oxidized to the tetrazines (Note:
This procedure should be carried out in a well-ventilated fume
hood due to the formation of nitrogen oxide gases). The crude
aqueous mixtures were then subjected to one of two general
workups.
Workup A (compounds 1−8): The oxidized acidic solutions

were extracted with dichloromethane (DCM) until the organic
layer was colorless. The organic fractions were discarded and
the aqueous layer was then saturated with NaCl and basified by
addition of solid NaHCO3 (compounds 1−4) or Na2CO3
(compounds 5−8) and immediately extracted with DCM.
The organic layers were then dried with MgSO4, filtered, and
the solvent was removed by rotary evaporation (alternatively,
approximately 300 μL of TFA was added prior to rotary
evaporation) to yield a crude product mixture.
Workup B (compounds 9−12): The oxidized acidic

solutions yielded a pink/red precipitate, which was filtered or
separated by centrifugation and washed with 2% aqueous HCl
to afford a crude product mixture.
The crude mixtures of all compounds (1−12) were then

purified by HPLC, using the appropriate gradient of buffer A
and buffer B, and lyophilized (Note: in some cases, especially
with the pyridyl and pyrimidyl substituted compounds, multiple
rounds of HPLC purification were necessary due to poor
resolution of the product peak). The resulting TFA salts of
amine containing compounds 1−8 were then dissolved in 0.1%
HCl, loaded onto Waters Sep-Pak Vac 10 g C18 cartridges and
flushed with approximately 10 column volumes of 0.1% HCl.
The hydrochloride salts of purified compounds 1−8 were then
eluted with a mixture of 0.1% HCl and MeCN and either dried
in vacuo or lyophilized to dryness.

Synthesis of Ethyl 6-Aminohexanimidate Dihydrochlor-
ide. 6-Aminohexanenitrile (50 mmol) was dissolved in
anhydrous EtOH (30 mL). Excess HCl gas was bubbled into
the solution on an ice bath with stirring for 1 h. The ice bath
was removed and HCl bubbling was continued for 24 h. The
solvent was then removed by rotary evaporation giving a
crystalline solid that was then stirred in cold iPrOH (30 mL),
filtered, and washed with cold iPrOH (2 × 10 mL). After
drying in vacuo, pure ethyl 6-aminohexanimidate dihydro-
chloride salt (9.05 g, 78%) was obtained as a white solid. 1H
NMR (500 MHz, DMSO-d6) δ 1.35 (5H, pentet, J = 15.5 Hz),
1.54−1.66 (4H, m), 2.63 (2H, t, J = 7 Hz), 2.72−2.78 (2H, m),
4.42 (2H, quartet, J = 21 Hz), 8.11 (3H, s, N−H); 13C NMR
(125 MHz, DMSO-d6) δ 179.37, 69.33, 38.75, 32.55, 26.76,

Figure 1. Chemical structures of tetrazines used in reported
bioorthogonal applications. (A) (4-(1,2,4,5-tetrazin-3-yl)phenyl)-
methanamine, (B) 6-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)pyridin-3-
amine, (C) 4-(6-(pyrimidin-2-yl)-1,2,4,5-tetrazin-3-yl)benzoic acid.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc200295y |Bioconjugate Chem. 2011, 22, 2263−22702264



25.32, 24.72, 13.84 ppm. HRMS−ESI [M + H]+ m/z calcd for
[C8H19N2O]

+ 159.1492, found 159.1489.
(4-(1,2,4,5-Tetrazin-3-yl)phenyl)methanamine Hydro-

chloride (1). The reaction time was 30 min at 80 °C. The
title compound as the TFA salt was purified by HPLC using a
0−50% buffer B gradient. A red crystalline solid was obtained
after anion exchange to the hydrochloride salt (17% yield, 76
mg). 1H NMR (500 MHz, D2O) δ 4.37 (2H, s), 7.75 (2H, d, J
= 8.0 Hz), 8.54 (2H, d, J = 8.0 Hz), 10.43 (1H, s); 13C NMR
(125 MHz, D2O) δ 169.11, 160.39, 140.49, 134.95, 132.62,
131.84, 45.60 ppm. HRMS−ESI [M + H]+ m/z calcd for
[C9H10N5]

+ 188.0931, found 188.0934.
(4-(6-Methyl-1,2,4,5-tetrazin-3-yl)phenyl)methanamine

Hydrochloride (2). The reaction time was 30 min at 80 °C.
The title compound as the TFA salt was purified by HPLC
using a 0−50% buffer B gradient. A red/purple crystalline solid
was obtained after anion exchange to the hydrochloride salt
(17% yield, 81 mg). 1H NMR (500 MHz, D2O) δ 3.11 (3H, s),
4.36 (2H, s), 7.74 (2H, d, J = 8.5 Hz), 8.48 (2H, d, J = 8.0 Hz);
13C NMR (125 MHz, D2O) δ 170.36, 166.71, 140.06, 134.89,
132.61, 131.44, 45.59, 23.00 ppm. HRMS−ESI [M + H]+ m/z
calcd for [C10H12N5]

+ 202.1087, found 202.1090.
(4-(6-(Pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)phenyl)-

methanamine Hydrochloride (3). The reaction time was 2 h
at 80 °C. The cooled reaction mixture was suspended in a
mixture of 25 mL of MeCN, 10 mL of MeOH, and 4 mL of
TFA giving a clear yellow-orange solution. Solid NaNO2 (10
mmol) was then added and the reaction was allowed to stir for
15 min. After removing the solvent by rotary evaporation, the
residue was washed with DCM and the organics were
discarded, leaving an oil. The oil was then dissolved in water
(50 mL), saturated with solid NaHCO3, and extracted with
DCM. The combined DCM fractions were concentrated and
the title compound as the TFA salt was purified by HPLC using
a 0−25% buffer B gradient. A red crystalline solid was obtained
after anion exchange to the hydrochloride salt (22% yield, 132
mg). 1H NMR (500 MHz, DMSO-d6) δ 4.19 (2H, s), 7.53
(1H, t, J = 5 Hz), 7.83 (2H, d, J = 8 Hz), 8.19 (1H, t, J = 8 Hz),
8.56−8.64 (3H, m), 8.95 (1H, d, J = 5 Hz); 13C NMR (125
MHz, DMSO-d6) δ 163.17, 163.03, 150.33, 149.87, 138.85,
137.99, 131.55, 129.85, 127.89, 126.57, 124.01, 41.73 ppm.
HRMS−ESI [M + H]+ m/z calcd for [C14H13N6]

+ 265.1196,
found 265.1190.

(4-(6-(Pyrimidin-2-yl)-1,2,4,5-tetrazin-3-yl)phenyl)-
methanamine Hydrochloride (4). The reaction time was 2 h
at 80 °C. The cooled reaction mixture was treated as in 3. The
title compound as the TFA salt was purified by HPLC using a
0−25% buffer B gradient. A red crystalline solid was obtained
after anion exchange to the hydrochloride salt (17% yield, 102
mg). 1H NMR (500 MHz, D2O) δ 4.35 (2H, s), 7.74 (2H, d, J
= 8.5 Hz), 7.86 (1H, t, J = 5 Hz), 8.58 (2H, d, J = 8.0 Hz), 9.13
(2H, d, J = 5.5 Hz); 13C NMR (125 MHz, D2O) δ 167.32,
164.79, 161.60, 160.45, 141.00, 134.30, 132.78, 132.14, 126.75,
45.60 ppm. HRMS−ESI [M + H]+ m/z calcd for [C13H12N7]

+

266.1149, found 266.1140.
5-(1,2,4,5-Tetrazin-3-yl)pentan-1-amine Hydrochloride

(5). The reaction time was 2 h at room temperature. The
title compound as the TFA salt was purified by HPLC using a
0−25% buffer B gradient. A pink crystalline solid was obtained
after anion exchange to the hydrochloride salt (6% yield, 24
mg). 1H NMR (500 MHz, D2O) δ 1.53 (2H, pentet, J = 15.5
Hz) 1.75 (2H, pentet, J = 15.5 Hz), 1.99 (2H, pentet, J = 15.5
Hz) 3.02 (2H, t, J = 7.5 Hz), 3.39 (2H, t, J = 7.5 Hz), 10.36

(1H, s); 13C NMR (125 MHz, D2O) δ 175.63, 160.63, 42.25,
37.13, 29.71, 29.35, 27.99 ppm. HRMS−ESI [M + H]+ m/z
calcd for [C7H14N5]

+ 168.1244, found 168.1241.
5-(6-Methyl-1,2,4,5-tetrazin-3-yl)pentan-1-amine Hydro-

chloride (6). The reaction time was 2 h at room temperature.
The title compound as the TFA salt was purified by HPLC
using a 0−100% buffer B gradient. A purple crystalline solid
was obtained after anion exchange to the hydrochloride salt
(21% yield, 92 mg). 1H NMR (500 MHz, D2O) δ 1.51 (2H,
pentet, J = 15.5 Hz) 1.73 (2H, pentet, J = 15 Hz), 1.95 (2H,
pentet, J = 15 Hz) 3.02 (2H, t, J = 7.5 Hz), 3.34 (2H, t, J = 7.5
Hz), 4.77 (3H, s); 13C NMR (125 MHz, D2O) δ 172.49,
170.45, 42.21, 36.42, 29.78, 29.29, 27.91, 22.97 ppm. HRMS−
ESI [M + H]+ m/z calcd for [C8H16N5]

+ 182.1400, found
182.1405.

5-(6-(Pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)pentan-1-amine
Hydrochloride (7). The reaction time was 30 min at 80 °C.
The title compound as the TFA salt was purified by HPLC
using a 0−50% buffer B gradient. An orange/red crystalline
solid was obtained after anion exchange to the hydrochloride
salt (10% yield, 55 mg). 1H NMR (500 MHz, DMSO-d6) δ
1.48 (2H, pentet, J = 15 Hz), 1.66 (2H, pentet, J = 15.5 Hz),
1.96 (2H, pentet, J = 15 Hz), 2.72−2.82 (2H, m), 3.35 (2H, t, J
= 7), 7.70−7.76 (1H, m), 8.16 (1H, t, J = 7.5 Hz), 8.53 (1H, d,
J = 7.5 Hz), 8.91 (1H, d, J = 5 Hz); 13C NMR (125 MHz,
DMSO-d6) δ 169.78, 163.19, 150.23, 150.00, 137.98, 126.46,
123.83, 38.39, 33.82, 26.60, 26.54, 25.11 ppm. HRMS−ESI [M
+ H]+ m/z calcd for [C12H17N6]

+ 245.1509, found 245.1503.
5-(6-(Pyrimidin-2-yl)-1,2,4,5-tetrazin-3-yl)pentan-1-amine

Hydrochloride (8). The reaction time was 30 min at 80 °C.
The title compound as the TFA salt was purified by HPLC
using a 0−50% buffer B gradient. A red crystalline solid was
obtained after anion exchange to the hydrochloride salt (2%
yield, 12 mg). 1H NMR (500 MHz, D2O) δ 1.59 (2H, pentet, J
= 15 Hz) 1.80 (2H, pentet, J = 15.5 Hz), 2.08 (2H, pentet, J =
15.5 Hz) 3.05 (2H, t, J = 8 Hz), 3.52 (2H, t, J = 8 Hz), 7.86
(1H, t, J = 5.5 Hz), 9.14 (2H, d, J = 5.5 Hz); 13C NMR (125
MHz, D2O) δ 174.31, 165.18, 161.60, 160.45, 126.71, 42.19,
36.87, 29.68, 29.30, 27.99 ppm. HRMS−ESI [M + H]+ m/z
calcd for [C11H16N7]

+ 246.1462, found 246.1465.
4-(1,2,4,5-Tetrazin-3-yl)benzoic Acid (9). The reaction time

was 30 min at 80 °C. The title compound was purified as a pink
solid by HPLC using a 0−100% buffer B gradient (18% yield,
73 mg). 1H NMR (500 MHz, DMSO-d6) δ 8.22 (2H, d, J = 8.0
Hz), 8.62 (2H, d, J = 8.5 Hz), 10.66 (1H, s); 13C NMR (125
MHz, DMSO-d6) δ 166.58, 164.98, 158.16, 135.62, 134.22,
130.11, 127.88 ppm. HRMS−ESI [M − H]− m/z calcd for
[C9H5N4O2]

− 201.0418, found 201.0416.
4-(6-Methyl-1,2,4,5-tetrazin-3-yl)benzoic Acid (10). The

reaction time was 30 min at 80 °C. The title compound was
purified as a purple solid by HPLC using a 0−100% buffer B
gradient (11% yield, 48 mg). 1H NMR (500 MHz, DMSO-d6)
δ 3.03 (3H, s), 8.20 (2H, d, J = 9.0 Hz), 8.58 (2H, d, J = 8 Hz);
13C NMR (125 MHz, DMSO-d6) δ 167.84, 167.17, 163.30,
136.18, 134.43, 130.67, 128.06, 21.36 ppm. HRMS−ESI [M −
H]− m/z calcd for [C10H7N4O2]

− 215.0574, found 215.0574.
4-(6-(Pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)benzoic Acid (11).

The reaction time was 90 min at 80 °C. The title compound
was purified as a purple solid by HPLC using a 0−100% buffer
B gradient (3% yield, 17 mg). 1H NMR (500 MHz, DMSO-d6)
δ 7.74 (1H, t, J = 6.5 Hz), 8.17 (1H, d, J = 7.5 Hz), 8.24 (2H, d,
J = 9.0 Hz), 8.62 (1H, d, J = 8.0 Hz), 8.69 (2H, d, J = 8.5 Hz),
8.95 (1H, d, J = 3.5); 13C NMR (125 MHz, DMSO-d6) δ
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165.57, 162.02, 161.99, 149.46, 148.89, 136.78, 134.39, 133.16,
129.14, 126.92, 125.57, 123.09 ppm. HRMS−ESI [M + H]+ m/
z calcd for [C14H10N5O2]

+ 280.0829, found 280.0827.
4-(6-(Pyrimidin-2-yl)-1,2,4,5-tetrazin-3-yl)benzoic Acid

(12). The reaction time was 90 min at 80 °C. The title
compound was purified as a red solid by HPLC using a 0−
100% buffer B gradient (2% yield, 12 mg). 1H NMR (500
MHz, DMSO-d6) δ 7.78 (1H, t, J = 5.0 Hz), 8.19 (2H, d, J =
8.5 Hz), 8.64 (2H, d, J = 8.5 Hz), 9.14 (2H, d, J = 5.0 Hz); 13C
NMR (125 MHz, DMSO-d6) δ 167.15, 163.64, 163.36, 159.48,
159.00, 135.82, 134.94, 130.73, 128.83, 123.51 ppm. HRMS−
ESI [M + H]+ m/z calcd for [C13H9N6O2]

+ 281.0781, found
281.0784.

Synthesis of AF750−Tetrazine Conjugate (AF750−6). The
succinimidyl ester of AlexaFluor-750 (AF750, Invitrogen, 2.5
mg) was dissolved in 10 mM phosphate buffer, pH 8.3. Excess
(approximately 10-fold molar excess, 4 mg) tetrazine 6 was
then added immediately and the solution was allowed to stir at
room temperature in the dark for 5 h. The product was
identified by LCMS and purified by HPLC using a 0−100%
buffer B gradient. The resulting fractions containing the desired
compound were neutralized with NaOH, desalted by flushing
with deionized water after loading on Waters Sep-Pak Vac 10 g
C18 cartridges, eluted with a mixture of water/MeCN, frozen,
and lyophilized to yield purified product as determined by
analytical HPLC (see Supporting Information Figure S1).
Kinetics. Tetrazine Kinetics with Norbornene. Cyclo-

addition kinetics were monitored using a Tecan Safire2
microplate reader in clear flat-bottomed 96-well plates.
Norbornene carboxylic acid ((1S,2S,4S)-bicyclo[2.2.1]hept-5-
en-2-ylacetic acid) (NB) was used in excess as the dienophile at
1, 2, 3, 4, and 5 mM concentrations with each of the 12
tetrazines (100 μM) in triplicate. Stock solutions of reactants in
DMSO were diluted in PBS pH 7.4 to a final concentration of
5% DMSO. The decrease of the tetrazine absorbance measured
at 515 nm was monitored at 37 °C (NB PBS solutions were
allowed to pre-equilibrate at 37 °C in the instrument for 10 min
before addition of the tetrazine). The kobs (s

−1) values were
then calculated using the Prism software package, averaged, and
plotted against the concentration of NB to yield the second
order rate constants (k2, M

−1 s−1) from the slope of the line.
Trials for each tetrazine were done in duplicate. The relative (to
tetrazine 1) rate constants for each of the 12 tetrazines can be
seen in Supporting Information Figure S2.

Tetrazine Kinetics with TCO. Kinetics were performed with
the major isomer of (E)-cyclooct-4-enol (TCO) and selected
tetrazines using an Applied Photophysics Stopped-Flow
spectrophotometer. Stock solutions of reactants in DMSO
were diluted in PBS pH 7.4 to a final concentration of 1%
DMSO. Solutions of TCO and tetrazine were loaded into the
individual chambers of the spectrophotometer and equilibrated
to 37 °C for 10 min. Samples were then mixed by the
instrument in a 1:1 (v/v) ratio and the decrease of the tetrazine
absorbance measured at 515 nm was monitored at regular
intervals. Final concentrations of reactants were 1.0, 1.5, 2.0,
and 2.5 mM for TCO and 50 mM for the tetrazines. Baseline
corrected kobs (s

−1) values were calculated using Prism and the
results of 4 runs were averaged for each concentration of TCO
using the standard deviation as the error. The average kobs
values were then plotted against the concentration of TCO to
yield the second order rate constants (k2, M

−1 s−1) from the
slope of the line and the error from the standard deviation in
the slope calculated in Prism.

Tetrazine Stability Studies. Stability in Phosphate
Buffered Saline. The stability of tetrazines 1−12 in PBS was
measured using a Tecan Safire2 microplate reader in clear flat-
bottomed 96-well plates. DMSO stocks of tetrazines were
diluted in PBS pH 7.4 to 0.2 mM and a final DMSO
concentration of 1%. The decrease of the tetrazine absorbance
measured at 515 nm was monitored for 14 h at 37 °C. Three
independent trials (containing three wells for each tetrazine)
were conducted and the average of the three wells for each
tetrazine was calculated for each trial. The PBS corrected
averages from each of the three trials were themselves averaged
and the relative (to tetrazine 1) percent tetrazine remaining can
be seen in Supporting Information Figure S3 where the error is
the standard deviation of the three trials.

Stability in Serum (FBS). The stabilities of selected
tetrazines in 100% fetal bovine serum were measured using
an Agilent 8453 UV−visible spectrophotometer. The com-
pounds were added to pre-equilibrated serum at 37 °C in a
capped quartz cuvette at a final concentration of 1 mM and 1%
DMSO. A higher concentration of tetrazine was used as
compared to the PBS stability measurements due to a small but
significant baseline drift over time from the FBS resulting in
absorbance that overlaps with the tetrazine absorbance at 515
nm. The decrease of the tetrazine absorbance measured at 515
nm was monitored for 10 h at 37 °C. This procedure was
repeated three times and the serum only corrected percent
decreases were averaged and the standard deviation was used as
the error.
Antibody Labeling. Herceptin (5 mg) was dissolved in 10

mM NaHCO3 pH 8.4 buffer before adding approximately 3
mol equiv (0.25 mg) AlexaFluor-568 succinimidyl ester
(AF568, Invitrogen). The reaction was allowed to shake at
room temperature overnight in the dark. HerceptinAF568 was
then purified from unconjugated fluorophore using an Amicon
centrifugal filter (3K MWCO, Millipore) and determined to
have approximately 1−2 fluorophores/antibody by absorbance
using 91 300 M−1 cm−1 as the extinction coefficient for AF568.
Fluorophore labeled Herceptin was further labeled with excess
TCO−succinimidyl carbonate as described previously.19

Cell Studies. Flow Cytometry. Confluent SKBR-3 cells
were suspended using 0.05% Trypsin/0.53 mM EDTA, washed
by centrifugation with DPBS, and placed in microcentrifuge
tubes. HerceptinAF568 only (control) or HerceptinAF568−
TCO were then added separately to individual tubes to a final
concentration of 10 μg/mL in 100 μL total volume of DBPS.
After incubating for 30 min at room temperature, cells were
washed by centrifugation with DPBS (3 × 1 mL). AF750−6 in
DMSO was then added to give a final concentration of 10 μM
in 100 μL of DBPS and was allowed to incubate for 30 min at
room temperature (the final DMSO concentration was 1%).
Cells were then washed by centrifugation with DBPS (4 × 1
mL) before resuspension in DPBS containing 5% FBS. AF568
and AF750 fluorescence was then assessed with a Becton
Dickinson LSRII flow cytometer using the PE and APC-Cy7
channels, respectively. Data collected was analyzed using the
FlowJo software package.

Microscopy. SKBR-3 Human breast cancer cells were
cultured in breakaway glass chamber slides. Hercepti-
nAF568−TCO labeled antibody (HerceptinAF568 only for
controls) was incubated with the cells at a final concentration of
approximately 10 μg/mL for 30 min in growth media (McCoy’s
5A containing 10% FBS 1% L-Glutaimine 1% Penstrep and 2%
NaHCO3). Cells were then washed 4× with media before
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incubating with 10 μM AF750−6 for 30 min in growth media.
The cells were then washed 4× with DPBS and fixed by
incubating with Cytofix fixation buffer (BD Biosciences) for 20
min. After washing 4× with DPBS, the chambers were removed
and the cells were preserved with ProLong Gold (Invitrogen).
Images were taken using a Nikon Eclipse 80i fluorescence
microscope and imaged in the Y-2E/C and INDO CY GR
channels for AF568 and AF750, respectively. Identical image
acquisition settings were used for both the control and
experimental data sets. Images were analyzed using ImageJ
applying identical leveling adjustments to control and
experimental data across the individual channels.

■ RESULTS AND DISCUSSION

Synthesis of Tetrazines. A series of 1,2,4,5-tetrazines was
synthesized with the goal of testing the effects different
substituents have on the solution stability and cycloaddition
kinetic properties of these compounds. A total of 12 tetrazines
were synthesized based on three conjugatable scaffolds and four
different substituent groups. The substituents used varied in
both size and electronic properties. Tetrazines 1−12 were all
synthesized in a similar manner as shown in Scheme 1. After
the appropriate carbonitrile/imidate ester/amidine pair was
allowed to react in hydrazine, the crude reaction mixtures
containing the dihydrotetrazine intermediates were oxidized
with NaNO2 in water and 2% aqueous HCl. The crude
tetrazine mixtures were then purified and characterized by
NMR (1H and 13C) and HRMS in yields ranging from 2 to
22%. Several of the pyrimidyl and pyridyl substituted tetrazines
proved difficult to purify resulting in lower reported yields. It
was often the case that material of approximately 80−85%
purity could be obtained in much higher yields, but subsequent
and often multiple rounds of chromatography to obtain ≥95%
purity substantially lowered the overall yield of several of these
compounds.
Tetrazine Kinetics with Norbornene and PBS Stabil-

ity. With the goal of narrowing down the number of tetrazines
used for in depth follow-up studies, the synthesized compounds
1−12 were screened initially in parallel. In 96-well plates,
tetrazines 1−12 were incubated with norbornene carboxylic
acid ((1S,2S,4S)-bicyclo[2.2.1]hept-5-en-2-ylacetic acid) (NB)
to determine their relative inverse electron demand [4 + 2]
cycloaddition kinetics (Supporting Information Scheme S1
depicts the generic reaction). NB was used in these initial
screens due to its previous bioorthogonal utility in this
reaction,10,33 as well as its commercial availability. In all cases,
NB was used in excess (at least 10-fold) and the disappearance

of the visible absorption band of the tetrazine ring was
monitored spectrophotometrically to obtain the pseudo-first-
order rate constants (kobs s

−1). Reactions had varying half-lives
ranging from 1.5 to 60 min and were monitored until
completion of the cycloaddition at 37 °C. The kobs values at
each concentration of NB were then used to calculate the
relative second-order rate constants for all tetrazines. In general,
tetrazines with stronger electron withdrawing groups (4 and 8)
attached to the tetrazine ring showed faster kinetics, whereas
electron donating groups (2, 6, and 10) resulted in slower
cycloaddition reactions when compared to hydrogen sub-
stituted tetrazine 1 (see Supporting Information Figure S2).
This is consistent with the general [4 + 2] inverse electron
demand reaction in that more electron deficient dienes result in
faster cycloadditions.28 However, it is also important to note
that hydrogen substituted tetrazines resulted in faster kinetics
than would be predicted based on their ‘neutral’ character
suggesting other parameters such as sterics may play an
important role in the rate of this reaction.
The solution stability of the tetrazines in PBS pH 7.4 at 37

°C was investigated. This screen was done in parallel in which
the compounds were incubated in 96-well plates and the
absorbance of the tetrazine at 515 nm was used to determine
the percent tetrazine remaining after 14 h. The relative
stabilities compared to tetrazine 1 can be seen in Supporting
Information Figure S3. In general, compounds with stronger
electron withdrawing groups showed lower stability than
hydrogen substituted tetrazines and the electron donating
alkyl substituted tetrazines exhibited the highest stability.
In addition to these observed trends in kinetics and stability,

other factors such as aqueous solubility and ease of synthesis/
purification were also considered before selecting tetrazines for
more in depth follow-up studies. Overall, 3,6-diaryl tetrazines
demonstrate lower aqueous solubility than those with methyl or
hydrogen substituents. For example, 3,6-diphenyl tetrazine is
not soluble to any measurable amount in 100% water and 12 is
not soluble above 0.2 mM, whereas 6 readily dissolves at
concentrations above 500 mM. Taking all these data into
account, tetrazines 1−9 were chosen for further evaluation.
Tetrazine Kinetics with TCO and Serum Stability. The

selected tetrazines were tested for their cycloaddition kinetics
against the highly reactive dienophile TCO. A stopped-flow
spectrophotometer was used to follow the decrease of the
absorption at 515 nm of each tetrazine when mixed with excess
TCO at 37 °C in PBS pH 7.4. Reactions had varying half-lives
ranging from 9 to 3000 ms and were monitored until
completion of the cycloaddition at 37 °C. As with NB,

Scheme 1. Synthesis of Tetrazines 1−12
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second-order rate constants were calculated for cycloaddition
reactions of the tetrazines with TCO (Table 1). These data

again show that hydrogen substituted tetrazines demonstrate
exceptionally fast kinetics up to 30 000 M−1 s−1 for 9.
Interestingly, tetrazine 4, which displayed faster kinetics than
1 and 9 with NB, while still relatively fast, was slightly slower
than the reaction of these two tetrazines with TCO as the
dienophile. This is perhaps due to steric interference between
the 3,6-diaryl 4 and TCO that was not encountered with
monosubstituted 1 and 9. Even the slowest measured tetrazine
6 at 210 M−1 s−1 is still much faster than any of the reactions
with NB, which was previously shown to be sufficient for
pretargeted cell labeling studies.10 Together with the NB
kinetics, these data suggest a rate advantage for hydrogen
substituted tetrazines over more bulky aryl substituents. To test
the effect pH has on the reaction kinetics, another
physiologically relevant pH was chosen, pH 5.0, approximating
what is expected to occur within lysosomes. At this pH,
representative compounds 1 and 3 showed no significant
change in second-order rate constant compared to the reaction
at pH 7.4.
As tetrazines continue to become increasingly important

moieties in biological labeling/detection studies, a more
physiologically relevant stability experiment was conducted
with the selected compounds. Tetrazines were incubated in
pure fetal bovine serum (FBS) at 37 °C and the decrease in
absorbance at 515 nm was measured. The average percent
remaining over 10 h can be seen in Figure 2. The most stable
tetrazine was 6, with greater than 96% remaining after 10 h,
followed by the other alkyl substituted tetrazines and ending
with the least stable electron withdrawing group containing
tetrazine 4. These results mimic the data observed in the
previous PBS stability studies in that tetrazines with electron
donating groups were the most stable. Depending on the
individual application, any one of the tetrazines analyzed in this
manuscript could be of importance. For example, if the
tetrazine is to be employed where rapid reaction kinetics are
desired, a faster compound that also has a good balance of
chemical stability such as 1 or 9 would be a logical choice.
Many applications of 1 have already been demonstrated (vide

supra) including conjugation to proteins and nanoparticles.19,33

However, in applications where rapid cycloaddition kinetics
may not be as critical and improved chemical stability would be
more beneficial, a tetrazine able to withstand more harsh
chemical environments or endure long-term solution storage
such as 2 or 6 may be of more value.
Cancer Cell Labeling. To confirm the biological utility of

the new tetrazine derivatives, 6 was chosen as a representative
compound for validation in pretargeted labeling studies with
live SKBR-3 human breast cancer cells. Since we have already
used the much faster tetrazine 1 in a similar experiment,13 we
wanted to demonstrate that the slowest tetrazine from this
study was still a practical cycloaddition partner with TCO for
bioorthogonal use. Despite showing the slowest reaction
kinetics, tetrazine 6 demonstrated the best serum stability,
was extremely water-soluble, and was synthesized/purified in
relatively high yield. SKBR3 cells overexpress HER2/neu
receptors and have been shown previously to be useful in
pretargeted cell labeling assays with a tetrazine−norbornene
system.10 The HER2/neu antibody, Herceptin, was labeled
with AF568 and TCO through sequential incubations with the
dye succinimidyl ester and then TCO−succinimidyl carbonate.
The fluorescent labeling allows tracking of the antibody, and in
order to follow the cycloaddition reaction, the free amine of
tetrazine 6 was reacted with the succinimidyl ester of AF750 to
afford AF750−6. For confirmation of cycloaddition reactivity in
a biological environment, SKBR3 cells were incubated with
labeled antibodies HerceptinAF568−TCO or HerceptinAF568
(control). After washing, antibody labeled cells were then
incubated with AF750−6, washed again, and analyzed by flow
cytometry. Histograms showing the antibody labeling of cells
incubated with both the control and TCO labeled Herceptin
can be seen in Figure 3A. This figure indicates that the TCO
loaded antibody shows identical affinity for the cells as the
AF568 only loaded Herceptin. Figure 3B demonstrates that
cells labeled with HerceptinAF568−TCO react with AF750−6
through the significant shift in near-infrared fluorescence of
these cells compared to the HerceptinAF568 labeled control
cells. This study confirms the effectiveness of our selected
tetrazine for bioorthogonal labeling.
To corroborate the flow cytometry data, we looked at the

same HerceptinAF568−TCO reaction but using AF750−6

Table 1. Second Order [4 + 2] Cycloaddition Rate
Constants of Selected Tetrazines with TCO in PBS at 37°Ca

tetrazine k2 (M
−1s−1) error

1 26000a 500
2 820 70
3 5300 400
4 22000 2000
5 4900 100
6 210 20
7 2300 300
8 4400 300
9 30000 3000

aDiscrepancies between the rate constant reported here for 1 and
TCO of 26 000 M−1 s−1 and a previous report from our lab13 of 6000
M−1 s−1 may be explained by the methods used. The current method
herein evaluated the kinetics of the free molecules in solution directly
by absorbance of the tetrazine, whereas the previous study was
conducted using TCO modified antibody physically absorbed to a
surface and fluorescence readout after incubation with a tetrazine−
fluorophore conjugate.

Figure 2. Stability of selected tetrazines in FBS at 37 °C after 10 h. *It
was not possible to measure the serum stability of tetrazine 3 due to
formation of a precipitate after incubation in FBS for approximately
1.5−2 h.
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under fluorescence microscopy. The antibodies from the flow
cytometry experiment were used along with AF750−6 as the
cycloaddition partner (see Scheme 2). SKBR3 cells were

incubated individually with the labeled antibodies, followed by
washing, subsequent incubation with AF750−6, and imaging
(Figure 4). As can be seen in this figure, cells labeled with

HerceptinAF568−TCO are also labeled with AF750−6, but
cells incubated with control HerceptinAF568 showed no

fluorescence in the 750 nm channel. This study further
demonstrates that our selected tetrazine is useful in
bioorthogonal labeling on par with previously reported
compounds.

■ CONCLUSIONS
The series of 12 1,2,4,5-tetrazines was synthesized with a
combination of four substituent groups and three conjugatable
handles. Upon initial screening for reactivity and solution
stability of these compounds, several were chosen for more in
depth follow-up studies. These studies revealed a considerable
range of serum stabilities and cycloaddition reactivities with
TCO. Overall, tetrazines substituted with electron donating
groups tended to be more stable, but had slower cycloaddition
kinetics, and hydrogen substituted tetrazines, such as 1 and 9,
demonstrated a good balance of solution stability and fast
reaction kinetics compared to compounds that would electroni-
cally be more favorable suggesting these tetrazines may react
faster due to less steric interference with the dienophile. On the
basis of these data along with ease of synthesis/purification, a
tetrazine (6) was selected with exceptional chemical stability for
biological evaluation. This selected tetrazine, despite demon-
strating relatively slow kinetics, was then shown to be suitable
for bioorthogonal use based on pretargeted cancer cell labeling
studies using flow cytometry and fluorescence microscopy. The
presented tetrazines add more compounds to the inverse
electron demand [4 + 2] cycloaddition arsenal that can be
chosen from for different bioorthogonal labeling applications
depending on the desired chemical properties.
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ABSTRACT:

The use of lysosome-targeted liposomes may significantly improve the delivery of therapeutic enzymes and chaperones into
lysosomes for the treatment of lysosomal storage disorders. The aim of this research was to synthesize new potentially
lysosomotropic ligands on a base of Neutral Red and rhodamine B and to study their ability to enhance specific lysosomal delivery
of surface-modified liposomes loaded with a model compound, fluorescein isothiocyanate-dextran (FD). The delivery of these
liposomes and their content to lysosomes in HeLa cells was investigated by confocal immunofluorescent microscopy, subcellular
fractionation, and flow cytometry. Confocal microscopy demonstrated that liposomes modified with derivatives of rhodamine B
provide a good rate of colocalization with the specific lysosomal markers. The comparison of fluorescence of FD in lysosomes
isolated by subcellular fractionation also showed that the efficiency of lysosomal delivery of the liposomal load by liposomes
modified with some of synthesized ligands was significantly higher compared to that with plain liposomes. These results were
additionally confirmed by flow cytometry of the intact cells treated with liposomes loaded with 5-dodecanoylaminofluorescein di-β-
D-galactopyranoside, a specific substrate for the intralysosomal β-galactosidase, using a number of cell lines, including macrophages
with induced phenotype of lysosomal enzyme deficiency; two of the synthesized ligands—rhodamine B DSPE-PEG2k-amide and
6-(3-(DSPE-PEG2k)-thioureido) rhodamine B—demonstrated enhanced lysosomal delivery, in some cases, higher than that for
commercially available rhodamine B octadecyl ester, with the best results (the enhancement of the lysosomal delivery up to 75%
greater in comparison to plain liposomes) shown for the cells with induced lysosomal enzyme deficiency phenotype. Use of
liposomes modified with rhodamine B derivatives may be advantageous for the development of drug delivery systems for the
treatment of lysosome-associated disorders.

’ INTRODUCTION

Many pharmaceutical agents, including various large (enzymes,
antibodies, other polypeptides) and small molecules, must be de-
livered specifically to particular cell organelles in order to effi-
ciently exert their therapeutic action. Such delivery is still mainly an
unresolved problem,1 although some attempts have been made to
target mitochondria and nuclei using liposomes modified with
mitochondriotropic2 or nucleotropic agents.3

Lysosomes represent one of the important intracellular targets.
In a number of inherited human metabolic disorders, the lysoso-
mal storage disorders (LSDs), defects in the lysosomal enzymes,
lead to a progressive accumulation of unmetabolized substrates.4

LSD symptoms may vary widely depending on the particular
mutations inherited and the specific metabolic pathways affected;

LSD clinical manifestations typically include deterioration of
neurological function (50% of LSDs are associated with central
nervous system (CNS) disorders), as well as pulmonary, hepatic,
splenic, cardiovascular, and renal dysfunction. Other tissues and
functions also often affected in LSDs include the immune system,
bone, connective tissue, skeletal and cardiac muscle, dermis, and
ocular function.5,6 The clinical course and the severity of individual
LSDs usually correlate with levels of residual enzyme activity.

The most extensively used strategy for treatment of LSDs is
enzyme replacement therapy (ERT), based on the exogenous
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administration of active enzymes.7 Also, among the potential
advances in LSD treatment is the so-called “chaperone therapy”,
also called “enzyme enhancement therapy”, aimed at the im-
properly folded mutant proteins, that are stabilized by the
exogenously administered small molecules, resulting in an in-
crease in the levels of functional enzyme. It was shown to be a
promising treatment strategy for several LSDs including Gaucher
disease, the GM1 and GM2 gangliosidoses, and Fabry disease.8

However, this procedure remains limited and expensive because
of the instability, poor delivery, and rapid degradation of the
administered enzymes.

The use of liposome-immobilized enzymes introduced more
than 30 years ago new opportunities for enzyme therapy,
especially in the treatment of diseases localized to liver cells
which are natural targets for liposomes.9 Still, these liposome-
based preparations are not in general clinical use for ERT, and a
clear need to sharply increase the efficiency of the delivery of
the liposomal enzymes to lysosomes inside cells still exists.

Improvement in liposome-based enzyme delivery can be achieved
by using liposomes specifically targeted to lysosomes.

Another important aspect related to the lysosomal targeting
for drug delivery is the involvement of lysosomes in the treat-
ment of cancer via the activation of the lysosome-dependent cell
death pathway.10 It has been proven that the moderate permea-
bilization of lysosomal membranes can result in cell apoptosis.
On the other hand, secreted lysosomal cathepsins degrade
protein components of the extracellular matrix and thus con-
tribute actively to tumor angiogenesis.11 Thus, it may be useful to
develop a delivery system with specific lysosomal targeting that
can provide inhibition of lysosomal enzymatic activity in cancer
cells or deliver lysosome-destabilizing agents that will cause
cancer cell apoptosis.

A large variety of small molecules have been identified which
specifically target and accumulate in lysosomes. Among them,
Neutral Red and rhodamine B are routinely used for the
visualization of lysosomes and other acidic organelles in live

Figure 1. Synthesis of derivatives of Neutral Red and rhodamine B.
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cells.12,13 The commercially available rhodamine B octadecyl
ester is used widely to monitor membrane fusion14 and for the
study of lysosomal metabolism.15 As shown by Vult von Steyern
et al.,16 rhodamine B accumulates specifically in the lysosomes of
denervated skeletal muscle. Huth et al. have shown a preferential
build-up of the liposomes within lysosomes, when the liposomal
membrane was labeled with rhodamine B-phosphoethano-
lamine.17 With this in mind, we originally proved the general
concept of the possibility to prepare the lysosome-targeted
liposomes based on the use of commercially available Rhodamine
B octadecyl ester.18

The aim of the current work was to synthesize different ligands
based on Neutral Red (NR) and rhodamine B (RhB) with short
and long poly(ethylene glycol) spacers suitable for introduction
into the lipid bilayer and compare their ability to enhance the
lysosomal delivery of these ligand-modified liposomes loaded
with the model compound FITC-dextran.

’MATERIALS AND METHODS

Materials. Egg phosphatidylcholine (ePC), cholesterol (Chol),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(poly-
ethylene glycol)-2000] (DSPE-PEG2k-amine) and 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE) were purchased
from Avanti Polar Lipids (Alabaster AL, USA). Fluorescein
isothiocyanate-dextran (FD) with molecular weight (MW) of
4400, Neutral Red (NR), rhodamine B (RhB), rhodamine B
octadecyl ester (R18), rhodamine B isothiocyanate (RhB-ITC),
polyoxyethylene(MW 3400)-bis(p-nitrophenyl carbonate)
(PEG3.4k-(pNP)2), triethylamine (TEA), β-galactosidase (product
number G0413), protease inhibitor cocktail (PIC), phorbol
myristate acetate (PMA), and conduritol B epoxide (CBE) were
purchased from Sigma-Aldrich (St. Louis MO, USA). p-Nitro-
phenylcarbonyl-(polyethylene glycol-3400)-dioleylphosphatidyl-
ethanolamine (pNP-PEG3.4k-DOPE) was prepared and purified
according to the method in ref 19. Bio-Gel A-1.5 m sorbent
was purchased from Bio-Rad (Hercules CA, USA). Lysosome
Enrichment Kit, Coomassie-based protein assay kit, and
DyLight 350-conjugated goat antimouse IgG were obtained
from Pierce Biotechnology (Rockford IL, USA). Fluorescein
di-β-D-galactopyranoside (FDG), dodecanoylamino fluores-
cein di-β-D-galactopyranoside (C12FDG), and 5-(pentafluoro-
benzoylamino) fluorescein di-β-D-glucopyranoside (PFB-FDGlu)
were purchased from Invitrogen/Molecular Probes, Inc. (Eugene
OR, USA). Mouse monoclonal (H4B4) anti-lysosome-asso-
ciated membrane protein antibody (anti-Lamp2) was purchased
from Abcam (Cambridge MA, USA). Fluoromount-G mounting
mediumwas purchased from SouthernBiotech (BirminghamAL,
USA). Cell cultures of human epithelial cervical cancer CCL-2
(HeLa), mouse melanoma CRL-6475 (B16(F10)), mouse Lewis
lung carcinoma CRL-1642 (LLC), mouse embryo fibroblasts
CRL-1658 (NIH/3T3), rat myocardium myoblasts CRL-1446
(H9c2), and human monocytes (U-93720) were purchased from
the American Type Culture Collection (ATCC, Manassas VA,
USA). Cell culture media and supplements were from CellGro
(Kansas City MO, USA). All other chemicals and buffer compo-
nents were analytical-grade preparations. Distilled and deionized
water was used in all experiments.
Conjugates of Neutral Red and Rhodamine B. The studied

cnojugates and paths of their synthesis are shown in Figure 1.
Substances were synthesized from commercially available
Neutral Red, rhodamine B, and rhodamine B isothiocyanate, except

for rhodamine B octadecyl ester (R18, as ligand III), which also
was commercially available.
Synthetic Procedures. Synthesis of Octadecanoic Acid

(8-(Dimethylamino)-3-methylphenazin-2-yl)amide (I, NRstear). I was
made starting with the Neutral Red acid�base indicator (NR),
according to procedure developed by Suzuki et al.21 Neutral Red
(120 mg) was dissolved in distilled water, and 0.1 M aqueous
NaOH was added. The desalted Neutral Red was extracted with
chloroform. The organic fraction was dried over Na2SO4 and
evaporated, resulting in 68.6 mg of free-base form ofNeutral Red.
The intermediate product and 75 mg of triethylamine (TEA,
7.4 mmol) were dissolved together in 22.5 mL of tetrahydrofuran
(THF) and the mixture was stirred for 1 h at room temperature.
Stearoyl chloride (128 mg, 0.42 μmol) of was dissolved with
0.75 mL of THF and added to the reaction mixture, which was
stirred for 24 h at room temperature. The THF was evaporated
and the residue obtained was dissolved in 20 mL of chloroform.
The chloroform phase was washed twice with 20 mL of 1 N HCl
and 1 N NaOH, and once with the same deionized water, dried
over Na2SO4, and evaporated. The residue was purified by silica
gel column chromatography with n-hexane�ethyl acetate (1:3,
Rf = 0.83) as the eluent to yield the final product (18.4 mg
of purified product, yield 13%). 1H NMR (CDCl3, 400 MHz)
δ 0.83�0.91 (m, 3H, �CH3), 1.22�1.43 (m, 30H, �CH2�),
1.53�1.61 (m, 2H, �CH2CH2CO�), 1.75�1.84 (m, 3H,
Ar�CH3), 2.17 (s, 1H, Ar�NH�Ar), 3.19 (s, 6H, ArdN+-
(CH3)2), 3.96�4.00 (m, 1H, Ar�H), 4.19�4.24 (t, J = 6.05Hz),
4.64 (s, 1H, Ar-H), 4.72 (s, 1H, Ar�H), 5.04 (s, 1H, Ar�H),
7.06 (d, J = 7.06 Hz, 1H, Ar�H), 7.39 (s, 1H, Ar�H), 7.53
(dd, J = 9.64 Hz, 1H, Ar�H), 7.70, 7.90 (s, 1H, Ar�H), 7.98
(d, J = 9.61 Hz, 1H, Ar�H).
Synthesis of DOPE-PEG3.4K-carbonyl 8-(Dimethylamino)-3-

methylphenazin-2-yl)amide (II, NRPEG). II was made from NR
by reaction with p-nitrophenylcarbonyl-(polyethylene glycol-
3400)-dioleylphosphatidylethanolamine (pNP-PEG3.4k-DOPE),
according to ref 19 using less basic conditions (pH 7.5) to avoid
precipitation of NR that occurs at pH above 8.0. pNP-PEG3.4k-
DOPE (6 mg, 1.37 μmol) of was dissolved in 2 mL of phosphate
buffered saline with pH adjusted to 7.5 containing a 3-fold
excess of NR (1.2 mg; 4.15 μmol). After fully dissolving the
pNP-PEG3.4k-DOPE, the resultant mixture was sparged with
nitrogen and stirred for 24 h at room temperature. The excess of
NR was separated by dialysis against deionized water using
Spectra/Por cellulose ester dialysis membranes (Spectrum La-
boratories, Rancho Domingues, CA, USA) with a molecular
weight cutoff size of 2000 Da. Product was purified from the
nonconjugated DOPE-PEG3.4k-COOH by silica gel column
chromatography with chloroform�methanol (4:1, Rf = 0.65)
as the eluent to yield the final product (yield of purified product
2.3 mg, 38%). 1H NMR (CDCl3, 400 MHz): δ 0.87�0.89
(m, 6H, �CH3 of fatty acid chains), 1.00�1.50 (m, 44H,
�CH2� of fatty acid chains), 1.5�1.8 (s, 4H, �COO�
CH2�CH2�), 1.90�2.14 (m, 8H, �CH2�CH2�CHd),
2.20�2.50 (m, 4H, CH2�CH2�COO� of fatty acid chains),
3.18 (s, 6H, ArdN+(CH3)2), 3.20�3.50 (m, 2H, �CH2�
CH2�NH2CO), 3.53�3.78 (m, PEG chains), 3.78�3.85 (m,
2H, CH2�CH2�O�), 4.20�4.48 (m, 2H, �O�CH2�CH-
(CH2�/O�), 5.07�5.18 (m, 1H, �O�CH(CH2�)2), 5.19�
5.41 (m, 4H,�CHdCH�), 6.90�8.00 (m, 5H, Ar�H), 8.06�
8.32 (m, 1H, Ar�NH�CO).
Synthesis of Rhodamine B DSPE-PEG2k-amide (IV, RamPEG).

IV was made from rhodamine B by amidification with
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DSPE-PEG2k-amide. Rhodamine B (7.7 mg, 16.1 μmol) was dis-
solved in 2 mL of dimethylformamide (DMF). Thionylchloride
(2.0 mg, 16.2 μmol; used as catalyst) was added to the rhodamine B
and themixture was stirred at 55 �C for 40min. DSPE-PEG2k-amine
(15 mg, 5.37 μmol) was added dropwise to the stirred solution of
activated rhodamine B, and the resulting mixture was stirred for
additional 7 h at 70 �C under a reverse condenser. The resulting
mixture was diluted with deionized water 1:5, and the nonreacted
rhodamine B was separated by dialysis against deionized water using
Spectra/Por cellulose ester dialysis membranes with cutoff size of
2000 Da. Product was purified from the nonconjugated DSPE-
PEG2k-amine by silica gel column chromatography with chloro-
form�methanol (4:1, Rf = 0.62) as the eluent to yield the final
product (yield of purified product 2.0 mg, 11%). 1H NMR (CDCl3,
400 MHz): δ 0.87�0.89 (t, 6H, �CH3 of fatty acid chains),
1.15�1.70 (m, 60H, �CH2� of fatty acid chains, + 6H, Ar�N-
(CH2CH3)2), 2.22�2.44 (q, 4H, CH2�CH2�COO� of fatty acid
chains), 3.18�3.42 (m, 2H, OPO3�CH2�CH2�NH2CO�Ard
N+(CH3)2), 3.20�3.50 (m, 2H, �CH2�CH2�NH2CO�),
3.43�4.50 (m, �CH2�CH2�O� of PEG chains), 5.07�5.18
(m, 1H,�O�CH(CH2�)2), 6.78 (m, 2H, Ar�H), 7.00 (m, 2H,
Ar�CONH2�CH2), 7.53 (td, 1H, Ar�H), 8.02 (m, 1H, Ar�H).
Synthesis of Rhodamine B 2-(DOPE-PEG3.4k-carbonyl)-ami-

noethyl Ester (V, RestPEG). V was synthesized starting with the
rhodamine B 2-aminoethyl ester, synthesized from rhodamine B
as described by Derkacheva et al.22 and generously provided by
the authors. Rhodamine B 2-aminoethyl ester (2.6 mg, 4.6 μmol)
was dissolved in 0.5 mL of methanol and activated by adding
0.47mg(4.6μmol) ofTEA. pNP-PEG3.4k-DOPE(6mg, 1.37μmol)
was dissolved in an activated rhodamine B 2-aminoethyl ester
solution. The resultant mixture was sparged with nitrogen and
stirred for 24 h at room temperature. The excess of rhodamine B
2-aminoethyl ester was separated by dialysis against deionized
water using Spectra/Por cellulose ester dialysis membranes with
a cutoff size of 2000 Da. Product was purified from the non-
conjugated DOPE-PEG3.4k-COOH by silica gel column chro-
matography with chloroform�methanol (4:1, Rf = 0.52) as
the eluent to yield the final product (yield of purified product
4.0 mg, 62%). 1H NMR (CDCl3, 400 MHz) δ 0.84�0.91
(m, 6H, �CH3 of fatty acids), 1.09�1.20 (m, 6H, Ar�
N(CH2CH3)2), 1.23�1.37 (m, 32H, �CH2� of fatty acids),
1.40�1.43 (m, 6H, ArdN+(CH2CH3)2), 1.54�1.62, 1.66�
1.84 (m, 4H, �CH2�CH2�COO�), 1.97�2.04 (m, 8H,
�CH2�CHdCH�), 2.24�2.31 (m, 6H, �CH2�CO�),
3.30�3.38 (m, 2H, �CH2�NH�COO�), 3.44�3.48 (m,
4H, Ar�N(CH2�CH3)2), 3.54 (s, 2H, �CH2�NH�CO�),
3.58�3.84 (m, PEG chains), 3.92�4.00, 4.10�4.17 (m, 4H,
�PO4�CH2�), 4.18�4.22 (m, 2H, �CH2�O�CO�),
4.36�4.42 (m, 4H, �O�CH(CH2�O�)2), 5.18�5.23 (m,
2H, Ar�H and �O�CH(CH2�O�)2), 5.29�5.38 (m, 4H,
�CHdCH� of fatty acids), 5.84�5.90 (s, 1H, Ar�H),
6.80�6.93 (m, 1H, Ar�H), 7.04�7.20 (m, 2H, Ar�H),
7.27�7.34 (m, 1H, Ar�H), 8.33 (dd, J = 27.89 Hz, 1H, Ar�H).
Synthesis of 6-(3-(DSPE-PEG2k)-thioureido) Rhodamine B

(VI, RtuPEG). VI was made starting with a rhodamine B
isothiocyanate (mix of isomers, from Sigma). Rhodamine B
isothiocyanate (7.7 mg, 16.1 μmol) was dissolved in 1 mL
of methanol, and the solution was used to dissolve 15 mg
(5.38 μmol) of DSPE-PEG2k-amine; the resultant mixture was
sparged with nitrogen and stirred for 48 h at room temperature.
After the reaction, the excess of Rhodamine B isothiocyanate was
separated by dialysis against deionized water using Spectra/Por

cellulose ester dialysis membranes with a cutoff size of 2000 Da.
Product was purified from the nonconjugated DSPE-PEG2k-
amine by silica gel column chromatography with chloroform�
methanol (4:1, Rf = 0.56) as the eluent to yield the final product
(yield of purified product 5.8 mg, 33%). 1H NMR (CDCl3, 400
MHz): δ 0.77�0.99 (m, 6H, �CH3 of fatty acids), 1.03�1.51
(m, 6H, Ar�N(CH2CH3)2), 1.57�1.72 (m, 4H, �CH2COO�
of fatty acids), 2.01, 2.28�2.39 (m, 4H, �CH2COO� of fatty
acids), 3.21�3.35 (m, 2H, �CH2�CH2�NHCOO�) 3.41�
3.45 (m, 4H, Ar�N(CH2CH3)2), 3.50�4.25 (m, PEG chains),
5.00�5.18 (m,1H, Ar�H), 6.23�6.26 (dd, J = 6.26 Hz, 1H,
Ar�H), 6.60, 6.80�6.94 (m, 1H, Ar�H), 7.26 (m, 1H, Ar�H),
7.51�7.56 (s, 1H, �CH2�NH�CS�NH�), 7.69�7.74 (m,
1H, Ar�H), 7.81�7.87 (d, J = 7.83 Hz, 1H, Ar�H).
Preparation of Liposomal Formulations. Plain and ligand-

modified FD-loaded liposomes were obtained from lipid films
prepared by evaporating the solvent frommixtures of chloroform
solutions of egg phosphatidylcholine (ePC) and cholesterol
(7:3 molar ratio) in chloroform,19 optionally supplemented with
respective ligands (1 mol %) in ethanol or chloroform. After
removing the solvent on a rotary evaporator followed by freeze�
drying on a Freeze-Dry System Freezone 4.5 (Labconco, Kansas
City, MO), films were redissolved in chloroform and re-dried.
The films were hydrated by vigorous vortexing with phosphate-
buffered saline (PBS: 137 mM NaCl, 8 mM Na2HPO4, 2.7 mM
KCl, 1.5 mM KH2PO4, pH 7.4) or PBS supplemented with FD
(molecular weight 4400, 45 mg/mL) to produce a total lipid
content of 10 mg/mL. The hydrated lipid films were extruded
21 times through Nuclepore polycarbonate membranes with
200 nm pore size (Whatman, Clifton, NJ) using an Avanti Mini-
Extruder device (Avanti Polar Lipids, Alabaster, AL). Liposomes
were separated from non-incorporated FD by gel-filtration on a
BioGel 1.5 M column (0.7 � 24 cm). Final lipid content in the
liposomal fraction was calculated from the ratio of volumes of
loaded formulation and the eluted fraction. Effective inclusion of
FD into liposomes was evaluated using the BioTek Synergy HT
microplate reader (BioTek, Winooski, VT) by measuring fluor-
escence (ex/em: 485/528 nm) of liposomes diluted 1/100 with
PBS (pH 7.4) supplied with 0.2% Triton X-100 (to avoid a
possible FRET effect), and calculating FD concentration accord-
ing to a preliminary calibration made under the same conditions,
with subsequent normalization to total lipid content.
Alternatively, for the evaluation of lysosomal uptake of the

liposomal load by flow cytometry, both plain and ligand-modified
liposomes were produced with a load of C12FDG, a 12-carbon
lipophilic variant of fluorescein di-β-D-galactopyranoside (FDG).23

C12FDG solubilized in DMSO was added to a mixture of ePC,
Chol, and ligand dissolved in chloroform, at 1.5% molar to total
lipids. After evaporation of the solvents, the lipid film was
redissolved in chloroform. After a second chloroform evapora-
tion and freeze�drying of the film, C12FDG-loaded liposomes
were prepared by hydration of the lipid film in PBS with
subsequent extrusion and separation from non-incorporated
ligands and C12FDG as described above. To estimate C12FDG
loading,C12FDG-liposomeswere resuspended inPBS at 150μg/mL
and incubated with or without recombinant β-galactosidase
(0.635 μg/mL) for 24 h at 37 �C. After the liposome dissolution
with 0.2% Triton X-100 (to avoid a possible FRET effect), the
fluorescent intensity of the C12-fluorescein produced by enzy-
matic hydrolysis of C12FDG was measured on a BioTek Synergy
HTmicroplate reader (ex/em: 485/528 nm) and normalized for
lipid content.
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Characterization of Liposomes. Liposome size distribution
was determined by dynamic light scattering using a Coulter
N4MD Submicrometer Particle Size Analyzer (Beckman-
Coulter, Fullerton, CA). Zeta-potential of liposomal preparations
was measured at 25 �C in 0.1 mM KCl solution (diluted to a lipid
content of 0.2�0.3 μg/mL) using the Zeta-Plus Instrument
(Brookhaven Instruments, Holtsville, NY).
Cell Cultures. The fluorescent microscopy and subcellular

fractionation studies were done on HeLa cells, used for experi-
ments up to passage 16. For the cell experiments, HeLa cells were
grown at 37 �C at 5% CO2 and 95% humidity in Dulbecco
Modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL
streptomycin, and 2mMglutamine. To reseed the cell cultures or
harvest them for subcellular fractionation or flow cytometry
studies, cells were detached by trypsinization with 0.5% trypsin
in PBS containing 0.025% EDTA. B16(F10), LLC, NIH/3T3,
and H9c2 cells were grown and treated according to the same
general protocol.
The U-937 monocytes, that were used for modeling the

phenotype of lysosomal enzyme deficiency disorder, were grown
in flasks suspended in RPMI-1640 medium supplemented with
10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and
2 mM glutamine. To induce the needed phenotype, the cells
were first seeded in 6-well plates 5 � 106 cells per well in
complete RPMI-1640 and cultured for 48 h in the presence of
10nM phorbol myristate acetate (PMA; Sigma-Aldrich).24 The
mature attached macrophages were washed twice with the sterile
PBS and cultured for an additional 72 h in complete RPMI-1640,
supplied with 200 μM of conduritol B epoxide (CBE; Sigma-
Aldrich).25,26 To harvest the macrophages for flow cytometry
studies after the incubation with liposomes, the cells were detached
using 4 mg/mL lidocaine in PBS containing 0.025% EDTA.
Lysosomal β-Glucocerebrosidase Enzymatic Activity As-

say.The efficiency and stability of the induction of the lysosomal
enzyme deficiency phenotype in U-937 cells were evaluated by
the residual enzymatic activity of the lysosomal β-glucocrebro-
sidase after the treatment of the cells with PMA and CBE
immediately, as well as after different recovery times after the
removal of the CBE-containing medium replaced by the fresh
complete RPMI-1640medium. For this evaluation, the cells were
seeded and subsequently treated with PMA and CBE as de-
scribed above. At specific time points after removal of the CBE,
the cells were detached using lidocaine and EDTA, dispersed
in 300 μL of PBS (pH 7.4), supplemented with 50 μMof specific
β-glucocerebrosidase substrate, 5-(pentafluorobenzoylamino)
fluorescein di-β-D-glucopyranoside (PFB-FDGlu), and incu-
bated for 1 h at 37 �C. Residual enzymatic activity, resulting
in the formation of the fluorescent fluorescein derivative, was
evaluated from the intensity of the green fluorescence deter-
mined at the emission wavelength of 520 nm (channel FL-1) by
flow cytometry, with macrophages not treated with the CBE as
a control.
Interaction of Liposomes with Cells in Vitro.Cells grown to

the needed extent of confluence were incubated with liposomes
added at amounts calculated to provide the same FD or C12FDG
load to cells for every liposomal formulation, in their respective
serum-free media for 4 h, then washed twice with medium to
remove nonbound liposomes and used for studies. When re-
quired, cells treated with liposomes for 4 h were washed twice
with fresh medium to remove nonbound liposomes and incu-
bated for an additional chase period of 20 h at 37 �C in 5%CO2 in

complete liposome-free medium (denoted further in the text as
4 + 20 h incubation).
Immunofluorescence Microscopy. Intracellular trafficking

and localization of FD-loaded ligand-modified liposomes were
preliminarily tested using a fluorescent microscope Nikon
Eclipse E400 (Japan) equipped with a 6 V-20W halogen lamp,
filter blocks for blue (EX/DM/BA 330�380/400/435 nm), green
(465�495/505/515�565), and red (528�553/565/600�600)
spectral channels and 100� oil-immersion objective. After the
initial evaluation, the samples obtained by incubation of cells with
liposomes that provided better colocalization with lysosomes
were re-evaluated using a Zeiss LSM 700 upright confocal micro-
scope (Thornwood, NY) equipped with a 63�, 1.4-numerical
aperture plan-apochromat oil-immersion objective. HeLa cells
were grown on microscope coverslips in 6-well plates seeded in
complete DMEMmedium at 104 cells per well. When cells reached
40�50% confluence, plain and ligand-modified liposomes were
added to cells in amounts providing an equal FD load for all formula-
tions with an average concentration of total lipids 50 μg/mL and
incubated as described. After incubation, cells were washed with
PBS and fixed with 4% paraformaldehyde in PBS (pH 7.4) for
15 min at room temperature (RT), followed by a PBS wash,
quenching with NaBH4 in PBS for 5 min, and another PBS wash.
The cells were then permeabilized by incubation with 0.2%
saponin and 1% BSA in PBS for 10 min at RT, washed three
times with a blocking solution (1% BSA in PBS, pH 7.4), and
kept for 30min in the same buffer. The cells were stained with the
mouse antihuman Lamp2 mAb diluted with blocking solution
(1:50) for 60 min at RT, and washed five times with the blocking
solution. Visualization was achieved by cell incubation with
DyLight 350-conjugated goat antimouse IgG (1:100 dilution)
for 60 min at RT followed with five washes with the blocking
solution. Individual coverslips weremounted cell-side down onto
fresh glass slides with fluorescence-free glycerol-based mounting
medium (Fluoromount-G; Southern Biotechnology Associates,
Inc.) and studied under bright light and under epifluorescence
with UV, Rhodamine/TRITC, and Fluorescein/FITC filters.
Co-localization of liposomes and lysosomal markers was char-
acterized for individual cells (N = 8 to 20 for different liposomal
formulations) by Pearson’s correlation coefficient (PCC) and
Manders’ overlap coefficient (MOC),27 calculated using ImageJ 1.42
software (National Institutes of Health, Bethesda, MD) with
MBF bundle of plug-ins (McMaster University, Hamilton, ON,
Canada).
Evaluation of Lysosomal Delivery by Subcellular Fractio-

nation. Hela cells were grown to 90% confluence under
the above-described conditions and incubated with lipo-
somes added at amounts calculated to provide the same FD
load on cells for all formulations in complete DMEM for
4 + 20 h.
In order to isolate the lysosome-enriched fractions, the cells

((∼0.7�1.0) � 108 cells per sample) were collected by trypsi-
nization and washed with ice-cold PBS. The cell pellet was
resuspended in 1 mL of the reagent A of the Lysosome Enrich-
ment Kit (Pierce Biotechnology, Rockford IL, USA) comple-
mented with 1% (v/v) of a protease inhibitor cocktail. After
2 min incubation on ice, the cells were lysed by sonication
(20 bursts, 3 s each, at 6W). The cell lysate was treated with 1mL
of the reagent B of the same kit. The mixture was gently shaken
several times and centrifuged at 500 g for 10 min at 4 �C to
pellet nuclei and any remaining intact cells. The postnuclear
supernatant was then adjusted with OptiPrep gradient medium
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(Pierce Biotechnology; 60% v/v solution of Iodixanol) to 15% of
Iodixanol, loaded onto the top of discontinuous density gradient
with the following steps from top to bottom: 17%, 20%, 23%,
27%, and 30% of Iodixanol (by respective dilutions of OptiPrep),
and subjected to ultracentrifugation at 145 000 g for 2 h at 4 �C
using Beckman Coulter Optima XL ultracentrifuge equipped
with SW41Ti swinging bucket rotor (Beckman Coulter, Krefeld,
Germany). A total of 5 resultant fractions were collected from the
top of the tube, diluted with PBS to the equal total volume of
6 mL, pelleted at 30 000 g for 30 min at 4 �C using Beckman
Coulter Optima TLX Tabletop equipped with TLA-100.3 fixed
angle rotor (Beckman Coulter, Krefeld, Germany), and then
resuspended in equal volumes of cold PBS. All collected fractions
were evaluated for lysosomal β-galactosidase activity and ana-
lyzed for protein, FD, and ligand content.
Protein concentration in each fraction was determined using a

Coomassie protein assay in triplicate by measuring absorption at
595 nm using BioTek Synergy HT microplate reader (BioTek
Instruments, Winooski, VT, USA). FD and ligand content in
fractions were determined by measuring the fluorescence inten-
sity of equal volumes of each fraction in triplicate, using the same
microplate reader at 485/528 nm and 530�590 nm (ex/em),
respectively. The quantity of FD in each subcellular fraction was
calculated using a calibration by standard FD solutions in PBS.
The lysosomal β-galactosidase activity was evaluated by dis-

persing 50 μL of each fraction in 150 μL of PBS supplemented
with 15 μM of fluorescein di-β-D-galactopyranoside (FDG) and
incubating the mix for 18 h at 37 �C. The intensity of fluores-
cence of the resultant product was measured using a microplate
reader at 485/528 nm.
Measured and calculated values for each ligand, FD, and

relative β-galactosidase activity were normalized to the protein
content, and their fractional distribution was calculated as a
percent of the normalized value in each fraction to the total sum
of all fractions.
Flow Cytometry Analysis. The binding of plain and

rhodamine-based ligand-modified liposomes to cultured cells was
evaluated by flow cytometry. Control (untreated) HeLa cells
or cells treated with liposomes were washed twice with DMEM

and trypsinized. The harvested cells were washed twice with PBS,
resuspended in 1 mL of ice-cold PBS, and their fluorescence
determined using a fluorescence-activated cell sorter (FACS).
Data acquisition was performed on a Becton Dickinson FACScan
(Becton Dickinson, San Jose, CA), and the data were ana-
lyzed using CellQuest software (Becton Dickinson). The
green and red fluorescence were determined respectively at
the emission wavelengths of 520 and 580 nm (channels FL-1 and
FL-2). To eliminate possible overlap of rhodamine fluorescence
with channel FL-1, the compensation between FL-1 and FL-2
channels was applied using the cells incubated with nonloaded
ligand-modified liposomes as an additional control.
The data were tested for statistical significance using the

Student’s paired t test. P-values were considered significant at
p e 0.05.

’RESULTS

All liposomal formulations were characterized for size, zeta-
potential, and FD or relative C12FDG content (see Table 1).

In all cellular studies in vitro, liposomes were added for
incubation with cells at dilutions providing the same FD or
C12FDG load to cells for all liposomal formulations.
Intracellular Localization of Ligand-Modified Liposomes.

The lysosomotropic ability of ligands was initially tested by
fluorescent microscopy of HeLa cells incubated with plain or
ligand-modified FD-loaded liposomes, fixed and treated as
described in Methods.
Both derivatives of Neutral Red showed low or no colocaliza-

tion of liposomal FD with antibody-marked lysosomes (PCC/
MOC for Lip-NRstear-FD and Lip-NRPEG-FD liposomes were,
respectively,�0.032/0.007 and 0.403/0.567) and were excluded
from further study, while samples of cells incubated with
rhodamine B derivatives showed elevated colocalization of
liposomal load in comparison to plain Lip-FD liposomes under
the same conditions andwere reanalyzed using themore accurate
method of confocal microscopy.
Figures 2 and 3 show representative confocal fluorescence

micrographs of HeLa cells incubated with plain or ligand-modified

Table 1. Composition and Properties of Plain and Ligand-Modified Liposomal Formulations

composition (mol %)

liposomal formulation ePC Chol ligand C12FDG size ( SD (nm) zeta ( SD (mV) FD/lipids (mg/mg)

C12FDG loading

(% to Lip-C12FDG)

Lip-FD 70 30 — — 200( 70 �13.7 ( 6.5 0.31( 0.16 —

Lip-C12FDG 70 30 — 1.5 205( 85 �10.1( 1.2 — 100

Lip-NRstear-FD 70 30 1 — 210 ( 72 �8.1( 4.9 0.06 ( 0.01 —

Lip-NRPEG-FD 70 30 1 — 169( 47 �20.1( 4.6 0.17( 0.01 —

Lip-RestPEG-FD 70 30 1 — 153( 27 �31.0 ( 8.2 0.25( 0.02 —

Lip-R18 70 30 1 — 232( 51 11.5( 2.5 — —

Lip-R18-FD 70 30 1 — 240( 75 �6.4( 4.6 0.28( 0.15 —

Lip-R18-C12FDG 70 30 1 1.5 201( 40 �10.2( 1.0 — 112( 30

Lip-RamPEG 70 30 1 — 208( 30 �0.6( 3.1 — —

Lip-RamPEG-FD 70 30 1 — 179( 68 �5.2( 0.5 0.39( 0.12 —

Lip-RamPEG-C12FDG 70 30 1 1.5 180( 49 �33.3 ( 4.4 — 145( 37

Lip-RtuPEG 70 30 1 — 198( 42 �0.3( 1.3 — —

Lip-RtuPEG-FD 70 30 1 — 179 ( 44 �11.4( 7.3 0.26 ( 0.07 —

Lip-RtuPEG-C12FDG 70 30 1 1.5 184( 65 �28.1( 3.5 — 119( 29
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FD-loaded liposomes for 4 h, without and with an additional
chase period of 20 h.
Estimation of colocalization of ligand-modified liposomes

with lysosome-specific marker (Table 2) after 4 h of incubation
showed that liposomes with rhodamine B derivatives provided a
much higher rate of lysosomal localization in comparison to such
for plain FD-loaded liposomes (MOP = 0.410; PCC = 0.619).
An additional chase period of 20 h after the 4 h incubation of

cells with liposomes generally decreased the colocalization of
FITC-dextran with anti-Lamp2 mAb-labeled lysosomes for both
plain and ligand-modified liposomes. However, lysosomal colo-
calization of FD delivered by rhodamine-conjugated liposomes
remained significantly higher than for plain Lip-FD liposomes
(Figure 3, Table 2).
Evaluation of Intracellular Distribution of FD-Loaded

Ligand-Modified Liposomes Incubated with Cultured HeLa
Cells, by Subcellular Fractionation. To study the organelle
distribution of ligand-modified liposomes and their FD load by
subcellular fractionation, the cultured HeLa cells were incu-
bated for 4 + 20 h with liposomes diluted to provide the same
FD load on cells, originally chosen to keep the average liposomal

lipid load of 50 μg/mL and then kept at the same level
(9.8 μg/mL).
As shown by β-galactosidase activity assay, about 60% of the

lysosomal β-galactosidase was concentrated in fraction 1 with a
minor part (about 20%) in fraction 2 and negligible amounts in
other fractions.
The fractional distribution of each ligand was calculated as a

percent of the fluorescence measured at 530/590 nm (ex/em)
for each fraction and normalized to the protein content to the
total sum of normalized fluorescent intensities of fractions 1 to 5.
Results shown in Figure 4A demonstrate that most of all
rhodamine B-based liposome-attached ligands accumulated in
the lysosome-enriched fractions (about 50% in fraction 1 or
60�70% in fractions 1 + 2).
The fractional distribution of absolute protein-normalized

content of FD is demonstrated in Figure 4B. The absolute
accumulation of FD in the first fraction compared with the value
for the same fraction from fractionation of cells incubated
with plain FD-loaded liposomes showed statistical significant
difference for Lip-R18-FD (p = 0.05) and Lip-RtuPEG-FD
(p = 0.005), with more moderate enhancement for Lip-RamPEG-FD

Figure 2. Confocal microscopy images of the intracellular distribution of FD-loaded liposomesmodified with rhodamine B derivatives (incubation 4 h).
Rows: “Plain” — cells incubated with plain Lip-FD liposomes (as control), rows III to VI — cells incubated, respectively, with Lip-R18-FD, Lip-
RamPEG-FD, Lip-RestPEG-FD, and Lip-RtuPEG-FD liposomes. Columns: A (blue channel) — fluorescence of anti-Lamp2 antibody-stained
lysosomes; B (red channel)— fluorescence of RhB-derivative modified liposomes; cells incubated with plain liposomes were not observed under this
regime, respective position Plain-B is filled with a blank panel; C (green channel)— fluorescence of FITC-dextran; D—Overlay of A, B, and C images
with their respective DIC image. Scale bar = 20 μm.
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and absence of FD delivery enhancement for Lip-RestPEG-FD
liposomes (Table 3). The observed increase of FD fluorescence
was not determined by a possible overlap of RhB and FITC

spectral channels as was shown previously for liposomes mod-
ified with rhodamine B octadecyl ester18 by comparing the green
channel fluorescence of fractions obtained from nontreated cells

Figure 3. Confocal microscopy images of the intracellular distribution of FD-loaded liposomes modified with rhodamine B derivatives (incubation 4 +
20 h). Rows: “Plain” — cells incubated with plain Lip-FD liposomes (as control), rows III to VI— cells incubated respectively with Lip-R18-FD, Lip-
RamPEG-FD, Lip-RestPEG-FD, and Lip-RtuPEG-FD liposomes. Columns: A (blue channel) — fluorescence of anti-Lamp2 antibody-stained
lysosomes; B (red channel)— fluorescence of RhB-derivative modified liposomes; cells incubated with plain liposomes were not observed under this
regime, respective position Plain-B is filled with blank panel; C (green channel)— fluorescence of FITC-dextran; D—Overlay of A, B, and C images
with their respective DIC image. Scale bar = 20 μm.

Table 2. Averaged Coefficients of Colocalization of Ligand-Modified Liposomes and Liposomal FD Load with Anti-Lamp2 mAb
Labeled Lysosomes, Determined from Micrographs Obtained by Confocal Immunofluorescent Microscopya

incubation 4 h incubation 4 + 20 h

Ligand to anti-Lamp2 mAb FD to anti-Lamp2 mAb Ligand to anti-Lamp2 mAb FD to anti-Lamp2 mAb

liposomal formulation PCC MOC PCC MOC PCC MOC PCC MOC

Lip-FD (Plain) — — 0.410 0.619 — — 0.363 0.508

Lip-R18-FD (III) 0.769 0.864 0.756*** 0.857*** 0.708 0.791 0.726** 0.808**

Lip-RamPEG-FD (IV) 0.637 0.790 0.656** 0.769** 0.523 0.693 0.588* 0.735**

Lip-RestPEG-FD (V) 0.726 0.816 0.604** 0.745** 0.544 0.711 0.613** 0.760**

Lip-RtuPEG-FD (VI) 0.816 0.877 0.862*** 0.902*** 0.695 0.805 0.632** 0.767**

a PCC � Pearson’s correlation coefficient, MOC � Mander’s overlap coefficient. Values are presented as mean for N cells (N = 8 to 20 for different
liposomal formulations). * p < 0.05. ** p < 0.01. *** p < 0.001.
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or cells incubated with ligand-modified liposomes without a
FD load.
Thus, liposomes modified with R18, RtuPEG, and RamPEG

which demonstrated enhancement of lysosomal delivery of their
FD load were chosen for further studies.
Flow Cytometric Evaluation of General Uptake of Ligand-

Modified Liposomes by Cell. The general interaction of cells
with FD-loaded liposomes modified with rhodamine-based
ligands (R18, RtuPEG, and RamPEG) was evaluated with tumor
(HeLa and B16(F10)) and normal (NIH/3T3 and H9c2) cell
lines using the flow cytometry method.

Liposomes were added to cells in amounts calculated to
provide the same total FD content in cell medium (originally
chosen to have average lipid load on cells 100 μg/mL, then kept
the same) of 36.44 μg/mL. After incubation with liposomes for
4 h, cells were harvested as described in Methods and used for
measurements. Since used cell lines had different autofluores-
cence, results were presented as relative FL-1 fluorescence values
normalized to the value of FL1 for nontreated cells.
Results are shown in Table 4. In most cases, cells incubated

with FD-loaded liposomes surface-modified with rhodamine B
derivative ligands showed a significant increase of FL-1 channel
fluorescence in comparison to plain FD-loaded liposomes.
Evaluation of Lysosomal Targeting by Flow Cytometry

Using Liposomes Loaded with C12FDG. To additionally con-
firm and compare the ability of liposomes modified with rhoda-
mine B derivatives to specifically target lysosomes, we evaluated
their specific lysosomal targeting by flow cytometric analysis of
live cells using liposomes loaded with C12FDG, a lipophilic
substrate for the lysosomal β-galactosidase, as was proposed
in ref 18, assuming FL1 fluorescence will be emitted only
by product of its hydrolysis by lysosomal β-galactosidase
(C12-fluorescein).
The plain and ligand-modified liposomal formulations were

prepared, loaded with C12FDG and characterized as described
in Methods. Despite the introduction of C12FDG into the
lipid bilayer of the liposomes, its effective load (evaluated by
β-galactosidase cleavage of C12FDG localized on the surface of
the intact liposomes) varied between plain and ligand-modified
liposomes. Because of this, we studied the lysosomal uptake of
ligand-modified liposomes with intact cultured cells, adding the
liposomal formulations to cells in amounts that provided the
same total load of C12FDG as plain C12FDG-loaded liposomes at
concentration of 200 μg/mL by total lipids.
The lysosomal uptake was evaluated on a number of cultured

tumor and normal cell lines including HeLa, B16(F10) melanoma,
LLC carcinoma, NIH/3T3 fibroblasts, and H9c2 myoblasts.
Considering the general purpose of the study, the enhance-

ment of the lysosomal load was also specially evaluated on U-937
monocytes matured to macrophages with induced phenotype of
lysosomal enzymatic deficiency disorder.24�26 The acquisition of
the lysosomal enzyme deficiency phenotype by the cells was
confirmed by evaluation of the residual lysosomal β-glucocer-
ebrosidase enzymatic activity (see Methods) immediately as well
as 24, 48, and 72 h after the removal of the CBE-containing
medium. It was observed that, immediately after the removal of
the CBE, the cells retained about 35% of the β-glucocrebrosidase
activity of the control (macrophages without CBE treatment).

Figure 4. Relative fractional distribution of protein-normalized fluores-
cence of rhodamine B derivatives (A) and fractional distribution of
protein-normalized FD content (B) in fractionatedHeLa cells incubated
with different ligand-modified liposomes for 4 + 20 h (number of
experiments n = 6).

Table 3. Characterization or Intracellular Distribution of Liposomal FD Delivered by Different Ligand-Modified Liposomes

liposomal formulation

relative content

of FD in fraction

1 (% from total

sum of fractions

1 to 5)

content of FD

in fraction 1

(ng/mg

proteins)

content of FD

in loaded lysate,

(ng/mg proteins)

paired t test of FD content

in fraction 1 against the

fraction 1 of sample

incubated with plain

FD-loaded liposomes

(P-value)

ratio of FD

contents in fraction 1

and loaded

nuclei-free lysate

Lip-FD 27.8( 8.5 73.2( 22.5 35.9( 9.7 — 2.04

Lip-R18-FD 43.1( 20.2 106.7( 50.0 45.2( 11.5 0.05 2.36

Lip-RamPEG-FD 35.9( 18.3 91.6( 46.5 36.3( 12.9 0.19 2.52

Lip-RestPEG-FD 40.1( 23.8 72.3( 42.8 26.8 ( 18.7 0.94 2.70

Lip-RtuPEG-FD 38.7( 12.9 132.8( 44.3 47.6( 16.8 0.005 2.79
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The enzymatic activity recovered to 47�49% of control by
24�48 h post-CBE removal and to 62% after 72 h. All experi-
ments with flow cytometric evaluation of the lysosomal delivery
of liposomal load with activated U-937 cells were performed
within a short time range after induction of the lysosomal
deficiency by adding the liposome-containing medium immedi-
ately after removal of CBE.
The results presented in Table 5 show that, for all tested cell

lines, the cells incubated with C12FDG-loaded liposomes mod-
ified with rhodamine B derivatives used demonstrated signifi-
cantly increased C12FITC fluorescence compared to the cells
treated with the plain liposomes, for at least two out of three
ligands. The extent of the enhancement of the lysosomal target-
ing of the model substance (and the ligand providing the best
enhancement) differed among cell lines, achieving the maximum
values for cells with the induced phenotype of lysosomal
disorder.

’DISCUSSION

In our earlier paper,18 we demonstrated that liposomes
modified with rhodamine B octadecyl ester acquire the ability
to specifically target lysosomes and allow for an increased

delivery of a liposome-entrapped model substance (FITC-dex-
tran with a relatively high molecular mass of 4400 Da) to these
organelles.

In the current study, we attempted to develop and study other
potential lysotropic ligands based on commercially available
rhodamine B and Neutral Red, routinely used for the visualiza-
tion of lysosomes in live cells.12,13 A number of liposomal
formulations with a ligand-modified surface were prepared using
synthesized RhB and NR derivatives and loaded with FD. Their
interaction with cultured cells and the ability to deliver FD to
lysosomes were investigated using fluorescent microscopy, sub-
cellular fractionation, and flow cytometry in comparison to plain
FD-loaded liposomes and previously studied liposomesmodified
with rhodamine B octadecyl ester.

The fluorescent microscopy studies have demonstrated that
liposomes modified with RhB derivatives generally show an
elevated colocalization of both the liposome-attached ligand
and loaded FD with a specific lysosomal marker Lamp2
(visualized using anti-Lamp2 monoclonal antibodies), while
liposomes modified with derivatives of NR showmuch less effect.
Additional study by subcellular fractionation of cells incubated with
FD-loaded liposomes modified with rhodamine B derivatives and
comparison of the fluorescence of lysosome-enriched fractions

Table 4. General FD Delivery to Cells by Ligand-Modified Liposomes

cell line

liposomal formulation HeLa B16(F10) NIH/3T3 H9c2

Ratios of Averaged Normalized General Uptake of FD by Different Cells (By Values of Fluorescence Intensity in FL-1 Channel) Provided by

Ligand-Modified Liposomes to the Value for Plain Liposomesa

Lip-R18-FD 1.73 1.55 1.25 1.40

Lip-RamPEG-FD 1.65 1.38 0.90 1.24

Lip-RtuPEG-FD 1.67 1.97 1.16 1.43

Paired t test of Averaged Normalized General Uptake of FD Provided by Ligand-Modified Liposomes in Comparison with the Value for Plain Liposomes (P-value)

Lip-R18-FD 0.0001 0.013 0.036 0.03

Lip-RamPEG-FD 0.0001 0.002 0.237 0.02

Lip-RtuPEG-FD 0.0003 0.002 0.006 0.05
aDue to different autofluorscence of cell lines, values of FL-1 fluorescence of cells incubated with liposomes were used normalized to the respective
values for nontreated cells. Number of experiments n = 3 to 6.

Table 5. Lysosomal Uptake of C12FDG Delivered to Cells by Ligand-Modified Liposomes

cell line

liposomal formulation HeLa B16(F10) LLC NIH/3T3 H9c2 U-937

Ratios of AveragedNormalized Lysosomal Uptake of C12FDGbyDifferent Cells (By Values of Fluorescence Intensity in

FL-1Channel) Provided by Ligand-Modified Liposomes to the Value for Plain Liposomes a

Lip-R18-C12FDG 1.17 1.09 1.47 1.04 1.15 1.35

Lip-RamPEG-C12FDG 1.27 1.02 1.15 1.22 1.12 1.75

Lip-RtuPEG-C12FDG 1.12 1.26 1.29 1.13 1.16 1.55

Paired t test of Averaged Normalized Lysosomal Uptake of C12FDGProvided by Ligand-Modified Liposomes in Comparison

with the Value for Plain Liposomes (P-value)

Lip-R18-C12FDG 0.013 0.024 0.00002 0.073 0.014 0.149

Lip-RamPEG-C12FDG 0.017 0.38 0.001 0.001 0.020 0.0074

Lip-RtuPEG-C12FDG 0.035 0.003 0.021 0.005 0.007 0.0004
aDue to different autofluorscence of cell lines, values of FL1 fluorescence of cells incubated with liposomes were used normalized to the respective values
for nontreated cells. Number of experiments n = 3 to 6.
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with those for the cells treated with control nonmodified liposomes
confirmed the lysosome-targeting ability of three rhodamine B de-
rivatives.

Since methods such as cell staining for microscopy or sub-
cellular fractionation of cell lysates are considered disruptive, this
tendency was checked on intact live cells of several cell lines by
flow cytometry, proving both an increased general accumulation
of rhodamine-modified liposomes by cells and their increased
delivery into the lysosomes, thus confirming the data obtained by
microscopy and subcellular fractionation methods.

The evaluation of the specific lysosomal delivery of a model
drug substance by liposomes modified with rhodamine B deri-
vatives showed the best results for the cells with an induced pheno-
type of a lysosomal enzymedeficiency disorder (the enhancement of
the lysosomal uptake of C12FDG by different rhodamine B-based
conjugates in the range 35�75% in comparison to nonmodified
liposomes). Still, it should be noted that the development of drug
delivery systems for specific LSDs, such as Gaucher disease, GM1
and GM2 gangliosidoses, and Fabry disease, requires evaluation
of the efficiency of lysosomal delivery by those systems using the
respective specific cell lines and animal models.

’CONCLUSION

The study has demonstrated that modification of the liposo-
mal surface with Rhodamine B-based ligands increases the
delivery of liposomal FITC-dextran to lysosomes. Liposomes
modified with two of the synthesized ligands—rhodamine B
DSPE-PEG2k-amide and 6-(3-(DSPE-PEG2k)-thioureido) rho-
damine B—enhance lysosomal delivery of model drug load in
vitro, in some cases, higher than commercially available rhoda-
mine B octadecyl ester and can be used for further investigation
and potentially for development of drug forms for the treatment
of the lysosomal storage disorders. The choice of the optimal
rhodamine B-based ligand and the extent of the lysosomal
delivery enhancement in vitro depend on the cell line. Still, the
best results (the enhancement of the lysosomal delivery up to
75% greater in comparison to plain liposomes) has been shown
for the cells with induced lysosomal enzyme deficiency phenotype.
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’ABBREVIATIONS

ePC, egg phosphatidylcholine; Chol, cholesterol; DSPE-PEG2k-
amine, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino-
(polyethylene glycol)-2000]; DOPE, 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine; FD, fluorescein isothiocyanate-dextran;
NR, Neutral Red; RhB, rhodamine B; R18, rhodamine B
octadecyl ester; RhB-ITC, rhodamine B isothiocyanate; PEG3.4k-
(pNP)2, polyoxyethylene(MW 3400)-bis(p-nitrophenyl carbonate;

TEA, triethylamine; PIC, protease inhibitor cocktail; PMA, phor-
bol myristate acetate; CBE, conduritol B epoxide; pNP-PEG3.4k-

DOPE, p-nitrophenylcarbonyl-(polyethylene glycol-3400)-dioleyl-
phosphatidylethanolamine; mAb, monoclonal antibody; IgG,
immunoglobulin G; FDG, fluorescein di-β-D-galactopyranoside;
C12FDG, dodecanoylamino fluorescein di-β-D-galactopyrano-
side; PFB-FDGlu, 5-(pentafluorobenzoylamino) fluorescein di-
β-D-glucopyranoside; anti-Lamp2, mouse monoclonal (H4B4)
antilysosome-associated membrane protein antibody; THF, tet-
rahydrofuran;NRstear, octadecanoic acid (8-(dimethylamino)-3-
methylphenazin-2-yl)amide; NRPEG, DOPE-PEG3.4k-carbonyl
8-(dimethylamino)-3-methylphenazin-2-yl)amide; RamPEG,
rhodamine B DSPE-PEG2k-amide; RestPEG, rhodamine B 2-
(DOPE-PEG3.4k-carbonyl)-aminoethyl ester; RtuPEG, 6-(3-(DSPE-
PEG2k)-thioureido) rhodamine B; FBS, fetal bovine serum; PBS,
phosphate buffered saline; RT, room temperature; BSA, bovine
serum albumin; DIC, differential interference contrast; PCC,
Pearson’s correlation coefficient; MOC, Mander’s overlap coeffi-
cient; FACS, fluorescence-activated cell sorter; Lip, liposomes;
EDTA, ethylenediamintetraacetic acid; SD, standard deviation
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ABSTRACT: Purpurinimide methyl esters, bearing variable
lengths of N-substitutions, were conjugated individually to a
cyanine dye with a carboxylic acid functionality. The results
obtained from in vitro and in vivo studies showed a significant
impact of the linkers joining the phototherapeutic and
fluorescence imaging moieties. The photosensitizer−fluorophore
conjugate with a PEG linker showed the highest uptake in the
liver, whereas the conjugate linked with two carbon units showed
excellent tumor-imaging and PDT efficacy at 24 h postinjection.
Whole body imaging and biodistribution studies at variable time
points portrayed enhanced fluorescent uptake of the conjugates
in the tumor compared to that in the skin. Interestingly, the
conjugate with the shortest linker and the one joining with two
carbon units showed faster clearance from normal organs, e.g., the liver, kidney, spleen, and lung, compared to that in tumors.
Both imaging and PDT efficacy of the conjugates were performed in BALB/c mice bearing Colon26 tumors. Compared to the
others, the short linker conjugate showed poor tumor fluorescent properties and as a corollary does not exhibit the dual
functionality of the photosensitizer−fluorophore conjugate. For this reason, it was not evaluated for in vivo PDT efficacy.
However, in Colon26 tumor cells (in vitro), the short linker was highly effective. Among the conjugates with variable linkers, the
rate of energy transfer from the purpurinimide moiety to the cyanine moiety increased with deceasing linker length, as examined
by femtosecond laser flash photolysis measurements. No electron transfer from the purpurinimide moiety to the singlet excited
state of the cyanine moiety or from the singlet excited state of the cyanine moiety to the purpurinimide moiety occurred as
indicated by a comparison of transient absorption spectra with spectra of the one-electron oxidized and one-electron reduced
species of the conjugate obtained by spectroelectrochemical measurements.

1. INTRODUCTION

Current treatment modalities for patients afflicted by cancer
include surgery, radiation therapy, chemotherapy, and a
relatively novel option called photodynamic therapy
(PDT).1−5 Surgery is used to excise abnormal growths and
surrounding tissue, but the procedure is invasive and may be
complicated by relapse of the cancer if not all of the tumor cells
are removed. Chemotherapy employs different cytotoxic
chemicals to attack or block specific cellular and molecular
mechanisms that aid tumor growth. Unfortunately, patients on

chemotherapeutics suffer from side effects due to adverse drug
toxicities. Radiation uses ionizing energy to attack neoplastic
cells, but it is nonspecific and may cause damage to surrounding
healthy tissue, which can lead to the occurrence of secondary
cancers. PDT uses a drug known as a photosensitizer, light, and
oxygen to destroy tumors and their surrounding vasculature.
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PDT has several advantages in that (i) there is no systemic,
organ, or tissue toxicity, (ii) it is noninvasive, and (iii) it can be
used repeatedly as a primary or adjuvant treatment.6−9 With the
current advent of imaging technologies to monitor tumor
responses to treatment, we have shown that the utilization of a
certain photosensitizer−cyanine dye conjugate which contains
the tumor-avid photosensitizer 3-(1′-hexyloxyethyl)-pyropheo-
phorbide-a (HPPH) for treatment and a fluorophore cyanine

dye for optical imaging could be highly advantageous to treat
deeply seated tumors and monitor the treatment response.10

The ability to image real time events using fluorescence has
made optical imaging an attractive modality to study cellular
and molecular events11 and to visualize events in vivo, especially
in tumors.12 Noninvasive in nature, optical imaging instruments
are simpler and less expensive to operate and can allow precise
assessment of the location and size of a tumor, providing

Scheme 1. Synthesis of Purpurinimide−Cyanine Dye Conjugates Joined with Variable Lengths of Linkersa

aReagents and conditions: (a) Zn(OAc)2, reflux in MeOH, 2 h; (b) Pd/carbon, H2 THF, 12 h; (c) TFA, 2 h, RT; (d) NH2−NH2(anhydrous),
pyridine DCM/HCL, RT; (e) R1(CH2)2, DCM, CH2N2, KOH/MeOH; (f) R2(C2H4O)2C2H4, CH2N2, KOH/MeOH; (g) DCM/TFA (1:4), 2
h; (h) DMTMM, DMF, 12 h.

Scheme 2. Preparation of a Cyanine Dye with Carboxylic Acid Functionality
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information on its invasiveness in adjacent tissue.13,14 The work
discussed herein describes the synthesis, molecular modeling,
photophysical, electrochemical, tumor-imaging, and the photo-
therapeutic potential of a series of longer wavelength
photosensitizer (purpurinimides, 700 nm) joined to a cyanine
dye with variable lengths of linkers. Among the near-infrared
(NIR) dyes, cyanine dyes in general have shown enormous
potential for optical imaging.15−19

2. RESULTS AND DISCUSSION
2.1. Chemistry. For the synthesis of purpurinimide-N-

substituted cyanine dye conjugates, purpurin-18 methyl ester 1
was synthesized from chlorophyll-a by following the literature
procedure, which was converted into mesopurpurin-18 methyl
ester 2 by following the standard methodology.20 Reaction of 2
with hydrazine hydrate gave N-amino mesopurpurin-18 methyl
ester 3 in 50% yield.21 By following a similar approach, 1 was
individually reacted with diethyl diamine and carbamic acid to
produce the corresponding N-substituted analogues 4 and 5
both with 89% yield. Reaction of these N-substituted purpurin-
18 methyl esters with a cyanine dye 6 containing a carboxylic
acid functionality (obtained in 80% yield by reacting
commercially available IR820 with p-thiol-benzoic acid) gave
purpurinimide−cyanine dye conjugates 7−9 in which two
chromophores (photosensitizer and fluorophore) are joined at
variable linker lengths with yields ranging from 32 to 37%. The
reaction sequences for the preparation of the conjugates and
the cyanine dyes are shown in Schemes 1 and 2.
Structures of the intermediates and the final products were

confirmed by 1H NMR and CHN/mass spectrometry
(including HRMS) analysis. The purity of the final conjugates
(compounds 7−9) was determined by HPLC analysis.
2.2. Molecular Modeling. In order to examine the effects

of linker lengths joining the two chromophores (conjugates 7,
8, and 9) in photophysical, electrochemical, tumor-imaging and
photodynamic efficacy, a molecular modeling study was
performed. The three-dimensional model of the conjugates
were built with the molecular modeling software SYBYL
(Tripos Inc., St. Louis, MO) followed by the energy
minimization with the PM3 semiempirical molecular orbital
theory using the Spartan 02 software package (Wave function
Inc., Irvine, CA). Figure 1 shows the resulting structures of the

conjugates 7, 8, and 9 (Scheme 1) in extended conformation.

The distances between the nitrogen atom in the purpurinimide

ring system and the sulfur atom adjacent to the cyanine dye of

the conjugates were calculated and are displayed in Figure 1. As
expected, the smaller the linker length, the shorter the observed
distance between two chromophores.
Since the above structures are appropriate for single

molecules in gas phase, they may not be relevant to the
structures of the conjugates in solution, in cells, or in vivo
environments where physical properties and biological activities
of these conjugates are examined. In order to gain some
insights, the conformational flexibility of these conjugates were
examined with the stochastic search module of MOE software
using the MMFFs force field and charges (Chemical
Computing Group, Montreal, Quebec, Canada). Again, the
distance between two chromophores was measured for some of
the resulting low energy conformers as shown in Figure 2.
As can be seen from the Figure 2 caption, the distances

between the two chromophores remain more or less constant
for conjugates 7 and 8, while it shows a large variation for
conjugate 9. It is reasonable considering the length of the linker
for these conjugates. Although the mean distances are similar
between conjugates 7 and 8, closer inspections reveal the
significant difference between these conjugates. First, the
standard deviation is much smaller for conjugate 7 than for
8, reflecting the limited flexibility of 7. Second, this limited
flexibility is also the source of the limited range in the relative
orientation of two chromophores for conjugate 7 as shown in
Figure 2a where various low energy conformers of conjugate 7
are superimposed using the purpurinimide ring as a reference.
It clearly shows that the cyanine dye and the linker can assume
many different conformations but that they cannot assume a
conformation that brings two chromophores close together.
Thus, the purpurinimide ring remains exposed to its
surroundings for this conjugate. Compared to conjugate 7,
some part of the purpurinimide ring is covered by the cyanine
dye or thiophenol group in conjugate 8, as shown in Figure 2b.
Although there are a large variety of conformers for conjugate
9, there are some conformers where a large portion of the
purpurinimide ring is covered by the cyanine dye and/or
thiophenol group as shown in Figure 2c. Photophysical
experiments clearly indicated that intramolecular energy
transfer occurred from the singlet excited state of the
purpurinimide moiety to the cyanine moiety with the rate of
transfer increasing with decreasing linker distance. This is an
opposite trend from the linker length dependence on the in
vitro PDT efficacy. The photophysical results are consistent
with the distance dependence of energy transfer, while the
conformational flexibility may explain the excellent in vitro PDT
efficacy of conjugate 7 and the decrease of efficacy with
increasing linker length. If the purpurinimide rings are not
exposed to the environment, the compound may not be able to
produce singlet oxygen because it cannot interact with water
molecules. Alternatively, even if singlet oxygen is produced, it
may not reach to the cellular target because the singlet oxygen
produced may interact with the closely seated cyanine dye
before it reaches the target site(s).
2.3. Photodynamics. In order to examine the photo-

dynamics of purpurinimide, cyanine, and the conjugates, time-
resolved transient absorption spectra were recorded by
femtosecond laser flash photolysis in deaerated DMSO
solutions as shown in Figure 3. Transient absorption bands
of purpurinimide 4 observed at 500 and 530 nm taken at 2 ps
after femtosecond laser excitation (Figure 3a) are assigned as
the singlet excited state of 4 (14*). The transient absorption of
14* decreased as the absorption band of the triplet excited state

Figure 1. Three-dimensional representation of the conjugates with
different lengths between the cyanine dye and the purpurinimide in
extended conformation obtained from molecular modeling and energy
optimization with PM3.
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of 4 appeared. The transient absorption band of the singlet
excited state of cyanine 6 is observed at 586 nm as shown in
Figure 3b. The lifetimes of the singlet excited state of 4 and 6
were determined from decays of the absorption at >3 ns and
500 ps, respectively. In the case of conjugate 7 shown in Figure
3c, the transient absorption bands due to both singlet excited
states of purpurinimide and cyanine were observed at 500, 530,
and 586 nm at 2 ps because both moieties were excited by laser
flash excitation at 410 nm. The absorption bands at 500 and
530 nm due to the singlet excited state of the purpurinimide
moiety decreased, accompanied by an increase in the
absorption band at 586 nm due to the singlet excited state of
the cyanine moiety. This indicates that energy transfer from the
singlet excited state of purpurinimide to the cyanine moiety
occurs efficiently to afford the singlet excited state of cyanine.
The energy transfer dynamics in 7 were determined from the

rise of the absorption band at 586 nm as shown in the left panel
of Figure 4a. The energy transfer rate constant was determined
to be 6.7 × 1011 s−1. Similarly, the energy transfer rate constants
of conjugates 8 and 9 were also determined from the rise of the
absorption band at 586 nm in Figure 4b and c to be 1.4 × 1011

and 1.3 × 1011 s−1, respectively. The energy transfer rate
constant increases with decreasing distance between the energy
donor and acceptor estimated from the theoretical calculations
(vide supra). The decay time profiles at 586 nm are shown on
the right side of Figure 4. The decay rate constants of 7−9
agree well with the value of the cyanine reference 6 due to
intersystem crossing to the triplet excited state. An energy
transfer from the singlet excited state of the purpurinimide
moiety to the cyanine moiety is feasible because the singlet
energy of the purpurinimide (1.76 eV) is higher than that of the
cyanine (1.41 eV), which were obtained from the absorption
and fluorescence maxima, λ abs = 689 nm and λ fl = 720 nm for
4, and λ abs = 849 nm and λ fl = 915 nm for 6, respectively. Thus,
in the purpurinimide−cyanine systems, intramolecular energy
transfer at the singlet excited state occurs efficiently from the
purpurinimide moiety to the cyanine moiety, followed by
intersystem crossing to the triplet excited state of the cyanine
moiety. No electron transfer from the purpurinimide moiety to
the cyanine moiety was observed as expected from the
disfavored energetics as indicated by the redox potentials of
the conjugates (vide inf ra).
2.4. Electrochemical Properties. Cyclic voltamograms of

7−9 are illustrated in Figure 5, which also includes the
reference compounds 4 and 6. The first one-electron oxidation
potentials of 7−9 (Eox) are all located at E1/2 = 0.52 V vs SCE,
which is similar to the Eox value of compound 6 (0.56 V vs
SCE). The first one-electron reduction potentials of 7−9
(Ered1) are also identical at E1/2 = −0.55 V vs SCE, which agrees
with the Ered1 value of cyanine 6 (−0.56 V vs SCE). The second
one-electron reduction potentials of 7−9 (Ered2) are also nearly
the same and range from −0.64 to −0.69 V vs SCE, which
agree with the Ered1 value of compound 4 (−0.69 V vs SCE).
Thus, there seems to be little or no interaction between the
purpurinimide and cyanine moieties in the conjugates 7−9,
irrespective of the difference in the distance between them.
The second one-electron oxidation of the purpurinimide

moiety of the conjugates 8 and 9 is irreversible, and the peak
potential ranges from 0.89 to 0.92 V vs SCE, which is similar to
that of 4 (0.94 V). The energy of the charge-separated state of
7−9 to be produced by electron transfer from the
purpurinimide moiety to the singlet excited state of the cyanine

Figure 2. (a) Various conformers for conjugate 7 with limited flexibility in the linker are superimposed using the purpurinimide ring as reference.
Standard color for each atom type is used. The purpurinimide ring (shown in the left portion of this figure) is exposed to surroundings. (b) Examples
of the low energy conformer for conjugate 8. The purpurinimide moiety is shown in orange and the cyanine dye−thiophenol moiety in cyan, and the
linker regions are based on standard atom type based color. There are some overlaps between the purpurinimide ring and the cyanine dye ring. (c)
Example of the low energy conformer for conjugate 9. The same color scheme as that in panel b is used. Because of the flexibility of the long linker,
diverse conformations are possible, and some of the low energy conformers show an extensive interaction between the purpurinimide ring and the
cyanine dye−thiophenol moiety. Mean distance between the two moieties in panel a (conjugate 7) = 8.18 Å (SD 0.10); in panel b (conjugate 8) =
8.55 Å (SD 0.51); and in panel c (conjugate 9) = 9.85 Å (SD 2.27).

Figure 3. Transient absorption spectra of purpurinimide 4, cyanine 6,
and conjugate 7 in deaerated DMSO taken at 2, 100, and 3000 ps after
femtosecond laser flash excitation at 410 nm.
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moiety is roughly estimated to be 1.6 eV, which is higher than
the energy of the singlet excited state of cyanine (1.41 eV). The
energy of the charge-separated state of 7−9 in the reverse
direction from the singlet excited state of the cyanine moiety to
the purpurinimide moiety is also estimated to be 1.74 eV, which
is higher than the energy of the singlet excited state of cyanine
(1.41 eV). Thus, electron transfer from the singlet excited state
of the cyanine moiety to the purpurinimide moiety is
energetically feasible. However, no electron transfer occurred
from the purpurinimide moiety to the singlet excited state of
the cyanine moiety as shown in Figure 3. This indicates that the
intersystem crossing from the singlet excited state of the
cyanine moiety to the triplet excited state is much faster than
the electron transfer.
The absence of a charge-separated state of 7−9 was further

confirmed by measuring the purpurinimide radical cation and
the cyanine radical anion by use of a spectroelectrochemistry
(vide inf ra). Figure 6a shows the spectral changes (in blue)
which occurred during the one-electron reduction of cyanine 6
at an applied potential of −0.70 V. A new absorption maximum

at 531 nm, which is assigned to the cyanine radical anion,
appears, and this was accompanied by a disappearance of
absorption bands at 773 and 849 nm due to cyanine. A clean
isosbestic point is seen in this transfer. The radical anion can be
further reduced to the dianion at an applied potential of −1.60
V vs SCE. A similar spectral change is observed for the first
one-electron reduction of conjugate 7 (Figure 6b), where the
radial anion of the cyanine moiety has an absorption band at
533 nm. Figure 6c shows the spectral changes upon the one-
electron reduction of purpurinimide 4 at an applied potential of
−0.90 V, in which the Soret band at 417 nm and the visible
band at 689 nm are decreased in intensity, while an obvious
radical band appears at 593 nm. These spectral changes shown
in red are quite similar to the second reduction of conjugate 7
at −0.80 V also shown in red (see Figure 6b). A comparison of
the spectral change for 6, 7, and 4 during each reduction
illustrates the similarity between conjugates 7, cyanine 6, and
purpurinimide 4, also suggesting that the purpurinimide and
cyanine moieties in 7 are almost independent of each other
during electron transfer processes.

Figure 4. Rise and decay time profiles of the absorbance at 586 nm of (a) 7, (b) 8, and (c) 9 in deaerated DMSO after femtosecond laser excitation
at 410 nm. Left panels: short time range. Right panels: long time range.
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Figure 7a shows the spectral changes which occur upon the
one-electron oxidation of cyanine 6 at an applied potential of
0.70 V. A new absorption maximum appears at 650 nm, which
is assigned as due to the cyanine radical cation. The absorption
band due to the cyanine radical cation in conjugate 7 is slightly
blue-shifted to 637 nm (Figure 7b). The purpurinimide radical
cation could not be observed by spectroelectrochemistry
because of irreversible oxidation, as shown in Figure 7c,
where the absorption band due to 4 only disappears at an
applied potential of 1.0 V vs SCE. The absence of an absorption
band at 533 nm due to the radical anion of cyanine (Figure 6b)
or the absorption band at 637 nm due to the radical cation of
the cyanine (Figure 7b) confirms that there is no electron
transfer from the purpurinimide moiety to the singlet excited
state of the cyanine moiety or from the singlet excited state of
the cyanine moiety to the purpurinimide moiety in the
conjugate.
2.5. Biological Studies. 2.5.1. In Vitro PDT Efficacy.

Because of the insoluble nature of conjugates 7−9, various
formulations were used to dissolve the compounds in
appropriate concentrations. Among all the formulations,
reasonable solubility was obtained in both 1% Tween 80 in
5% dextrose−water solution.22 The in vitro PDT efficacy of
conjugates 7−9 was determined in Colon26 cells by following
the standard MTT assay23 (for details, see the Experimental
Procedures). In brief, the cells were incubated for 24 h with 7,
8, and 9 at variable concentrations and then exposed to laser
light (1.0 J/cm2) at 695, 713, and 710 nm (the longest
absorption wavelengths corresponding to the purpurinimide
portion for the respective conjugates). The PDT efficacy (cell

Figure 5. Cyclic voltammograms of compounds 4 and 6−9 in DMSO
containing 0.1 M TBAP at a scan rate of 0.1 V/s.

Figure 6. Thin-layer UV−visible spectra of (a) 6, (b) 7, and (c) 4 upon the controlled reducing potentials in DMSO containing 0.1 M TBAP. The
blue spectral changes in conjugate 7 correspond to a reduction on the cyanine dye moiety. The red spectral changes are assigned at the reduction at
the purpurinimide unit of the conjugate.
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kill) was calculated from 4 replicate wells in 3 separate
experiments, and each standard error is representative of 3
separate experiments. The results, summarized in Figure 8 and

Table 1, show that increasing the distance between the
photosensitizer and cyanine dye decreases the in vitro PDT
efficacy. The LD50s of the conjugates were determined by the
best fit curves (plotted in Sigmaplot) to the dose−response

data. The IC50 values confirmed a decreased in vitro PDT
efficacy in this series of conjugates by increasing the linker
length between the purpurinimide and the cyanine dye.

2.5.2. In Vivo Fluorescence Imaging. Cyanine dye 6 has the
required photophysical properties (long wavelength absorption
with significant Stokes shift), for fluorescence imaging but was
not tumor-avid.24 To investigate the use of tumor-avid
purpurinimides as vehicles to deliver the nontumor-avid
cyanine dye to the tumor, we used fluorescence imaging as a
tool to investigate the effect of the linker in vivo.25 Compared to
the therapeutic dose, the imaging dose was quite low, and
therefore, we were able to evaluate the imaging potential of the
three conjugates 7−9. Each conjugate was injected i.v. via the
tail vein at a dose of 0.03 μmol/kg into BALB/c mice (9 mice/
group) bearing Colon26 tumors on the shoulder.
Figure 9 represents fluorescent images of the tumors at 24,

48, and 72 h postinjection of conjugates 7, 8, and 9 (3 mice/
time point) after each drug was injected. The color scale
represents fluorescence intensity, where blue is the lowest
intensity, and red/white is the highest. After imaging, the mice
at each time point were sacrificed, and the organs were
removed and imaged ex vivo to demonstrate the distribution
and clearance rates of the conjugates. Conjugate 8 exhibited the
highest fluorescent intensity in the tumors of all the
compounds at 24 h and was gradually clear from the tumor
by 72 h. Conjugate 9 showed a moderate but lower
fluorescence intensity than compound 8, which cleared from
the tumor at a much faster rate. Interestingly, conjugate 7 gave
low, barely noticeable fluorescence intensity in the tumor,
which could either indicate poor fluorescence quantum yield
for the cyanine dye portion of this compound or low tumor
selectivity.
The ex vivo fluorescence intensities of various organs (ear,

heart, kidney, liver, lung, muscle, small intestine, spleen,
stomach, and tumors) are shown in Figure 10. As expected,
conjugate 9 in which the photosensitizer is joined with the
cyanine dye via a PEG linker exhibited highest fluorescence
(high uptake) in the liver compared to 7 and 8. The high
affinity for this compound to the liver could be due to the more

Figure 7. Thin-layer UV−visible spectra of (a) 6, (b) 7, and (c) 3 upon the controlled reducing potentials in DMSO containing 0.1 M TBAP.

Figure 8. MTT plotted assay of 7, 8, and 9 incubated for 24 h at
various concentrations with Colon26 cells followed by a light dose of
1.0 J/cm2 at a dose rate of 3.2 mW/cm2.

Table 1. IC50 (50% Cell Kill) Concentrations of Conjugates
7, 8, and 9a

conjugate IC50 (μM) distance (Å) between the two moieties

7 (short linker) 0.22 8.18
8 (medium linker) 0.32 8.55
9 (long linker) 0.69 9.85
aAverage distance of various conformers is shown in the caption to
Figure 2.
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lipophilic nature of the linker connecting the purpurinimide
and cyanine dye. Interestingly, the PEG linker also showed
comparable tumor avidity. Since the purpose of this study is to
create a molecule that can act as both a fluorescent imaging and
a therapeutic agent in vivo, conjugate 7 was not examined any
further due to its weak uptake in tumors compared to that of
the other two conjugates, determined by fluorescence imaging.
However, further studies at lower time points may produce
improved efficacy, and these studies with this and other agents
are currently in progress.

2.5.3. Comparative In Vivo Tumor Uptake of the
Conjugates. In vivo reflectance spectroscopy was used to
determine the maximum uptake of the conjugates at various
time points.26 Mice were injected through the orbital venous
plexus, the reflectance in tumors was measured at 24 and 48 h,

and the drug concentrations were determined (see Figure 11).
This approach was extremely useful in providing the knowledge
of the pharmacokinetic characteristics (especially the clearance
from the tumor) of the conjugates and also the shift in their in
vivo absorption. Under a similar dose of the drug (2.5 μmol/
kg), conjugate 8 showed maximum tumor uptake (BALB/c
mice bearing Colon26 tumors) at 24 h postinjection, which
decreased over the next 24 h. Conjugate 9 showed a small
increase in uptake at 48 h compared to that at 24 h.
Comparatively, conjugate 8 showed a higher tumor uptake

than 9 at both 24 and 48 h. Since our objective has been to
develop a candidate with both imaging and therapy capabilities
and conjugate 7 showed limited PDT efficacy, it was decided
not to explore its imaging potential.

2.5.4. In Vivo Photosensitizing Efficacy. Preliminary in vivo
PDT efficacy of conjugates 8 and 9 was measured by tail vein
injection into BALB/c mice (5 mice/group) bearing Colon26
tumors (average tumor volume 27 mm3) at a dose of 2.5 μmol/
kg (which gave approximately 50% tumor cure with the
HPPH−cyanine dye conjugate, our lead compound).10 The
tumors were illuminated with light (135 J/cm2, 74 mW/cm2) at
24 h postinjection, with the best time point for the maximum
photosensitizer uptake in the tumor determined by fluores-
cence imaging and in vivo reflectance spectroscopy. From the
preliminary results summarized in Figure 12A, it can be seen
that compared to 8, the conjugate 9 exhibited limited long-term
efficacy and that all mice showed tumor regrowth at 10−12
days post-treatment. Under similar treatment parameters,
conjugate 8 showed 100% tumor cure, and no tumor growth
was observed at day 60. We further investigated the efficacy of
conjugate 8 at variable doses (1.5, 2.0, and 2.5 μmol/kg), and
the light dose was kept the same (135 J/cm2, 75mW/cm2).
From the results summarized in Figure 12B, it can be seen that
at the lowest dose of 1.5 μmol/kg, conjugate 8 showed limited
efficacy, but at higher doses, a significant PDT response was

Figure 9. Comparative whole body images of conjugates 7−9 along with cyanine dye 6 (dose: 0.03 μmol/kg) in BALB/c mice bearing Colon26
tumors. Images were taken at 24, 48, and 72 h postinjection using a 12 bit Nuance camera (CRI, Worburn, MA) with a 782 continuous wave laser
for excitation and a 800 and 830 nm long pass filter to collect fluorescence. Images were then analyzed using Image J software.

Figure 10. Fluorescence biodistribution of conjugates 7−9 and various
organs [3 mice (BALB/c bearing Colon26 tumors]. Organs from the
mice were removed and then imaged/analyzed at 24 h postinjection
(dose: 0.03 μmol/kg). The fluorescence intensity of each organ was
analyzed by Image J software.
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observed (2.0 μmol/kg, 3/5 mice, and at 2.5 μmol/kg, 5/5
mice, were tumor free on day 60).

3. CONCLUSIONS

An efficient synthetic pathway was developed to create
purpurinimide−cyanine dye dual functional agents. In vitro
results suggested that increasing the carbon chain length from a
short linker to a long linker decreases the PDT efficacy of the
compounds. Fluorescence imaging showed that 7 (short linker)
had poor imaging capabilities compared to that of 8 (medium
linker) and 9 (long linker) and was not studied further.
Conjugate 9 exhibited the highest liver fluorescent values. This
may be due to the more lipophilic nature of the linker
connecting the two molecules, which shows higher affinity to
the liver. In vivo reflectance spectroscopy showed that conjugate
8 exhibited higher tumor uptake than 9 and should therefore
produce in vivo PDT efficacy. The comparative in vivo PDT
confirmed the higher efficacy of conjugate 8 over 9 and
produced 100% tumor response (5/5 BALB/c mice bearing
Colon26 tumors were tumor free after day 60 post-treatment),
whereas 9, under similar treatment parameters showed limited
PDT activity. This study with a small number of conjugates
indicates that conjugate 8 with a medium length of linker shows
potential for both tumor imaging and therapy. However, further

studies with a larger group of compounds should help in
selecting the best candidates, and the synthesis of the related
analogues is underway. The low PDT and imaging capabilities
of conjugate 7 could be due to its faster in vivo clearance.
Therefore, further studies with conjugate 7 at shorter time
intervals between the injection of the drug and light treatment
are also in progress.

4. EXPERIMENTAL PROCEDURES

All chemicals were of reagent grade and used as such. All
reagents were purchased from Aldrich chemical company and
were used as received. All photophysical experiments were
carried out using spectroscopic grade solvents. Solvents were
dried using standard methods unless stated otherwise.
Reactions were carried out under nitrogen atmosphere and
were monitored by precoated (0.20 cm) silica TLC plastic
sheet (20 cm × 20 cm) strips (POLYGRAM SIL N-HR) and
or/UV−visible spectroscopy. UV−visible spectra were recorded
on a Varian Cary 50 Bio UV−visible spectrophotometer using
dichloromethane/methanol as solvent unless otherwise speci-
fied. 1H NMR spectra were recorded on Varian 400
spectrometers at 303 K in CDCl3 or ∼10% of CD3OD in
CDCl3 or DMSO-d6. Proton chemical shifts (δ) are reported in
parts per million (ppm) relative to CDCl3 (7.26 ppm), CD3OD

Figure 11. (A) In vivo absorption spectra of conjugates 7 and 8 determined by in vivo reflectance spectroscopy in a Colon26 tumor implanted in
BALB/c mice at 24 h postinjection. (B) Tumor vs skin uptake of the conjugates at 24 and 48 h postinjection (drug dose: 2.5 μmol/kg).

Figure 12. (A) Comparative in vivo photosensitizing efficacy of conjugates 8 and 9 in BALB/c mice (5 mice/group) bearing Colon26 tumors at a
dose of 2.5 μmol/kg, and (B) in vivo efficacy of 8 at variable drug doses. The tumors were exposed to light (135 J/cm2 and 75mW/cm2) at their
longest wavelength absorption at 24 h postinjection (i.v.) of the photosensitizers. The tumor growth was measured daily. Under the treatment
parameters used, the mice treated with conjugate 8 at a dose of 2.5 μmol/kg did not show any tumor regrowth, and the tumors were flat on day 60
post-treatment.
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(3.34 ppm) or TMS (0.00 ppm). Coupling constants (J) are
reported in Hertz (Hz), and s, d, t, q, p, m, and br refer to
singlet, doublet, triplet, quartet, pentet, multiplet, and broad,
respectively. Mass spectral data (Electro Spray Ionization, ESI,
by fusion) were obtained from Biopolymer Facility, Roswell
Park Cancer Institute, Buffalo, NY, and HRMS data were
obtained from the Mass Spectrometry Facility, Michigan State
University, East Lansing, MI. Elemental analysis were done at
Midwest Microlab LLC., Indianapolis, IN.
4.1. N-Amino Purpurinimide Methyl Ester (3).

Mesopurpurin-18 methyl ester (2) (0.138 mmol, 80 mg) was
dissolved in 15 mL of anhydrous pyridine and stirred under
argon. Hydrazine anhydrate (1.3 mmol, 42 mg, 42 μL) was
added to 2 mL of anhydrous pyridine, which was then added
slowly to the stirring mixture. The completion of the reaction
was checked by UV−vis in regular intervals until the
wavelength intensity at λmax of 701 nm was maximal. After 4
h, 1 N HCl (25 mL) and dichloromethane (20 mL) were
added, and the stirring was continued for another 1.5 h. The
reaction mixture was then transferred into a separation funnel.
Additional dichloromethane (200 mL) was added, the organic
layer was washed with water (200 mL × 3). The dichloro-
methane (DCM) layer was separated, dried over anhydrous
sodium sulfate, and filtered.. The crude reaction product
obtained after evaporating DCM was purified on an alumina
column by eluting with a 1% MeOH/DCM solvent system to
afford a purple/magenta crystal of 321 (42.4 mg, 50% yield).
UV−vis λmax (in CH2Cl2): 359 nm (ε = 5.8 × 104), 416 (ε =
10.0 × 105), 548 (ε = 1.9 × 105), 643 (ε = 8.60 × 103), 700 (ε
= 4.94 × 104) . 1H NMR (400 MHz, 3 mg/1 mL CDCl3, δ
ppm) 9.07, 8.95, and 8.42 (each s, 1H for 5H, 10H and 20H),
5.72 (broad s, N−NH2), 5.29 (m, 1H, for 17H), 4.33 (m, 1H
for 18H), 3.63 (q, 2H for 81CH2) 3.62 (s, 3H for 12CH3), 3.61
(s, 3H for 172CO2CH3), 3.33 (m, 2H for 31CH2) 3.18 (s, 3H
for 2CH3), 3.00 (s, 3H for 7CH3), 2.78 and 1.978 (m, 2H for
171 CH2), 2.46 (m, 2H for 172 CH2) 1.76 (d J = 7.2 Hz, 3H for
18CH3), 1.66 (t, J = 7.2 Hz, 3H for 82CH3), 1.50 (m, 3H for
32CH3). EIMS (m/z): 595 (M + H). Elemental Anal. Calcd. for
C34H38N6O4: C, 68.67; H, 6.44; N, 14.13. Found: C, 68.70; H,
6.43; N, 14.01.
4.2. N-Boc Diethlyene Purpurinimide Methyl ester

(4a). Purpurin-18 methyl ester (50 mg, 0.0865 mmol) (1) was
added to a dry 100 mL round bottomed flask and put under
house vacuum for 20 min. N-Boc ethylenediamine (48.50 mg,
0.30275 mmol) was placed under nitrogen for 10 min and then
added to the flask containing Purpurin-18 using a long needle.
Under a nitrogen atmosphere, 5−10 mL of anhydrous DCM
was added to the reaction mixture, which was stirred for 39 h,
monitoring with UV−vis. A wavelength of 665 nm indicated
the opening of the six-membered anhydride ring system. It was
then treated with diazomethane, the intermediate amide, as
methyl ester was not isolated, and immediately treated with a
catalytic amount of KOH/MeOH. The base catalyzed intra-
molecular cyclization afforded the desired analogue exhibiting
the long wavelength absorption at 707 nm. The reaction
mixture was purified by preparative plates using a 5% MeOH/
DCM solvent system, and the desired band was scratched off
and resuspended in 5% methanol/dichloromethane. The silica
was removed by filtration. Solvents were evaporated, and the
residue 4a was precipitated with DCM/n-hexane (60 mg, 86%
yield). UV−vis λmax (in CH2Cl2): 365 nm, 418 nm, 550 nm,
707 nm. 1H NMR (400 MHz, 3 mg/1 mL CDCl3, δ ppm) 9.40,
9.20, and 8.56 (each s, 1H for 5H, 10H and 20H); 7.83 (dd, J =

11.6, 5.2 Hz 1H, 31CHCH2); 6.24 (d, J = 16.4 Hz, 1H, trans
32CHCH2), 6.12, (d, J = 8.4 Hz, 1H cis 32CHCH2); 5.46
(br s, 1H, N-H-CH2−CH2−N-Boc); 5.37 (d, J = 4 Hz, 1H for
17H), 4.62 (m, 2H, NH−CH2−CH2−N-Boc); 4.37 (q, 1H for
18H); 3.59 (s, 3H, 172CO2CH3); 3.49 (q, 2H for NH−CH2−
CH2-N-Boc); 3.79 (d, J = 5.2 Hz, 1H for 81CH2); 3.73 (s, 3H
for 12CH3) ; 3.33 (s, 3H for 2CH3); 3.04 (s, 3H for 7 CH3);
2.72, 2.46, 2.44, and 2.06 (each m, 1H for 2 × 171H and 2 ×
172H); 1.79 (d, J = 8 Hz, 3H for 181 CH3); 1.60 (t, J = 7.6 Hz
3H for 82 CH3); −0.128 and −0.215 (br s, 1H for 2NH). EIMS
(m/z): 721 (M + H).
4.3. Diethlyene Amino Purpurinimide Methyl Ester

(4). N-Boc diethlyene purpurinimide methyl ester (4a) was
treated with a 4:1 ratio of TFA/dry DCM and stirred for 2 h.
The TFA was removed by high vacuum for 5 h, and the
remainder was purified on an alumina column with 5% MeOH/
DCM as the solvent system. The resulting compound was
isolated as a dark purple liquid, compound 4, which was
concentrated by evaporating the liquid under vacuum to afford
dark purple crystals (54 mg, 89% yield) UV−vis λmax (in
CH2Cl2): 365 nm (ε = 4.5 × 104), 419 nm (ε = 1.18 × 105),
551 nm (ε = 4.6 × 104), 706 nm (ε = 4.2 × 104). 1H NMR
(400 MHz, 3 mg/1 mL CDCl3, δ ppm) 9.65, 9.44, 8.78 (each s,
1H for 5 H, 10H and 20H); 8.03 (dd, J = 17.6, 11.6 Hz, 1H,
31CHCH2), 6.45 (d, J = 18.0, 1H, trans 32CHCH2), 6.34
(d, J = 11.6, 1H cis 32CHCH2), 5.58 (d, J = 8.4 Hz, 1H for
17H); 4.81 (t, J = 6.8 Hz, 2H for N−CH2-CH2−N), 4.58 (q, J
= 7.2 Hz, 1H for 18H), 3.95 (s, 3H, 12CH3), 3.81 (s, 3H,
172CO2CH3), 3.80 (q, J = 7.6 Hz, 2H, 81CH2), 3.54−3.59 (m,
5H, 2CH3 and N−CH2-CH2-N), 3.27 (s, 3H, 7CH3), 2.96,
2.67, 2.62, and 2.22 (each m, 1H, 2 × 171H and 2 × 172H),
2.00 (d, J = 7.2 Hz, 3H, 18CH3), 1.82 (t, J = 7.6 Hz, 3H,
82CH3) 0.08 and 0.00 (each br s, 1H, 2NH). EIMS (m/z):
621.1 (M + H). Elemental Anal. Calcd. for C40H48N6O6: C,
69.66; H, 6.50; N, 13.54. Found: C, 68.63; H, 6.51; N, 12.88.
4.4. N-Boc Glycol Purpurinimide Methyl Ester (5a). N-

Boc-2,2′-(ethylene-1,2-dioxy) bisethylamine was prepared by
following the literature procedure.10 It (50 mg, 0.2015 mmol)
was dissolved in 5 mL of dry DCM. This was added to a stirring
mixture of purpurin-18 methyl ester (50 mg, 0.0865 mmol) in
10 mL of dry DCM. The reaction was stirred for 39 h under a
nitrogen atmosphere with UV−vis monitoring (a shift from 700
nm to 665 nm). The reaction was then treated with
diazomethane/KOH/MeOH until a red shift to 707 nm
indicated the reaction was complete. A preparation scale TLC
separation was done with a 5% MeOH/DCM solvent system,
and the desired band was scratched off, and the desired product
was isolated by following the method as discussed above to
yield compound 5a (60 mg, 86% yield). UV−vis λmax (in
CH2Cl2): 365.1 nm, 419 nm, 549 nm, 707 nm. 1H NMR (400
MHz, 3 mg/1 mL CDCl3, δ ppm) 9.58, 9.32, and 8.56 (each s,
1H for 5 H, 10H and 20H), 7.88 (dd, J = 8.0, 10.4 Hz 1H,
31CHCH2); 6.24 (d, J = 16.0 Hz, 1H, trans 32CHCH2);
6.14 (d, J = 11.6, 1H cis 32CHCH2);5.32 (m, 1H for 17H);
5.10 (br s, 1H for N−CH2-CH2−(O−CH2)2-NHBoc); 4.73 (t,
J = 8.0 Hz, 2H for N−CH2-CH2−(O−CH2)2-NHBoc); 4.34
(q, 1H for 18H); 2.70, 2.40, 2.35, and 1.98 (each m 1H, 2 ×
171H and 2 × 172H); −0.05 and −0.15 (br s, 1H for 2NH).
EIMS (m/z): 809 (M + H).
4.5. N-Glycol Purpurinimide Methyl Ester (5). Purpur-

in-18-N-Boc-glycol-imide (5a) was treated with a 4:1 ratio of
TFA/Dry DCM and stirred for 2 h. The reaction was
concentrated by evaporating under vacuum. The crude mixture
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was purified on an alumina column with 5% MeOH/DCM as
the solvent system. The resultant compound after the standard
workup afforded dark purple crystals of 5 (54 mg, 89% yield).
UV−vis λmax (in CH2Cl2): 365 nm (ε = 4.5 × 104), 419 nm (ε
= 1.18 × 105), 551 nm (ε = 2.1 × 105), 707 nm (ε = 4.30 ×
104). 1H NMR (400 MHz, 3 mg/1 mL CDCl3, δ ppm) 9.58,
9.34, and 8.56 (each s, 1H for 5H, 10H and 20H); 7.90 (dd, J =
11.6, 11.6 Hz, 1H for 31CHCH2); 6.30 (d, J = 16.4 Hz, 1H
for trans -32CHCH2); 6.15(d, J = 10.4 Hz, 1H for trans -
32CHCH2); 5.33 (m, 1H for 17H); 4.73 (t, J = 1.6 Hz, 2H
for N−CH2-CH2−(O−CH2)2-NH2); 4.63 (q, 1H for18H);
4.07 (m, 2H for N−CH2-CH2-(O−CH2)2-NH2); 3.85 (m, 2H
for N-(O−CH2)2-CH2-CH2−NH2); 3.79(s, 3H for 12CH3);
3.70 (t, J = 36 Hz, N-(CH2)2−O-CH2-CH2−O-(CH2)2NH2);
3.62 (q, 2H for 81CH2); 3.56 (s, 3H for 172CO2CH3) ; 3.51
(m, 2H for N-(CH2)2−O-CH2-CH2−O-(CH2)2NH2); 3.34 (s,
3H for 18 CH3); 3.14 (s, 3H for 7CH3); 2.80, 2.70, 2.40, and
1.99 (each m 1H, 2 × 171H and 2 × 172H); 1.95 (m, 2H for N-
(O−CH2)2-CH2−CH2-NH2); 1.86 (broad s, 2H for NH2);
1.74 (d, J = 7.2 Hz, 3H for 18CH3); 1.65 (t, J = 7.6 Hz, 3H for
82 CH3); 0.059 and −0.146 (broad s, 1H for 2NH). EIMS (m/
z): 709 (M + H). Elemental Anal. Calcd. for C40H48N6O6: C,
67.78; H, 6.83; N, 11.86. Found: C, 67.59; H, 6.60; N, 10.90.
4.6. Cyanine Dye (6). To a dry round bottomed flask

containing IR-820 (342 mg, 0.402 mmol) stirring in anhydrous
DMF was added 4-carboxythiophenol (186.2 mg, 1.20 mmol),
and the mixture was stirred overnight under a nitrogen
atmosphere. The crude reaction product obtained after the
standard workup was purified over a silica column using a 5−
25% DCM/MeOH solvent system, and a green liquid was
collected. The liquid was concentrated by evaporation under
vacuum and scratched to afford dark green crystals of 6 yield
(270 mg, 80%). UV−vis λmax (in MeOH) 835 nm (ε = 1.96 ×
105); 1H NMR (400 MHz, 3 mg/1 mL MeOH, δ ppm) 8.87
(d, 2H, J = 14 Hz), 8.15 (d, 2H, J = 14 Hz), 8.79−7.99(m, 6H),
7.57−7.63 (m,4H), 7.44 (t, 2H, J = 7.2 Hz), 7.36 (d, 2H, J = 8.4
Hz), 6.40 (d, 2H, J = 14 Hz), 4.27 (t, 4H, J = 7.6 Hz), 2.85−
2.92(m, 8H), 1.93−2.10 (m, 10 H), 1.77 (s, 12H). EIMS (m/
z): 989.4 (M+ + 2Na). HRMS: Calcd. for C53H56N2O8S3Na:
967.3097. Found: 967.3127.
4.7. Conjugate 7. In a dry round bottomed flask

containing cyanine dye 6 (121.62 mg, 0.1289 mmol),
DMTMM (39.25 mg, 1.1 equiv) was stirred in 5 mL of
anhydrous DMF under a nitrogen atmosphere for 2 h. N-
Amino purpurinimide methyl ester 3 (80 mg, 0.1289 mg) was
stirred in 5 mL of anhydrous DMF in a separate round
bottomed flask and was added to the flask containing the
cyanine dye after 2 h. The reaction was stirred overnight and
was purified by a preparative silica TLC plate using a 20%
MeOH/DCM solvent system. The desired band was collected
and resuspended in 5% methanol dichloromethane. It was then
filtered, and the solvents were concentrated. The residue was
crystallized/precipitated as dark purple crystals; yield (40 mg,
32%). UV−vis λmax (in MeOH): 361 nm (ε = 3.9 × 104), 412
(ε = 9.6 × 104), 544 (ε = 1.7 × 104), 693 (ε = 4.5 × 104), 837
(ε = 1.5 × 105). 1H NMR (400 MHz, 3 mg/1 mL MeOH, δ
ppm) 9.72, 9.37, 8.81 (each s, 1H, for 5H, 10H and 20H); 8.78
(d, J = 2.4 Hz, 2H, cyanine dye F); 8.29 (d, J = 8 Hz, 2H,
cyanine dye B); 8.09 (m, 6H, cyanine dye H and D); 7.81 (d, J
= 8.8 Hz, 2H, cyanine dye G); 7.64 (t, J = 12 Hz, 4H, cyanine
dye C); 7.51(t, J = 8 Hz, 2H, cyanine dye A); 6.50 (d, J = 16
Hz, 3H, cyanine dye E); 5.01 (m, 2H cyanine dye SO3H), 4.91
(m, 1H for 17H); 4.35 (m, 4H for cyanine dye H and 1H for

18H); 3.80(br doublet, 4H, 2H for 31 CH2 and 2H for 81CH2);
3.75 (d, 7H, 4H for 172CO2CH3 and 3H); 3.35 (H2O peak and
hidden 3H for 12CH3 singlet peak); 3.335 and 3.225 (s, 4H, 3
for 7CH3 and 1H); 2.90 (m, 5H for cyanine dye K and L); 2.50
(m, 2H, 172CH3 within DMSO peak); 2.32 (m, 2H for
171CH2); 2.06−1.52 (many multiplets, 41H, 12H for cyanine
dye J and N, 3H for cyanine dye M, 9H for 32CH3, 18

1CH3 and
82CH3, and 17 H). EIMS (m/z): 1520 (M − H). HRMS:
Calcd. for C87H92N8O11S3: 1520.6048. Found: 1520.6048.
4.8. Conjugate 8. In a dry round bottomed flask, cyanine

dye 6 (92.4 mg, 0.098 mmol) and DMTMM (30 mg, 0.1078
mmol) were stirred in 5 mL of anhydrous DMF in a nitrogen
atmosphere for 2 h. Diethlyeneaminopurpurinimide methyl
ester 4 (70 mg, 0.098 mmol) was stirred in 5 mL of anhydrous
DMF in a separate round bottomed flask and was added into
the flask containing the cyanine dye after 2 h. The reaction was
stirred overnight and was purified on a preparation scale TLC
plate using a 20% MeOH/DCM solvent system. The desired
fraction was collected, and the residue obtained after
evaporating the solvent was crystallized/precipitated with
DCM/hexane as dark purple crystals; yield (35 mg, 37%).
UV−vis λmax (in MeOH): 365 nm (ε = 3.8 × 104), 418 nm (ε
= 8.2 × 104), 549 nm (ε = 1.6 × 104), 707 nm (ε = 4.6 × 104),
842 nm (ε = 1.6 × 105). 1H NMR (400 MHz, 3 mg/1 mL
MeOH, δ 9.59, 9.42, and 8.86 (each s, 1H for 5H, 10H and
20H); 8.61 (d, 2H for cyanine dye f, J=14 Hz); 8.16 (dd, J = 8
Hz,40 Hz, 1H, 31CHCH2); 8.06 (d, 2H for cyanine dye B,
J=8.4 Hz); 7.98−7.95 (m, 4H for cyanine dye H and D); 7.73−
7.67(m, 4H for cyanine dye G and C); 7.47 (t, 2H for cyanine
dye A, J = 7.2 Hz); 7.34 (d, 2H for cyanine dye E, J = 8.4 Hz);
6.38 (t, 3H, 2H for cyanine dye E, 1H for trans 32CHCH2, J
= 14 Hz); 6.20 (d, 1H for cis 32CHCH2, J = 11.6); 5.12 (d,
1H for 17H, J = 1.2 Hz); 4.53−4.40(m, 3H, 1H for 18H and
2H for N−CH2-CH2−N); 4.24 (broad s, 3H for cyanine dye I);
3.81 (s, 3H for 12 CH3); 3.69 (m, 1H for NH); 3.60 (s, 3H for
172CO2CH3); 3.39−3.31 (m, 2H for 81CH2, 3H for 2CH3 and
2H for N−CH2-CH2-N, 8H for cyanine dye K and L); 3.13(s,
3H for 7 CH3); 2.33−2.20 (each m, 1H for, 2 × 171H and 2 ×
172H); 2.10−2.08 (each m, 8H for cyanine dye J and N); 1.925
(m, 3H for 18 CH3); 1.74−1.52 (m, 15 H, 3H for 82CH3 and
12 H for cyanine dye M); −0.35 and −0.41 (each br s, 1H for
2NH). EIMS (m/z): 1546 (M − H). HRMS Calcd. for
C89H94N8O11S3: 1546.6204. Found: 1546.6244.
4.9. Conjugate 9. In a dry round bottomed flask, cyanine

dye 6 (142.7 mg, 0.151 mmol) and DMTMM (45.96 mg,
0.1661 mmol) were stirred in 5 mL of anhydrous DMF in a
nitrogen atmosphere for 2 h. N-Glycolpurpurinimide methyl
ester 5 (90 mg, 0.151 mmol) stirred in 5 mL of anhydrous
DMF in a separate round bottomed flask was added to the flask
containing the cyanine dye after 2 h. The reaction was stirred
overnight and was purified on a preparation scale TLC plate
using a 20% MeOH/DCM solvent system as discussed for the
foregoing compound. The desired fraction was collected and
concentrated, crystalized with DCM/hexane to afford dark
purple crystals; yield (40 mg, 32%). UV−vis λmax (in MeOH):
366 nm (ε = 4.5 × 104), 416 nm (ε = 1.0 × 105), 549 nm (ε =
2.7 × 104), 707 nm (ε = 5.8 × 104), 842 nm (ε = 2.1 × 105). 1H
NMR (400 MHz, 3 mg/1 mL MeOH): δ 9.67,9.46 and 8.88
(each s, 1 H for 5H, 10H and 20H); 8.62 (d, 2H for cyanine
dye f, J = 14 Hz); 8.10 (d, 4H, cyanine dye j, J = 11.6 Hz);7.85
(m, 4H, cyanine dye M); 7.79 (d, 2H for cyanine dye a, J = 7.2
Hz); 7.40 (d, 2H for cyanine dye b, J = 7.2 Hz); 6.39 (m, 3H,
1H for 31CHCH2 and 2H for cyanine dye e); 6.19 (d, 1 H
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for 32CHCH2, J = 7.6 Hz); 5.18 (m, 1H for cis -32CH
CH2); 4.4 (m, 1H for 18H); 4.2 (m,1H for 17H); 3.75 (s,3H
for 12 CH3);3.51 (s, 3H for 2 CH3); 3.30(s, 3H for
172CO2CH3);3.15 (s, 3H for 7 CH3); 2.80 (m, 8H for cyanine
dye i and j); 2.60, 2.55, 2.40, and 2.36 (each m, 1H for, 2 ×
171H and 2 × 172H); 1.90 (m, 5H for cyanine dye c and h);
1.63(s, 3H for 18 CH3); 1.50 (t, 3H for 82CH3, J=7.2 Hz);
−0.35 and −0.41 (each br s, 1H for 2NH). EIMS (m/z): 1634
(M − H); HRMS Calcd. for C93H103N8O13S3: 1634.6746.
Found: 1634.6729.
4.10. In Vivo Fluorescence Imaging. Fluorescence

imaging was performed using approved protocols in accordance
with the Guide for the Use of Laboratory Animals. A 12 bit
Nuance camera (CRI, Worburn, MA) was used to image the
conjugates in vivo using a 782 continuous wave laser for an
excitation source. The fluorescence was collected after filtering
through two 600 nm long pass filters in series and 800 and 830
nm long pass filters. Prior to imaging, BALB/c mice bearing
Colon26 tumors on the shoulder with an average diameter of
4−5 mm were shaved and depilated with Nair cream to remove
the hair over the tumor and the surrounding skin. Conjugates 7,
8, and 9 were injected via the tail vein at 0.03 μmol/kg. At 24,
48, and 72 h postinjection, mice were anesthetized with
ketamine/xylene (100/10 mg/kg), placed in the light box, and
imaged. The localization and biodistribuition of the conjugates
were determined by sacrificing 3 mice/time points and imaging
the organs. The images were processed using an image
calculator.27

4.11. In Vivo Photosensitizing Efficacy. BALB/c mice
(5 mice/group) were implanted subcutaneously in the right
shoulder with 1 × 106 Colon26 cells per 50 μL of RPMI-1640
medium. When tumors grew to 4−5 mm diameter, mice were
injected with 2.5 μmol/kg of 8 and 9 via tail vein injection.
Twenty-four hours postinjection, the mice were restrained
within Plexiglas holders, and exposed tumors were treated with
laser light for 135 J/cm2 at 75mW/cm2. Following treatment,
tumor growth was monitored daily and measured with calipers
along the length and width of the tumors. Tumor volumes were
calculated by using the formula V = LXW 2/2. Mice were
considered cured if no palpable tumor grew within 30 days of
being treated, or they were euthanized when the tumor volume
reached 400 mm3.
4.12. Molecular Modeling. 4.12.1. Conjugate Struc-

tures. The three-dimensional structures of purpurinimide−
cyanine dye conjugates (7−9) were built with SYBYL
molecular modeling software, version 8.0 (Tripos Inc., St.
Louis, MO). The purpurinimide moiety was taken from
previous studies28 utilizing appropriate crystal structure. The
cyanine dye moiety was built from a SYBYL fragment library
and standard geometry using the extended conformation. Both
moieties were fully energy optimized with a semiempirical
molecular orbital method, PM3, using the Spartan 02 software
(Wave function Inc., Irvine, CA). Finally, energy optimized
moieties were joined with specific linkers with standard
geometry using SYBYL software. Each conjugate as a whole
was again energy optimized with PM3 using Spartan software.

4.12.2. Conjugate Conformations. The PM3 energy
optimized structure for each conjugate was used as the initial
conformation for limited conformational search to explore the
conformational flexibility of these conjugates. Because of the
size of molecules, molecular mechanics instead of the molecular
orbital method was used for this study. The stochastic
conformational search was performed using Molecular

Operating Environment (MOE) software, version 2010.10,
from Chemical Computing Group (Montreal, Quebec,
Canada). Standard MMFFs force field and charges were used
for the stochastic conformational search where the dihedral
angles were randomly modified, followed by energy mini-
mization in dihedral angles first, then energy minimization in
Cartesian space. During the conformational search, the chiral
centers were maintained as the original structure. No attempt
was made to perform an exhaustive conformational search due
to uncertainty in the environment of the conjugate in the cell or
in an in vivo situation.
4.13. Photophysical Properties. Femtosecond transient

absorption spectroscopy experiments were conducted using an
ultrafast source, Integra-C (Quantronix Corp.), an optical
parametric amplifier, TOPAS (Light Conversion Ltd.), and a
commercially available optical detection system, Helios,
provided by Ultrafast Systems, LLC. The source for the
pump and probe pulses were derived from the fundamental
output of Integra-C (780 nm, 2 mJ/pulse and fwhm = 130 fs)
at a repetition rate of 1 kHz. Seventy-five percent of the
fundamental output of the laser was introduced into TOPAS,
which has optical frequency mixers resulting in a tunable range
from 285 to 1660 nm, while the rest of the output was used for
white light generation. Prior to generating the probe
continuum, a variable neutral density filter was inserted in the
path in order to generate a stable continuum, then the laser
pulse was fed to a delay line that provides an experimental time
window of 3.2 ns with a maximum step resolution of 7 fs. In our
experiments, a wavelength between 350 to 450 nm of TOPAS
output, which is the fourth harmonic of signal or idler pulses,
was chosen as the pump beam. As this TOPAS output consists
of not only desirable wavelength but also unnecessary
wavelengths, the latter were deviated using a wedge prism
with a wedge angle of 18°. The desirable beam was irradiated at
the sample cell with a spot size of 1 mm diameter where it was
merged with the white probe pulse in a close angle (<10°). The
probe beam after passing through the 2 mm sample cell was
focused on a fiber optic cable, which was connected to a CCD
spectrograph for recording the time-resolved spectra (410−
1600 nm). Typically, 2500 excitation pulses were averaged for 5
s to obtain the transient spectrum at a set delay time. Kinetic
traces at appropriate wavelengths were assembled from the
time-resolved spectral data. All measurements were conducted
at room temperature, 295 K.
The fluorescence measurements were carried out with an

absolute PL quantum yield measurement system (Hamamatsu
photonics Co., Ltd., C9920-02) with excitation at 680 nm.
4.14. Electrochemical Measurements. Cyclic voltam-

metry was carried out with an EG&G Model 173 potentiostat/
galvanostat. A homemade three-electrode cell was used and
consisted of a glassy carbon working electrode, a platinum wire
counter electrode, and a saturated calomel reference electrode
(SCE). The SCE was separated from the bulk of the solution by
a fritted-glass bridge of low porosity which contained the
solvent/supporting electrolyte mixture. All potentials are
referenced to the SCE.
UV−visible spectroelectrochemical experiments were per-

formed with an optically transparent platinum thin-layer
electrode of the type described in the literature.29 Potentials
were applied with an EG&G Model 173 potentiostat/
galvanostat. Time-resolved UV−visible spectra were recorded
with a Hewlett-Packard Model 8453 diode array rapid scanning
spectrophotometer.
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Tetra-n-butylammonium perchlorate (TBAP, ≥ 99%) was
recrystallized from ethyl alcohol and dried under vacuum at 40
°C for at least one week prior to use. Dimethylsulfoxide
(DMSO, ≥ 99.9%) were obtained from Sigma-Aldrich
Chemical Co. and used without further purification.
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In Vitro Phototoxicity Assay (MTT Assay): To determine the in vitro efficacy of the 

compounds the following procedure was performed. Colon-26 cells were grown in RPMI 1640 

with 10% FCS, 2mM L-Glutamine, 50 IU penicillin/50 µg/ml streptomycin. Cells were 

maintained in 5 % CO2 and 95% air at 100% humidity. For phototoxicity studies, Colon-26 cells 

were plated in 96 well plates at a density of 3500 cells/well in complete medium. 4 h later, 

compounds were added at concentrations ranging from 0.003 to 1 µM. After 24 h incubation in 

the dark at 37 °C, the cells were irradiated with laser light from an argon pumped dye laser using 

fluences of 0-2 J/cm
2
 at a dose rate of 3.2 mW/cm

2 
with light adjusted to the specific maximum 

wavelength of each drug. The light treatment is shown in Figure 13.  After irradiation, the cells 

were incubated for 48h. After 48 h, 15 µL/well of 4 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide MTT 
 
 in PBS was added, and cells were incubated for a further 4 

h.  MTT is a yellow water soluble tetrazolium salt that is taken up by cells, reduced to water 

insoluble purple formazan crystals by metabolically active (viable) cells
. 
The MTT-containing 

media was removed, and 100µl DMSO was added to solubilize the formazan crystals. The 

absorbance of the wells was read on a microtiter plate reader at a wavelength of 560 nm. The 

results were plotted as percent growth of control (untreated) cells vs. concentration range for 

each individual drug.  

 In Vivo Reflectance Spectroscopy: In vivo reflectance spectroscopy is a non-invasive method 

of following the pharmacokinetics and measuring the concentration of a photosensitizer in an 

experimental animal.  By measuring the light diffusely reflected from tissue containing the dye, 

the time at which the concentration is at its maximum
 
can be determined and the light treatment 

can be delivered at the optimal tumor to normal tissue ratio, for the greatest selectivity. As 

described in reference 9, monochromatic light was delivered through a quartz fiber which was 

placed perpendicular to and touching the tissue. At a measured distance (3-5 mm) from the 

delivery fiber, a pick up fiber is also placed in contact with the tissue. Light is delivered at 

optical power levels of about 1µW to avoid any potential PDT effects during measurement. Light  
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          Equation 1                      

 

that enters the pickup fiber was conducted to a silicon photodiode detector that measured the  

photocurrent linear in power over 7-8 orders of magnitude. The wavelength was varied from 

650-1000 nm and a spectrum of diffusely scattered photons was recorded. The concentration C 

was calculated using the formula in equation 1. Where ε is the molar extinction coefficient, α0 is 

the intrinsic tissue coefficient, OD is diffuse optical density, 3 is the reduced scattering 

coefficient, r is the distance from the detector to the pickup fiber. Molar extinction coefficient (ε) 

is measured using the Beer- Lambert law (A= ε lc). 
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HPLC Analysis 

 

Method: HPLC analysis of conjugates  # 7, # 8, and # 9 was carried out using a Waters Delta 

600 System consisting of the 600 Controller, 600 Fluid Handling Unit and 996 Photodiode Array 

Detector equipped with a Waters Symmetry C18 column, 5 micron, with dimensions 4.6 

x150mm. The mobile phase  flow program was as follows: flow rate of  1.0 ml / min; mobile 

phase composition - 75% Methanol/ 25% water  from 0 to 20 minutes , then a linear gradient to 

100% Methanol from 20 minutes to 30 minutes, maintained at 100% Methanol from 30 minutes 

on.. Data collected and spectrally monitored from 300 nm to 799 nm. Percent purity of 

compounds based on 416 nm channel. 

 

 

 
                                  Figure S1:  HPLC Chromatogram of Conjugate # 7 
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                                 Figure S2:  HPLC Chromatogram of Conjugate # 8 

 

 
 

 

                                    Figure S3:  HPLC Chromatogram of Conjugate # 9 



Multiple Presentation of Scfv800E6 on Silica Nanospheres Enhances
Targeting Efficiency Toward HER-2 Receptor in Breast Cancer Cells
Serena Mazzucchelli,‡,§,† Paolo Verderio,§,† Silvia Sommaruga,‡,§ Miriam Colombo,‡,§ Agnese Salvade,̀‡

Fabio Corsi,‡ Patrizia Galeffi,∥ Paolo Tortora,§ and Davide Prosperi*,§,⊥

‡Dipartimento di Scienze Cliniche “Luigi Sacco”, Universita ̀ di Milano, Ospedale L. Sacco, Via G.B. Grassi 74, 20157 Milano, Italy
§Dipartimento di Biotecnologie e Bioscienze, Universita ̀ di Milano-Bicocca, Piazza della Scienza 2, 20126 Milano, Italy
∥UTAGRI-GEN, ENEA, R. C. Casaccia, Via Anguillarese 301, 00123 Roma, Italy
⊥Istituto di Scienze e Tecnologie Molecolari, CNR, via Fantoli 16/15, 20138 Milano, Italy

*S Supporting Information

ABSTRACT: Spherical silica nanoparticles (SNP) have been synthe-
sized and functionalized with anti-HER-2 scFv800E6 antibody by both
localized histidine-tag recognition, leading to an oriented protein
ligation, and glutaraldehyde cross-linking, exploiting a statistical
reactivity of lysine amine groups in the primary sequence of the
molecule. The targeting efficiency of nanocomplexes in comparison with
free scFv was evaluated by flow cytometry using a HER-2 antigen-
positive MCF-7 breast cancer cell line, exhibiting a 4-fold increase in
scFv binding efficacy, close to the affinity of intact anti-HER-2
monoclonal antibody, which suggests the effectiveness of presenting
multiple scFv molecules on nanoparticles in improving antigen
recognition. Unexpectedly, the conjugation method did not affect the
binding efficacy of scFv, suggesting a structural role of lysines in the scFv
molecule. Confocal laser scanning microscopy confirmed the binding of nanocomplexes to HER-2 and also provided evidence of
their localization at the cell surface.

■ INTRODUCTION

Monoclonal antibodies (mAbs) are versatile and unique
molecules that have found applications in the investigation,
diagnosis, and treatment of many diseases, including cancer.1

Although mAbs display high affinity and selectivity for the
target, antibody-based therapies are often less effective toward
solid tumors, because only a small amount of mAbs can indeed
accumulate at the tumor tissue, due to their high
immunogenicity and low penetration. Moreover, mAbs remain
circulating for an extended time because their large size
prevents excretion by renal clearance.2 Recently, recombinant
antibodies with modified properties have been designed in
order to improve tissue penetration and biodistribution.3

Among them, small antibody fragments consisting of the
variable VH and VL regions connected through a synthetic loop,
called single-chain fragment variable recombinant antibodies
(scFv), hold great promise.4 Target-specific scFvs are usually
obtained through genetic engineering by phage display
technology.5 ScFv display has improved biodistribution
compared to intact IgGs due to small size (typically in the
20−30 kDa range) and absence of a highly immunogenic stem.
However, a poor retention time and a decreased affinity and
specificity caused by their monovalent binding strongly limit
their application in cancer immunotherapy. Hence, while
immunogenicity is remarkably reduced and scFv clearance is

accelerated, the binding efficacy is often reduced compared to
their parent mAb resulting in a remarkably lower affinity for the
receptor.
Multimerization has been recently envisaged as a strategy to

enhance the functional affinity (avidity) of scFv increasing the
ka by 2−3 orders relative to the monovalent fragment.6−8

Different multimerization strategies have been proposed to
couple monovalent domains to produce multivalent antibodies,
by chemical manipulation or using protein engineering
approaches, including formation of diabodies, tribodies, tetra-
bodies, and minibodies.9,10 Multimerized scFvs combine
features from mAb and scFv that improve tumor penetration,
as low immunogenicity and high affinity toward their receptor,
and increase circulation time due to their large size, which
prevents renal excretion.10 So far, the conjugation of antibody
fragments to nanoparticles has been seldom exploited. It has
been observed that scFv having low affinity toward the
epidermal growth factor receptor, when present in multiple
copies on a liposome, allowed for tight receptor binding, thus
filling the affinity gap between scFv and a high-affinity mutant
obtained by molecular evolution.11 However, functionalization
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of immunoliposomes does not offer a suitable control of
number and orientation of the scFv ligand displayed on their
surface. Such control of scFv presentation could be better
optimized by using inorganic nanoparticles.12−14 Here, we
present a strategy to enhance scFv target binding efficacy that
makes use of silica nanoparticles as a multimerization scaffold.
As proof of concept, we chose scFv800E6 produced in Pichia
pastoris, that recognizes the breast cancer membrane marker
HER-2.15 Among the numerous examples of inorganic
nanoparticles available so far, silica nanoparticles have been
extensively studied, due to their broad application and the ease
of synthesis and stable functionalization with organic
ligands.16,17 In this work, we have explored synthesis and
surface functionalization of silica nanoparticles (SNP) in order
to immobilize scFv800E6 by two different approaches

(Scheme 1): (1) the first method exploits a localized histidine
tag recognition leading to an oriented ligation of scFv; (2) the
second involves a reductive amination strategy via glutaralde-
hyde cross-linking on the nanoparticle exploiting a statistical

reactivity of lysine amine groups on the primary sequence of
the scFv molecule.

■ EXPERIMENTAL PROCEDURES
Materials and Methods. All reagents and solvents were

purchased from Sigma-Aldrich (St. Louis, MO), Fluka (St.
Gallen, Switzerland), and Riedel-de Hae ̈n (Seelze, Germany)
and used as received without further purification. Water was
deionized and ultrafiltered by a Milli-Q apparatus (Millipore
Corporation, Billerica, MA). Ultrasounds were generated by
S15H Elmasonic Apparatus (Elma, Singen, Germany). TEM
images of nanoparticles were obtained by a Zeiss EM-109
microscope (Oberkhochen, Germany) operating at 80 kV.
Dynamic light scattering (DLS) measurements were performed
at 90° with a 90 Plus Particle Size Analyzer from Brookhaven
Instrument Corporation (Holtsville, NY) working at 15 mW of
a solid-state laser (λ = 661 nm). Zeta-potential measurements
were elaborated on the same instrument equipped with AQ-809
electrode and data were processed by ZetaPlus software. UV−
vis spectra were recorded by using a Nanodrop 2000C
spectrophotometer (Thermo Fisher Scientific, Wilmington,
Germany) in a range of wavelengths from 190 to 600 nm.
Synthesis of SNP. Monodisperse silica nanospheres were

obtained as described in previous work.18 Briefly, a 25%
NH4OH solution in water (12.5 mL) and ethanol (250 mL)
were mixed under magnetic stirring at 300 rpm. To the above
solution was added a mixture of TEOS (6.25 mL, 28 mmol)
dissolved in ethanol (7 mL) at a rate of 1 mL min−1 through a
dropping funnel. The reaction was stirred for 20 h at room
temperature (RT). At the end of the reaction, the solution
became milky and the product was collected from the
suspension by centrifugation at 8300 × g for 30 min. The
white particulate was washed several times with ethanol (4 ×
100 mL). Next, SNP (1.5 g) was dried under vacuum. SNP
(100 mg) was redispersed in ethanol at a concentration of 4 mg
mL−1 for further experiments.
Synthesis of Fully PEG-Coated SNP (SPEG). In a dried

round-bottom flask, O-(2-aminoethyl)-O′-methylpolyethylene
glycol 2000 (100 mg, 50 μmol) was dissolved in anhydrous
CH2Cl2 (1 mL); subsequently, Et3N (8 μL, 55 μmol) and (3-
isocyanatopropyl)triethoxysilane (15 μL, 60 μmol) were added
and the reaction run overnight at RT with magnetic stirring
under argon atmosphere. When the reaction was completed,
the solution was filtered and the clear filtrate was evaporated
under reduced pressure. The resultant yellow pale oil was
redissolved in a minimum amount of CH2Cl2 (300 μL), and
cold Et2O (10 mL) was added to precipitate the product as a
white solid. The product was washed twice with Et2O (10 mL)
and finally dried under vacuum. APTS-PEG2000 (98 mg) was
used immediately without further purification. The conjugation
reaction was performed as follows.18,19 A suspension of SNP in
EtOH (20 mL, 1 mg mL−1) was warmed at 60 °C; next, 25%
NH4OH (50 μL) and APTS-PEG2000 (20 mg, 10 μmol) were
added and the resultant mixture was subjected to vigorous
magnetic stirring at 60 °C overnight. The particulate was
collected by centrifugation at 8300 × g for 15 min and washed
with EtOH (2 × 10 mL) and water (10 mL). The resultant
SPEG were redispersed in water (10 mL) for analyses.
Synthesis of SNP1. N α,N α-Bis(carboxymethyl)-L-lysine

(NTA) was synthesized according a previous work.20 NTA
(100 mg, 380 μmol) was suspended in anhydrous CH2Cl2 (8
mL) and THF (3 mL). Subsequently, Et3N (211 μL, 1.52
mmol) and (3-isocyanatopropyl)triethoxysilane (113 μL, 456

Scheme 1. Mechanism of “Oriented” and “Unoriented”
Immobilization of scFv800E6 on Functionalized Silica
Nanospheresa

aMethod 1: SNP1 functionalized with Ni-NTA groups tightly and
specifically interact with scFv histidine tag leading to an oriented
protein immobilization (SNP-HT). Method 2: the available amino
groups of lysine residues of scFv bind to SNP2 via the aldehydic
groups, which have been generated on the surface of nanoparticles by
glutaraldehyde addition, resulting in a random ligation (SNP-UT).
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μmol) were added and the reaction run overnight at RT with
magnetic stirring under argon atmosphere. The resulting
suspension was filtered, and the clear filtrate was evaporated
under reduced pressure. The pale yellow oil was redissolved in
a minimum amount of MeOH (500 mL) and cold Et2O (10
mL) was added to precipitate the product as a white solid. The
product was washed twice with Et2O (10 mL) and finally dried
under vacuum. APTS-NTA (132 mg) was used immediately
without further purification.
For the conjugation reaction,18,19 a suspension of SNP in

EtOH/H2O 1:1 (20 mL, 1 mg mL−1) was warmed at 60 °C;
25% NH4OH (50 μL), APTS-NTA (10 mg, 20 μmol), and
APTS-PEG2000 (10 mg, 5 μmol) were added, and the mixture
was left under vigorous stirring at 60 °C overnight. Next, the
particulate was collected by centrifugation at 8300 × g for 15
min and washed with EtOH (2 × 10 mL) and water (10 mL).
Nanoparticles were resuspended in water (20 mL) for further
chelation with nickel ions. A green solution of 0.1 M
NiCl2·6H2O in deionized water (2 mL) was added to the
above suspension of nanoparticles; the pH was adjusted to pH
8.0 with 0.1 N NaOH, and the resultant mixture were kept
under magnetic stirring for 30 min at RT. Then, particles were
collected by centrifugation and the pale blue supernatant was
discarded. The pale green particulate was washed thrice with
water (10 mL) and, finally, SNP1 were resuspended in water (5
mL) and stored for further conjugation with His-tagged
scFv800E6.
Synthesis of SNP2. The conjugation reaction18,19 was

performed as follows. A suspension of SNP in EtOH (20 mL, 1
mg mL−1) was warmed at 60 °C; then, 25% NH4OH (50 μL),
APTS (5 μL, 20 μmol), and APTS-PEG2000 (10 mg, 5 μmol)
were added and the resultant mixture was kept under vigorous
magnetic stirring at 60 °C overnight. The particulate was
collected by centrifugation at 8300 × g for 15 min and washed
with EtOH (2 × 10 mL) and water (10 mL). The resultant
SNP2 were stored in water (10 mL) for further conjugation
with scFv.
Determination of Amine Groups on SNP2. Following a

method described in the literature,21 an aqueous mixture
containing 1 M picrylsulfonic acid TNBS (10 μL) and 0.05 M
Na2B4O7 (1.5 mL) was added to a sample of aminated SNP2 (6
mg). The suspension was sonicated for 1 min and then heated
at 70 °C for 10 min. At the end of reaction, the mixture was
allowed to cool to RT; SNP2 was then separated from the
supernatant by centrifugation at 11 200 × g and washed with
water (1 mL), 50% acetone in water (1 mL), 100% acetone (1
mL), and water (2 × 1 mL). SNP2 was then suspended in
NaOH 1 M (5 mL) and heated to 70 °C under vigorous
stirring for 10 min. The suspension was cooled to RT and
SNP2 were separated by centrifugation. An aliquot of the
particle-free supernatant (1 mL) was then withdrawn and its
absorbance read at 410 nm. Each particle contained silica (d =
2.2 × 106 g m−3) with an average radius of 40 nm = 4.0 × 10−8

m. The average volume and mass of SiO2 nanoparticles were
2.68 × 10−22 m3 and 5.90 × 10−16 g, respectively. Hence, 1 mg
of SiO2 contained 1.02 × 1014 particles. By determination of
residual absorbance due to picric acid released from reaction
(Supporting Information Scheme S4), we established that 0.012
μmol of ligand APTS were immobilized on the particle surface
corresponding to about 708 NH2 groups/particle.
Dynamic Light Scattering and ζ-Potential Measure-

ments. Viscosity and refractive index of deionized water were
used to characterize the solvent. Nanoparticles were dispersed

in water under sonication for several minutes before analyses;
sporadically, to avoid the formation of large aggregates, the
suspension was filtered through a 0.45 μm cellulose acetate
filter. The final sample concentration used for measurements
was typically 0.025 mg mL−1 (Figure S1). The same procedure
was followed for hydrodynamic size distribution behavior of
nanoparticles in deionized water by different Na+ concen-
trations (1 mM to 20 mM) (Figure S2).
Strains and Plasmids. P. pastoris KM71H (arg4;

aox1::ARG4) (Invitrogen) was used as host for expressing
scFv800E6 gene. Plasmid pPICZαA (Invitrogen) was used for
constructing plasmid vector, as previously described.15

Purification of scFv800E6. The clone KM71H-pPIC-
ZαA-scFv800E6-4 was grown in 10 mL YPD medium (1%
yeast extract, 2% peptone, 2% dextrose) at 30 °C overnight
with shaking at 250 rpm. The cultures were centrifuged at 1500
× g for 4 min, and then, the pellets were resuspended in 200
mL of BMMY (1% yeast extract, 2% peptone, 100 mM
potassium phosphate pH 6.0, 1.34% YNB, 0.00004% biotin,
0.5% methanol) with 0.8% glycerol yielding an initial OD 600
value of 10. The culture was induced by daily addition of
methanol to a final concentration of 0.5%. After 48 h of
methanol treatment, the culture supernatant was filtered
through 0.22 μm filters and dialyzed overnight in 50 mM
sodium phosphate pH 8.0, 300 mM NaCl. The dialyzed
medium was loaded at a flow rate of 0.5 mL/min onto a Ni-
NTA Agarose (Qiagen) column (bed volume 0.5 mL) pre-
equilibrated with 50 mM sodium phosphate pH 8.0, 300 mM
NaCl, and 10 mM imidazole. The column was washed with 50
mM sodium phosphate pH 8.0, 300 mM NaCl, 20 mM
imidazole, and the protein eluted with a stepwise imidazole
gradient, 100 mM to 200 mM, in the same buffer. Fractions
were collected and analyzed by SDS-PAGE. SDS-PAGE was
performed according to Laemmli,22 using 12% (v/v)
polyacrylamide gels. The proteins were detected by Coomassie
Brilliant Blue R-250 staining. Protein content was determined
both by measuring absorbance at 280 nm and by using the
Coomassie Plus Protein Assay Reagent (Termo Fisher
Scientific) and bovine plasma immunoglobulin G as the
standard protein.
Conjugation of His-tag scFv800E6 (SNP-HT). In a

plastic tube, SNP1 (1 mg) were incubated with purified
scFv800E6 (50 μg) in phosphate-buffered saline (PBS;
EuroClone) in a final volume of 1000 μL and the mixture
was stirred on an orbital shaker for 10 min at RT. SNP-HT
were isolated from unreacted scFv800E6 by centrifugation at
11 200 × g for 5 min and the supernatant was discarded.
Nanoparticles were washed three times with PBS (500 μL) and
stored in PBS at 4 °C for further experiments. By measuring the
absorbance at 280 nm, we determined an amount of scFv800E6
immobilized on nanoparticles of 26 μg per mg of SNP-HT.
Unoriented Conjugation of scFv800E6 (SNP-UT).

Particle-glutaraldehyde cross-linking,23 followed by imine
reduction24 with NaCNBH3 were performed as follows. In a
plastic tube, amino SNP2 (1 mg) was dispersed in borate buffer
pH 7.6 (600 μL). A 5 mM glutaraldehyde solution in the same
buffer (400 μL, 20 μmol) was added under stirring at RT. After
2 h, particles were isolated by centrifugation and washed once
with borate buffer pH 7.6 (1 mL) and twice with PBS pH 7.4
(1 mL). At the end of the washing, nanoparticles were
resuspended at a concentration of 1 mg mL−1 in the same
buffer (1 mL) and the suspension cooled at 4 °C with an ice
bath. scFv800E6 (50 μg in PBS) was added to the suspension
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and the resultant mixture was stirred on the orbital shaker for 3
h at 4 °C. ScFv-functionalized nanoparticles were recovered
after centrifugation and washed twice with PBS (1 mL).
Subsequently, a NaBH3CN solution (10 μL, 1 mg mL−1) in
PBS buffer pH 7.4 was added to the nanoparticle suspension in
the same medium (1 mL) and incubated for 3 h at 4 °C. After
centrifuging, SNP-UT were washed several times with PBS (3
× 1 mL) and finally were stored in the same buffer at 4 °C for
further experiments. By measuring the absorbance at 280 nm,
we determined an amount of scFv800E6 of 43 μg per mg of
SNP-UT.
Dot Blot Assay. Dot blot was performed by filtering

proteins and/or nanoparticles onto PVDF membranes, utilizing
a Manifold I dot blot apparatus (GE Healthcare), and
incubating in blocking solution (5% skim milk in PBS,
Tween 0.05%) for 1 h at RT. The membrane was then probed
for 1 h at RT in blocking solution using rabbit anti-Myc-HRP
antibody (Invitrogen) at a 1:5000 dilution. Membranes were
rinsed thrice in 0.05% Tween in PBS for 10 min.
Immunoreactive spots were revealed using ECL Western
blotting reagent (GE Healthcare).
Cell Cultures. MCF-7 and MDA cell lines were used as

HER-2 positive and HER-2 negative targets, respectively. Cells
were cultured in 50% Dulbecco’s Modified Eagle’s Medium
(DMEM) and 50% F12, supplemented with 10% fetal bovine
serum, L-glutamine (2 mM), penicillin (50 UI mL−1), and
streptomycin (50 mg mL−1) at 37 °C and 5% CO2 in a
humidified atmosphere and subcultured prior to confluence
using trypsin/EDTA. Cells culture medium and chemicals were
purchased from EuroClone.
Flow Cytometry. Cells were cultured on a multiwell dish

until subconfluence. Then, equal aliquots were incubated 15
min at 37 °C in the presence of one of the following: (i) 5 μg
mL−1 scFv, (ii) 25.6 μg mL−1 TZ, (iii) SNP-HT, and (iv) SNP-

UT. For each sample, 0.171 nmole of antibody, either free or
immobilized on nanoparticles, was used. After incubation time,
cells were washed twice with PBS and treated with typsin for 3
min. Digestion with trypsin was stopped with culture medium,
cells were transferred in FACS tubes and washed twice with
PBS. Then, cells were incubated for 30 min at 4 °C in blocking
solution (PBS, 2% Bovine Serum Albumin) and immunodeco-
rated with 1 μL of FITC-conjugated antibody to whole murine
IgG (MP Biomedicals) for 30 min at 4 °C. The excess
secondary antibody was removed by washing cells six times
with PBS. Labeled cells were resuspended with 0.5 mL of PBS
and analyzed on a FACS Calibur flow cytometer (Becton
Dickinson). Ten thousand events were acquired for each
analysis, after gating on viable cells, and isotype-control
antibodies were used to set the appropriate gates.
Stability Assay of scFv Conjugation on SNP-HT. Five

micrograms of scFv immobilized on SNP-HT was incubated at
37 °C with 0.1 mL of culture medium. After incubation time,
SNP-HT was centrifuged 15 min at 15 000 × g at 4 °C, and
supernatants (S1, S4, S24, and S48) were filtered onto a PVDF
membrane utilizing a Manifold I dot blot apparatus (GE
Healthcare). The membrane was incubated in blocking solution
(5% skim milk in PBS, Tween 0.05%) for 1 h at RT, then
probed 1 h at RT in blocking solution using rabbit anti-Myc-
HRP antibody (Invitrogen) at a 1:5000 dilution. Membranes
were rinsed thrice in 0.05% Tween in PBS for 10 min.
Immunoreactive spots were revealed using ECL Western
blotting reagent (GE Healthcare). Five micrograms of scFv
immobilized on SNP-HT and 0.1 mL of culture medium were
used, respectively, as positive and negative control.
Confocal Laser Scanning Microscopy. Cells were

cultured on collagen (Sigma) precoated coverglass slides until
subconfluence. Cells were incubated 1 h at 37 °C with 20 μg/
mL of free-scFv800E6, and with equal amounts of scFv800E6

Figure 1. Characterization of modified silica nanoparticles: (A) TEM (Inset: magnification) and (B) SEM images of as-synthesized SNP. (C) DLS
and (D) ζ-potential measurements of SNP, SPEG, SNP1, and SNP2 as a function of pH in aqueous solution.
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immobilized on SNP-HT and SNP-UT. Then, cells were
washed with PBS, fixed for 10 min with 4% paraformaldehyde
(Sigma), and treated for 10 min with 0.1 M glycine (Sigma) in
PBS. A blocking step was performed for 1 h at RT with a
solution containing 2% bovine serum albumin (Sigma) and 2%
goat serum in PBS. ScFv was revealed by a FITC-conjugated
antibody to whole murine IgG (MP Biomedicals) at a 1:300
dilution by incubating for 2 h at RT. Nuclei were stained with
DAPI (4′,6-diamidino-2-phenylindole, Invitrogen) at 0.2 μg
mL−1 in PBS with 0.1% Saponin (Sigma) for 20 min at RT.
Membranes were stained with DiD oil (Invitrogen) at a 1:300
dilution by incubating 30 min at 37 °C. Microscopy analysis
was performed with a Leica SP2 AOBs microscope confocal
system. Images were acquired with 63× magnification oil
immersion lenses at 1024 × 1024 pixel resolution.

■ RESULTS AND DISCUSSION

Uniform 60 nm spherical SNPs were synthesized by hydrolysis
and condensation of tetraethyl orthosilicate (TEOS) in a 25%
NH4OH ethanolic solution.18 In method 1, previously prepared
APTS-PEG2000-OMe25 and APTS-NTA in a 1:1 molar ratio
were co-condensed on SNP in alkaline ethanol resulting in
NTA-functionalized SNP1 (Schemes S1,2 in SI).19 According
to previous reports,26 PEG chains enhanced the nanoconjugate
solubility in buffered media and prevented nonspecific
adsorption of proteins. ScFv800E6 protein containing a 6 ×
His-affinity tag was produced in P. pastoris, secreted in culture
medium, and purified through affinity chromatography, as
previously described.15 Subsequent Ni2+ chelation by nitrilo-
acetic acid groups of SNP1 promoted the active Ni2+-NTA
affinity-oriented immobilization of His-tagged scFv (SNP-HT)
by incubation at room temperature. In method 2, APTS-
PEG2000-OMe and APTS in a 1:1 molar ratio were co-
condensed on SNP (Scheme S3 in SI).23 Next, the covalent
attachment of scFv was performed via glutaraldehyde cross-
linking resulting in functional SNP2, stabilized by reduction of
the diimine intermediate with NaCNBH3,

27 to give SNP-UT.
In Figure 1, TEM (A) and SEM (B) images show that the core
size of SNP was 60 ± 5 nm indicating a homogeneous
formulation of silica nanospheres. The hydrodynamic diameter
of SNP in ethanol was 78.3 ± 2.2 nm, as determined by
dynamic light scattering (DLS, Figure S1 in SI). The pH-
dependent behavior of SNP, SNP1, SNP2, and fully PEG-
coated nanosilica (SPEG) was investigated by DLS in the 2−9
pH range (Figure 1C). All the nanosilica tested did not exhibit
the formation of critical aggregates between pH 4 and 9. Zeta
potential (ζ) of SNP, SPEG, SNP1, and SNP2 in water in the
2−9 pH range was also investigated (Figure 1D). From pH 5 to
9, SNP were strongly negatively charged (−35.85 ± 0.64 mV),
whereas at pH 4 and lower, the charge approached neutrality
(−6.40 ± 1.77 mV). Similar behavior was also observed for
SPEG, although they were only −25.01 ± 0.38 mV at pH 7
because of the charge-shielding effect of the PEG layer on the
nanoparticle surface. In contrast, SNP1 exhibited a remarkably
low surface charge at pH 7 (−13.64 ± 0.74 mV), in accordance
with the presence of the Ni2+ chelates on the external carboxylic
groups of NTA. This charge did not appreciably change in the
pH range tested. SNP2 were negatively charged (−25.23 ± 1.03
mV) at pH 7−9. However, below pH 5, a gradual shift of the
charge to positive values (+16.39 ± 1.35 mV at pH 3) was
observed, in line with the presence of protonated amino groups
of APTS in acidic conditions.

After conjugation, the amount of scFv800E6 on SNP-HT
and SNP-UT was quantified by protein assay of supernatants at
280 nm using a calculated ε 280 nm of 55 600 M−1. The
immobilization of scFv on SNP-HT was also confirmed by dot-
blot assay (Figure 2). SNP-HT (5 μg) and free scFv (0.5, 0.2,

0.1, and 0.05 μg) were filtered onto a polyvinylidene fluoride
(PVDF) membrane and then probed with an anti-Myc-HRP
antibody. Intensities of immunoreactive spots of SNP-HT and
0.1 μg of free scFv were comparable. This reasonably fits with
the amount of bound scFv that we inferred from the
determination of unbound protein, i.e., 0.125 μg.
To assess the effect of multivalent presentation of scFv on

silica nanoparticles, SNP-HT and SNP-UT binding toward
HER-2 receptor in breast cancer cells was evaluated by flow
cytometry. Free scFv, the commercial anti-HER-2 mAb
(trastuzumab, TZ), SNP-HT, and SNP-UT, containing equal
amounts of conjugated scFv, were incubated 15 min with HER-
2-positive MCF-7 cells.28 Flow cytometry evidenced a right-
shift of fluorescence signal accounting for an increase in scFv
binding efficacy upon multimerization due to SNP conjugation
(Figure 3). Values reported in Figure 3B show a 3-fold increase
in mean fluorescence intensity of SNP-UT sample in
comparison with free scFv at the same scFv concentration.
Moreover, scFv multimerized on SNP via glutaraldehyde cross-
linking (SNP-UT) exhibited a mean fluorescence intensity
value very close to that of intact TZ, indicating that there was a
significant improvement in receptor binding capability, which
can be attributed to avidity effect. However, the conjugation
strategy exploited for scFv multimerization on SNP surfaces
(method 1 vs method 2) did not prove to be crucial in
enhancing scFv binding efficiency. Indeed, SNP-HT and SNP-
UT exhibited similar fluorescence intensities when assessed by
flow cytometry. To account for this unexpected result, we
inspected the localization of lysines in scFv sequence. Multiple
sequence alignment of scFv800E6 with other scFv sequences
available in the NCBI database revealed that all lysine residues
are highly conserved. This clearly indicates that these residues
are not directly involved in HER-2 binding. Instead, quite likely
they only play a structural role. Therefore, an involvement of
this residue in glutaraldehyde cross-linking is not expected to
interfere significantly with HER-2 binding.
Moreover, to exclude the release of scFv from SNP-HT and

assess the stability of this conjugation method, we have
incubated SNP-HT for 1, 4, 24, and 48 h at 37 °C and 5% CO2
atmosphere. Supernatants of incubation were then filtered on
PVDF membrane and probed with an anti-Myc-HRP antibody.
Release of scFv800E6 in cell culture medium was not observed
under the conditions tested, confirming that scFv conjugation
on SNP-HT was stable within 48 h of incubation at 37 °C
(Figure 4).
To validate flow cytometry data, the specificity of binding

between SNP-HT or SNP-UT and HER-2 was assessed by

Figure 2. Dot-blot assay of SNP-HT conjugated with scFv. Different
amounts of scFv800E6 (0.5, 0.2, 0.1, and 0.05 μg) and an aliquot of
SNP-HT were filtered on a PVDF membrane, then probed with anti-
Myc-HRP antibody and revealed with an ECL substrate.
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confocal laser scanning microscopy (Figure 5). As HER-2 is a
transmembrane receptor, we expected an accumulation of SNP-
HT and SNP-UT at the level of the cell membrane of HER-2-
positive cells only, which would confirm that nanoparticle
capture occurs via specific membrane receptor-mediated
internalization. HER-2 positive MCF-7 cells (Figure 5) were
treated with scFv to assess HER-2 expression and cellular
surface distribution. SNP-HT and SNP-UT were incubated in
parallel with both MCF-7 and MDA cells (Figure 6) at a scFv
concentration of 25 μg mL−1 of culture medium for 1 h at 37
°C. In order to discriminate between specific binding to the
membrane receptor and a possible nonspecific adsorption of
SNP, we revealed scFv, SNP-HT, and SNP-UT with FITC-
labeled antiwhole mouse secondary antibodies (green), instead
of exploiting intrinsically fluorescent silica nanospheres
(Figures 5A,6A). Nuclei were stained with DAPI (Figures
5B,6B) while membranes were stained with DiD oil (Figures
5C,6C). As expected, both SNP-HT and SNP-UT (Figure 5A)
were observed on HER-2-positive MCF-7 cell surface but not
on HER-2-negative MDA cells (Figure 6A), which demon-
strates that they are actually capable of specifically targeting
their transmembrane receptor. Merged images in Figure 5D
also show that SNP-UT and SNP-HT were mostly localized on
cell membrane after 1 h incubation, although a small amount of
nanoparticles were already internalized.

■ CONCLUSION

In summary, we present a nanoparticle-based multimerization
strategy aimed at enhancing the functional affinity of scFv
toward cancer cell receptors. So far, the increase in binding
efficiency of an antibody fragment has been primarily obtained
by either chemically linking the individual scFv units or
constructing multivalent variants by connecting antibody
fragment with oligomerization domains. Our strategy lead to
the facile and reliable development of nanoparticles allowing for
multiple presentation of scFv molecules on a rigid nanosized
spherical surface, which proved very effective and selective in
binding the specific transmembrane receptor in living cells, as
assessed by flow cytometry and confocal microscopy. These
results suggest that the use of size- and shape-controlled
inorganic nanoparticles as a multimerization scaffold is capable

Figure 3. Multivalent presentation of scFv800E6 onto SNP-HT and SNP-UT enhances binding avidity toward HER-2 receptor. (A) MCF-7 cells
were incubated with scFv (black), SNP-HT (blue), SNP-UT (red), or trastuzumab (TZ; gray continuous) and processed by flow cytometry. ScFv
incubation with HER-2 cells as negative control (gray dashed line). (B) Mean fluorescence intensity (MFI).

Figure 4. Stability assay of scFv conjugation on SNP-HT. 5 μg of scFv
immobilized on SNP-HT was incubated at 37 °C with 0.1 mL of
culture medium. After incubation time, SNP-HT were centrifuged 15
min at 15 000 × g at 4 °C and supernatants (S1, S4, S24, and S48)
were filtered on a PVDF membrane. Membranes were then probed
with anti-Myc-HRP antibody and revealed with an ECL substrate. 5 μg
of scFv immobilized on SNP-HT was used as a positive control. 0.1
mL of culture medium (M) was used as negative control.

Figure 5. Assessment of HER-2 target efficacy of SNP-HT and SNP-
UT on HER-2 positive cells. SNP-HT and SNP-UT were incubated
with MCF-7 cells at a scFv concentration of 25 μg mL−1. Free scFv
was used as a positive control. ScFv, SNP-HT, and SNP-UT were
revealed with FITC-labeled antiwhole mouse secondary antibodies
(green, A). Nuclei were stained with DAPI (B), membranes (MB)
with DiD oil (C). Merge images are shown in D. Scale bar: 10 μm.
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to improve scFv target binding efficacy, reaching an affinity
value very close to that of native TZ, the mAb currently utilized
in clinical practice.
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I. Scheme of synthesis of fully PEG-coated SNP (SPEG). 

 

 

Scheme S1: Synthetic strategy to SPEG 

 

II. Scheme of synthesis of SNP1. 

 

 

Scheme S2: Synthetic strategy to SNP1 
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III. Scheme of synthesis of SNP2. 

Scheme S3: Synthetic strategy to SNP2 

 

IV. Determination of amine groups on SNP2. 

 

 Scheme S4: Quantification of amine reactive groups: TBNS assay. 

 

V. Scheme of conjugation of His-tag scFv800E6 (SNP-HT). 
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Scheme S5: Synthetic strategy to SNP-HT. 
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VI. Scheme of the unoriented conjugation of scFv800E6 (SNP-UT). 
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Scheme S6: Synthetic strategy to SNP-UT. 

 

VII. Dynamic Light Scattering and ζζζζ-Potential measurements. 

 

 

Figure S1. Hydrodynamic size distribution histogram of SNP in ethanol (73.3 nm, polydispersity 

0.132; dashed line) and in deionized water (133.8 nm, polydispersity 0.232; continous line). The 

horizontal scale is semi-logarithmic. SNP ζ-Potential in deionized water was -35.86 mV (± 0.64).  
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Figure S2. (A) Hydrodynamic size distribution behavior of SNP in deionized water at different 

Na
+
 concentrations. SNP hydrodynamic radius was unaltered by the salts concentration. (B) ζ-

Potential profiles of SNP in deionized water at increasing of Na
+
 concentrations: as expected, Na

+
 

was adsorbed in the liquid hydration sphere of nanoparticles in order to increase solubility of silica 

in aqueous medium. The charge became strongly negative at higher concentration of salts (NaCl 

10 mM , –55.50 mV ± 0.54) which implied an enhanced stability of colloidal suspension. (C) 
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Hydrodynamic radius of SPEG at pH 7.0 in deionized water (266.2 nm, polydispersity 0.322) was 

unaltered by different Na
+
 concentrations (1 mM to 20 mM). (D) ζ-Potential profiles of SPEG at 

increasing of Na
+ 

concentrations (1 mM to 20 mM): as expected, Na
+
 was adsorbed in the liquid 

hydration sphere of nanoparticles in order to increase solubility of silica in aqueous medium. The 

charge became strongly negative at higher concentration of salts (NaCl 10 mM, -52.19 mV ± 1.13)  

which implied an enhanced stability of colloidal suspension. (E) Hydrodynamic radius of SNP1 at 

pH 7.0 in deionized water (435.8 nm, polydispersity 0.325) decreased with increasing Na
+ 

concentrations; at pH 7.0 with 20 mM NaCl SNP1 hydrodynamic radius was 350.2 nm, 

polydispersity 0.199. (F) ζ-Potential profiles of SNP1 at increasing of Na
+
 concentrations. In this 

case the charge was similar even at higher concentration of salts (20 mM NaCl, -20.02 mV ± 

1.78). (G) Hydrodynamic radius of SNP2 at pH 7.0 in water (272.8 nm, polydispersity 0.298) was 

unaltered by different Na
+ 

concentrations; at pH 7.0 and 20 mM NaCl, SNP2 hydrodynamic radius 

was 289.3 nm, polydispersity 0.303. (H) ζ-Potential profiles of SNP2 at increasing of Na
+
 

concentrations. In this case, the charge was strongly negative at low salt concentrations (2 mM 

NaCl, -53.24 mV ± 0.70), but at higher concentrations (20 mM NaCl) the charge decreased to  -

11.62 mV ± 1.10. 
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’ INTRODUCTION

Biomedical imaging has traditionally focused on detecting
abnormalities in gross anatomical structures.1 However, there
has been a recent increase in the interest of developing targeted
agents that noninvasively provide information about physiologi-
cal and pathological processes on a molecular level.1�4 In this
regard, steroid receptors have emerged as particularly attractive
targets for molecular imaging due to their role in promoting the
growth of breast, ovarian, uterine, and prostate cancers.5

Previous attempts to image steroid receptors have focused on
positron emission tomography (PET).1,6 PET imaging of estro-
gen receptor (ER) in breast cancer and androgen receptor (AR)
in prostate cancer has been successful.7�10 However, imaging of
progesterone receptor (PR) has been limited in humans due to
rapid metabolism of the tracers by 20-hydroxysteroid dehy-
drogenase.11�13 In addition, PET suffers from the disadvantages
of low spatiotemporal resolution and requirements of a nearby
cyclotron and radiochemistry facilities.2

Magnetic resonance imaging (MRI) offers excellent spatio-
temporal resolution without exposure to harmful radiation or the
need for specialized radiochemistry equipment.2 Although the
sensitivity of PET imaging agents far surpasses that of any other
modality, MRI contrast agents can be optimized to enhance the
otherwise low sensitivity of these probes.2,14,15 Therefore, MRI is

an excellent alternative to PET for detecting steroid receptors
and, in particular, PR.

Several PR-targetedMRI contrast agents have been previously
developed.16�18 One of these agents, referred to as ProGlo,
preferentially accumulated and enhanced MR signal in tissues
and tumors with high PR expression.19 In contrast to the PR-
targeted PET imaging agent, ProGlo may be less rapidly meta-
bolized due to the steric hindrance from the Gd(III) chelate
preventing binding to 20-hydroxysteroid dehydrogenase.20

Due to the low solubility of ProGlo in aqueous media, in vivo
delivery of this agent was limited to subcutaneous or intraper-
itoneal injection routes rather than intravenous injections.19

Furthermore, the effect of hydrophobicity on nonspecific inter-
actions with biomolecules and the correlation between hydro-
phobicity and toxicity have been well-documented in numerous
drugs.21�23 The association of ProGlo with toxicity when intra-
peritoneally injected into athymic nude mice was, therefore, not
surprising, and is likely a consequence of its hydrophobic proper-
ties and nonspecific interactions, necessitating the development
of water-soluble contrast agents. Minimizing lipophilicity in
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ABSTRACT: Progesterone receptor (PR) is strongly associated with
disease prognosis and therapeutic efficacy in hormone-related diseases
such as endometriosis and breast, ovarian, and uterine cancers. Receptor
status is currently determined by immunohistochemistry assays. However,
noninvasive PR imaging agents could improve disease detection and help
elucidate pathological molecular pathways, leading to new therapies and
animal disease models. A series of water-soluble PR-targeted magnetic
resonance imaging (MRI) probes were synthesized using Cu(I)-catalyzed
click chemistry and evaluated in vitro and in vivo. These agents demon-
strated activation of PR in vitro and preferential accumulation in PR(+)
compared to PR(-) human breast cancer cells with low toxicity. In
xenograft tumor models, the agents demonstrated enhanced signal in-
tensity in PR(+) tumors compared to PR(-) tumors. The results suggest
that these agents may be promising MRI probes for PR(+) diseases.
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imaging agents has been reported to decrease background signal
by reducing nonspecific interactions in tissues.1 In addition,
imaging breast cancers, as opposed to tumors that form in the
peritoneal space, should be significantly improved by intravenous
imaging agent delivery, which can take advantage of leaky vascu-
lature to accumulate and remain inside those tumors specifically
expressing PR.

The current work describes the synthesis of a novel series of
water-soluble PR-targeted MR probes. These new agents de-
monstrated activation of PR in vitro with lower cytotoxicity than
ProGlo. Higher cellular Gd(III) accumulation was observed in
comparison to a nontargeted agent, particularly in PR(+) cells.
Finally, these agents preferentially enhanced signal intensity in
PR(+) tumors compared to PR(-) tumors and were not asso-
ciated with toxicity in preliminary in vivo studies.

’EXPERIMENTAL SECTION

General Methods. Unless noted, materials and solvents were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO)
and used without further purification. GdCl3 3 6H2O and 1,4,7,
10-tetraazacyclododecane (cyclen) were purchased from Strem
Chemicals (Newburyport, MA) and used without further pur-
ification. Unless noted, all reactions were performed under a
nitrogen or argon atmosphere. DMSO, N,N-dimethylforma-
mide, and methanol were purified using a Glass Contour Solvent
system. Deionized water was obtained from aMillipore Q-Guard
System equipped with a quantum Ex cartridge (Billerica, MA).
Thin-layer chromatography (TLC) was performed on EMD 60F
254 silica gel plates. Visualization of the developed chromato-
gram was performed by CAM stain and platinum stain. Standard
grade 60 Å 230�400 mesh silca gel (Sorbent Technologies) was
used for flash column chromatography. 1H and 13CNMR spectra
were obtained on a Bruker 500 MHz Avance III NMR Spectro-
meter with deuterated solvent as noted. Electrospray ionization
mass spectrometry (ESI-MS) spectra were taken on a Varian
1200 L single-quadrupole mass spectrometer. High-resolution
mass spectrometry data were acquired on an Agilent 6210 LC-
TOF (ESI, APCI, APPI). Analytical reverse-phase HPLC-MS
was performed on a Varian Prostar 500 system with a Waters
Atlantis C18 column (4.6� 250, 5 μm). This system is equipped
with a Varian 380 LC ELSD system, a Varian 363 fluorescence
detector, a Varian 335 UV�vis detector, and a Varian 1200 L
Quadrupole MS detector. Preparative runs were performed on a
Waters Atlantis C18 column (19 � 250, 10 μm). Mobile phase
consisted of water (solvent A) and HPLC-grade acetonitrile
(solvent B).
Synthesis. {1,4,7-Tris(carboxymethyl)-10-[10-(6-(2-((10R,13S,17S)-

10,13-dimethyl-3-oxo-2,3,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-
1H-cyclopenta[a]phenanthren-17-yl)-2-oxoethoxy)hexyl]-1,4,7,
10-tetraazacyclododecanato}Gd(III) (ProGlo). The synthesis and
purification of ProGlo were performed as previously described.17

2-(10,13-Dimethyl-3-oxo-2,3,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl)-2-oxoethyl
5-bromopentanoate (8). A solution of 21-hydroxyprogesterone
(300 mg, 1.36 mmol), 5-bromovaleric acid (111 mg, 0.613 mmol),
diisopropyl carbodiimide (DIC) (122 μL, 0.786 mmol), and
4-(dimethylamino)pyridinium-4-toluenesulfonate (DPTS) (207
mg, 0.666 mmol) in anhydrous dichloromethane (1.1 mL) was
stirred for 16 h at room temperature. The reaction mixture was
diluted in dichloromethane andwashedwithwater three times. The
organic layer was dried over sodium sulfate and concentrated by

rotary evaporation. The crude residue was purified by flash
chromatography with hexanes/ethyl acetate (1:1) as the eluent
to afford 8 as a white solid (348 mg, 75%). 1H NMR (500 MHz,
CDCl3) δ 5.65 (1H, s, 4-H), 4.68 (1H, d, J = 17, COCH2O), 4.45
(1H, d, J = 17, COCH2O) 3.36 (2H, t, J = 6.5, CH2Br), 2.47�0.80
(complex, 26H), 1.12 (3H, s, CH3), 0.63 (3H, s, CH3);

13C NMR
(125 MHz, CDCl3) δ 203.77, 199.80, 172.71, 171.17, 124.18,
69.34, 59.31, 56.41, 53.79, 51.04, 44.91, 38.81, 38.56, 35.94, 35.77,
34.16, 33.39, 32.98, 32.1, 32.2, 24.71, 23.62, 23.07, 21.22, 17.59,
13.43; ESI-MS m/z [M + H]+ observed: 494.8, calculated: 495.2.
2-(10,13-Dimethyl-3-oxo-2,3,6,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl)-2-oxoethyl
5-azidopentanoate (10).To a solution of 8 (325mg, 0.639mmol)
in anhydrous N,N-dimethylformamide (7 mL) was added sodium
azide (415 mg, 6.39 mmol). The reaction mixture was heated to
65 �Cand stirred overnight. Excess sodium azidewas filtered off and
the solvent was removed by rotary evaporation. The crude residue
was dissolved in ethyl acetate and washed with water three times.
The organic layer was dried over sodium sulfate and concentrated
followed by flash chromatography in hexanes/ethyl acetate (4:3) to
give 10 (206mg, 71%). 1HNMR(500MHz, CD3CN) δ 5.62 (1H,
s, 4-H), 4.72 (1H, d, J = 17, COCH2O), 4.53 (1H, d, J = 17,
COCH2O), 3.31 (2H, t, J = 6.5, CH2N3), 2.55�0.99 (complex,
26H), 1.17 (3H, s, CH3), 0.64 (3H, s, CH3);

13CNMR (125MHz,
CD3CN) δ 204.49, 199.18, 173.04, 171.81, 123.86, 69.81, 59.25,
56.55, 54.21, 51.43, 44.95, 39.12, 38.60, 36.20, 35.94, 34.28, 33.36,
32.96, 32.52, 28.46, 24.79, 23.62, 23.07, 21.46, 17.35, 13.20. ESI-MS
m/z [M + Na]+ observed: 478.3, calculated: 478.3.
17-(2-((5-Bromopentyl)oxy)acetyl)-10,13-dimethyl-6,7,8,9,10,

11,12,13,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthren-
3(2H)-one (7). A mixture of 21-hydroxyprogesterone (200 mg,
0.605 mmol), 1,5-dibromopentane (1.65 mL, 12.1 mmol), 40%
KOH (300 μL), and tetrabutylammonium hydroxide (60 μL) was
stirred for 16 h at room temperature. The reaction mixture was
diluted in dichloromethane andwashedwithwater three times. The
organic layer was dried over sodium sulfate and concentrated by
rotary evaporation. The crude residue was purified by flash
chromatography with hexanes/ethyl acetate (2:1) as the eluent
to afford 7 as a colorless oil (125 mg, 43%). 1H NMR (500 MHz,
CDCl3) δ 5.67 (s, 1H), 3.96 (q, J = 17.2 Hz, 2H), 3.41 (t, J = 6.4
Hz, 2H), 3.38�3.31 (m, 2H), 2.56 (t, J = 9.1 Hz, 1H), 2.40�2.09
(m, 6H), 1.96 (m, 1H), 1.90�1.74 (m, 5H), 1.72�1.16 (m, 14H),
1.12 (s, 3H), 1.05�0.86 (m, 2H), 0.65�0.58 (m, 3H). 13C NMR
(125MHz, CDCl3) δ 207.55, 198.50, 169.94, 122.92, 75.79, 70.34,
61.56, 57.43, 55.12, 52.51, 43.53, 37.54, 34.61, 32.85, 31.74, 31.47,
30.82, 28.69, 27.74, 23.77, 23.47, 21.81, 19.97, 16.34, 12.55. ESI-MS
m/z [M + H]+ observed: 481.1, calculated: 481.2.
17-(2-((5-Azidopentyl)oxy)acetyl)-10,13-dimethyl-6,7,8,9,10,

11,12,13,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthren-
3(2H)-one (9). To a solution of 7 (125 mg, 0.261 mmol) in
anhydrous N,N-dimethylformamide (7 mL) was added sodium
azide (169 mg, 2.61 mmol). The reaction mixture was heated to
65 �C and stirred overnight. Excess sodium azide was filtered off
and the solvent was removed by rotary evaporation. The crude
residue was dissolved in ethyl acetate and washed with water three
times. The organic layer was dried over sodium sulfate and
concentrated followed by flash chromatography in hexanes/ethyl
acetate (2:1) to give 9 (78 mg, 68%). 1H NMR (500 MHz,
CD3OD) δ 5.61 (d, J = 4.9 Hz, 1H), 3.39 (t, J = 6.4 Hz, 2H),
3.25�3.17 (m, 4H), 2.60 (t, J = 9.1 Hz, 1H), 2.45�2.33 (m, 2H),
2.25�2.15 (m, 2H), 2.12�2.03 (m, 1H), 1.99 (m, 1H),
1.89�1.76 (m, 2H), 1.70�1.29 (m, 15H), 1.29�1.15 (m, 2H),
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1.13 (d, J = 11.0 Hz, 4H), 1.04�0.87 (m, 2H), 0.60 (s, 3H). 13C
NMR (125 MHz, CD3OD) δ 210.81, 202.29, 174.92, 124.24,
78.00, 72.34, 62.71, 59.71, 57.39, 55.16, 52.43, 45.67, 39.99, 39.72,
36.81, 34.72, 33.90, 33.20, 30.15, 29.75, 25.52, 24.46, 24.17, 23.76,
22.15, 17.67, 13.96. ESI-MS m/z [M + Na]+ observed: 464.2,
calculated: 464.3.
General Procedure for Click Chemistry. All click chemistry

reactions were run in 1:1 methanol/water or 1:1 DMSO/water
solutions. The steroid derivative (1 equiv) andGd(III) or Eu(III)
chelate (1.1 equiv) were dissolved and N2 gas was bubbled
through the solution to remove oxygen. Sodium ascorbate (1
equiv), CuSO4 (0.167 equiv), and [(1-benzyl-1H-1,2,3-triazol-4-
yl)methyl]amine (TBTA) (0.02 equiv) were added and the
reaction mixture was stirred at 60 �C for 24 h. The crude residue
was purified by reverse-phase preparative HPLC using a ramp
from 0% to 100% B over 20 min. Analytical HPLC traces of the
purified complexes are given in the Supporting Information.
{2,20,200-(10-(2-(((1-(5-(2-(10,13-Dimethyl-3-oxo-2,3,6,7,8,9,

10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phen-
anthren-17-yl)-2-oxoethoxy)pentyl)-1H-1,2,3-triazol-4-yl)methyl)-
amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)-
triacetate}gadolinium (1a).HRMS (ESI)m/z [M +H]+ observed:
1034.4231, calculated: 1034.4267 for C45H68GdN8O10.
{2,20,200-(10-((1-(5-(2-(10,13-Dimethyl-3-oxo-2,3,6,7,8,9,10,11,

12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-
17-yl)-2-oxoethoxy)pentyl)-1H-1,2,3-triazol-4-yl)methyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetate}gadolinium (2a).
HRMS (ESI) m/z [M + H]+ observed: 977.4066, calculated:
977.40524 for C43H65GdN7O9.
{2,20,200-(10-(2-(((1-(5-(2-(10,13-Dimethyl-3-oxo-2,3,6,7,8,9,10,

11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenan-
thren-17-yl)-2-oxoethoxy)-5-oxopentyl)-1H-1,2,3-triazol-4-yl)methyl)-
amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triace-
tate}gadolinium (3a). HRMS (ESI) m/z [M + H]+ observed:
1049.4078, calculated: 1049.40775 for C45H66GdN8O11.
{2,20,200-(10-(2-(((1-(5-(2-(10,13-Dimethyl-3-oxo-2,3,6,7,8,9,10,

11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanth-
ren-17-yl)-2-oxoethoxy)pentyl)-1H-1,2,3-triazol-4-yl)methyl)amino)-
2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triace-
tate}europium (1b). HRMS (ESI) m/z [M + H]+ observed:
1031.4252, calculated: 1031.4256 for C45H68EuN8O10.
{2,20,200-(10-((1-(5-(2-(10,13-Dimethyl-3-oxo-2,3,6,7,8,9,10,11,

12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenan-
thren-17-yl)-2-oxoethoxy)pentyl)-1H-1,2,3-triazol-4-yl)methyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate}europium
(2b).HRMS (ESI)m/z [M+H]+ observed: 974.4058, calculated:
974.40416 for C43H65EuN7O9.
{2,20,200-(10-(2-(((1-(5-(2-(10,13-Dimethyl-3-oxo-2,3,6,7,8,9,10,11,

12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-
17-yl)-2-oxoethoxy)-5-oxopentyl)-1H-1,2,3-triazol-4-yl)methyl)-
amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)-
triacetate}europium (3b).HRMS (ESI)m/z [M+H]+ observed:
1045.4074, calculated: 1045.40487 for C45H66EuN8O11.
Relaxivity. Solutions of 1a, 2a, 3a, 4a, 5a, and 6awere prepared

in 500 μL of Millipore water for T1 and T2 acquisition. T1 and T2

relaxation times were measured on a Bruker mq60 NMR analyzer
equipped with Minispec v 2.51 rev. 00/NT software (Billerica,
MA,USA) operating at 1.41 T (60MHz) and 37 �C.T1 relaxation
times were measured using an inversion recovery pulse sequence
using the following parameters: 4 scans per point, 10 data points
for fitting, monoexponential curve fitting, phase cycling, 10 ms
first pulse separation, and a recycle delay and final pulse separation

of g5T1. The Gd(III) concentration of each solution was
determined using ICP-MS. The inverse of the relaxation time
(1/T1, s

�1) was plotted against Gd(III) concentration (mM)
and fitted to a straight line with R2 > 0.99. The slope of the fitted
line was recorded as the relaxivity, r1.
Octanol�Water Partition Coefficients. Approximately 1 mg

of each compound was dissolved in 1 mL of a 1:1 mixture of
water/1-octanol. After shaking the sample tube vigorously for
30 s, the tube was placed on a rotator for gentle mixing over 4 h.
The tube was then removed from the rotator and allowed to sit for
10 h to ensure complete separation of the aqueous and organic
phases. 50 μL was removed from each layer and subjected to ICP-
MS to determine the Gd concentration in each layer. The partition
coefficient was calculated from the following equation: log10 P =
log10(Co/Cw), where log10 P is the logarithm of the partition
coefficient, Co is the concentration of Gd in the 1-octanol layer,
and Cw is the concentration of Gd in the water layer.
Determination of q.The Eu(III) complexes were dissolved in

D2O and H2O. The emission was monitored at 614 nm with
excitation at 395 nm on a Hitachi F4500 fluorescence spectro-
photometer operating in phosphorescence lifetimemode. Twenty-
five scans were averaged and fit to a monoexponential decay
(R2 > 0.98) to give the phosphorescent lifetimes which were
entered into this equation (corrected for one amide oscillator):
q = 1.0 (kH2O � kD2O � 0.25 � 0.075).24,25

Receptor Binding to nPR. The progesterone receptor A
ligand binding domain (amino acids 675�933) fused to GST
(PR-LBD-GST; 80 nM), a fluorescently tagged PR ligand
(fluoromone green PL; 4 nM), and progesterone, ProGlo, 1a,
or 3a (several concentrations) were incubated in PR screening
buffer with 4mMdithiothreitol (DTT) in a total volume of 100μL
for 4 h at room temperature according to the manufacturer’s
protocol (Invitrogen, Carlsbad, CA, USA). Each sample was
measured using the Beacon 2000 fluorescence polarization
analyzer (Invitrogen, Carlsbad, CA) located in the Northwestern
University Keck Facility. The machine was used in static mode,
batch blank, no delay, with an average of 1 read per cycle, at
22 �C. A sample containing only buffer and PR-LBD-GST with
no fluorescent PL was used as the blank to eliminate background
signal from the protein or buffer. A sample with no competitor
was used to determine 100% binding capacity of the PR-LBD-
GST for the PL ligand. Curve fitting and error calculation was
performed using Prism software from GraphPad Software, Inc.
(La Jolla, CA).
General Cell Culture. Dulbecco’s modified phosphate buf-

fered saline (DPBS), media, sera, and dissociation reagents
were purchased from Invitrogen (Carlsbad, CA). Cell culture
consumables (flasks, plates, etc.) were purchased from VWR
(Radnor, PA). Charcoal dextran stripped FBS was purchased
from Atlanta Biologicals (Lawrenceville, GA). MDA-MB-231
cells were cultured using phenol red free α-MEM (modified to
contain 20 ng/mL insulin) supplemented with 10% FBS
(characterized) or with 10% charcoal dextran stripped FBS.
T47D cells were cultured using phenol red free RPMI 1640
(modified to contain 1.0 mM sodium pyruvate, 1.0 mM HEPES,
and 4.5 g/L glucose) supplemented with 10% FBS or 10%
charcoal dextran stripped FBS. Prior to all experiments, cells
were plated in the appropriate medium containing noncharcoal
dextran stripped FBS. After plating, this medium was replaced
with medium containing the stripped FBS and allowed to sit for
24 h, at which point the medium was replaced with fresh stripped
medium and the cells were allowed to sit for another 24 h prior to
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beginning the experiment. MDA-MB-231 and T47D cells were
harvested by incubation with 0.25% TrypLE for 10 min at 37 �C
in a 5.0% CO2 incubator. All incubations were carried out at
37 �C in a 5.0% CO2 incubator unless otherwise specified.
Cell Counting and Percent Cell Viability Determination

Using Guava EasyCyte Mini Personal Cell Analyzer (PCA)
System. After cell harvesting, an aliquot (15 or 30 μL) of the cell
suspensions were mixed with Guava ViaCount reagent (final
sample volume of 150 μL) and allowed to stain at room
temperature for at least 5.0 min (no longer than 20 min). Stained
samples were then vortexed for 10 s, after which cells were
counted and percent cell viability determined via manual analysis
using a Guava EasyCyte Mini Personal Cell Analyzer (PCA) and
ViaCount software module. For each sample, 1000 events were
acquired with dilution factors that were determined based upon
optimum machine performance (∼25�70 cells/μL). Instru-
ment reproducibility was assessed daily using GuavaCheck Beads
and following the manufacturer’s suggested protocol using the
Daily Check software module.
Cellular Uptake Studies. Contrast agents were dissolved in

the appropriate medium (containing stripped FBS) for each cell
line (T47D and MDA-MB-231) at concentrations of 2, 1, 0.5,
0.25, and 0.125 mM of contrast agent. For concentration-
dependent cellular uptake, cells were incubated with 2, 1, 0.5,
and 0.25 mM of each contrast agent for 4 h. For the time
dependent cellular uptake, cells were incubated with 0.125 mM
contrast agent for 1, 4, 10, and 24 h. After incubation, the media
was removed, and the cells were rinsed twice with PBS and
trypsinized. An aliquot was used for cell counting and the
remaining portion was analyzed for Gd(III) content by ICP-
MS. Each condition was done in triplicate.
Fractionation of Nuclear, Cytoplasmic, and Membrane

Components. T47D and MDA-MB-231 cells were incubated
with 0.250 mM of contrast agent (in the appropriate medium
containing stripped FBS) for 10 h. After incubation, the cells
were rinsed twice with PBS, trypsinized, pelleted (500g for 5
min), and resuspended in PBS. A portion was removed for cell
counting, and the rest was pelleted (500g for 5 min) and the PBS
removed. Cytoplasmic and nuclear fractions were extracted using
a NE-PER Nuclear and Cytoplasmic Extraction Kit according to
manufacturer protocol (Pierce, Rockford, IL). The remaining
pellet after cytoplasmic and nuclear extraction was assumed to
consist mainly of membrane. Each fraction was analyzed for
Gd(III) content by ICP-MS.
Cytotoxicity.The CellTiter 96 AQueous Non-Radioactive Cell

Proliferation Assay (Promega, Madison, WI) was used to mea-
sure cell viability. Cells were plated at 5000 cells/well in 96 well
plates and maintained in medium containing stripped serum for
48 h before beginning the experiment. ProGlo, progesterone, 1a,
2a, 3a, and 4a were dissolved in varying concentrations in media.
After 24 h of incubation, the assay was run according to
manufacturer protocol. Absorbance was measuring using a
Biotek Synergy4 microplate reader in the High Throughput
Analysis Facility at Northwestern University.
Luciferase Assay for nPR Activation.T47D cells were grown

in phenol-free medium, and cells were trypsinized and plated in
24-well plate (50 000 cells/well). Incubation of cells with the
pPRE-luciferase plasmid (100 ng/well, construct provided byDr.
Ken Korach, NIEHS, NIH), RSV-β-galactosidase (100 ng/well,
provided by Dr. William T. Beck, University of Illinois at
Chicago), and Lipofectamine 2000 (1 μL per well, Invitrogen,
Carlsbad, CA) in Opti-MEM was performed overnight at 37 �C

inside a humidified incubator. The cells were treated with 1a, 2a,
3a, and 4a for an additional 24 h.
To measure luciferase production, cells were lysed in 100 μL

GME buffer (25 mM glycylglycine at pH 7.8, 15 mM MgSO4,
4 mM EGTA, 1 mM dithiothreitol, and 1% Triton X-100) and
lysates were added to assay buffer (GME buffer, 16.5 mM KPO4,
2.2 mM ATP, and 1.1 mM dithiothreitol). Luciferase substrate
was injected followed by a 30 s read by a FLUOstar OPTIMA
(BMG Lab Tech, Offenburg, Germany). LacZ activity (50 μL
lysate) was measured from cleavage of ONPG. The sample
results were normalized to β-galactosidase to account for trans-
fection efficiency by dividing the sum of the luciferase activity by
the sum of the β-galactosidase activity. Fold change was calcu-
lated by taking the luciferase value, dividing by the β-galactosi-
dase activity, and then dividing by the solvent control, which was
set equal to one.
RT-PCR. Total RNA was isolated using Qiagen RNA easy

columns with on column DNase added according to the man-
ufacture (Qiagen, Valencia, CA). RNA samples (2 μg) were then
primed with random hexamers and reverse transcribed with
M-MLVReverse Transcriptase (Promega,Madison,WI) accord-
ing to manufacturer’s instructions. From the original RT reac-
tion, 1 μL was subjected to PCR amplification in a 25 μL volume
with Taqman Universal PCR SYBR Green Master Mix (Applied
Biosystems, Foster City, CA) under the following conditions:
50 �C hold 2 min, 95 �C hold for 10 min, the 40 cycles of 95 �C
for 15 s, 65 �C for 30 s, and 72 �C for 1 min. The primers used
were designed using Integrated DNA technologies primer quest
for ZBTB16 forward 50TGTTTGAGATCCTCTTCCACCG-
CA30 and reverse 50 TCTCCAGCATCTTCAGGCACTGTT30
and normalized to GAPDH forward 50 ATGGGGAAGGTGAA-
GGTCG30 and reverse 50GGGGTCATTGATGGCAACAATA30.
ICP-MS Sample Preparation and Instrument Parameters.

For octanol�water partition coefficients, relaxivity, and cell
studies, ACS reagent grade nitric acid (70%) was added to
solutions of the agent in water or 1-octanol, cell suspensions,
and media (for a 1.0:1.0 v/v sample/nitric acid) in 15 mL conical
tubes and placed at 65 �C for at least 4.0 h to allow for complete
sample digestion. For samples in 1-octanol, tubes were vented
every 30 min due to buildup of pressure. Nanopure H2O and
internal standard (either indium or multielement) were added to
produce a final solution of 3.0% nitric acid (v/v) and 5.0 ng/mL
internal standard. Gd(III) standards were prepared at 0.10, 0.25,
0.50, 1.0, 5.0, 10, 25, and 50 ng/mL concentrations with 3.0%
nitric acid (v/v) and internal standard final concentrations.
ICP-MS was performed on a computer-controlled Thermo

(Waltham, MA) X Series II inductively coupled plasma mass
spectrometer equipped with a CETAC 260 autosampler. Each
sample was acquired using 1 survey run and 3 main (peak
jumping) runs. The isotopes selected were 156,157Gd, as well as
115In and 165Ho (as internal standards for data interpolation and
machine stability).
Animal Experiments. Female Balb/C athymic nude mice

were acquired from Harlan (Indianapolis, IN) and housed under
pathogen free conditions. All animal studies were conducted at
Northwestern University in accordance with the National In-
stitutes of Health Guide for the Care and Use of Laboratory
Animals and established institutional animal use and care proto-
cols. Due to low circulating estradiol levels in nude mice, a 17β-
estradiol pellet (Innovative Research of America, Sarasota, FA,
70-day release, 0.72 mg/pellet) was implanted subcutaneously in
the nape of the neck to ensure growth of estrogen-dependent
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T47D cells. Two to seven days later, T47D and MDA-MB-231
((1�2) � 106) cells were suspended in Matrigel (1:1 volume)
and injected subcutaneously into the rear flank (T47D cells on
the right side and MDA-MB-231 cells on the left). Mice were
monitored for tumor growth every two to three days after
injection of cells. Mice were imaged two to three weeks after
xenografting when tumors were palpable with a minimumweight
of 20 mg (determined after tumor removal postimaging).
In Vivo MR Imaging. Xenografted nude mice were injected

intraperitoneally (n = 1 per compound) with each agent (0.15
mmGd/kg) dissolved in 50 μL DMSO. During imaging, mice
were maintained under anesthesia (1�3% isoflurane) but were
allowed to wake up and recover between imaging time points.
Tubing containing heated water was positioned under the mouse
to keep a constant body temperature. All MR imaging was
performed on a 89 mm bore size PharmaScan 7.05 TMR imager
fitted with shielded gradient coils (Bruker BioSpin, Billerica, MA,
USA) using a RF RES 300 1H 089/038 quadrature transmit
receive volume coil (Bruker BioSpin, Billerica, MA, USA).
Standard T1-weighted multislice multiecho (MSME) scans

with fat suppression were used for imaging the uterus, ovaries,

and xenografts: TR= 700ms, TE = 10.635ms, FOV= 35� 35mm,
matrix size = 256� 256, slice thickness = 1.0 mm, contiguous slices.
Images were analyzed using ImageJ. Contrast-to-noise ratio (CNR)
was calculated using the equationCNR= (SITissue� SIMuscle)/σnoise
where SITumor is the signal intensity in the tumor, SIMuscle is the signal
intensity in the muscle, and σnoise is the standard deviation of the
noise. CNRswere averaged over two to three axial slices in which the
tumors were clearly demarcated.

’RESULTS

Click Chemistry Synthesis of Water-Soluble PR-Targeted
MRI Contrast Agents. ProGlo was proven to be a successful PR-
targetingMRI contrast agent in vitro and in vivo.17,19 However, its
insolubility in aqueous media resulted in a degree of toxicity and
limited in vivo delivery.19 In order to increase the solubility of
ProGlo while attempting to retain its biological properties, the
core structure of the targeting steroid and the Gd(III) chelate
were maintained while the linker was modified. The structures of
the new PR-targeted agents and nontargeted control agents used
in this study are presented in Figure 1.

Figure 1. Chemical structures of the PR-targeted agents (1�3) and the nontargeted control agents (4�6) used in this study.
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The synthesis of each water-soluble PR-targeted agent began
with the coupling of 1,5-dibromopentane or 5-bromovaleric acid
to 21-hydroxyprogesterone off the 21-hydroxyl group because
PR is known to accommodate bulky substituents on the D ring of
the progesterone.17,26,27 Reaction with sodium azide yielded the
azido derivative of these steroids (Scheme 1). Using copper-
catalyzed click chemistry (Scheme 2),28,29 these steroid deriva-
tives were attached to alkyne-functionalized Gd(III) chelates, 5a
and 6a, which were synthesized using modifications of previously
reported procedures.19,30�34

Relaxivities, Hydration Numbers, and Octanol�Water
Partition Coefficients of Progesterone-ConjugatedMRI Probes.
The longitudinal relaxivities of the PR-targeted agents and 4a are
similar to those reported for clinically used contrast agents, about
4�5 mM�1 s�1 (Table 1).35,36 Like most clinically used contrast
agents, each of the PR-targeted agents has approximately one
water molecule bound to the Gd(III), as determined by analysis
of hydration number (q) on the Eu(III) analogues of these agents
(Table 1). For complex 2b, the coordination of one water
molecule, rather than two, indicates that the triazole ring from
the click reaction coordinates to the Gd(III), an effect that was

previously reported.33 For 3b and 1b, the q of one is due to the
coordination of the amide group back to the metal.
Octanol�water partition coefficients (log P) were measured

to determine the hydrophobicity of these agents, which cor-
relates to the cellular permeability and tissue distribution
(Table 1).21,37 The negative log P value for 4a was characteristic
of its high water solubility. The log P values of these water-soluble
PR-targeted agents are between the values for ProGlo and 4a,
indicating an intermediate hydrophobicity.
High Receptor Binding Affinity is Maintained by Proges-

terone-Modified Gd(III) Chelates.The new water-soluble agents
were expected to have receptor binding affinities similar to that of
ProGlo because the chemical modification occurred at the same
position on the steroid. Compounds 1a and 3a were chosen to
compare the effect of the ether to an ester linker in terms of PR
binding (2a was not tested because this molecule has the same
linker as 1a). The relative binding affinities (RBAs) of these agents
and of ProGlo weremeasured (Table 1). Both 1a and 3a have RBAs
similar to that of ProGlo and about 100-fold less than that of
progesterone. These results are consistent with previously published
data that demonstrated approximately 100-fold lower binding affinity
of ProGlo compared to unmodified progesterone.17 Although 3a

Scheme 1. Synthesis of the Azide Derivatives of Progesterone (9 and 10)a

aThese were synthesized and coupled to the alkyne-functionalized Gd(III) or Eu(III) chelates via Cu(I)-catalyzed click chemistry.
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demonstrated aminimal decrease inbinding affinity (likely due to the
presence of the additional carbonyl), the RBAs of these agents
indicate that themodificationsmade to the linker did not significantly
affect their ability to bind PR as compared to ProGlo.
Progesterone-Conjugated MRI Probes Demonstrate

Enhanced Cellular Association. To determine the cell perme-
ability of the compounds, PR(+) (T47D) and PR(-) (MDA-MB-
231) human breast cancer cells were incubated with 1a, 2a, 3a,
and 4a. Time- and concentration-dependent experiments were

performed to identify the optimal dose and incubation times
of the agents (Figure 2). Each agent demonstrated increased cellular
Gd(III) accumulation with increased incubation concentrations
in both cell lines. However, time-dependent accumulation was
observed only for 2a in the PR(+) cells. The uptake of 1a in the
PR(+) cells increased slightly after 1 h and then stabilized, while
the Gd(III) levels in PR(+) cells incubated with 3a had decreased
by 24 h in comparison to earlier time points. No time depen-
dence in uptake was seen in PR(-) cells as the Gd(III) levels

Scheme 2. Synthesis of theWater-Soluble Progesterone-ConjugatedMRIContrast Agents via Copper-CatalyzedClick Chemistry

Table 1. Characterization of the Water-Soluble PR-Targeted Agents and Nontargeted Control Agents

agenta r1 (mM
�1 s�1)b r2 (mM�1 s�1)b q log P RBA

1 4.16( 0.05 4.78( 0.26 0.75 �0.37( 0.09 0.40%

2 4.16( 0.50 4.48( 0.33 1.03 �0.59 ( 0.04 n.d.c

3 4.26( 0.13 4.90( 0.14 1.24 �0.27( 0.08 0.29%

ProGlo 5.35( 0.74 6.14( 0.81 n.d. 1.40( 0.08 0.45%

4 4.05( 0.018 4.75 ( 0.35 2.13 �2.96( 0.35 n.d.

5 4.98( 0.069 5.64( 0.24 2.16 n.d. n.d.

6 3.36( 0.11 3.89( 0.20 1.21 n.d. n.d.
aGd(III) complexes (1a�6a) were used for measuring relaxivities, log P, and RBA; Eu(III) complexes (1b�6b) were used for measuring q. b 1.41 T,
37 �C. c n.d. = not determined.
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remained constant at all time points or even decreased (for 3a).
The uptake of the steroid-conjugated agents was higher than that
of 4a at all time points and cell lines, except for 3a, which showed
equal or lower Gd(III) than 4a at the 24 h time point in both cell
lines. These results indicate that the presence of the steroid
moiety encourages cellular uptake of the targeted contrast agents
when compared to the nonfunctionalized Gd(III) chelate.
Importantly, the Gd(III) accumulation of the PR-targeted

agents was significantly higher in PR(+) than in PR(-) cells.
While the uptake of 4a was higher in PR(+) cells than in PR(-)
cells, the difference in uptake was lower than for the progester-
one-conjugated agents (particularly 1a and 2a). These data
indicate that conjugation with progesterone increases the ability
of Gd(III) contrast agents to associate with cells. In addition, the
increased Gd(III) accumulation in PR(+) cells compared to
PR(-) cells suggests that PR likely plays a role in the accumula-
tion and retention of these progesterone-conjugated agents.
Water-Soluble PR-Targeted Agents Cross the Cell Mem-

brane and Activate PR. Progesterone receptors bind to a region
of DNA referred to as the progesterone response element
(PRE).17 This DNA element was ligated to the luciferase gene
and used to verify the ability of the compounds to cross the cell
membrane and interact with PR to form a functional transcrip-
tion complex. The change in luciferase activity at increasing
incubation concentrations of each PR-targeted contrast agent is
shown in Figure 3a (left graph). The graph on the right in
Figure 3 shows the change in luciferase activity when cells were
incubated with either water or 10 nM progesterone as a positive
control. As expected, the control compound 4a did not induce
PRE-mediated transcription to any significant extent. However,
incubation with each of the progesterone derivatives resulted in
luciferase activity, indicating that these compounds entered the
cells and bound to PR as agonistic ligands. Interestingly, 3a was
the most effective agent despite its low cell uptake and lower

relative binding affinity for PR in vitro compared to 1a and 2a.
Compound 2a demonstrated the lowest efficacy of the three
progesterone-conjugated agents.
To further investigate the ability of the contrast agents to

activate transcription, PR-regulation of the gene ZBTB16 was
examined based on previous reports of its induction in T47D

Figure 2. Cellular uptake of PR-targeted agents and nontargeted
control. (A) Time-dependent cellular uptake of Gd(III) in PR(+) versus
PR(-) cells after incubation with 4a, 1a, 2a, and 3a. (B) Concentration-
dependent cellular uptake of Gd(III) in PR(+) versus PR(-) cells after
incubation with 4a, 1a, 2a, and 3a. Error bars represent mean( standard
deviation.

Figure 3. Progesterone Gd(III) chelates initiate gene transcription. (A)
Incubation with 3a resulted in the greatest transcriptional activation of
luciferase reporter gene, while incubation with 4a resulted in no
transcriptional activation (left). The asterisk denotes a significant
difference in activation after incubation with 3a compared to 1a (at
the highest incubation concentration, p < 0.05, Student’s t test).
Activation with water or 10 nM progesterone is shown as a control
(right). (B) Endogenous gene transcription is consistent with the
luciferase assay. Induction of ZBTB16 was normalized to GAPDH.
Error bars represent mean ( standard deviation.

Figure 4. Subcellular localization of the water-soluble PR-targeted
agents, ProGlo, and nontargeted 4a. (A) Subcellular localization in
PR(+) T47D cells. (B) Subcellular localization in PR(-) MDA-MB-231
cells. Error bars represent mean( standard deviation. The water-soluble
agents predominantly localized to the cytoplasm, whereas ProGlo was
distributed in significant levels in the nucleus and membrane.
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cells (Figure 3b). The increase in ZBTB16 transcription in
response to 1a�4a and progesterone was measured and normal-
ized to GAPDH. Each progesterone-conjugated agent activated
transcription after incubation at 10 nM, providing further
evidence that these agents cross the cell membrane and bind to
PR. Furthermore, the transcriptional activation demonstrated
the same relative potency as the luciferase assays in that 3a
demonstrated the highest activation of endogenous gene tran-
scription. As expected, control agent 4a did not result in
transcription of endogenous ZBTB16.
Water-Soluble MRI Contrast Agents Localize to the Cyto-

plasm. To examine the cellular distribution of the water-soluble
PR-targeted agents as compared to 4a and ProGlo, PR(+) and
PR(-) cells incubated with each agent were subjected to a nuclear
cytoplasmic fractionation kit (Figure 4). The pellet remaining
after isolation of the nuclear and cytoplasmic fractions was
assumed to contain material that was primarily associated with
cell membrane proteins.
As expected, the majority of each agent was found in the

cytoplasm of each cell type. However, the fraction of agent in the
cytoplasm was lowest for ProGlo in both PR(+) and PR(-) cells.
For 4a and the water-soluble PR-targeted agents, the fraction of
agent in the cytoplasm was around 80�90% in both cell lines
except for 3a, which showed a lower fraction in the cytoplasm of
the PR(+) cells. The fraction of Gd(III) in the nucleus and
membrane was similar for 4a and the water-soluble agents in both
cell lines, although 3a had a higher presence in the pellet fraction
in the PR(+) cells. ProGlo was found in high levels (relative to
1a�4a) in the pellet and in the nucleus in both cell lines.
The majority of PR resides in the cytoplasm, but it was

expected that incubation with the targeted contrast agents would
result in translocation of a fraction of the total cytoplasmic
receptor to the nucleus, leading to higher levels of Gd(III) in
the nucleus after incubation with the targeted agents compared
to 4a. While the luciferase assays and real-time PCR indicated
that PR was activated, the difference in levels of progesterone-
conjugated agents versus 4a that translocated to the nucleus was
likely too low to detect using ICP-MS. However, the cell
fractionation data indicate that in cells incubated with the
water-soluble contrast agents, the majority of the Gd(III)
associated with these cells is intracellular and not interacting
within themembrane.While this was true for cells incubated with
ProGlo, 20�30% of the total ProGlo was detected in the
remaining membrane pellet fraction. The hydrophobicity of
ProGlo likely increased nonspecific interaction with nontargeted
biomolecules and could explain high levels of the agent in the
membrane, as well as the higher levels in the nucleus compared to
fractions from cells incubated with the water-soluble agents.
Water-Soluble Agents Demonstrate Lower Cytotoxicity

than ProGlo. To determine the toxicity profile of the agents, a
MTS assay of cell viability was conducted after incubating T47D
or MDA-MB-231 cells with varying concentrations of each agent
for a 24 h period. The toxicities of the water-soluble agents were
compared to that of progesterone, ProGlo, and the nontargeted
4a, and the data are presented in Figure 5.
As expected, in PR(+) T47D cells, the water-soluble PR-

targeted agents were less toxic than ProGlo at all concentrations
except for the lowest concentration tested. In addition, proges-
terone was more toxic than the water-soluble agents at the
highest concentration tested (2.5 mM), but reached similar
levels at 1.25 mM and lower. Control agent 4a was nontoxic at
all concentrations tested. In PR(-) MDA-MB-231 cells, all agents

had similar toxicity profiles, including 4a. While the effect on cell
viability in both cell types was similar for ProGlo and progester-
one, 4a and the water-soluble PR-targeted agents were surpris-
ingly more toxic in the MDA-MB-231 cells than in the T47D
cells. 3a was the most toxic of the water-soluble agents in both
cell lines.
Water-Soluble Progesterone-Conjugated MRI Contrast

Agents Specifically Enhance Contrast in PR(+) Preliminary
Xenograft Images. To determine whether the water-soluble
progesterone-conjugated agents would increase the contrast-to-
noise ratio (CNR) of PR(+) tumors relative to PR(-) tumors
in vivo, athymic nude mice with PR(+) and PR(-) xenografted
tumors were injected intraperitoneally with 1a, 2a, or 3a dis-
solved in DMSO and imaged at 2 and 6 h postinjection.
Intraperitoneal injection was chosen over subcutaneous injection
because it yieldedmore consistent results in previous studies, and
the parent compound, ProGlo, has been more extensively
studied for its biodistribution after intraperitoneal injection.19

In addition, while these agents are water-soluble, they were
dissolved in DMSO to compare back to previous in vivo imaging
with the insoluble ProGlo and the control agent 4a.19

After injection of each of the PR-targeted agents, the PR(+)
tumor exhibited significantly higher CNR than the PR(-) tumor
at 6 h postinjection with 2a, 2 and 6 h postinjection with 1a, and
2 h postinjection with 3a (Figure 6A, top graphs). At all other time
points, the CNRs in the PR(+) and PR(-) were not significantly
different. This is in contrast to the CNRs after injection with
nontargeted 4a, in which the CNRs of the PR(+) and PR(-) tumors
were not significantly different at any time point.19 The uptake of
these agents in the different tumor types can be partially attributed to
PR-independent mechanisms, which would explain the presence of
contrast agent in the PR(-) tumors. However, the increased CNR in
the PR(+) compared to the PR(-) tumor is seen only with the
progesterone-functionalized agents, indicating that the agents used
here are targeting PR in vivo. Most likely, the higher accumulation in
the PR(+) tumors is a result of accumulation and retention due to
interaction with PR as previously reported17 rather than PR-driven
uptake of the agents.
Analysis of the xenograft images revealed that the PR-targeted

agents each increased the CNR in both tumors over the
preinjection CNR levels, particularly after injection of 1a and
3a (Figure 6A, bottom graphs). Injection with ProGlo was
previously reported to similarly increase CNR several-fold in
both tumors, while injection with Gd-DO3A resulted in only
minimal increases in CNR over time. Furthermore, the fold
changes in CNR (compared to the preinjection CNR) in the
PR(+) tumors after injection with 1a and 3a were 16% and 34%
higher, respectively, at the 2 h time point than with ProGlo.19

Injection with 3a resulted in the highest overall increase in CNR
of the three agents, but 1a demonstrated a several-fold increase in
CNR along with higher CNR in the PR(+) tumor than the PR(-)
tumor at both the 2 and 6 h time points. These data provide
evidence that the water-soluble PR-targeted probes function
better as tumor imaging agents compared to nonfunctionalized
4a, and they preferentially target PR(+) cancer cells over PR(-)
cancer cells (in similar fashion to ProGlo). Of the three water-
soluble agents tested, 1a provided an optimal balance between
tumor uptake and specificity for PR(+) cells compared to PR(-)
cells. Representative images of the xenografts at each time point
are shown in Figure 6B.
Importantly, there was no observed toxicity associated with

mice that were intraperitoneally injected with these water-soluble
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PR-targeted agents. Intraperitoneal injection with ProGlo had
previously been associated with toxicity (xenografted mice
injected with ProGlo in this manner became lethargic after the
6 h time point and did not survive to 24 h).19 The mice injected
with the water-soluble agents, however, remained active and
survived to 24 h after injection with no changes in behavior.

’DISCUSSION

Steroid receptors such as PR correlate with disease prognosis
and therapeutic efficacy in breast cancer.5,38 Receptor status is
currently determined by immunohistochemistry assays of tumor
biopsy samples, but noninvasive PR imaging agents would allow
for improved molecular characterization, treatment decisions, and
repeat analyses.12 The hydrophobic PR-targeted ProGlo pre-
viously described demonstrated accumulation in, and consequent
enhancement of, CNRs in PR-rich organs and tumors in vivo.19

Here, we have described the synthesis and biological testing of
several new water-soluble ProGlo derivatives. These agents were
associated with lower toxicity than ProGlo, but retained the ability
to target PR in vitro and in preliminary in vivo experiments.

ProGlo is preferentially taken up by and retained in PR(+)
cells and enhances the signal intensity of PR-rich tissues in vitro
and in vivo. However, this agent was associated with toxicity both
in vitro and in vivo19 due to its hydrophobic nature.21�23 To
decrease toxicity while maintaining PR targeting and biological
activity, the structure of ProGlo was modified by using click
chemistry to introduce a 1,2,3-triazole ring into the linker
between progesterone and the Gd(III) chelate, which resulted
in increased solubility. 1,4-Disubstituted 1,2,3-triazole are known
to possess a large dipole moment, and the nitrogen atoms act as
hydrogen bond acceptors, which improves the solubility in
water.39 In addition, this triazole is spaced several carbons away
from the steroid and did not interfere with receptor binding, as
evidenced by the similar RBAs for these novel agents as com-
pared to ProGlo.

The induction of luciferase and endogenous progesterone-
regulated ZBTB16 by each PR-targeted agent indicates that these
agents crossed the cell membrane and bound to PR at biologi-
cally significant amounts. While 3awas not taken up well by cells,
the ester may have hydrolyzed (due to the presence of esterases
or via other mechanisms) to release 21-hydroxyprogesterone.
This cleavage product would bindmore strongly to PR and could
explain the higher transcriptional activity observed after incuba-
tion with 3a.

The water-soluble progesterone-conjugated agents were less
toxic than ProGlo due to their hydrophilic nature. The reduced
toxicity is partially explained by decreased nonspecific interac-
tions with these water-soluble agents as compared to ProGlo, as
demonstrated by the cell fractionation experiments. ProGlo was
distributed almost evenly across all the compartments analyzed,
while the water-soluble agents were primarily located in the
cytoplasm, indicating more nonspecific interaction between
Proglo and off-target biomolecules. Incubation with 3a resulted
in Gd(III) accumulation in the membrane of the PR(+) cells,
possibly due to ester hydrolysis and subsequent production of a
Gd(III) chelate with a pentanoic acid tail that could insert in cell
membranes. This ester cleavage might explain the high signal
intensity surrounding the PR(+) tumor in the in vivo images
taken 2 h after injection with 3a, as well. In addition, ester
hydrolysis would release 21-hydroxyprogesterone, which would
enter the cells at high levels and could explain the higher
cytotoxicity observed after incubation with this agent.

Studies in tumor xenografts demonstrated that 1a, 2a, and 3a
preferentially enhanced CNR in PR(+) tumors as compared to
PR(-) tumors at 2 and/or 6 h after injection. Injection of control
agent 4a, by contrast, resulted in minimal changes in CNR at 2
and 6 h postinjection and no difference between the PR(+) and
PR(-) tumors. Of these PR-targeted agents, 1a was the most
promising in that it resulted in higher CNR in the PR(+) tumor
than the PR(-) tumors at both 2 and 6 h postinjection. In
addition, the fold change in CNR compared to preinjection levels

Figure 5. Cytotoxicity of the PR-targeted agents (top graphs) compared to progesterone and nontargeted 4a (bottom graphs). (A) Cell viability in
PR(+) T47D cells. (B) Cell viability in PR(-)MDAMB-231 cells. The water-soluble PR-targeted agents are associated with lower toxicity than ProGlo in
both cell lines.
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was higher in the PR(+) tumor than the PR(-) tumor at both
time points after injection. The accumulation of Gd(III) in these
tumors may have been time-dependent. Injection with 1a and 3a
increased CNR by 2 h, but CNR had decreased by 6 h. Injection
with 2a, however, resulted in a slow increase in CNR over
time. Interestingly, this pattern corresponded to the cellular
accumulation in cells where 2a was the only agent tested that
demonstrated time-dependent accumulation in PR(+) cells.

Studies are ongoing to determine the optimal postinjection
imaging time points for each of these agents.

The changes in CNR in the PR(+) tumor after injection of the
water-soluble PR-targeted agents were comparable to or greater
than the changes seen after injection of ProGlo previously
demonstrated.19 The difference between CNRs of the PR(+)
and PR(-) tumors was greater after injection of these water-
soluble agents than after intraperitoneal injection of ProGlo,

Figure 6. Xenograft images before and after injection of water-soluble agents. (A) Changes in contrast-to-noise ratio (CNR) in individual mice after
intraperitoneal injection of 1a, 2a, or 3a (top graphs) and fold change in CNRs compared to preinjection CNR levels (bottom graphs). The water-
soluble progesterone-conjugated agents preferentially enhanced CNR in the PR(+) tumors compared to the PR(-) tumors (asterisks, Student’s t test
p < 0.05). Error bars represent ( standard deviation of the mean. (B) Representative images of xenografted mice injected subcutaneously with 1a
(top panels), 2a (middle panels), or 3a (bottom panels). White scale bars represent 5 mm.
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indicating that these agents possibly have more bioavailability
due to their enhanced solubility. Finally, these water-soluble
agents were associated with less in vivo toxicity than ProGlo. The
enhanced solubility and bioavailability combined with the de-
creased toxicity might both be attributed to the less hydrophobic
nature of these agents. Further in vivo investigations are being
conducted to determine biodistribution of these agents and the
optimal mode of injection.

Recent reports have asserted that, although there has been a
focus on developing drugs that accumulate in cancer cells, this
accumulation might actually prevent drugs from penetrating
deep within tumors and decrease their efficacy.40�42 Drugs that
accumulate quickly within cells tend not to penetrate deeper areas of
tumors, while less cell-permeable drugs travel further within the
tumor and are more effective.42 This indicates that decreasing
lipophilicity of the agent would reduce cellular accumulation and
allow for improved tumor penetration. The ability to inject water-
soluble agents intravenously would also increase tumor penetration,
as the angiogenic vasculature of the tumorwould likely leak the agent
allowing for accumulation. For imaging agents, this property of
tumor penetration would be essential in terms ofmeasuring receptor
levels in a tumor with heterogeneous receptor distribution.43 The
PR-targeted agents described here would likely penetrate tumors
better than ProGlo and increase signal intensity of the entire tumor
rather than the surface especially since it can only be administered
intraperitoneally or subcutaneously. Thus, in future work, the water-
soluble PR-targeted agents might prove to be excellent tumor
targeted contrast agents in vivo.

In conclusion, a series of water-soluble PR-targeted MRI
contrast agents were designed and synthesized. These agents
crossed cell membranes PR(+) T47D cells and activated PR at
biologically relevant levels but exhibited lower in vitro and in vivo
toxicity than the more hydrophobic ProGlo. Finally, these
progesterone-conjugated agents enhanced CNR in PR(+) tu-
mors as compared to PR(-) tumors in preliminary imaging
studies in xenografts, warranting further in vivo investigations
to prepare PR-targeted MR agents for noninvasive diagnosis of
hormone related cancers and for elucidating the molecular
pathways involved in these diseases.
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Synthesis and Characterization: 

Synthesis and characterization of compound 4a was previously described,
1
 and compound 4b 

was synthesized similarly.  Compounds 4b, 5a, 5b, 6a, and 6b were synthesized using modified 

literature procedures.
1-6

 

 

General Procedure for Click Chemistry 

All click chemistry reactions were run in 1:1 methanol:water or 1:1 DMSO:water 

solutions.  The steroid derivative (1 eq) and Gd(III) or Eu(III) chelate (1.1 eq) were dissolved 

and N2 gas was bubbled through the solution to remove oxygen.  Sodium ascorbate (1 eq), 

CuSO4 (0.167 eq), and [(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) (0.02 eq) were 

added and the reaction mixture was stirred at 60
o 

C for 24 hours.  The crude residue was purified 

by reverse phase preparative HPLC using a ramp from 0 to 100% B over 20 minutes. 

 

 

 

 

 



{2,2',2''-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate}europium (4b).  HRMS (ESI) 

m/z [M + H]
+
 observed:495.0895, calculated: 495.08939 for C14H24N4O6Eu.  Analytical HPLC 

trace of the purified compound is shown below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



{2,2',2''-(10-(prop-2-yn-1-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate}gadolinium (5a).  HRMS (ESI) m/z [M + H]
+
 observed: 536.1070, calculated: 

536.10607 for C17H26GdN4O6.  Analytical HPLC trace of the purified compound is shown 

below. 

 

 

 

 

 

 

 

 

 

 

 

 



{2,2',2''-(10-(prop-2-yn-1-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate}europium (5b).  HRMS (ESI) m/z [M + H]
+
 observed: 533.1050, calculated: 

533.10503 for C17H26EuN4O6.  Analytical HPLC trace of the purified compound is shown below. 

 

 

 

 

 

 

 

 

 

 

 

 

 



{2,2',2''-(10-(2-oxo-2-(prop-2-yn-1-ylamino)ethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate}gadolinium (6a).  HRMS (ESI) m/z [M + H]
+
 observed: 593.1301, calculated: 

593.12753 for C19H29GdN5O7.  Analytical HPLC trace of the purified compound is shown 

below. 

 

 

 

 

 

 

 

 

 

 

 

 



{2,2',2''-(10-(2-oxo-2-(prop-2-yn-1-ylamino)ethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate}europium (6b).  HRMS (ESI) m/z [M + H]
+
 observed: 590.1259, calculated: 

590.12649 for C19H29EuN5O7.  Analytical HPLC trace of the purified compound is shown below. 

 

 

 

 

 

 

 

 

 

 

 

 

 



{2,2',2''-(10-(2-(((1-(5-(2-(10,13-dimethyl-3-oxo-2,3,6,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl)-2-oxoethoxy)pentyl)-1H-1,2,3-triazol-

4-yl)methyl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate}gadolinium (1a) Analytical HPLC trace of the purified compound is shown 

below. 

 

 

 

 

 

 

 

 

 

 

 



{2,2',2''-(10-((1-(5-(2-(10,13-dimethyl-3-oxo-2,3,6,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl)-2-oxoethoxy)pentyl)-1H-1,2,3-triazol-

4-yl)methyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate}gadolinium (2a) 

Analytical HPLC trace of the purified compound is shown below. 

 

 

 

 

 

 

 

 

 

 

 

 



{2,2',2''-(10-(2-(((1-(5-(2-(10,13-dimethyl-3-oxo-2,3,6,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl)-2-oxoethoxy)-5-oxopentyl)-1H-1,2,3-

triazol-4-yl)methyl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate}gadolinium (3a) Analytical HPLC trace of the purified compound is shown 

below. 

 

 

 

 

 

 

 

 

 

 

 



{2,2',2''-(10-(2-(((1-(5-(2-(10,13-dimethyl-3-oxo-2,3,6,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl)-2-oxoethoxy)pentyl)-1H-1,2,3-triazol-

4-yl)methyl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate}europium (1b) Analytical HPLC trace of the purified compound is shown 

below. 

 

 

 

 

 

 

 

 

 

 

 



{2,2',2''-(10-((1-(5-(2-(10,13-dimethyl-3-oxo-2,3,6,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl)-2-oxoethoxy)pentyl)-1H-1,2,3-triazol-

4-yl)methyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate}europium (2b) Analytical 

HPLC trace of the purified compound is shown below. 

 

 

 

 

 

 

 

 

 

 

 

 

 



{2,2',2''-(10-(2-(((1-(5-(2-(10,13-dimethyl-3-oxo-2,3,6,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl)-2-oxoethoxy)-5-oxopentyl)-1H-1,2,3-

triazol-4-yl)methyl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate}europium (3b) Analytical HPLC trace of the purified compound is shown 

below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1.  Log10IC50 and Standard Errors for PR Binding 

 

Agent
a
 log10IC50 Standard Error 

1 3.43 0.14 

2 n.d. n.d. 

3 3.65 0.25 

ProGlo 3.37 0.86 

Progesterone 1.03 0.09 
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ABSTRACT: Covalent conjugation of poly(ethylene glycol) or
“PEGylation” has proven an effective strategy to improve
pharmaceutical protein efficacy by hindering recognition by proteases,
inhibitors, and antibodies and by retarding renal clearance. Because it
determines the strength and range of intermolecular steric forces and
the hydrodynamic properties of the conjugates, the configuration of
protein-conjugated PEG chains is the key factor determining how
PEGylation alters protein in vivo circulation time. Mono-PEGylated proteins are typically described as having a protective PEG
shroud wrapped around the protein, but recent dynamic light scattering studies suggested that conjugates adopt a dumbbell
configuration, with a relatively unperturbed PEG random coil adjacent to the globular protein. We used small-angle neutron
scattering (SANS) to distinguish between the dumbbell model and the shroud model for chicken-egg lysozyme and human
growth hormone covalently conjugated to a single 20 kDa PEG chain. The SANS contrast variation technique was used to isolate
the PEG portion of the conjugate. Scattering intensity profiles were well described by the dumbbell model and inconsistent with
the shroud model.

■ INTRODUCTION

Covalent conjugation of poly(ethylene glycol) (PEG) to
proteins, PEGylation, has proven to be an effective strategy to
increase in vivo circulation times of protein therapeutics, with
consequent improvements in pharmaceutical efficacy.1 The
benefits derive from decreased renal clearance rates, decreased
proteolytic degradation, and decreased immune response.1−4

Decreased renal clearance is attributed to the larger hydro-
dynamic radius of the conjugates that hinders glomerular
filtration. Protective effects are attributed to steric and hydration
repulsions between PEGylated proteins and other activity-
degrading proteins, 5 including immunoproteins, proteases, or
inhibitors. These protective effects can accrue without loss of
protein biological activity, depending on the number, molecular
weight, and location of the attached PEG chains on the protein.
PEGylation may also enhance protein thermal stability, making
some conjugates more resistant to unfolding than their
unmodified counterparts.6 Examples of PEGylated proteins
that have been approved for therapeutic use by the U.S. Food
and Drug Administration include PEGasys (interferon α-2a;
Genentech USA, Inc.), PEG-Intron (interferon α-2b; Merck &
Co., Inc.), Neulasta (granulocyte colony-stimulating factor;

Amgen), Adagen (adenosine deaminase; Sigma-Tau Pharma-
ceuticals, Inc.), Oncaspar (L-asparaginase; Sigma-Tau Pharma-
ceuticals, Inc.), and Somavert (growth hormone; Pfizer).7

Recent work in this laboratory and others8−11 indicates that
PEG conjugation may also significantly improve the preserva-
tion of protein native structure and bioactivity during sustained
release from biodegradable depots, in part by modifying the
damaging interactions between the conjugates and the interfaces
that they encounter during encapsulation and release.
Understanding the configuration of PEG chains when

conjugated to proteins is necessary to interpret the steric
protective effect and hindered renal clearance for circulating
proteins in vivo and conjugate adsorption and associated
denaturation in sustained-release delivery devices. Additionally,
this information is important for interpreting filtration
behavior12 and chromatographic behavior13,14 of PEGylated
proteins during purification operations.
The commonly presumed structure of mono-PEGylated

proteins is the shroud model, according to which an attached
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PEG chain wraps around the protein to create a shielding
effect.5,7,13−21 Lacking direct probes of the grafted PEG
conjugate structure, investigators have relied on the shroud
model to interpret hydrodynamic or thermodynamic measure-
ments. For example, Fee and Van Alstine analyzed the size
exclusion chromatographic behavior of PEG-conjugated pro-
teins in terms of the protein shroud model.13 Using three
proteins (α-lactalbumin, β-lactoglobulin dimer, and bovine
serum albumin), each conjugated with one or more PEG chains
having one of three different molecular masses (2.4, 5.6, or 22.5
kDa), the authors concluded that the protein and conjugated
PEG interacted to create a spheroid complex in which the PEG
formed a layer surrounding the protein; this morphological model
and corresponding geometrically based predictions did represent
size exclusion chromatography retention times well for both mono-
PEGylated and poly-PEGylated conjugates.13 Garciá-Arellano
et al. used the shroud model to interpret data on the thermal
stability of horse heart cytochrome c singly or multiply modified
with 0.35, 0.75, or 2 kDa PEG;15 the authors presumed that the
PEG acts as a cage and coils around the protein surface.15

Manjula et al. used molecular dynamics simulations to predict
the configuration of 5, 10, and 20 kDa PEG chains attached to
hemoglobin; they concluded that instead of passively extending
from the surface of the protein, the PEG chain folds upon itself
in a separate domain on the surface of the protein.14 While the
shroud model may be appropriate for multiple PEG chains
attached to a protein, we investigate the conformation of one
PEG chain attached to a protein as motivated by the current
pharmaceutical relevance of mono-PEGylated species. Early
development of PEGylated protein therapeutics was based on
grafting several low molecular weight PEG chains (5 kDa);
however, the trend is toward grafting a smaller number of larger
PEG chains, such as 20 kDa linear PEG or 40 kDa branched
PEG grafts that provide improved performance relative to the
multiply conjugated proteins.5,19 The current work is motivated
by a competing model for the configuration of protein-conjugated
PEG chains in mono-PEGylated species: the dumbbell model
wherein the PEG conjugate exists as a relatively unperturbed
random coil adjacent to, but not surrounding, the protein.
The configuration of a random coil polymer chain in solution

is dictated by polymer segment excluded volume interactions
and the configurational entropy of the chain. We contend that
the entropic cost of wrapping a PEG chain around a globular
protein that has a radius of gyration that is comparable to that
of the PEG would be prohibitive. It should be noted that absent
a large externally applied pressure, PEG chains do not adsorb to
proteins, so there is little or no enthalpic driving force to wrap
the PEG around the protein. Using dynamic light scattering
(DLS), we determined that the hydrodynamic diameter of a
monoPEG−lysozyme conjugate was comparable to the sum of
the individual diameters of a single lysozyme plus a single
20 kDa PEG. The diffusion coefficient determined by DLS
could be interpreted in terms of a cylinder having a length equal
to the sum of the unperturbed PEG and lysozyme hydro-
dynamic diameters.9 The same trend was observed previously
in our group for ribonuclease A (RNase A) and monoPEG−
RNase A.8 Because the protein and polymer have similar
dimensions in solution, it is unlikely that a single 20 kDa PEG
chain would be able to wrap around these proteins. The DLS
data for the monoPEG−protein conjugates support a dumbbell
model. Similarly, in a study of partition coefficients obtained
from size exclusion chromatography data for PEG, proteins,
and the corresponding PEGylated proteins, Molek and Zydney

determined that the effective spherical volume of PEGylated
proteins could be estimated as the sum of the volumes of the
protein and free PEG. The sieving coefficients were consistent
with the conjugated PEG chains behaving as a random coil.12

Fee later showed that these estimates hold true for systems
where the PEG chain is substantially larger than the protein
itself.22 He et al. compared small-angle X-ray scattering (SAXS)
and small-angle neutron scattering (SANS) data in order to draw
conclusions about the shape of di-PEGylated human galectin;
their findings support the dumbbell model.23 The authors found
a slight compression of the random coils with increased solution
concentration of the PEGylated protein.23 Finally, Svergun et al.
used SAXS to study PEG-conjugated hemoglobin and reported
that the major part of the PEG chain protrudes away from
hemoglobin.24 The authors also stated that a portion of the PEG
chain interacts with the protein.24

The distinction between the shroud and the dumbbell
models remains unresolved, because the effective conjugate
sizes that would be predicted by the two models fall within the
margin of error for the conventional macromolecular sizing
techniques available. Thus, purely size-based methods, which
are inherently indirect methods of characterizing polymer
configuration, are incapable of adequately discriminating
between the two prevailing conjugate models.
We used SANS as a direct method to discriminate between

the dumbbell and the shroud models. This approach takes
particular advantage of the unique ability to contrast match the
aqueous medium with individual portions of the conjugate to
exclusively probe the conformation of the remainder of the
conjugate. This is not possible with X-ray or light scattering in
aqueous systems. Here, we report the configuration of a single
20 kDa PEG chain grafted to either 14 kDa chicken-egg
lysozyme or 22 kDa human growth hormone (HGH), grafted
predominantly at the N terminus. Using mixtures of D2O and
H2O to isolate the scattering from the PEG portion of the
conjugate, we conclude that a single conjugated PEG chain
exists as a random coil with dimensions similar to those of the
free PEG chains in solution. The contrast-matched SANS data
were well described by the random coil form factor, confirming
the suitability of the dumbbell model for these conjugates. This
conclusion was further supported by the inability to fit SANS
data to a core−shell form factor model that would capture a
polymer shell wrapped around a protein core, without resorting
to unphysical model parameters. Because of its relevance to
protein therapeutics, we also investigated the configuration of the
PEG conjugate in a plasmalike, high oncotic pressure environ-
ment, finding similar configurations for the PEG conjugates in
dilute solution and in the model plasmalike environment.

■ EXPERIMENTAL PROCEDURES
Materials. Chicken-egg lysozyme (Sigma-Aldrich Co.,

catalog no. L-6876) and deuterium oxide (Cambridge Isotopes,
D > 99%) were used without further purification. HGH was
donated by Genentech Inc. Methoxy-PEG−propionaldehyde
(mPEG−PA), 20.7 kDa, was donated by Dr. Reddy's
Laboratories (Cambridge, United Kingdom) and used without
further purification. A sample of 22.2 kDa perdeuterated
mPEG−PA (dmPEG−PA) was synthesized by the Center for
Structural Molecular Biology (CSMB) Bio-Deuteration Labo-
ratory at Oak Ridge National Laboratory and used without
further purification. The molecular weights of the hydrogenated
and deuterated mPEG−PA samples were determined by
matrix-assisted laser desorption/ionization (MALDI) mass
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spectrometry (PerSeptive Voyager STR MS, Applied Bio-
systems). The average degrees of polymerization for the hydro-
genated mPEG−PA and the deuterated mPEG−PA were 470
and 461, respectively. Conjugation reaction and conjugate
purification buffers were prepared from sodium phosphate
monobasic and dibasic anhydrous salts (Fisher Scientific, 99%
pure) and sodium chloride (Sigma-Aldrich Co., 99% pure).
Sodium cyanoborohydride (Sigma-Aldrich Co., 95% pure) and
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES,
Sigma-Aldrich Co., ≥ 95% pure) were used as received. All
water was purified by reverse osmosis followed by treatment to
18 MΩ/cm resistivity using a Barnstead NANOpure Diamond
system. Synthesis of dmPEG−PA is described in the
Supporting Information, S1.
Protein PEGylation and Conjugate Characterization.

We reacted lysozyme with either the ∼20 kDa hydrogenated
mPEG−PA (hmPEG−PA) or the deuterated mPEG−PA
(dmPEG−PA) (1:6 mol ratio) in a pH 5.1, 100 mM sodium
phosphate buffer containing 20 mM sodium cyanoborohydride,
conditions established to strongly favor N-terminal PEGylation
of the protein, 25 and fractionated the product into
monoPEGylated and diPEGylated samples by size exclusion
chromatography as described in detail previously.9 We used
MALDI mass spectrometry to determine the number of PEG
molecules attached to lysozyme in each collected fraction,
as described previously.9 The location of the PEG modification
was determined previously to be primarily the N-terminal
lysine, with slight modification at lysine residues 33 and 97.9

To obtain an appropriate concentration, we pooled together
the purified monoPEG−lysozyme fractions from eight separate
PEGylations, for both the hmPEG−PA and the dmPEG−PA.
The pooled monoPEG−lysozyme samples then underwent
several rounds of buffer exchange into 10 mM HEPES, pH 7.4,
using a diafiltration technique with 3000 MWCO centrifugal
filter units (Millipore, catalog no. UFC900324). HGH was
reacted with dmPEG−PA (1:6 mol ratio), separated, and buffer
exchanged in the same manner described above for lysozyme.
The secondary structures of the lysozyme conjugates were

characterized to determine if PEGylation resulted in structural
perturbations using circular dichroism (CD) spectroscopy
(J-810 Spectropolarimeter, Jasco, Inc.). Far UV CD spectra of
unmodified lysozyme and hydrogenated monoPEG−lysozyme
and deuterated monoPEG−lysozyme indicate that the secon-
dary structure of lysozyme was not significantly altered upon
PEGylation (Figure S1 in the Supporting Information, S2). The
CD spectra were further analyzed using CD Pro software26 to
provide quantitative estimates of secondary structure contents
(Table S1 in the Supporting Information, S2). Results indicate
that conjugate secondary structure estimates were consistent
with those of the unmodified protein. Finally, all samples, in
pH 7.4 10 mM HEPES buffer, were dried on a lyophilizer
(Unitrap II, VirTis) before transporting them with ice packs to
be reconstituted for SANS experiments. Lyophilization did not
significantly impact the secondary structure of the lysozyme
conjugates, as determined by CD (data not shown).
SANS. SANS experiments were performed at the National

Institute of Standards and Technology (NIST) Center for
Neutron Research (NCNR) using the 30 m SANS instrument
NG327 and at Oak Ridge National Laboratory (ORNL) using
the 30 m Bio-SANS instrument at the High Flux Isotope
Reactor (HFIR). Each lyophilized sample was suspended in
the appropriate medium (H2O, D2O, or H2O−D2O mixture) at
room temperature and immediately loaded into quartz cells

with a 1 mm path length. At NIST, a neutron wavelength of 6 Å
was used at three detector distances (1.3, 4, and 13 m) to
gather scattering profiles. At ORNL, two detector distances,
0.3 and 6 m, were used to gather scattering profiles. The SANS
data were fully reduced by referencing an open beam neutron
flux and subtracting the background incoherent scattering.
All scattering profiles were analyzed using IGOR Pro macros
developed at NIST.28

The H2O−D2O composition points of minimum scattering
intensity for lysozyme and HGH were first determined using
contrast variation on pure lysozyme and pure HGH samples in
solutions containing various hydrogen isotope ratios (D/H).
The ratio at which the scattering length densities of lysozyme
and buffer were matched and therefore lysozyme did not
contribute to the scattering signal was determined as 46% D2O,
which agreed well with the reported value in the literature for
lysozyme.29 The ratio for HGH was determined as 48% D2O.
These ratios were used for all subsequent contrast-matched
samples to mask the lysozyme or HGH and probe only the
PEG portion of the PEG−protein conjugates. Lysozyme,
HGH, and mPEG−PA were measured in 100% D2O at dilute
concentrations. Hydrogenated and deuterated monoPEG−
lysozyme samples were measured in 100% D2O and 46%
D2O, respectively. Deuterated monoPEG−HGH was measured
in 48% D2O. All samples that were originally lyophilized in
pH 7.4 10 mM HEPES were resuspended into a volume of the
appropriate water solvent to recover a pH 7.4 10 mM HEPES
solution.

■ RESULTS AND DISCUSSION
SANS data are analyzed first in terms of a pair-distance distribu-
tion function (PDDF), which has the advantage of being
model-independent, followed by the Guinier analysis that yields
a more quantitative description of the distribution of mass in
the scattering particle, followed by data fits to form factor
models that discriminate between candidate structures.
PDDF. A first order classification of the shape of a scattering

particle is obtained directly from P(r), the PDDF.30 P(r) is
related to the frequency of interatomic vector lengths, r, within
the particle.31 P(r) functions were calculated for all samples
from the entire scattering curve [(I(q), to be shown below]
using model-free inverse Fourier transformation.30 Figure 1
displays the P(r) analysis for lysozyme, unconjugated hmPEG−
PA (hydrogenated mPEG propionaldehyde), and mono-
hmPEG−lysozyme in 100% D2O. The distance at which P(r)
falls to zero indicates the largest distance spanned by the
scattering particle. This maximum dimension for mono-
hmPEG−lysozyme, 21.20 ± 0.08 nm, is larger than the sum of
the maximum dimension of lysozyme, 3.44 ± 0.06 nm, plus that
of unconjugated hmPEG−PA, 13.33 ± 0.06 nm, where the latter
dimensions are taken from the corresponding P(r) functions.
The statistical error bars correspond to 95% confidence limits.
Guinier Analysis. The Guinier approximation provides the

radius of gyration, RG, of the scattering particle. For low values
of the scattering vector q, RG can be extracted from the slope
of ln I versus q 2, as ln I(q) = ln I(0) − [(RG

2)/3]q 2 provided
the approximation is applied in the limit of qRG ≪ 1 . The
scattering vector q is defined as (4π/λ) sin(θ) where λ is
the wavelength of the incident neutrons and 2θ denotes the
scattering angle.32,33 Values for RG thus determined are listed
in Table 1. Values for RG for lysozyme and hmPEG−PA in
100% D2O are comparable to those reported previously.9,34

As was the case with P(r), RG for mono-hmPEG−lysozyme,
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6.8 ± 0.5 nm, is larger than the sum of RG for lysozyme, 1.4 ±
0.2 nm, plus RG for hmPEG−PA, 3.4 ± 0.3 nm. The statistical
error bounding values correspond to 95% confidence limits.
Data Reduction and Form Factor Analysis. Using

macros developed at NIST, all data were reduced and analyzed
as I(q) versus q using IGOR Pro software (WaveMetrics, Inc.).28

Figures 2 and 3 permit comparison of the experimental scattering
intensity profiles of lysozyme in 100% D2O, containing 10 mM
HEPES, and perdeuterated homopolymer mPEG−PA
(dmPEG−PA) in 46% D2O, containing 10 mM HEPES, with
the theoretical smeared model curves for monodisperse spheres

(sphere model33) and linear random coil polymer chains (Debye
model32), respectively. A dmPEG−PA sample was used to increase
the signal-to-noise ratio when employing the contrast variation
technique to measure the scattering profile of deuterated
monoPEG−lysozyme (mono-dmPEG−lysozyme) in 46% D2O,
containing 10 mM HEPES. This is the ratio of D2O necessary
to contrast match the lysozyme, determined experimentally,
allowing only the PEG portion of the conjugate to be probed.
Lysozyme was well described by the sphere model with radius
R = 1.549 ± 0.001 nm (Figure 2), and the unconjugated
dmPEG−PA was well described by the random coil Debye
model with RG = 3.718 ± 0.003 nm (Figure 3). The statistical
error bounding values correspond to 95% confidence limits. The

Figure 1. PDDFs, P(r), for lysozyme (closed circles), hydrogenated
mPEG−PA (open triangles), and hydrogenated monoPEG−lysozyme
(dotted diamonds) in 100% D2O containing 10 mM HEPES. The P(r)
maximum for each species is scaled to unity. The maximum extension
of each particle is the point at which the function crosses the abscissa.
The maximum extension of lysozyme, 3.44 ± 0.02 nm, plus the
maximum extension of mPEG−PA, 13.33 ± 0.06 nm, is comparable to
the maximum extension of monoPEG−lysozyme, 21.20 ± 0.08 nm.
The statistical error bounding values correspond to 95% confidence limits.

Table 1. Dimensions Generated for All Species for All Data Analysis Methodsa

data analysis method

speciesb
solvent with 10 mM HEPES

(% D2O) DLS RH (nm)cd PDDF (nm)ef Guinier RG (nm)gh model fitting (nm)ij

unmodified lysozyme 100 2.0 ± 0.9 max. ext. = 3.44 ± 0.02 1.4 ± 0.2 1.549 ± 0.001 (sphere, RH)
hmPEG−PA 100 3.5 ± 1.4 max. ext. = 13.33 ± 0.06 3.4 ± 0.3 3.591 ± 0.001 (Debye, RG)
mono-hmPEG− lysozyme 100 5.8 ± 2.6 max. ext. = 21.20 ± 0.08 6.8 ± 0.5 N/A
dmPEG−PA 46 N/A N/A N/A 3.718 ± 0.003 (Debye, RG)
mono-dmPEG−lysozymek 46 N/A N/A N/A 5.135 ± 0.006 (Debye, RG)
mono-dmPEG−lysozymek 46; plus 15 mg/mL

lysozymel
N/A N/A N/A 3.239 ± 0.002 (Debye, RG)

mono-dmPEG−HGHm 48 N/A N/A N/A 5.012 ± 0.008 (Debye, RG)
aDimensions from DLS are also shown. bAbbreviations: hmPEG−PA, hydrogenated methoxy-PEG−propionaldhyde; dmPEG−PA, deuterated
methoxy-PEG−propionaldehyde; hmono-hmPEG−lysozyme, hydrogenated monoPEG−lysozyme; mono-dmPEG−lysozyme, deuterated monoP-
EG−lysozyme; mono-dmPEG−HGH, deuterated monoPEG−HGH. cRH is the hydrodynamic radius of an equivalent sphere determined by DLS,
based on the intensity-weighted average distribution. dError values correspond to the half width at half max of the light scattering peak. eThe distance
at which the PDDF falls to zero is an indication of the largest distance spanning the scattering particle, that is, the maximum extension (max. ext.) of
the particle.30,31 fThe statistical error bounding values correspond to 95% confidence limits. gAccording to the Guinier approximation, the intensity at
small q depends on the radius of gyration RG of the scattering particle . hError values correspond to 95% confidence limits. iExperimental scattering
profiles were compared to theoretical smeared curves for monodisperse spheres (sphere model) and linear polymer chains (Debye model). jThe
statistical error bounding values correspond 95% confidence limits. kLysozyme portion of conjugate is contrast-matched for SANS. lConditions necessary
to achieve an oncotic pressure similar to that of typical mammalian blood plasma. mHGH portion of conjugate is contrast-matched for SANS.

Figure 2. Comparison of the experimental scattering curve of
lysozyme in 100% D2O (filled circles), containing 10 mM HEPES,
with the theoretical smeared curve of the sphere model for a
monodisperse spherical particle with uniform scattering length density
(solid line). Error bars represent the standard deviation of the intensity
at each q value. For the fit, the scattering length density of the sphere
was fixed at 2.56 × 10−6 Å −2, and the scattering length density of the
solvent was fixed at 6.33 × 10−6 Å −2. The best fit generated a radius of
1.549 ± 0.001 nm. The statistical error bounding values correspond to
95% confidence limits.
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fitted radius of gyration for dmPEG−PA is somewhat smaller than
the 6.7 nm z-average root-mean-square radius of gyration
predicted by a light scattering correlation for PEG at 25 °C
where ⟨RG

2⟩ = 4.08 × 10−18 Mw
1.16 cm2.

To first test the suitability of the dumbbell model, the
experimental scattering profile I(q) of mono-dmPEG−
lysozyme in 46% D2O was compared to the theoretical
smeared curve for a linear random coil polymer chain (Debye
model). The quality of the random coil fit of the contrast-
matched data in Figure 4 indicates that the conjugated PEG
chain behaves as a random coil adjacent to the protein,
supporting the dumbbell model.
As a counter-argument, the experimental scattering profile

of mono-dmPEG−lysozyme in 46% D2O, containing 10 mM
HEPES, was then also compared to the theoretical smeared
core−shell model for a spherical core of uniform scattering
length density, surrounded by a shell having a different
scattering length density; a successful fit to such a model
would be consistent with the shroud model. The core−shell fit
was applied in two different manners to attempt to achieve a
satisfactory fit. In both cases, the scattering length densities of
the core and solvent were set to be equal since the protein core
was contrast-matched. In case 1, no other fitting constraints
were applied, and the model fit generated a core radius of
2.98 ± 0.15 nm, a shell thickness of 0.08 ± 0.3 nm, and a shell
scattering length density of ρ shell = 1.59 × 10−6 Å−2; this
scattering length density falls outside the range of the solvent
(ρ solvent = 2.56× 10−6 Å−2) and pure dPEG (ρ dPEG = 5.73 ×
10−6 Å−2) and is therefore nonphysical for a mixture of dPEG
and solvent. In case 2, the core radius was set to 1.55 nm, as
previously determined by applying the sphere model to
lysozyme SANS. The model then generated a shell thickness
of 2.236 ± 0.002 nm, and the fitted scattering length density of
the shell, ρ shell = 2.32 × 10−6 Å−2, was again nonphysical. The
fringes predicted by the fit to the smeared core−shell model

were absent in the experimental data. The statistical error bars
correspond to 95% confidence limits.
On the basis of the agreement of contrast-matched SANS

data for mono-dmPEG−LYZ with the random coil (Debye)
model and not the core−shell model, we conclude that the
conjugate adopts a dumbbell configuration (Figure 4) with
the PEG chain forming an independent random coil domain
rather than a shroud “wrapped” around the protein. As seen in
Table 1, RG for the lysozyme-conjugated dmPEG−PA chain is
approximately 30% larger than that measured for free dmPEG−
PA in 100% D2O, containing 10 mM HEPES. This is expected
because this PEG is end-anchored to the protein surface. As an
isolated, nonadsorbing but end-grafted chain, configurational
entropy dictates that it would be elongated relative to the
unconjugated chain.35

Extension to Additional Proteins. The measurements
described in the previous section were extended to include a
protein of pharmaceutical interest, HGH, covalently conjugated
to a single ∼20 kDa dmPEG−PA chain. The contrast varia-
tion technique was again employed to measure the scattering
profile of mono-dmPEG−HGH in 48% D2O, containing
10 mM HEPES, the experimentally determined D2O content
to contrast match HGH in buffer. The excellent agreement of
the experimental scattering profile of mono-dPEG−HGH with
the Debye model (Figure S2 in the Supporting Information, S3)
again is consistent with the grafted PEG chain existing as a
random coil adjacent to the protein, that is, adopting the
dumbbell configuration.

Figure 3. Comparison of the experimental scattering curve of
deuterated mPEG−PA in 46% D2O (open triangles), containing
10 mM HEPES, with the theoretical smeared curve of the Debye
model for a random coil (solid line). Error bars represent the standard
deviation of the intensity at each q value. The best fit generated a
radius of gyration, RG, of 3.718 ± 0.003 nm. The statistical error
bounding values correspond to 95% confidence limits.

Figure 4. Comparison of the experimental scattering curve for
deuterated monoPEG−lysozyme in 46% D2O (dotted diamonds),
containing 10 mM HEPES, with the theoretical smeared curve of the
Debye model for a random coil (solid line) and the theoretical
smeared core−shell model for a spherical particle of uniform scattering
length density, surrounded by a shell having a different scattering
length density (dashed line). Error bars represent the standard
deviation of the intensity at each q value. The best fit generated a
radius of gyration, RG, of 5.135 ± 0.006 nm. The statistical error
bounding values correspond to 95% confidence limits. Schematics
qualitatively illustrate the dumbbell configuration (upper right) if the
PEG chain followed the Debye model and the shroud configuration
(lower left) if the PEG chain followed the core−shell model. Because
of the contrast matching conditions, the protein is “invisible” to the
neutrons in these measurements.
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Determining the Configuration of the PEG Chain in
Plasmalike Environments. All measurements described thus
far were in dilute solution, but blood has a large oncotic pressure
that may influence the PEG conformation in a PEGylated
therapeutic protein. To determine the behavior of the conjugated
PEG chain as it might exist in blood, we mimicked the oncotic
pressure of plasma by dissolving the mono-dmPEG−lysozyme
(20 kDa dmPEG−PA) in a 15 mg/mL solution of unconjugated
lysozyme, the concentration of lysozyme necessary to create an
oncotic pressure typical of mammalian plasma, ∼2500 Pa, in 46%
D2O, containing 10 mM HEPES, to contrast-match lysozyme.
The data are again well described by the random coil model,
consistent with the dumbbell configuration, but now, RG for the
PEG conjugate, 3.238 ± 0.002 nm, is about 15% smaller than
that for an unconjugated dmPEG−PA chain in 46% D2O,
containing 10 mM HEPES, 3.718 ± 0.003 nm (Figure S3 in
the Supporting Information, S4). The statistical error bounding
values correspond to 95% confidence limits. Evidently,
competition for water in the plasmalike environment causes a
small decrease of the excluded volume of the conjugated PEG
chain but does not alter the tendency to adopt a random coil
configuration. This is consistent with the effect of high conjugate
concentration noted by He et al. 23

Implications. It is well established that the covalent attach-
ment of PEG increases in vivo blood circulation times for protein
therapeutics. The implications of the dumbbell configuration
for the steric protection of a conjugated protein can now be
considered. In the case of a single grafted PEG chain per protein,
the dumbbell configuration leaves part of the protein
unprotected, but it does provide a locally strong steric repulsion
force to protect the conjugated part of the molecule. In contrast,
the shroud configuration, if it occurred, would have spread its
protective effect over a larger fraction of the protein surface. Yet,
by spreading a limited polymer mass over a large area, the local
segmental density in any one region would be rather low and
would afford only a weak and short-range steric repulsion, since
the range of steric forces imparted by grafted polymer chains is
dictated by the normal extension of the chain away from the
surface and the magnitude scales with the local segment density.
The random coil dumbbell configuration offers strong but
more highly localized protection of the protein. For example,
the nearer the site of PEGylation is to a binding epitope, the
more effective its protection would be. Similar considerations
come into play concerning the degree to which a conjugated
PEG chain could disrupt access to a protein active site.

■ CONCLUSION
SANS was employed with a contrast variation technique to probe
only the PEG portion of the PEG−protein conjugate to directly
determine the configuration of a single ∼20 kDa PEG chain
covalently attached to lysozyme or HGH. Analyses of the scattering
data in terms of the pairwise distance distribution function, the
Guinier analysis of conjugate radius of gyration, and model fitting
to the Debye random coil polymer scattering form factor are
consistent with a dumbbell model in which the PEG chain behaves
as a random coil adjacent to the protein and directly challenge the
more commonly presumed shroud configuration in which the PEG
chain wraps around the protein, creating a shielding effect.
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Supporting Information S1: Synthesis of Deuterated Methoxy-PEG-propionaldehyde 

 

 

The synthesis of protected aldehyde-functionalized deuterated PEO (Scheme 1) was achieved 

using custom-made glass reactors with constrictions and breakseal techniques.
1
 All reagents were 

purchased from Aldrich and purified by standard procedures for high vacuum anionic 

polymerizations. In a typical polymerizing reaction, 0.3 mmol of 3,3-diethoxy-1-propanol were 

reacted with 0.3 mmol of potassium triphenylmethane ((C6H5)3CK) in THF for 30 min. at room 

temperature. Then 6.2 grams of EO-d4 was added to the reactor and then the mixture was 

allowed to react for 2 days at 45°C. The polymerization was terminated by introducing degassed 

acidic methanol. After precipitating into hexanes and filtering, PEO-d4 polymer was obtained 

and then dried under vacuum to constant weight. 

 

Scheme S1. Synthesis aldehyde-functionalized deuterated PEO. 

 

 

 

Transformation of the acetal group at the polymer end to the desired aldehyde group was carried 

out by stirring 3.13 grams of the as-synthesized PEO-d4 in 60 mL deionized water containing 15 

mL of 0.1 N  HC1 for overnight. Then the solution was dialyzed against deionized water for 2 

days and the polymer was recovered using freezing drying. 

 



 3 

Size exclusion chromatography (SEC) and nuclear magnetic resonance (
13

C-NMR) were used to 

determine the molecular weights, polydispersities of the polymers. SEC determinations were 

performed on a Waters system equipped with a Waters 2695 pump, a Waters 2414 differential 

refractive index and Wyatt MiniDawn light scattering detectors, and 3 Polymer Lab Mixed-B 

columns with effective molecular weight range from 1,000 to 1,000,000 g/mol. THF was used as 

the eluent, and the flow rate was 1.0 mL/min at 30 °C. The system was calibrated using 

monodispersed linear polystyrene standards. 
13

C-NMR spectra were obtained on a Varian Vnmr 

500 spectrometer in CDCl3. The molecular weight was estimated from the intensities of 3,3-

diethoxy-1-propyl and EO-d4. The aldehyde functionality was confirmed by the 
13

C-NMR peak 

appeared at 201.1ppm from the deprotected PEO-d4 sample.n 

 



 4 

Supporting Information S2: Protein PEGylation and Conjugate Characterization 
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Figure S1. Circular dichroism spectra of unmodified lysozyme (filled circles), hydrogentated 

monoPEG-lysozyme (filled triangles) and deuterated monoPEG-lysozyme (open squares) in pH 

7.4 10 mM HEPES buffer. 

 

 

Table S1. Secondary structure fractions of unmodified lysozyme and monoPEG-lysozyme with 

both hydrogenated and deuterated mPEG-PA. 
 

Secondary Structure Fractions
a
 

α-helix β-sheet 

 

Species 

regular distorted regular distorted Turns Unordered 

Unmodified 

Lysozyme 0.17 ± 0.04 0.15 ± 0.03 

 

0.13 ± 0.01 

 

0.062 ± 0.001 

 

0.21 ± 0.04 

 

0.27 ± 0.02 

Hydrogenated 

monoPEG-Lysozyme 0.15 ± 0.04 0.18 ± 0.04 

 

0.09 ± 0.03 

 

0.07 ± 0.02 

 

0.23 ± 0.02 

 

0.27 ± 0.03 

Deuterated 

monoPEG-Lysozyme 0.15 ± 0.06 0.15 ± 0.05 

 

0.15 ± 0.03 

 

0.08 ± 0.02 

 

0.19 ± 0.03 

 

0.28 ± 0.04 
 

a
Error values are the standard deviations of fraction values determined by three regression 

algorithms (SELCON3, CDSSTR, and CONTIN/LL) used to quantify secondary structure in 

CDPro
2
. 
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Supporting Information S3: Contrast-Matched SANS Analysis of PEGylated Human 

Growth Hormone 

 

The measurements described in the main paper for PEGylated lysozyme were extended to 

include an additional protein, human growth hormone (HGH), covalently conjugated to a single 

20 kDa dmPEG-PA chain. The contrast variation technique was once again employed to measure 

the scattering profile of deuterated monoPEG-hGH in 48% D2O containing 10 mM HEPES 

buffer, the experimentally determined D2O content to contrast match HGH.  Figure S2 displays 

the experimental scattering profile of the dmonoPEG-hGH in 48% D2O, with the Debye model 

fit. The excellent agreement of the experimental scattering profile of dmonoPEG-HGH with the 

Debye model (Figure S2) again confirms that the grafted PEG chain exists as a random coil 

adjacent to the protein and leading the conjugate to adopt a dumbbell configuration. 
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Figure S2. Comparison of the experimental scattering curve for deuterated monoPEG-HGH in 

48% D2O (open triangles), containing 10 mM HEPES, with the theoretical smeared curve of the 

Debye model for a random coil (solid line). Error bars represent the standard deviation of the 

intensity at each q value. The best fit generated a radius of gyration, RG, of 5.012 ± 0.008 nm. 

The statistical error bars correspond to 95% confidence limits. A lack of fringes in the data over 

this q range indicates inconsistency with the core-shell model. 
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Supporting Information S4: Determining the Configuration of the Conjugated PEG Chain 

in Plasma-Like Environments 

 

In order to predict the behavior of the conjugated PEG chain in blood, we mimicked the oncotic 

pressure of blood plasma by dissolving the mono-dPEG-lysozyme (20 kDa dmPEG-PA) in a 15 

mg/ml solution of unconjugated lysozyme to achieve an oncotic pressure similar to that of 

typical mammalian blood plasma , ~2500 Pa . This was dissolved in 46% D2O, containing 10 

mM HEPES, to contrast match lysozyme. Figure S3 displays the experimental contrast matched 

SANS I(q) for the conjugated dPEG chains on mono-dPEG-lysozyme in these plasma-like 

conditions, along with the Debye model fit . The data were again well described by the random 

coil model, consistent with the dumbbell configuration. Here, RG for the PEG conjugate, 3.239 ± 

0.002 nm, was somewhat smaller than that for an unconjugated dmPEG-PA chain in pure 46% 

D2O, 3.718 ± 0.003 nm.  
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Figure S3. Comparison of the experimental scattering curve for deuterated monoPEG-lysozyme 

in a solution of 46% D2O, with 10 mM HEPES, containing 15 mg/ml lysozyme (open circles) 

with the theoretical smeared curve of the Debye model for a random coil (solid line). Error bars 

represent the standard deviation of the intensity at each q value. The best fit generated a radius of 

gyration, RG, of 3.239 ± 0.002 nm. The statistical error bars correspond to 95% confidence limits. 

A lack of fringes in the data over this q range indicates inconsistency with the core-shell model. 
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ABSTRACT: Plasmonic nanoparticle research has become increasingly active due to potential
uses in biomedical applications. However, little is known about the intracellular effects these
nanoparticles have on mammalian cells. The aim of this work is to investigate whether silver
nanoparticles (AgNPs) conjugated with nuclear and cytoplasmic targeting peptides exhibit the
same intracellular effects on cancer cells as peptide-conjugated gold nanoparticles (AuNPs).
Nuclear and cytoplasmic targeting spherical AgNPs with a diameter of 35 nm were incubated in
a cancer (HSC-3) and healthy (HaCat) cell line. By utilizing flow cytometry, confocal
microscopy, and real-time dark field imaging, we were able to analyze how targeting AgNPs
affect the cell cycle and cell division. These experiments demonstrated that nuclear-targeting
AgNPs cause DNA double-strand breaks and a subsequent increase in the sub G1 (apoptotic)
population in our cancer cell model at much lower concentrations than previously reported for
nuclear targeting AuNPs. Unlike the M phase accumulation seen in cancer cells treated with
AuNPs, an accumulation in the G2 phase of the cell cycle was observed in both cell models when treated with AgNPs.
Additionally, real-time dark field imaging showed that cancer cells treated with nuclear targeting AgNPs did not undergo cell
division and ultimately underwent programmed cell death. A possible explanation of the observed results is discussed in terms of
the chemical properties of the nanoparticles.

■ INTRODUCTION

Plasmonic nanoparticles (NPs) have been heavily studied due
to their small size and unique optical and photothermal
properties.1,2 Their nanometer size allows NPs to permeate the
cellular membrane and interact with biomolecules inside the
cell, which can lead to disruption of cellular functions.3−6

Cancer cells, which overexpress a certain ligand receptor, have
the ability to be selectively targeted by NPs that have
undergone surface conjugations to the respective receptor’s
complementary ligand.7−9 Conjugated NPs also have the ability
to intracellularly target specific organelles and/or locations
within the cell.8,10−14 A heavily targeted organelle within the
cell is the nucleus. The nucleus houses the cell’s genetic
material and is responsible for maintaining proper cellular
activities.15 Any alteration to the nucleus and its genetic
material could result in improper regulation of the cell cycle
and cell death. The nucleus is most commonly targeted through
the conjugation of a nuclear localizing signal (NLS) to the
surface of the NPs.8,12−14 This signal is known to interact with
cytosolic factors forming stable complexes that are docked at
the nuclear pore complex (NPC) in the nuclear membrane.8

Our group’s recent work has provided evidence that nuclear
targeting of gold nanoparticles (AuNPs) in cancer (HSC-3)
cells results in DNA damage, cytokinesis (M phase) arrest, and
ultimately cell death.14 Although this work demonstrates the
alteration of the cell cycle in the presence of nuclear targeting
AuNPs, it is still unknown if different nuclear targeting metallic

nanoparticles, such as silver nanoparticles (AgNPs), will exhibit
the same effect.
AgNPs have been extensively used in antimicrobial

applications,16,17 but little is known about the behavior and
resulting cellular response when they are targeted to different
organelles of mammalian cells. AgNPs are known for their
active generation of reactive oxygen species (ROS).18,19 ROS
are a major source of oxidative stress within a cell and can cause
damage to several cellular components. Disruption to DNA
replication and ribosomal subunit protein expression after
introduction of AgNPs into cells has been reported.18 This
disruption was attributed to the Ag+ release from the surface
oxidation of the AgNPs after they have been introduced into
culture media and internalized in the cells. The resulting
induction of DNA damage and subsequent cell death has
potential applications in cancer and disease therapeutics.
In the present work, we systematically studied the cell cycle

and cell division of cancer and healthy human cells in the
presence of 35 nm pegylated and peptide-conjugated AgNPs.
The results suggest that AgNPs localized at the nucleus cause
DNA double-strand breaks and an increase in the sub G1
(apoptotic) population in the cancer cell model. G2
accumulation was also seen in both cancer and healthy cell
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lines. The ROS generation from AgNPs is considered the main
cause of the cell cycle alteration.

■ EXPERIMENTAL SECTION
AgNP Synthesis. Citrate-stabilized AgNPs with an average

diameter of 35 nm were synthesized by the reduction of silver
ions (AgNO3) with sodium citrate.20 Briefly, a 100 mL solution
of 0.2 mM AgNO3 and 0.3 mM trisodium citrate was brought
to a boil under continuous stirring. After 30 min, boiling and
stirring were discontinued and the solution was cooled to room
temperature. TEM and DLS analysis showed an average
particle diameter of 35 nm (Figure 1 and Table 1). The surface

plasmon resonance band showed a peak absorbance at 430 nm
(Figure 1). TEM images were taken on a JEOL 100CX-2
transmission electron microscope and the average diameter was
determined using ImageJ.
AgNP Peptide Conjugation. The citrate-stabilized

AgNPs were then pegylated to inhibit aggregation before
peptide conjugation. A 1.0 mM solution of mPEG-SH 5000
(Laysan Bio, Inc.) diluted with DI water was added to a AgNP
solution to achieve a 103 times greater concentration of mPEG-
SH 5000 than AgNPs. The PEG-AgNP solution was allowed to
incubate at room temperature overnight, and excess PEG was
removed by centrifugation (13 500 rpm, 8 min). The PEG-
AgNPs were redispersed in PBS. The pegylated particles were
further conjugated with peptides following a previously
e s t a b l i s h e d m e t h o d . 1 3 F o r R G D p e p t i d e
(RGDRGDRGDRGDPGC) and PEG-AgNP conjugation, a
1.0 mM RGD solution diluted in DI water was added to the
PEG-AgNP solution to attain 103 molar excess of the RGD
pep t i d e t h a n PEG -AgNP s . F o r NLS p ep t i d e

(CGGGPKKKRKVGG) and PEG-AgNP conjugation, a 5
mM NLS peptide solution was added to a PEG-AgNP solution,
so the NLS peptide was in 104 times molar excess. Last,
conjugation of PEG-AgNPs with both RGD and NLS peptides
was achieved by adding the peptides in 103 and 104 times molar
excess, respectively, compared to the PEG-AgNPs. All peptide−
particle solutions were allowed to shake overnight at room
temperature and excess peptides were removed by centrifuga-
tion (13 500 rpm, 8 min). Particles were redispersed in PBS.
The conjugation with PEG and the peptides was characterized
by UV−vis spectroscopy and DLS analysis (Figure 1 and Table
1). To achieve the desired final concentrations (0.1 nM and 0.4
nM), the peptide-conjugated AgNPs were further diluted with
DMEM cell culture medium.
Cell Culture. HSC-3 (human oral squamous cell carcino-

ma), a malignant epithelial cell line, and HaCat (human
karatinocytes), a nonmalignant epithelial cell line, were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) (Mediatech)
supplemented with 4.5 g/L glucose and sodium pyruvate, 10%
v/v fetal bovine serum (FBS) (Mediatech), and 1% antimycotic
solution (Mediatech). Cell cultures were kept at 37 °C in a 5%
CO2 humidified incubator.
Dark Field Imaging Overlays. Cells were cultured on

collagen-coated 18-mm-diameter glass coverslips for 24 h and
incubated for 24 h with 0.1 nM peptide−AgNP solutions
diluted in DMEM. The coverslips were then washed with
DPBS buffer and fixed with 4% paraformaldehyde. Images were
obtained with an inverted Olympus IX70 microscope with a
dark field condenser (U-DCW). A 100×/1.35 oil Iris objective
(UPLANAPO) was used to collect the scattered light from the
AgNP-treated samples.
AgNP Uptake Assay. HSC-3 and HaCat cells were

cultured for 24 h in DMEM and then incubated for another
24 h with 0.1 nM peptide−AgNP solutions diluted in DMEM.
Particle solutions were removed and the solution’s OD values
at 430 nm were taken using a microplate reader (SpectraMax
Plus). Cells were counted using an inverted Olympus IX70
microscope with a 10× objective. Particle uptake values were
normalized to the number of cells and are reported as a relative
percent uptake. Statistical significance was determined from the

Figure 1. (A) TEM image of the AgNPs used in this study and (B) UV−vis spectra of citrate-capped AgNPs conjugated with RGD (red) and NLS/
RGD (green) peptides showing the characteristic shift and peak broadening of the AgNP surface plasmon.

Table 1. Hydrodynamic Diameters and Zeta Potentials of
AgNPs

sample hydrodynamic diameter (nm) zeta potential (mV)

Citrate-AgNPs 35 −41
PEG-AgNPs 55 −18
NLS/RGD-AgNPs 57 14
RGD-AgNPs 56 16
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comparison of cancer (HSC-3) treated cells and healthy
(HaCat) treated cells.
Cell Cycle Analysis with Flow Cytometry. Cells were

grown for 24 h in culture medium (DMEM) and then
incubated with AgNPs in culture medium (DMEM) for 24 h.
After AgNP incubation, cells were fixed with −20 °C cold
ethanol (70%) until analysis. To prepare for flow cytometry
analysis, fixed cell suspensions were centrifuged at 1250 rpm for
12 min, and the cell pellet was redispersed in PBS. Cells were
treated with 200 μg/mL RNase (Sigma) for 30 min at 37 °C.
Following RNase treatment, DNA staining with 100 μg/mL of
propidium iodine (Sigma) was conducted at room temperature
for 15 min. A BD LSR II (BD Biosciences) with a 488 nm
excitation laser and fluorescence detection in the PE channel
was used to run flow cytometry. The obtained cell cycle data
was analyzed using FloJo (Tree Star Inc.), a flow cytometry
analyzing software.
Cell Synchronization. Nocodozale, a mitoic inhibitor, was

used to synchronize HSC-3 and HaCat cells in the
prometaphase (M phase). Cells were grown for 14 h in the
presence of 80 ng/mL nocodazole, and mitoic cells were
collected by shake-off. The motoic cells were released in fresh
culture medium (DMEM) and collected at the indicated time
points. Cells were then washed three times with PBS and fixed
with −20 °C cold ethanol (70%) for further analysis by flow
cytometry.
Confocal Microscopy and DNA Damage Test. HSC-3

and HaCat cells were grown on 18-mm-diameter glass
coverslips and treated with their respective peptide−AgNP
concentration. Cell fixation was conducted with 2% parafor-
maldehyde for 15 min, and cells were washed in PBS for 3 × 10
min. Cells were then permeabilized for 5 min on ice in 0.2%
Triton X-100 and blocked in PBS with 1% BSA for 3 × 10 min
at room temperature. Blocked cells were incubated with anti-γ-
H2AX antibody (Bethyl Laboratories, Inc.) for one hour,
washed in PBS with 1% BSA for 3 × 10 min at room
temperature, and then incubated for 1 h at room temperature
with FITC-conjugated goat antirabbit secondary antibody
(Bethyl Laboratories, Inc.). Last, cells were washed in PBS
with 1% BSA for 3 × 10 min at room temperature and stained
with 4,6-diamidino-2-phenylindole (DAPI) for 5 min. Confocal
images were taken using a Zeiss LSM 510 NLO META
multiphoton excitation confocal microscope.

Real-Time Dark Field Imaging. A homemade setup was
based on the modification of an inverted Olympus IX70
microscope.21 The samples were grown in 35 mm culture plates
for 24 h and then incubated with peptide-conjugated AgNPs in
culture medium (DMEM) for 24 h. Samples were placed inside
a mini cell chamber that was mounted on the stage of the
microscope. The mini cell chamber allowed the sample to
maintain a temperature of 37 °C and a carbon dioxide
concentration of 5% CO2. The scattered light from the sample
was collected using a long working distance 40× objective. A
Nikon D200 digital camera was used to capture the dark field
pictures every two minutes.
Statistical Analysis. Statistical analysis of experimental

values are conveyed as mean ± standard deviaion of at least
three independent experiments. The data were analyzed using
the t test calculator (GraphPad Software, GraphPad Software,
Inc.), and statistical significance was determined from untreated
(control) to treated (AgNPs incubation) samples unless
otherwise noted. Data were considered statistically significant
if the P value was <0.05.

■ RESULTS AND DISCUSSION
Synthesis and Conjugation of AgNPs. The silver

nanoparticles (AgNPs) used in this work were synthesized by
the reduction of silver nitrate with trisodium citrate.20 The
relatively monodispersed AgNPs had an average diameter of 35
nm, as shown by TEM (Figure 1). UV−vis spectroscopy
further confirmed the synthesis of 35 nm silver particles, as the
spectra showed the characteristic surface plasmon resonance
(SPR) peak at 430 nm (Figure 1). Table 1 shows measure-
ments of the hydrodynamic diameter (HD) and the zeta
potential of the synthesized AgNPs.
The citrate-capped AgNPs were then conjugated with

poly(ethylene glycol) (PEG) in order to increase their stability
in the culture medium and prevent nonspecific binding of
proteins to the surface of the particles.22 The PEG-stabilized
AgNPs were further conjugated with arginine-glycine-aspartic
acid (RGD) and nuclear localization signal (NLS) peptides.
RGD is known to target αvβ6 as well as other αv integrins on
the cell surface and assists in receptor-mediated endocytosis in
cancer cells.23−25 NLS has a characteristic lysine-lysine-lysine-
arginine-lysine (KKKRK) sequence. Biomolecules labeled with
this nuclear tag are known to bind to importin α and β in the

Figure 2. (A) Dark field images overlays of single cells showing where the strong scattering AgNPs reside in the cell. Dark field images show that
NLS/RGD-AgNPs are highly localized at the nucleus while RGD and PEG conjugated AgNPs are dispersed throughout the cytoplasm. Scale bar: 10
μm. (B) The relative percent uptake of the conjguated AgNPs incubated in cancer (gray) and healthy (yellow) cells for 24 h. Cancer cells show a
higher relative uptake of conjugated AgNPs when compared to healthy cells. All values were normalized to the number of cells present in the sample.
Asterisks (*) indicate a P value of <0.05.
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cytoplasm and be actively transported into the nucleus through
the nuclear pore complex (NPC).26 The bioconjugation with
the NLS and RGD peptides was confirmed through UV−vis
spectroscopy and dynamic light scattering (DLS) measure-
ments. The UV−vis spectra in Figure 1 show a slight red shift
in the particles after conjugation with the peptides. The red
shift was attributed to the change in the dielectric constant of
the surrounding environment of the AgNPs. The DLS
measurements, reported in Table 1, show the HD of AgNPs
increased 20 nm after conjugation with the surface ligands. A
change in the zeta potential of the particles was also observed
after conjugation.
Additionally, the stability of the peptide-conjugated particles

was investigated after 24 h of incubation in culture medium.
The UV−vis spectra of the incubated AgNPs did not show a
significant alteration in the SPR indicating that nanoparticle
aggregation did not occur and the particles were stable in the
biological environment (data not shown).
Localization and Relative Uptake of AgNPs in Cells. A

major advantage of using silver nanoparticles in biomedical
applications is their enhanced light scattering, which allows
their localization and distribution to be imaged in different
biological environments.1 In this experiment, we wanted to
determine the localization and relative uptake of the pegylated
and peptide-conjugated AgNPs in two different cell lines. The
cell lines used were human oral squamous cells carcinoma
(HSC-3) and human keratinocytes (HaCat) cells, which
modeled cancer and healthy cells, respectively. HSC-3 cells
have been reported to express αv integrins (i.e., αvβ3 and
αvβ5) and overexpress αvβ6 integrins, an RGD receptor, on
their cell surface.27,28 We hypothesized that RGD conjugation
would enhance the uptake of AgNPs by cancer cells since our
healthy cell line has not been shown to overexpress αvβ6
integrins unless induced by transforming growth factor-β1
(TGFβ1).29 To investigate the uptake and localization of NLS/
RGD-AgNPs, RGD-AgNP and PEG-AgNP dark field imaging

was utilized. The dark field image overlays seen in Figure 2A
show that AgNPs conjugated with the nuclear targeting signal
(NLS) are localized at the nucleus of both cell models, while
RGD-AgNPs and PEG-AgNPs were dispersed within the
cytoplasm. Figure 2A images also reveal that cancer cells
show an apparent overall increase in AgNP uptake when
compared to healthy cells.
To quantify the uptake of the different AgNPs in the cancer

and healthy cell lines, the relative percent uptake of particles
was determined. AgNP uptake, as reported in Figure 2B, was
calculated through the normalization of the data to the number
of cells present in each sample well. Cancer cells showed a
statistically significant (P < 0.05) higher relative percent uptake
of all conjugated AgNPs when compared to heatlhy cells.
Furthermore, NLS/RGD-AgNPs exhibited the greatest relative
percent uptake in both cell lines. The increased uptake in
cancer cell lines is thought to be due to the overexpression of
αvβ6 integrins on their cellular membrane;27 however, other αv
integrins on the cell surface could have also contributed to the
trend seen.24,25 The cause for the differences between RGD and
NLS/RGD particle uptake in both cell lines is still unclear;
however, the overall surface charge of the particles could
enhance/hinder the particle’s ability to undergo receptor-
mediated endocytosis.
Cell Cycle Analysis and Cell Synchronization of AgNP

Treated Cells. After it was shown that NLS/RGD-AgNPs did
localize at the nucleus, we investigated whether this localization
caused cell cycle disruption in both cell models. To determine
the effects of the peptide-conjugated AgNPs on cancer and
healthy cells, complete cell cycle analysis was performed using
flow cytometry. The complete cell cycle analysis of cancer and
healthy cells treated with 0.1 nM and 0.4 nM conjugated
AgNPs for 24 h, as to allow successful uptake of the particles, is
shown in Figure 3. Cancer cells treated with 0.1 nM and 0.4 nM
NLS/RGD-AgNP showed a statistically significant (p < 0.05)
increase in the sub G1 (DNA deficient30) population (Figure

Figure 3. Complete cell cycle analysis of cancer and healthy cells by using flow cytometry. Cancer cells show a significant increase in the sub G1
(DNA deficient) population after treatment with NLS/RGD-AgNPs when compared to the control (A). G2 accumulation is seen in both cell models
when treated with peptide-conjugated AgNPs. Asterisks (*) indicate a P value of <0.05.
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3A). The sub G1 population resulting from incubation with 0.1
nM nuclear-targeting AgNPs suggested that there was an
increased toxicity of AgNPs in our cancer cell model when
compared to AuNPs.14 The sub G1 population also appears to
increase as the concentration of nuclear-targeting AgNPs
introduced into the cancer cells increases from 0.1 nM
(∼8.0%) to 0.4 nM (∼9.0%). Additionally, cancer cells treated
with NLS/RGD-AgNPs showed an accumulation in the G2/M
phase of the cell cycle indicating the presence of nuclear
targeting AgNPs disrupted the transition of G2/M or M/G1.
Contrary to the results seen with nuclear-targeting AuNPs, a

significant sub G1 population was also seen in healthy cells
when treated with NLS/RGD-AgNPs for 24 h (Figure 3B). It is
believed that the lack of overexpression of αvβ6 integrins29 on
their cell surface and reduced uptake of nuclear-targeting
AgNPs contributes to the reduced sub G1 population in
healthy cells when compared to our cancer cell model.
Nevertheless, the presence of the DNA deficient population
in healthy cells provides further evidence of the harmful, toxic
effects AgNPs have when compared to AuNPs. Moreover,
healthy cells show G2/M accumulation upon treatment with
NLS/RGD-AgNPs indicating that the presence of nuclear-
targeting AgNPs prevents normal transitions between the
different phases of the cell cycle.
To ensure that the NLS peptide was necessary to induce

significant sub G1 populations in cancer and healthy cells, we
examined the effect that RGD and PEG conjguated AgNPs had
on the cell cycle. Cancer and healthy cells treated with RGD-
AgNPs did not show a significant increase in the sub G1
population when compared to their controls but did show G2/
M accumulation. The G2/M accumulation seen in our work is
consistent with work reported from AshaRani et al., as they
observed similar G2 accumulation in human glioblastoma cells
(U251) and normal human lung fibroblast cells (IMR-90)
when treated with starch-coated AgNPs.31 However, their
starch-coated particles did not produce DNA-deficient
populations. This suggests that alteration of the cell cycle
occurs in the presence of AgNPs, but the observed increase in
apoptotic populations is only induced when AgNPs are
localized at the nucleus. Moreover, cell cycle analysis of cancer
and healthy cells treated with 0.1 nM and 0.4 nM PEG-AgNP

showed no significant increase in the sub G1 or apoptotic
population when compared to untreated cells (SI Figure S2).
The two main reported causes for the appearance of an

apoptotic population upon treatment with AgNPs are the
leaching of Ag+ ions from the AgNPs and the generation of
reactive oxygen species (ROS) from nano metal oxide materials
(AgNPs can oxidize easily to form Ag2O).31,32 To determine if
the alteration in the cell cycle was due to free Ag+ ions alone,
cancer and healthy cells were incubated for 24 h with 20 nM
AgNO3 and their cell cycles were analyzed. Neither cell model
showed significant (P < 0.05) cell cycle alteration (Figure 3)
when compared to their controls. This result suggested that the
apoptotic population is not solely due to the leaching of Ag+

ions and could be partly due to the generation of ROS from the
silver metal oxide inside the cancer cells.33 ROS species are
known to cause oxidative stress and DNA damage inside cells,
which is a leading cause of apoptosis.34−37 Additionally, it has
been reported that upregulation of p53, a protein that is
overexpressed when DNA damage occurs and causes cell cycle
arrest and apoptosis, was seen after cells were incubated with
unconjugated AgNPs.38 It is possible that incubation with
NLS/RGD-AgNPs also causes upregulation of p53 and signals
for programmed cell death in our cancer cell model.
To further investigate alterations to the cell cycle, cell

synchronization experiments were conducted to determine
whether M phase arrest was seen after incubation with NLS/
RGD-AgNPs. Nocodozale, a mitotic inhibitor, was used to
synchronize cancer and healthy cells in the prometaphase (M
phase).39,40 On the basis of our group's previous work with
nuclear-targeting AuNPs,14 which showed abscission of two
daughter cells occurring in ∼2 h for untreated cells and ∼4 h
for particle treated cells, we chose 120 and 360 min for points
of analysis. As seen in Figure 4, there was no significant M
phase accumulation in the cancer or healthy cells after
treatment with NLS/RGD-AgNPs. These results differ from
NLS/RGD-AuNPs, as M phase accumulation in cancer cells
was seen.14 Since complete cell cycle analysis revealed an
increase in the G2/M population, and the cell cycle
synchronization experiment did not show M phase accumu-
lation, it is proposed that the arrest has taken place in the G2
phase. This suggests that cancer cells treated with NLS/RGD-

Figure 4. Cell synchronization of NLS/RGD-AgNPs treated cells. Significant M phase accumulation was not seen between control and NLS/RGD-
AgNP treated cells in both cancer (A) and healthy (B) cells. Cells were synchronized with nocodazole in the prometaphase (M phase), and cell cycle
analysis was conducted at 120 and 360 min. Statistical significance was determined from a P value of <0.05.
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AgNPs were unable to pass through the G2 checkpoint of the
cell cycle, the cell’s last opportunity to evaluate its genetic
material before entering mitosis,41 and resulted in apoptosis if
their DNA was unable to be repaired. Furthermore, these
experiments indicate that irreversible DNA damage occurs at
different phases in the cell cycle when different plasmonic
nanoparticles are used (Figure 5).

Confocal Microscopy and DNA Damage Test. DNA
damage, in cancer and healthy cells treated with nuclear
targeting AgNPs, was suggested from the sub G1 population
and G2 accumulation in the flow cytometry experiments. To
further investigate whether DNA damage was a result of
incubation with nuclear-targeting AgNPs, treated cells were
tested for double-strand breaks (DSBs) in DNA by confocal
microscopy. Confocal images of untreated and treated cancer
cells are shown in Figure 6. The nuclei have been stained blue
with DAPI and DSBs as indicated by bright green FITC
fluorescence foci. DNA DSBs are seen in cancer cells treated
with 0.1 nM and 0.4 nM NLS/RGD-AgNPs (Figure 6B,C).
When cancer cells were treated with 0.1 nM and 0.4 nM NLS/
RGD-AuNPs, DNA DSBs were only seen after incubation with
the 0.4 nM concentration.14 This provides supplementary

evidence that AgNPs exhibit more harmful effects on cancer
cells than AuNPs. Confocal images of healthy cells treated with
the highest concentration of NLS/RGD-AgNPs showed no
DSBs (SI Figure S3). The absence of DSBs is due to the lower
nanoparticle concentration at the nucleus in healthy cells
compared to cancer cells. We attributed the decreased
nanoparticle concentration at the nucleus to the reported lack
of overexpression of αvβ6 integrins, an RGD receptor, in our
healthy cell line when compared to our cancer cell line.27,29

These images confirm that NLS/RGD-AgNPs induce irrever-
sible DNA damage in cancer cells, leading to an increased sub
G1 (apoptotic) population. The confocal images further
suggested that the selective targeting facilitated by the RGD
peptide conjugation caused an increased vulnerability to DNA
damage in cancer cells compared to healthy cells.
Real-Time Dark Field Imaging of AgNP Treated

Cancer Cells. We also wanted to investigate in real time
whether the presence of nuclear targeting AgNPs in our cancer
cell model interferes with proper cellular division. The
dynamics of cell division were monitored by long-term live-
cell plasmonic scattering imaging.21 Figure 7 displays
representative real-time dark field images of cell division in
our cancer cell model. Untreated cancer cells underwent proper
division and showed no cell death. However, when cancer cells
were incubated with varying concentrations of NLS/RGD-
AgNPs normal cell division was not observed (Figure 7) and
cell death resulted. These images differs from our group’s
previous work when using NLS/RGD-AuNPs, which showed
cytokinesis (M phase) arrest in cancer cells after incubation
with nuclear-targeted AuNPs.14 The inability of cells treated
with NLS/RGD-AgNPs to reach cytokinesis (M phase)
provides further evidence that cells have arrested and
accumulated in the G2 phase of the cell cycle due to the
increased cytotoxicity of AgNPs compared to AuNPs.

■ CONCLUSIONS
The cell cycle and cell division of cancer (HSC-3) and healthy
(HaCat) cells in the presence of conjugated AgNPs were
systematically studied. DNA damage and apoptosis were seen
in cancer cells that were treated with nuclear-targeting AgNPs.
Real-time dark field imaging suggested that cancer cells treated
with NLS/RGD-AgNPs are unable to successfully divide and
ultimately undergo cell death. Complete cell cycle analysis
showed a significant increase in the sub G1 population of

Figure 5. Summary of the difference in the effect of spherical nuclear-
targeting AgNPs and AuNPs on the cell cycle. Cell cycle accumulation
was seen in the G2 phase when cancer and healthy cells were treated
with peptide-conjugated AgNPs. It has been reported13 that nuclear-
targeting AuNPs show cell cycle accumulation in the M phase of the
cell cycle.

Figure 6. Confocal images of DNA damage in cancer cells resulting from incubation with NLS/RGD-AgNPs. The cells’ nuclei were stained with
DAPI (blue), and DNA double-strand breaks (DSBs) were stained with FITC (green). No DNA damage was seen in untreated cancer cells (A).
DNA double-strand breaks (green foci) were seen in cells treated with (B) 0.1 nM and (C) 0.4 nM NLS/RGD-AgNPs. Cells were incubated with
nuclear-targeting AgNPs for 24 h. Scale bar: 10 μm.
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cancer cells after treatment with nuclear-targeting AgNPs. G2
accumulation was also seen in cancer and healthy cells during
cell cycle analysis. The resulting G2 accumulation in cells
treated with varying concentrations of AgNPs differed from the
M phase accumulation in cells treated with 0.4 nM NLS/RGD-
AuNPs. In cancer cells, the G2 accumulation accompanied by
the increase in the sub G1 population suggests cells were
unable to pass through the G2 checkpoint and the G2-M
transition has been affected. The cause of the altered cell cycle
was attributed to DNA damage, as seen with confocal
microscopy. The basis for the observed DNA damage could
potentially be a result of ROS generation from the AgNPs, as
we eliminated leaching Ag+ ions as the sole reason. These
results demonstrate the importance of systematically studying
the intracellular effects of each surface ligand and plasmonic
nanoparticle combination to ensure the desired biomedical
function and cytotoxicity are achieved.
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Figure S1.  DNA histograms of cancer and healthy cells treated with conjugated AgNPs.  

Nuclear targeting (NLS/RGD) AgNPs caused the increase in the sub G1 population of cancer 

cells (red box) and G2 accumulation in both cancer and healthy cells. 

 

 

Figure S2.  Cell cycle analysis of cancer (A) and healthy (B) cells treated with 0.1 nM PEG-

AgNPs and 0.4 nM PEG-AgNPs.  There was no significant alteration in the cell cycle in both 

cell models when compared to their controls. 
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Figure S3.  

Confocal images of healthy (HaCat) cells after treatment with NLS/RGD-AgNPs.  DNA double 

strand breaks, detected by the green fluorescence foci, were not seen in either untreated (A) or 

0.4 nM NLS/RGD-AgNPs treated (B) healthy cells.  Cells were incubated with nuclear targeting 

AgNPs for 24 hours.  Scale bar: 10 µm. 
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ABSTRACT: Combining different proteins can integrate the
functions of each protein to produce novel protein conjugates
with wider ranges of applications. We have previously introduced a
peptide containing tyrosine residues (Y-tag) at the C-terminus of
Escherichia coli alkaline phosphatase (BAP). The tyrosine residues in
the Y-tag were efficiently recognized by horseradish peroxidase
(HRP) and were site-specifically cross-linked with each other to
yield BAP homoconjugates. In this study, the HRP-catalyzed
tyrosine coupling reaction was used for protein heteroconjugation.
Streptavidin (SA) was selected as the conjugation partner for BAP.
The Y-tag (GGGGY) was genetically introduced to the C-terminus
of SA. Prior to heteroconjugation, the reactivity of the Y-tagged SA was examined. The Y-tagged SA cross-linked to form an SA
homoconjugate upon HRP treatment, whereas wild-type SA remained essentially intact. In the heteroconjugation reaction of
BAP and SA, the Y-tagged BAP and SA were efficiently cross-linked with each other upon HRP treatment. The functions of the
BAP-SA conjugates were evaluated by measuring the BAP enzymatic activity on a biotin-coated plate. The BAP-SA conjugate
tethered to the plate showed BAP enzymatic activity, indicating that both BAP and SA retained their functions following
heteroconjugation. The BAP-SA conjugate prepared from both Y-tagged BAP and SA showed the highest enzymatic activity on
the biotin-coated plates. This result illustrates the advantage of the protein conjugation reaction in which multiple numbers of
proteins can be conjugated at the same time.

■ INTRODUCTION

There is significant interest in the heteroconjugation reaction of
different proteins because this reaction combines distinct protein
functionalities, thereby increasing the integrative functions of
conjugated proteins and providing an alternative use of proteins
in many fields.1−4 Many approaches to achieve protein hetero-
conjugation have been proposed. The most straightforward
approach is to genetically fuse two proteins, producing so-called
fusion or chimeric proteins.5−7 This technique enables the
production of homogeneous protein conjugates by controlling
sophisticated protein expression systems of living organisms.
Protein expression systems have been extensively used for the
purpose of protein production and purification5,6 and in in vivo
imaging.7 By using this method, it is possible to theoretically
conjugate any set of proteins; however, there is the risk of
protein misfolding which results in the loss of protein function
or the formation of insoluble inclusion bodies.
Post-translational protein modification (PTM) has general

versatility to produce protein heteroconjugates, because PTM
works with mature proteins thereby avoiding the problems
associated with the expression of fusion proteins. Heterobifunc-
tional linkers, which cross-link primary amino groups including
an N-terminal amino acid and the side-chain of lysine, and/or
the thiol group of cysteine, have been widely used to produce
antibody-based heteroconjugates because antibodies possess
cysteine residues available for this purpose.8−10 Although the

reaction is simple and easy to apply, the hereroconjugation
reaction using heterobifunctional linkers is limited between two
proteins, because one protein must have an available cysteine
and the other protein should contain no cysteines. Moreover,
the cross-linking reaction must be conducted in two steps,
including the reduction of disulfide bonds and purification. Self-
labeling proteins, such as the SNAP-tag and Halo-tag, have
become powerful protein modification tools to introduce small
molecules site-specifically to proteins.11,12 These techniques
should offer the potential to produce protein−protein
heteroconjugates; however, negligible effort has been made
using this method, probably because the introduction of small
chemical substrates to target proteins is required.11 Intein-
mediated protein ligation is also applicable to protein
heteroconjugation, but problems associated with the misfolding
of the intein-fusion protein can arise.5,13

Enzymatic post-translational modifications represent the most
promising way to produce protein−protein heteroconju-
gates.3,14−17 Transglutaminase (TGase) has been studied and
used in site-specific protein modifications including protein
heteroconjugation, because the cross-linking of different pairs
of natural amino acids, glutamine, and lysine residues is
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possible.3,15 The transpeptidase from Staphylococcus aureus,
Sortase A (SrtA), is another enzyme that has been employed for
site-specific protein−protein conjugations.14,16,17 SrtA catalyzes
the heteroconjugation reaction of two proteins. In this reaction,
one protein possesses the C-terminal LPXTG sequence and the
other protein has an N-terminal oligoglycine sequence. SrtA
cleaves the peptide bond between the threonine and glycine
residues of the LPXTG sequence and forms a peptide bond
between the C-terminal end of the threonine residue and the
N-terminal end of the oligoglycine.14 Protein conjugations
mediated by these enzymes require only the addition of short
peptide tags, which are composed of natural amino acids. The
problems associated with using these enzymes are that TGase
has relative broad substrate recognition of amino substrates and
the reaction efficiency of SrtA-catalyzed transpeptidation is not
high because of competitive hydrolytic cleavage reactions.
Besides these well-studied enzymes, various oxidoreductases,

including tyrosinase, laccase, and peroxidase, have also been
employed for the purpose of protein modifications.18−22 These
enzymes catalyze the oxidation reaction of tyrosine and form
o-quinone and phenoxy radicals in the side-chains. These
activated tyrosine species are subsequently conjugated with
primary amino groups20,21 or other tyrosine residues.18,19,22

Tyrosine residues can be found in modified forms, including
dityrosine and trityrosine, in various kinds of structural proteins
in nature,23−26 suggesting the potential use of tyrosine as a
target for PTM. As a target for protein modification, tyrosine
residues have several advantages over common targets such as
primary amino groups, carboxylic acid groups, or the thiol
group. Tyrosine is a hydrophobic amino acid, and hence, the
number of tyrosine residues exposed on a protein surface is
generally lower than the hydrophilic amino acids, implying
higher site-specificity in targeting tyrosine compared with other
amino acids. Tyrosine is rather stable in physiological
conditions, and therefore, it is not readily involved in common
nucleophilic reactions such as amine coupling, indicating that
selective modification of tyrosine residues is orthogonal to other
common protein modification strategies.
We have recently reported site-specific protein cross-linking

using the horseradish peroxidase (HRP) mediated oxidative
tyrosine-coupling reaction.27 In this previous report, peptide tags
containing tyrosine residues (Y-tags) were genetically intro-
duced at the C-terminus of Escherichia coli alkaline phosphatase
(BAP). We demonstrated that as a proof-of-concept study the
Y-tagged BAP became reactive to the enzymatic reaction of
horseradish peroxidase (HRP), which resulted in the formation
of site-specifically cross-linked BAP via the Y-tag.
Here, we explored the protein heteroconjugation of a

Y-tagged BAP with a functional protein by the HRP-mediated
tyrosine coupling reaction. Streptavidin (SA) derived from
Streptomyces avidinii was selected as a promising conjugation
partner. SA is a tetrameric protein, and each subunit binds to
one water-soluble vitamin, biotin, with extraordinarily strong
affinity.28 SA has been extensively used in multiple fields such
as biochemical, pharmaceutical, and biophysical applica-
tions.29,30 The heteroconjugate of SA and alkaline phosphatase
(AP) is applicable to the enzyme-linked immunosorbent assay
(ELISA), staining of cells and tissues, and Western blotting.
SA-AP conjugates are thus commercially available from several
chemical companies. Unlike other enzyme-mediated protein
conjugation reactions, the HRP catalyzed tyrosine-coupling
reaction can cross-link a multiple number of SA and BAPs in
one step, which results in the formation of (BAP)n-(SA)m

conjugates. In this report, the Y-tag was genetically introduced
to the C-terminus of SA and BAP and the heteroconjugation of
BAP and SA was demonstrated to prepare BAP-SA conjugates
by the HRP-catalyzed tyrosine coupling reaction.

■ EXPERIMENTAL PROCEDURES
Materials and Instruments. Wild-type BAP (WT-BAP)

and Y-tagged BAP (CY1-BAP) bearing the thrombin cleavage
sequence (LVPRGS) and Y-tag (GGGGY) at the C-terminus
were prepared according to our previous report.27 The plasmid
coding the core streptavidin (127 a.a.) was synthesized by the
Codon Device (Cambridge, MA, USA). HRP-type VI (250−
330 units/mg solid using pyrogallol) was purchased from Sigma
Aldrich Co. H2O2 (30 wt %) was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). All other reagents
were purchased and used as received. A cation exchange
column (HiTrap SP HP 1 mL) and a desalting column (PD-
10) were purchased from GE Healthcare Bio-Sciences. A size-
exclusion chromatography column (TSKgel G4000SW) was
purchased from Tosoh Co. All chromatography experiments for
the purification of SAs were conducted on a BioLogic DuoFlow
Chromatography System (Bio-Rad Laboratories, Inc.).
Gene Construction of SA. The gene coding the core SA

was amplified by PCR to introduce the Y-tag (GGGGY) to the
3′ terminal end, and the restriction enzyme sequences of NdeI
and HindIII were also appended to the 5′ and 3′ termini,
respectively. The PCR products were digested with NdeI and
HindIII and cloned into the NdeI and HindIII sites of the pET22b
+ plasmid followed by transformation into E. coli JM109 to yield
an expression plasmid coding for Y-tagged SA (abbreviated as
CY1-SA). Wild-type SA (abbreviated as WT-SA) was also pre-
pared in the same manner as the Y-tagged SA, but without the
addition of the Y-tag sequence at the C-terminus.
Expression and Purification of the Recombinant SAs.

The general purification process of SAs was carried out as
previously described.31,32 The expression of SA was carried out
in E. coli BL21(DE3). After transformation, single colonies
were selected from the agar plates containing 100 μg/mL of
ampicillin and inoculated into 5 mL of LB medium containing
100 μg/mL of ampicillin. The medium was precultured
overnight at 37 °C. The precultured medium was then poured
into 500 mL of LB medium containing 100 μg/mL ampicillin
and grown until the OD600 reached ∼0.9. Isopropyl β-D-
thiogalactoside (IPTG) was added to the medium to a final
concentration of 100 mg/L to induce the expression of the
target SA. All protein expressions were performed for 4 h at
37 °C. The cells were then collected by centrifugation at 5000 g
for 20 min at 4 °C. The cell pellets were washed with the pellet
wash buffer (10 mM Tris-HCl, 1 mM EDTA, and 100 mM
NaCl, pH 8.0) twice and subsequently resuspended in 30 mL
of the inclusion body wash buffer (30 mM Tris-HCl, 2 mM
EDTA, 0.1% Triton-X100, pH 8.0). The cell suspensions were
frozen with liquid nitrogen and stored at −80 °C until purifi-
cation. For the purification of SAs, the frozen cell suspensions
were completely thawed on ice and 10 mg of lysozyme, 100 μL
of 1 mg/mL DNase I and RNase A, and 120 μL of 1 M MgCl2
were added. The suspensions were then incubated on ice for
30 min and then sonicated for 3 min to lyse cells. The super-
natant and the insoluble materials containing inclusion bodies
of SAs were separated by centrifugation at 5800 g for 10 min at
4 °C. The insoluble materials were thoroughly resuspended in
30 mL of the inclusion body wash buffer by pipetting and
the inclusion bodies were collected at 5800 g and 4 °C.
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This washing process was repeated until the inclusion bodies
became white in color. This involved repeating the wash steps
at least four times. The obtained inclusion bodies were further
washed three times in the same manner using the pellet wash
butter to remove the surfactant, Triton-X100. The inclusion
bodies were then dissolved into 750 μL of a 6 M guanidinium
hydrochloride solution (pH 1.5) and centrifuged at 20,800 g for
15 min at 4 °C. The supernatant containing the unfolded SA
was dropped into vigorously stirred 50 mL of TBS (25 mM
Tris-HCl, 137 mM NaCl, 2.68 mM KCl, pH 7.4) at 4 °C and
then stirred gently overnight to refold SAs. The following day,
12.58 g of well-ground ammonium sulfate was gradually added
to the TBS solution and stirring was continued for a further
three hours. The generated settlings in the solution were
removed using No. 2 filter paper. The SA in the solution was
precipitated by adding a further 11.8 g of ammonium sulfate
and stirring was continued at 4 °C overnight. The precipitated
SA was collected by centrifugation at 20 800 g for 10 min and
dissolved into 2.5 mL of TBS. The SA solution was filtrated
using a 0.2 μm membrane filter and the buffer was exchanged
to the cation chromatography binding buffer (100 mM succinic
acid, 10 mM EDTA, pH 4.2) using PD 10 Sepharose columns.
The SA solution was applied to a cation exchange column that
was pre-equilibrated with the binding buffer. The column was
washed with five column bed volumes of the binding buffer.
SAs were eluted by a salt gradient of the elution buffer
(100 mM succinic acid, 10 mM EDTA, 1 M NaCl, pH 4.4)
from 0% to 35% with five column bed volumes, and 0.5 mL
fractions were collected. A small portion of each fraction was
taken and mixed with a HABA (2-(4′-hydroxyazobenzene)-
benzoic acid) solution to determine the presence of SAs.
The fractions containing SA were gathered and concentrated
into a volume of ∼0.9 mL using an ultrafiltration membrane
(MWCO 10 kDa). The SA solution was next purified using a
SEC column equilibrated with the SEC mobile phase (20 mM
Tris-Acetate pH 7.2). All of the BAP solutions were applied to
the SEC column using a 1 mL sample loop, and size-exclusion
chromatography was carried out at flow rate of 0.5 mL/min.
Fractions containing SA were collected and finally desalted into
10 mM Tris-HCl (pH 8.0) on PD 10 Sepharose columns. The
concentrations of the obtained SA solutions were measured
using the BCA assay and bovine serum albumin (BSA) as the
standard. The purities of the SA samples were determined by
SDS-PAGE analysis. The purification procedure was used for
the production of all SA constructs.
Heteroconjugation Reaction of BAP and SA. BAP, SA,

and HRP were dissolved in 10 mM Tris-HCl (pH 8.0) at final
concentrations of 0.2 mg/mL, 0.2 mg/mL, and 0.1 mg/mL,
respectively. The sample solutions were incubated at 37 °C, and
the heteroconjugation reaction of BAP and SA was conducted
by adding 1 μL of a 500 μM H2O2 solution five times every
10 min to a final concentration of 50 μM. After overnight
incubation, the sample solutions were analyzed by SDS-PAGE
and native-PAGE analyses. Prior to native-PAGE analyses,
biotin-4-fluorescein was added to the sample solutions at a final
concentration of 50 μM and incubated for 1 h at 4 °C.
Thrombin Treatment of CY1-BAP-SA Conjugates.CY1-

BAP bears a thrombin cleavage site between BAP and the
Y-tag; however, the CY1-SA construct does not have this
protease site. Therefore, it is possible to cleave the Y-tag of
CY1-BAP selectively. For the purpose of analyzing how CY1-
BAP and SAs are conjugated to each other, (CY1-BAP)-SA
conjugates were subjected to thrombin cleavage. After the

heteroconjugation reaction of CY1-BAP and SAs, thrombin was
added to the solutions at a final concentration of 20 U/mL.
The solutions were analyzed in the same manner by SDS-
PAGE and native-PAGE analyses.
Immobilization of BAP-SA Conjugates to a Biotin-

Coated Plate. To standardize the experimental conditions,
the BAP enzymatic activities of the BAP-SA conjugates were
first measured in the solution state. After the heteroconjugation
reaction, 10 μL of each BAP-SA conjugate sample was taken
and added to 990 μL of 1 mM p-nitrophenylphosphate
(p-NPP)/1 M Tris-HCl (pH 8.0) in a UV quotes cell. The
absorbance increase derived from the generated p-nitrophenol
(p-NP) at 410 nm was monitored for 3 min at 25 °C. One unit
of BAP enzymatic activity was defined as an activity that
catalyzes the dephosphorization reaction of 1 μmol of p-NPP in
1 min, and the p -NP absorbance coefficient of 16 900 M−1

cm−1 was employed to calculate the unit value. All the sample
solutions were then diluted using 10 mM Tris-HCl (pH 8.0) to
a concentration of 0.5 unit/mL and 125 mM of NaCl was
added. To immobilize the BAP-SA conjugates, 100 μL of each
BAP-SA conjugate solution was added to a well of biotin-coated
plates (Pierce Biotin Coated Clear 8-Well Strip Plates)
preliminarily washed with TBS three times and then incubated
at 25 °C for 30 min. The wells were washed with TBS three
times to remove unbounded proteins. Lastly, BAP enzymatic
activities were measured in each well by adding 200 μL of
1 mM p-NPP/1 M Tris-HCl (pH 8.0) to each well and the
increase in the absorbance at 410 nm was monitored for 10 min
at 37 °C.

■ RESULTS AND DISCUSSION
Homoconjugation Reaction of SA. Prior to hetero-

conjugation, SAs were treated with HRP in the absence of BAP
and the reactivity of SAs against HRP treatment was evaluated.
The results of SDS-PAGE analyses of HRP-treated SA samples
are shown in Figure 1. The band representing monomeric

WT-SA at ∼12 kDa remained after HRP treatment (Lane 4 for
WT-SA), with a slight decrease in intensity. Additionally, a new
band corresponding to the mSA dimer, close to a band arising
from a contaminating protein in the HRP sample (<32 kDa),
can be observed, yet the intensity is very weak. These results
suggest that the intrinsic tyrosine residues of SA can be partly
recognized by HRP. In contrast, the band of monomeric
CY1-SA completely disappeared after HRP treatment and new
bands corresponding to the mSA dimer and polymers emerged
(Lane 4 for CY1-SA). This observation indicates that the tyrosine
residues in the appended Y-tag were efficiently recognized by
HRP and polymerized, since dityrosine, a coupling product of
tyrosyl radicals, can be reactivated by HRP and form branched

Figure 1. SDS-PAGE analyses of HRP-treated SAs. Lane H: HRP;
Lane 1: SA; Lane 2: SA with the addition of H2O2; Lane 3: SA with
the addition of HRP; Lane 4: SA with the addition of HRP and H2O2.
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cross-linkage. Figure 2 shows the molecular image of a subunit of
SA showing its intrinsic tyrosine residues as CPK models. As

seen in Figure 2, Y11 and Y72 of SA are exposed on the surface
of the protein. In particular, Y72 is located on a loop and is likely
to be relatively flexible. We hypothesized that these two tyrosine
residues are responsible for the homoconjugation of WT-SA
upon HRP treatment and evaluated the reactivities of these two
tyrosine residues by introducing the mutations Y11F and Y72F
to WT-SA (see Supporting Information). The formation of
dityrosine, one of the products of the tyrosine coupling reaction,
was monitored by measuring the fluorescence intensity at
400 nm. The Y72F mutation significantly reduced the formation
of the dityrosine upon HRP treatment, whereas the Y11F
mutation had negligible effect. Therefore, Y72 is likely to be the
primary tyrosine residue that is recognized by HRP and facilitates
homoconjugation of WT-SA. This result also shows that, to be
recognized by HRP, a tyrosine residue must not only be exposed
on the protein surface but also needs to be in a flexible region,
as the Y11 of WT-SA appears to be not recognized by HRP.
The crystallographic data of five amino acid residues at the
C-terminus of SA were not obtained (PDB ID: 1MK5),
indicating high flexibility of the C-terminal region. Thus, the
introduction of a flexible tyrosine residue as a Y-tag at the flexible
SA C-terminus drastically increased the reactivity against HRP
treatment, suggesting that the cross-linking of CY1-SA
predominantly occurred through the Y-tag. The results obtained
here demonstrate that the peroxidase-catalyzed tyrosine-coupling
reaction is generally applicable to recombinant Y-tagged proteins.
Heteroconjugation Reaction of BAP and SA. BAP and

SA were treated with HRP for the heteroconjugation reaction.
The results of the SDS-PAGE and native-PAGE analyses of
BAP-SA conjugation samples are shown in Figure 3. When
WT-BAP and WT-SA were treated with HRP, both proteins
exhibited virtually no reactivity, resulting in the presence of no
new bands, and no observed change around 52 and 12 kDa,
corresponding to mBAP and mSA, respectively (Figure 3A,
Lane 1 for WT-BAP). The presence of a cross-linked WT-SA
species was observed in the fluorescence image of the native-
PAGE; however, this band was extremely weak.
In the case of either BAP or SA possessing a Y-tag, the

heteroconjugation reaction between BAP and SA occurred only

when the Y-tag was appended to BAP. In the SDS-PAGE
analysis, new bands emerged at ∼60 kDa and above the mBAP
dimer bands (around 102 kDa) with a ladder distribution
(Figure 3A, Lane 1 for CY1-BAP). The new band at ∼60 kDa
corresponds to the mBAP-mSA conjugate based on the
molecular weight, and the higher molecular weight bands are
presumably conjugates in which mSA is attached to mBAP
oligomers and polymers. In the native-PAGE analysis, most of
the bands of the conjugates exhibited fluorescence from biotin-
4-fluorescein indicating the presence of SA (Figure 3B, Lane 1
for CY1-BAP). This result shows that, when CY1-BAPs are
cross-linked with each other, WT-SA was partly involved in
protein conjugation. In contrast, WT-BAP was not cross-linked
with CY1-SA even though CY1-SA was highly self-cross-linked
in the same solution. These results can be explained as follows.
As explained earlier, WT-SA has two largely exposed intrinsic
tyrosine residues, Y11 and Y72, and Y72 can be recognized by
HRP. However, although Y72 of WT-SA can be recognized by
HRP and also the radical exchange reaction from the Y-tag of
CY1-BAP can help to activate the exposed tyrosine residues of
WT-SA, a large portion of WT-SA remained unreacted.
Therefore, the heteroconjugation efficiency between CY1-
BAP and WT-SA was not high. On the other hand, WT-BAP
possesses no intrinsic tyrosine residues that are fully exposed on
the surface of BAP, resulting in no heteroconjugation reaction
between CY1-SA.
In the case of the heteroconjugation reaction of CY1-BAP

and CY1-SA, in the SDS-PAGE analyses, the mSA band
completely disappeared and multiple bands corresponding to
BAP-SA conjugates emerged (Figure 3A, Lane 2 for CY1-BAP).
The emergence of a new band at ∼80 kDa corresponds to the
mBAP-(mSA)2 conjugate. The mBAP-(mSA)2 conjugate was
considered to be a form of a branched conjugate cross-linked
through the Y-tag of each protein or a form where one Y72 of
an mSA dimer, which is formed by intramolecular cross-linking

Figure 2. Molecular images of a subunit of WT-SA showing its
intrinsic tyrosine residues as CPK models (PDB ID: 1MK5). The
numbering of the amino acids began from the initiation codon of the
methionine.

Figure 3. SDS-PAGE (A) and native-PAGE (B) analyses of the
heteroconjugation reaction of BAP and SA. Lane 1: BAP with the
addition of WT-SA, HRP, and H2O2; Lane 2: BAP with the addition of
CY1-SA, HRP, and H2O2. In the native-PAGE analysis, SA was
visualized by biotin-4-fluorescein (right of each picture).
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via the Y-tags, is involved in the cross-coupling with the Y-tag of
mBAP. It is interesting that such conjugates were not observed
in the case of the heteroconjugation reaction between CY1-
BAP and WT-SA. In the solution of CY1-BAP and WT-SA, the
homoconjugation reaction of WT-SA through its exposed
tyrosine residue Y72 may compete with the heteroconjugation
reaction with CY1-BAP. Thus, the cross-linking of WT-SAs was
not observed and no further reaction of such species with CY1-
BAP was observed. As a result, it can be assumed that the
mBAP-(mSA)2 conjugate was solely observed in the co-cross-
linking of CY1-BAP and CY1-SA. In the native-PAGE analysis
of the (CY1-BAP)-(CY1-SA) conjugate, the molecular weight
of the conjugates dramatically increased when compared with
the (CY1-BAP)-(WT-SA) conjugate, indicating efficient con-
jugation between BAP and SA through the Y-tag (Figure 3B,
lane 2 for CY1-BAP). No precipitate was observed in the
solution after the heteroconjugation reaction of CY1-BAP and
CY1-SA, despite the extremely high molecular weight of the
(CY1-BAP)-(CY1-SA) conjugate that barely enters the running
gel of the native-PAGE.
Thrombin Treatment of CY1-BAP-SA Conjugates. To

evaluate the cross-linking morphologies of the BAP-SA
conjugate, the Y-tag of CY1-BAP was cleaved by thrombin
treatment. Ideally, the efficiency of the heteroconjugation
reaction is equivalent to the efficiency of the homoconjugation
reaction of BAP and SA. Assuming that CY1-BAP and SA
consistently cross-link with each other, the Y-tag cleavage from
CY1-BAP after the heteroconjugation reaction should yield a
substantial amount of free SA. The results of the SDS-PAGE
and native-PAGE analyses of (CY1-BAP)-SA conjugate samples
after thrombin treatment are shown in Figure 4. The conjugate

of WT-SA and CY1-SA was almost completely digested by
thrombin, and resulted in the presence of SA monomers and
BAP monomers in the SDS- and native-PAGE analyses (Lane 2
for WT-SA). The results indicate that the (CY1-BAP)-(WT-
SA) conjugate was cross-linked site-specifically through the
Y-tag of CY1-BAP. In the case of the (CY1-BAP)-(CY1-SA)
conjugate, thrombin treatment should also digest the

conjugates to yield BAP monomers. However, from the result
of the native-PAGE analysis, it is clear that most of the CY1-SA
remained in the highly cross-linked form even after thrombin
treatment (Figure 4B, lane 2 for CY1-SA). The molecular
weight of the (CY1-BAP)-(CY1-SA) conjugate decreased upon
thrombin treatment; therefore, CY1-BAP and CY1-SA are
clearly conjugated to each other. However, it is clear that the
majority of CY1-SA has self-conjugated. SA is a tetramer
protein, and hence, CY1-SA possesses four flexible Y-tags in a
molecule, indicating the high probability of intramolecular
cross-linking of the Y-tag upon HRP treatment. Additionally,
the intrinsic tyrosine residues of SA contribute to the homo-
conjugation of CY1-SA. In addition, the molar concentration of
SA was much higher than that of BAP in the reaction mixture
(0.2 mg/mL of each protein). For these reasons, CY1-SA was
found to be highly self-cross-linked, even in the presence of the
reactive CY1-BAP protein.
Immobilization of BAP-SA Conjugates to a Biotin-

Coated Plate. The protein functions of both BAP and SA
were examined by immobilizing BAP-SA conjugates onto
biotin-coated plates. In this study, the resultant BAP-SA
conjugates were conjugates of BAP and SA in the ratio of
n to m. As a result, when the BAP-SA conjugate was cast onto
the biotin-coated plates, if one SA binds to one biotin, multiple
numbers of BAP will be immobilized. After immobilization of
the BAP-SA conjugate on the biotin-coated plates, the BAP
enzymatic activities were measured and the results are shown
in Figure 5. Enzymatic activity of BAP was detected on the

biotin-coated plates; therefore, both BAP and SA retained their
functions after the heteroconjugation reactions. BAP-SA
conjugates prepared from CY1-BAP exhibited higher enzymatic
activity than the others. This is because of the successful
heteroconjugation of CY1-BAP with SA (Figure 3). When both
SA and BAP possess the Y-tag, the tyrosine coupling efficiency
was much higher than the other conditions examined, and
hence, the (CY1-BAP)-(CY1-SA) conjugate showed the
highest enzymatic activity on the biotin-coated plates. In
addition, the (CY1-BAP)-(WT-SA) conjugate showed consid-
erably higher enzymatic activity despite the absence of the Y-tag
on SA. Under the reaction conditions for the CY1-BAP/
WT-SA conjugation, CY1-BAP occasionally cross-linked with
WT-SA and also self-cross-linked to yield CY1-BAP oligomers
and polymers. Therefore, the conjugation ratio of BAP and SA
in (CY1-BAP)-(WT-SA) conjugates is ideal for exhibiting high
BAP enzymatic activity on the biotin-coated plates, to which

Figure 4. SDS-PAGE (A) and native-PAGE (B) analyses of thrombin-
treated CY1-BAP-SA conjugates. Lane 1: SA with the addition of CY1-
BAP, HRP, and H2O2; Lane 2: thrombin was added to the samples of
lane 1 and incubated for 12 h at 37 °C. In the native-PAGE analysis,
SA was visualized by biotin-4-fluorescein (right of each picture).

Figure 5. Enzymatic activity of BAP-SA conjugates on a biotin-coated
plate.
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polymeric CY1-BAP with a small fraction of conjugated WT-SA
was captured. However, since the heteroconjugation efficiency
between CY1-BAP and WT-SA was not high, the overall
enzymatic activity of the (CY1-BAP)-(WT-SA) conjugate was
not as high as that of the (CY1-BAP)-(CY1-SA) conjugate.
The ratio of BAP and SA appears to be important in

achieving high BAP enzymatic activity on the plates. Thus,
(CY1-BAP)-(CY1-SA) conjugates were prepared by differing
the ratio of SA/BAP. Here, the BAP concentration was fixed at
0.2 mg/mL and evaluated in the same manner. The results
are shown in Figure 6. We expected that the (CY1-BAP)-

(CY1-SA) conjugate prepared at a low ratio of SA/BAP should
exhibit high enzymatic activity of BAP on the biotin-coated
plate, because a large number of CY1-BAP could be attached to
a small number of SA molecules. Contrary to our expectation,
as the ratio of SA/BAP decreased, the conjugates exhibited
lower enzymatic activity. Additionally, at SA/BAP ratios over
1/1, there was no significant difference in the BAP enzymatic
activity on the biotin-coated plate. This can be explained as
follows. As we discussed earlier, the CY1-SA preferentially self-
cross-linked even in the presence of CY1-BAP. Therefore, in
the solutions of the (CY1-BAP)-(CY1-SA) conjugate prepared
at low ratios of SA/BAP, a large amount of CY1-BAP was not
cross-linked with SA and most of the CY1-SA was self-cross-
linked intramolecularly because of the low concentration used.
As the ratio of SA/BAP increased, the efficiency of the co-cross-
linking between BAP and SA increased, resulting in the
immobilization of more BAP molecules on the biotin-coated
plate. However, at the same time, the amount of SA conjugates,
which were not co-cross-linked with BAP, also increased. Those
SA conjugates would cover the surface of the biotin-coated
plate, resulting in the immobilization of fewer BAP proteins on
the plate. With these two processes taking place, the BAP
enzymatic activity on the surface saturated at the SA/BAP ratio
over 1/1. The results indicate that, to obtain high BAP
enzymatic activity on the biotin-coated plate, at least equivalent
amounts of SA against BAP are required.

■ CONCLUSION

In this report, we demonstrated the heteroconjugation of BAP
and SA by the HRP-catalyzed tyrosine cross-linking reaction.

WT-SA exhibited very low reactivity against HRP treatment:
the main reaction site of WT-SA upon HRP treatment was Y72.
However, introduction of a Y-tag drastically increased the
reactivity of SA against HRP treatment, which resulted in the
homoconjugation of CY1-SA. The BAP-SA conjugate was
efficiently obtained by HRP treatment when Y-tags were
introduced to both SA and BAP. CY1-BAP and WT-SA were
also cross-linked; however, WT-BAP did not cross-link with
CY1-SA because of the presence of the exposed tyrosine
residues on SA and the absence of exposed tyrosine residues on
the surface of BAP. Thrombin treatment of the BAP-SA
conjugate revealed that the (CY1-BAP)-(WT-SA) conjugate
had site-specifically cross-linked with each other through the
Y-tag of CY1-BAP. Thrombin treatment of the (CY1-BAP)-
(CY1-SA) conjugate yielded BAP monomers, but most of the
CY1-SA remained in high molecular weight forms, suggesting
that CY1-SA was highly self-cross-linked even in the presence
of CY1-BAP. The BAP-SA conjugate prepared from CY1-BAP
and CY1-SA showed the highest enzymatic activity when
immobilized on a biotin-coated plate because of the higher
heteroconjugation efficiency.
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Abs, absorbance; AP, alkaline phosphatase; BAP, bacterial
alkaline phosphatase; BCA, bicinchoninic acid; BSA, bovine
serum albumin; EDTA, ethylenediaminetetraacetic acid;
ELISA, enzyme-linked immunosorbent assay; HRP, horseradish
peroxidase; HABA, 2-(4′-hydroxyazobenzene) benzoic acid;
IPTG, isopropyl β-D-thiogalactoside; LB medium, Lysogeny
Broth medium; mBAP, monomeric bacterial alkaline phospha-
tase; mSA, monomeric streptavidin; MWCO, molecular weight
cut off; OD, optical density; PAGE, polyacrylamide gel electro-
phoresis; PCR, polymerase chain reaction; p-NP, p-nitro-
phenol; p-NPP, p-nitrophenylphosphate; PTM, post-transla-
tional protein modification; SA, streptavidin; SDS, sodium
dodecyl sulfate; SEC, size exclusion chromatography; TBS,
Tris-buffered saline; Tris, tris(hydroxymethyl)aminomethane;
WT, wild-type

Figure 6. Enzymatic activity of (CY1-BAP)-(CY1-SA) conjugates
prepared at various ratios of SA/BAP. The CY1-BAP concentration
was fixed at 0.2 mg/mL (approximately 4 μM of mBAP). The ratio of
SA/BAP was calculated from molar amounts of monomeric SA and
BAP.
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1. Measurement of fluorescence emission from dityrosine.   

 To evaluate of which intrinsic tyrosine residues are responsible for homoconjugation of WT-SA upon HRP treatment, the 

formation of dityrosine was monitored by measuring the fluorescence emission from dityrosine at ~400 nm with an 

excitation light of ~320 nm. The suspected intrinsic tyrosine residues of WT-SA, Y11 and Y72, were substituted by 

phenylalanine (in single letter form: F). We prepared three types of WT-SA mutants, WT-SA(Y11F), WT-SA(Y72F), and 

WT-SA(Y11F/Y72F) by the site-directed mutagenesis technique using KOD-Plus-Mutagenesis Kit (TOYOBO Co., Ltd., 

Osaka, Japan). The fluorescence from dityrosine of WT-SA, WT-SA mutants, and CY1-SA was measured using a 

fluorescence spectrophotometer (PerkinElmer LS55) before and after the 3 min HRP treatment. The HRP treatment condition 

was same as the homoconjugation reaction of SAs in the manuscript except that the reaction was conducted with a volume of 

400 µL. The fluorescence spectra from 360 to 600 nm were obtained with an excitation wavelength of 315 nm and a sharp 

cut-off filter set at 350 nm. The excitation spectra were measured from 280 to 350 nm while monitoring the fluorescent 

intensity at 400 nm with a sharp cut-off filter at 390 nm. Also, the increase in the fluorescence intensity at 420 nm (excitation 

light of 315 nm with a sharp cut-off filter at 350 nm) was measured by using time-driven measurement mode. The reaction 

condition was same as mentioned above, but the reaction was conducted in a quarts cell (cell volume of 400 µL) for 

fluorescence measurement. After H2O2 was pipetted to the reaction mixture in a quarts cell all at once, the measurement was 

immediately started and monitored for 3 min. The results are shown in Figure S1.  
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Figure S1. Measurements of fluorescence from dityrosine on WT-SA, WT-SA mutants and CY1-SA. A: Excitation and 

fluorescence spectra of WT-SA, WT-SA mutants and CY1-SA; red lines, excitation spectra; green lines, fluorescence spectra; 

dotted lines, before HRP treatment; solid lines, after HRP treatment. ; B: time-driven measurements of fluorescence intensity 

at 420 nm on WT-SA, WT-SA mutants and CY1-SA.  
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ABSTRACT: Nucleolar targeting peptides (NrTPs), a recently developed
family of cell-penetrating peptides, have been shown to be very efficient in
entering cells and accumulating in their nucleoli. In this work, we have used
conjugates of NrTP6 (YKQSHKKGGKKGSG) covalently linked to β-
galactosidase in order to demonstrate the capacity of NrTP for intracellular
delivery of large molecules. NrTP6/β-galactosidase conjugates, prepared by
maleimide-based chemistry, were stable and enzymatically active on the
standard 4-methylumbelliferyl β-D-galactopyranoside substrate. Their trans-
location into HeLa cells, monitored by β-galactosidase activity as a readout of
the uptake, showed efficient cellular entry and thus demonstrated the potential
of NrTPs for intracellular delivery of large-size cargos with preservation of
biological activity.

■ INTRODUCTION

Cell-penetrating peptides (CPPs) are short cationic sequences
that, without disrupting membranes, can enter cells and carry
over various types of cargo molecules.1−3 Interest in these
peptides started two decades ago with the observation that the
HIV-1 accessory protein Tat is able to translocate into cells.1

Since that time, CPPs have been shown capable of transporting
biologically active cargos to the cell interior, both in vivo and in
vitro.4−6 Additionally, considerable effort has been invested in
understanding the ability of CPPs to internalize various cargos
[e.g., proteins, nucleic acids, fluorophores, radiolabels, magnetic
resonance imaging (MRI) contrast agents, quantum dots, and
so forth7−10], with the aim of developing CPPs into molecular
tools with potential applications in basic research, diagnostics,
or therapeutics. Relevant examples are pep-1 (Chariot),
currently used as a commercial transfection reagent,6,11,12 and
KAI-9803, a selective δ-protein kinase C inhibitor conjugated to
Tat that reduces injury associated with ischemia and
reperfusion in animal models, presently undergoing phase IIb
clinical trials.13

In principle, for any cargo intended to be ferried into a cell, a
conjugate with a CPP can be envisaged. For instance, CPPs
conjugated to either nucleic acids or proteins have been
successfully used for transfection or antibody delivery.14−16

Their eventual application in the therapeutic delivery of
different drugs remains a challenging yet promising area of
CPP research.4,7,13 Studies of Tat-mediated protein trans-
location opened the way to CPP-facilitated delivery of proteins
of different types and sizes, among which GFP (30 kDa), IgG

(120−150 kDa), or β-galactosidase (465 kDa) have already
been successfully tested.2,4−7 β-Galactosidase (β-gal), in
particular, is a frequent 2,6 and convenient cargo for CPP-
mediated protein delivery, given its large size and its well-
characterized enzymatic activity, for which different assays are
available.17−19 As to the conjugation of CPPs to the cargo of
interest, whether a protein, a nucleic acid, or a nanoparticle, a
number of approaches involving chemical conjugation, simple
electrostatic interaction, or molecular fusion have been
described.2,4,6,20−22

Nucleolar targeting peptides (NrTPs) were first described in
2008 as the result of structural minimization of the sequence of
crotamine,23 a 42-residue toxin that is one of the main
components of the venom of the South American rattlesnake
(Crotalus durissus terrif icus).24 The representative NrTP1
sequence (YKQCHKKGGKKGSG)23 has been shown to
possess remarkable translocating properties, namely, fast
internalization (<15 min) and preferential nucleolar local-
ization. For the purpose of this study, the original Cys at
position 4 of NrTP1 has been mutated to Ser, and an extra Cys
added to the C-terminal to facilitate conjugation. The resulting
analogue, NrTP6 (YKQSHKKGGKKGSG), shows no detri-
ment in CPP properties in the free form (unpublished), and we
hereby demonstrate its ability to translocate large biomolecules
into cells with full preservation of activity, a necessary condition

Received: August 1, 2011
Revised: September 23, 2011
Published: October 5, 2011

Article

pubs.acs.org/bc

© 2011 American Chemical Society 2339 dx.doi.org/10.1021/bc200421z |Bioconjugate Chem. 2011, 22, 2339−2344



for NrTP-mediated delivery of therapeutically relevant cargos
into cells and tissues. Our positive results offer obvious
opportunities for NrTP application, given that the nucleolus
has a key role in ribosome biogenesis and the control of the cell
cycle and, more recently, has been reported to take part in the
control of stress and viral infection.25−27

■ EXPERIMENTAL PROCEDURES
Chemicals. Fmoc-protected amino acids, 2-(1H-benzotria-

zol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) and Fmoc-Rink-amide (MBHA) resin were obtained
from Iris Biotech GmbH (Marktredwitz, Germany). HPLC-
grade acetonitrile, and peptide synthesis-grade N,N-dimethyl-
formamide (DMF), dichloromethane (DCM), N,N-diisopro-
pylethylamine (DIEA), and trifluoroacetic acid (TFA) were
from Carlo Erba-SDS (Peypin, France). 4-Methylumbelliferyl
β-D-galactopyranoside (MUG), Triton X-100, β-galactosidase
(EC 3.2.1.23) from Escherichia coli (grade VI), and 3-
maleimidobenzoic acid N-hydroxysuccinimide ester (MBS)
were obtained from Sigma (Madrid, Spain). DMEM, trypsin
0.05%, phosphate buffer saline (PBS), fetal bovine serum
(FBS), penicillin, and streptomycin were from Invitrogen
(Spain). All other chemicals were from Aldrich (Madrid, Spain)
Peptide Synthesis. The NrTP6 (YKQSHKKGGKKGSG)

sequence was synthesized with an extra Cys residue at either
the C- (i.e., NrTP6-C) or the N-terminus (C-NrTP6). Solid-
phase peptide synthesis was done by Fmoc-based chemistry on
Fmoc-Rink-amide (MBHA) resin (0.1 mmol) in a model 433
peptide synthesizer (Applied Biosystems, Foster City, CA)
running FastMoc protocols. Couplings used 8-fold molar excess
of both Fmoc L-amino acid and HBTU, and 16-fold molar
excess of DIEA. Side chain protecting groups were tert-butyl
(Ser, Tyr), tert-butyloxycarbonyl (Lys), and trityl (Cys, Gln,
His). After chain assembly, full deprotection and cleavage of the
N-deblocked resin were carried out with trifluoroacetic acid
(TFA)-water-ethanedithiol-triisopropylsilane (94:2.5:2.5:1 v/v,
90 min, rt). Finally, peptides were precipitated by addition of
chilled diethyl ether, taken up in H2O, and lyophilized.
Analytical reversed-phase HPLC was performed on a Luna
C18 column (4.6 mm × 50 mm, 3 μm, Phenomenex). Linear
gradients of solvent B (0.036% TFA in acetonitrile) into A
(0.045% TFA in H2O) were used for elution at a flow rate of 1
mL/min, with UV detection at 220 nm. Preparative HPLC runs
were performed on a Luna C18 column (21.2 mm × 250 mm,
10 μm; Phenomenex), using linear gradients of solvent B (0.1%
in acetonitrile) into A (0.1% TFA in H2O), as required, with a
flow rate of 25 mL/min. Matrix-assisted time-of-flight mass
spectra were recorded in the reflector mode in a Voyager DE-
STR workstation (Applied Biosystems, Foster City, CA) using
α-hydroxycinnamic acid as matrix. Fractions of adequate HPLC
homogeneity and with the expected mass were combined,
lyophilized, and used in the cell uptake experiments.
Conjugation. The protocol for conjugation of NrTP6 to β-

gal was adapted from Leteef et al.28 Briefly, 1 mg of β-gal was
dissolved in 2.1 mL of cold PBS and 4 mg of MBS were
dissolved in 400 μL of DMF (1 μM and 32 mM β-gal and MBS
concentrations, respectively). 160 μL of the MBS solution was
then added to the β-gal solution under constant stirring and
allowed to react for 30 min at 4 °C, to convert the protein Lys
residues into maleimide units. The reaction mixture was then
loaded to a Sephadex G-25 PD-10 desalting column (GE
Healthcare) pre-equilibrated with 50 mM phosphate buffer, pH
6. 1 mL fractions were collected at 4 °C, and the three with

highest absorbance at 290 nm were pooled and mixed with 1
mg (0.6 mmol) of either NrTP6-C or C-NrTP6, to assess the
effect of the conjugation position on cargo internalization and
preservation of bioactivity. The pH was adjusted to 7.5, and the
mixture was incubated for 3 h and then dialyzed against 6
changes (30 min each) of 10 mM phosphate buffer pH 7.4, at 4
°C. The total protein concentration in the conjugates was
determined by the Bradford method.29 Conjugates with 100-
fold lower concentrations of MBS (0.32 mM instead of 32
mM) were prepared likewise.

β-Gal Enzyme Assay. The colorless 4-methylumbelliferyl-
β-D-galactopyranoside (MUG) substrate is hydrolyzed by β-gal
into 4-methylumbelliferone (4-MU), whose formation was
monitored by its bright blue fluorescence (λ exc = 360 nm, λ exc =
440 nm, pH 7.4). Briefly, MUG was dissolved at 0.5 mM
concentration in PBS containing 5 mM MgCl2 and the enzyme
reaction was started with the addition of either free β-gal (0−6
μg/mL) or conjugate (0−10 μg/mL), following a procedure
adapted from previous reports.6,30 The kinetics of 4-MU
production was monitored by fluorescence intensity measure-
ments, for 90 min, on a TECAN Infinite 200 Multimode
microplate reader (Man̈nedorf, Switzerland).
Uptake of NrTP6-C/β-gal (or C-NrTP6) Conjugate.

Having established the activity of the NrTP6/β-gal conjugates
in cell-free conditions, their internalization by human
adenocarcinoma epithelial (HeLa) cells (gently supplied by
Dr. Xavier Mayol, Cancer Cell Line Repository, Municipal
Institute of Medical Research, Barcelona) was next studied.
Cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM), supplemented with 10% (v/v) of heat inactivated
fetal bovine serum (FBS), 10 U/mL penicillin, and 100 μg/mL
streptomycin, at 37 °C in a 5% CO2 atmosphere. Cells were
used for internalization experiments when they reached ca. 80%
confluence. Experiments were performed either in Petri dishes
(35 mm × 10 mm) or in 4-well plates. Briefly, conjugate (0−12
μg/mL) was incubated with cells for 60 min at 37 °C and 5%
CO2 atmosphere. Trypsin was added after incubation to detach
cells and hydrolyze extracellular nonincorporated (membrane
and nonmembrane bound) conjugate. Next, cells were
harvested, centrifuged twice at 500 g for 5 min (with an
intervening PBS wash), and permeabilized with 0.1% (v/v)
Triton X-100 for 15 min at 25 °C. A last centrifugation step was
done also at 500 g for 5 min and supernatant was assayed for
enzymatic activity by fluorescence spectroscopy accordingly
with the procedure described above. For these samples, 4-MU
end point concentrations were also precisely quantified by UV
absorbance after stopping the reaction by alkalinization with 50
mM NaOH to pH 9. UV absorbance measurements (ε 360 = 1.9
× 104 M−1 cm−1) were also done on a TECAN Infinite 200
Multimode microplate reader. The efficiency of internalization
was studied either with a fixed cell density (2 × 105 cells/mL)
at different conjugate concentrations or, alternatively, with a
fixed amount of conjugate (7 μg/mL) and variable cell
densities, in the (2−12) × 105 cells/mL range. Cell viability
was controlled throughout the 60 min incubation both by the
trypan blue exclusion assay and by differential interference
contrast microscopy (DIC) in a Leica TSC-SP2 microscope
(Wetzlar, Germany). Controls using nonconjugated enzyme
and peptide, either combined or separately, were also
performed. Moreover, an extensive study of β-gal residual
activity was done, testing the enzyme in the 0−170 μg/mL
concentration range.
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■ RESULTS AND DISCUSSION

Chemical conjugation, either protein (or peptide)-pro-
tein13,16,28 or protein (or peptide)-nucleic acid,20,31,32 is a
well-established procedure for covalent attachment of two
molecules. Figure 1 illustrates the conjugation between NrTP6
and β-gal, the latter chosen as a model to test CPP-mediated
uptake of large cargos.1,2,6 β-Gal activity was used as a readout
of the uptake, with the fair assumption that activity and
internalization are directly related. β-Gal is a large homote-
tramer, with 1023 amino acid residues per subunit, often used
as a reporter of product transcription. The enzyme catalyzes the
hydrolysis of lactose and other β-D-galactosides into mono-
saccharides. Although very specific for the galactose moiety, it is
rather promiscuous regarding the rest of the substrate, which
has allowed the development of different colorimetric assays for
measuring activity.33 For our study, we chose as probe 4-
methylumbelliferyl-β-D-galactoside (MUG), hydrolyzed by β-
gal to fluorescent 4-methylumbelliferone (4-MU).6,30 β-Gal
activity was measured by means of progression curves of
fluorescent product formation (Figure 2). The enzymatic assay
was conducted under substrate excess conditions, ensuring
quasi-steady-state enzyme activity. In this way, initial rates can
be assumed as Vmax and, hence, kcat is defined by the slope of
the v0 vs conjugate concentration variation (Figure 2).
Fluorescence data were normalized by dividing by the
fluorescence intensity of a 1 μg/mL solution of free β-gal
after 90 min. Prior to cell uptake experiments, the enzymatic
activity of various NrTP6/β-gal conjugates was confirmed
(Figure 3A), a linear relationship being found between v0 and
conjugate concentration up to 2.5 μg/mL. The enzymatic
activity was also compared with that of free β-gal at different
stages of the protocol to ensure that no loss of activity was
occurring. Results revealed a linear relationship between
enzymatic activity and concentration from 0 to 5 μg/mL of
free β-gal, with a kcat of 26.3 × 10−3 μg−1 mL min−1 and r 2 =
0.995.
Next, HeLa cells were incubated with the conjugate and

activity was measured in the cell-free extract upon addition of

MUG. Figure 3B shows a clear dependence of product
formation on conjugate concentration, hence supporting the
efficient delivery of NrTP6-conjugated β-gal into HeLa cells.
Incubation with nonconjugated β-gal (Figure 3B) resulted in
no product formation, in further support of the inability of β-gal
to enter cells unless conjugated to an efficient CPP. The fact
that the tetrameric form of β-gal is required for enzymatic
activity clearly demonstrates that the conjugate not only enters
cells, but does so while preserving its proper folding and
oligomerization, i.e., with minimal interference, if any, from
NrTP on the cargo structure. A control experiment with a
mixture of nonconjugated NrTP6 and β-gal gave negative
results that ruled out the possibility of NrTP6 electrostatic
binding to β-gal, forming conjugates with translocating activity.

Figure 1. Maleimide-mediated conjugation of NrTP6-C and C-NrTP6 to β-galactosidase. The Cys residue was either on the C- or on the N-
terminus of the peptide (NrTP6-C or C-NrTP6, respectively).

Figure 2. Time-course of β-galactosidase enzymatic activity.
Fluorescence intensity, proportional to the 4-MU product concen-
tration, was recorded at 440 nm (excitation at 360 nm) over 90 min
after addition of enzyme to MUG substrate. The above kinetic curves
correspond to 0.5 μg/mL (●), 1 μg/mL (○), 1.5 μg/mL (■), and
2.5 μg/mL (□) free β-gal concentrations, respectively. Fluorescence
intensity values were normalized to the intensity for 1 μg/mL of β-gal
at 90 min. Initial rates, v0, were determined from the initial slope of the
curves. The same procedure was used for β-gal conjugate samples
(alone or after cell incubation).
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The apparent decrease in the kcat of β-gal from 34.7 × 10−3 to
0.52 × 10−3 μg−1 mL min−1 upon HeLa cell internalization
(Figure 3 B) may be explained by several factors: The first, and
possibly most relevant, is the fact that not all the conjugate is
internalized. This is supported by Figure 4, where the fraction
of internalized conjugate is shown to increase until a threshold
level is reached. Another important factor for the apparent
lower activity of the conjugate in the cell-free extract is

competition for β-gal between MUG and endogenous
substrates, mainly membrane components such as ganglioside
GM1, lactosylceramides, glycoproteins, and keratin sulfate.34,35

On the other hand, no significant competition for MUG
appears to exist between endogenous and conjugated β-gal, as
observed by the nonsignificant amounts of 4-MU detected in
control experiments using nonconjugated NrTP (data not
shown). In the above scenarios, CPP-to-cell ratio, rather than
absolute CPP concentration, would appear to be influential in
the uptake (or delivery) capacity of NrTP6, with the possibility
of improving the delivery by increasing the volume of
incubating peptide.36

Assuming no change in the intrinsic activity of NrTP6-
delivered β-gal upon entering the cell, given that the apparent
decrease in activity is essentially due to the equilibrium between
the conjugate inside and outside the cell, the fraction of
conjugate that penetrates the cell can be calculated from the
above kcat data to be 1.51%. Even if that value is under-
estimated, it is within the range reported for the uptake of other
conjugates (0.07% to 5%).37−39 Cargo size, even if CPP-
mediated, is known to affect the efficiency of translocation, as
observed, e.g., for the best-studied Tat.40 Indeed, the highest
reported uptake efficiency (5%) corresponds to a oligodeox-
ynucleotide−doxorubicin conjugate,37 much smaller than the
present NrTP6/β-gal conjugates (6.5 kDa vs 465 kDa). Our
results reveal an intracellular conjugate concentration in the 3−
57 μg/mL range, depending on the initial conjugate
concentration and assuming a volume of 2.6 pL for a HeLa
cell.41 Assuming 116 NrTP6 copies bound to each β-gal
tetramer (one per Lys residue), and from the respective
molecular weights of β-gal and NrTP6 (465 and 1.6 kDa), it
follows that approximately 72% and 28% of conjugate weight
correspond to β-gal and NrTP, respectively. From this, the
concentration of internalized β-gal can be estimated to be in the
2−41 μg/mL range. This rather high local concentration,
entirely due to CPP-mediated internalization, clearly envisages
relevant results with other more application-driven cargos.
Additional aspects explored in the present study included cell

viability, as well as the influence of the position (N- or C-
terminal) and extent of conjugation upon NrTP6/β-gal uptake.
With regard to cell viability, both trypan blue exclusion and
DIC live imaging after 60 min incubation with either type of
conjugate (NrTP6-C or C-NrTP6-derived) revealed over 98%
viability and no detectable signs of morphological changes or
cellular stress over that period. Further comparison between
both types of conjugates also showed similar uptake levels,
either in cell-free assays (Figure 5) or upon incubation with
HeLa cells (Figure 6), suggesting that positioning of the Cys
residue at either the N- and C-terminal end has similar impact
on both the conjugation and translocation efficiencies. Finally,
results in Figure 6 also show that no significant differences exist
between conjugates made with amounts of the bifunctional
MBS reagent differing by a factor of 100.
The experimental results of the present report offer a

necessary proof-of-concept for the intracellular delivery of large
molecules mediated by NrTPs. It is worth noting that, two
decades after introduction of the CPP concept, studies on
delivery of drugs and other cargos by the most extensively
studied CPPs (e.g., Tat, Ant, pep-1, and oligo-arginines) are
still ongoing and, for the more recently discovered CPPs,
insights on their translocation abilities and the underlying
mechanisms are still scarce. In this regard, the present results
are a valuable contribution to establishing the role of NrTPs as

Figure 3. Enzymatic activity of the NrTP6-C/β-gal conjugate. (A)
Standard activity in the absence of cells. (B) Activities of conjugate
(circles) and β-gal (open squares) incubated with a cell-free extract
(initially 2 × 105 HeLa cells/mL) for 60 min. Initial rates, v0, were
determined as indicated in Figure 2. kcat values of 34.7 × 10−3 and 0.52
× 10−3 μg−1.mL.min−1, for conjugate alone and for the cell-free extract,
respectively, were obtained. Results are from duplicates of a
representative experiment.

Figure 4. Effect of cell number on the enzymatic activity of the
NrTP6-C/β-gal conjugate. Conjugate (7 μg/mL) was incubated with
various cell densities for 60 min, at 37 °C. Initial rates, v0, were
determined as indicated in Figure 2. Results are from duplicates of a
representative experiment.
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useful biotools. β-Gal is a rather large protein (size estimated as
17.4 × 13.0 × 7.5 nm3 from Protein Data Bank (entry 1DP0)
data, using the UCSF Chimera software, http://plato.cgl.ucsf.
edu/chimera/), far exceeding the thickness of cell membranes.
The fact that it is also well above the size of many
therapeutically relevant cargos (e.g., antibodies are ∼150
kDa), in conjunction with the preferential nucleolar localization
of NrTPs, allows to envisage promising applications for NrTPs
in areas such as immunotherapy or cell cycle regulation.
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ABSTRACT: Fluorescence quenching groups are widely employed in
biological detection, sensing, and imaging. To date, a relatively small number
of such groups are in common use. Perhaps the most commonly used
quencher, dabcyl, has limited efficiency with a broad range of fluorophores.
Here, we describe a molecular approach to improve the efficiency of quenchers
by increasing their electronic complexity. Multi-Path Quenchers (MPQ) are
designed to have multiple donor or acceptor groups in their structure, allowing
for a multiplicity of conjugation pathways of varied length. This has the effect
of broadening the absorption spectrum, which in turn can increase quenching
efficiency and versatility. Six such MPQ derivatives are synthesized and tested
for quenching efficiency in a DNA hybridization context. Duplexes placing
quenchers and fluorophores within contact distance or beyond this distance are used to measure quenching via contact or FRET
mechanisms. Results show that several of the quenchers are considerably more efficient than dabcyl at quenching a wider range of
common fluorophores, and two quench fluorescein and TAMRA as well as or better than a Black Hole Quencher.

■ INTRODUCTION

Fluorescence quenchers are employed in a wide variety of
fluorometric assays, particularly for detection of nucleic acids,
reporting on enzymatic activity, and detecting other molecules
of interest with turn-on responses.1−11 However, for optimal
performance, delicate matching of fluorophore and quencher is
often needed, imposing limits on molecular designs and
complicating applications.12−14 For example, in order to cover
the emission spectrum from violet to near-infrared, multiple
different quenchers are needed, which can be an obstacle in
assays designed to detect multiple analytes in one sample.14,15

4-(Dimethylamino)-azobenzene-4′-carboxylic acid (Dabcyl),
perhaps the most commonly used fluorescence quencher, is
generally limited to quenching of fluorophores that emit in the
violet to green region of the visible spectrum (approximately
390 to 520 nm).11,16 To cover fluorophores that emit further to
the red, a variety of other quenchers have been developed, such
as the Black Hole Quenchers (BHQ)16 and QSY quenchers;17

however, coverage of a broad spectrum still requires the use of
multiple quenchers. In the BHQ series, for example, a total of
four different compounds are necessary to provide for
quenching of all commonly used wavelengths in fluorescence
assays.13 QSY quenchers are even more limited in quenching
ability as a result of their narrow absorbance spectra.12,14

Recently, some nonfluorescent cyanine-based quenchers have
been reported that do have broadened spectral properties and
provide for efficient quenching in caspase assays.8 However,
these quenchers display strong spectral overlap only with near-
IR emitting fluorophores and may not quench other
fluorophores as effectively.
Most commonly, quenching of fluorophores occurs by one of

two mechanisms: contact quenching and FRET quench-
ing.12−14,18,19 In contact quenching, the fluorophore and

quencher are in sufficiently close proximity to allow for direct
electronic interaction of the excited state of the fluorophore
with the quencher molecule.18−21 Consequently, absorbed light
at the excitation wavelength will primarily be nonradiatively
transferred as heat to the surrounding environment, with only a
limited amount of energy released as fluorescence. When the
distance between the fluorophore and the quencher is
increased, generally to the range 20−100 Å, the alternative
mechanism of FRET quenching is observed.12,14,18 In this
mechanism, quenching efficiency is dependent upon the
orientation of the fluorophore and quencher, the distance
between them, and the overlap of the emission spectrum of the
fluorophore and the absorption spectrum of the quencher.12,14

To take advantage of these mechanisms, it is desirable to design
quenchers with broadened absorbance spectra to allow for a
greater range of fluorophore emissions that can be quenched by
the FRET mechanism, while maintaining strong contact
quenching.12,14

To address this issue, we have designed a novel set of
quenchers that have multiple electronic conjugation pathways.
By altering the existing scaffolds of common quenchers to
increase the number of electron donor and acceptor groups, a
series of Multi-Path Quenchers (MPQs) has been designed that
provides for broader absorbance properties, in turn allowing for
fluorescence quenching of a considerably wider range of
fluorophores for each given quencher (Figure 1). Five new
quenchers based on modifications to the dabcyl structure as
well as one based upon modification of a Black Hole Quencher
scaffold have been prepared and tested in a DNA context for
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quenching efficiency, for comparison with previous studies.3

We find that this strategy yields broadened absorption spectra
and enhances efficiency over a wider range of wavelengths as
compared with a common quencher such as dabcyl.

■ EXPERIMENTAL PROCEDURES
Chemicals and Reagents. Chemicals were purchased

from Sigma-Aldrich and used without further purification.
Solvents were purchased from Acros Organics and used as
received. UltraMild DNA phosphoramidites and solid supports
were purchased from Glen Research. BHQ2 phosphoramidite
and 3′-Quasar 670 CPG were purchased from Biosearch
Technologies. AlexaFluor 350 succinimidyl ester was purchased
from Invitrogen. 5′-Fluorophore-modified oligonucleotides
were purchased from Biosearch Technologies (FAM,
TAMRA, Quasar 670) or Stanford University Protein and
Nucleic Acid Facility (Cy3) and purified by HPLC.
Instrumentation. 1H and 13C NMR spectra were recorded

on a Varian 400 MHz NMR or a Varian 500 MHz NMR
spectrometer and internally referenced to the residual solvent
signal; J values are reported in Hz. Oligonucleotides sequences
were synthesized on an ABI 394 DNA synthesizer using
UltraMild reagents and phosphoramidites. ESI-MS analysis was
performed by the Stanford University Mass Spectroscopy
Facility. Analytical and semipreparative high-performance liquid
chromatography was performed on a LC-CAD Shimadzu liquid
chromatograph, equipped with a SPD-M10A VD diode array
detector and a SCL 10A VP system controller using reverse-
phase C18 columns (Grace ProSphere C18−300 10 μ). DNA
concentrations were determined on a Cary 100 Bio UV−vis
spectrophotometer at 90 °C. Fluorescence measurements were
performed on a Fluorolog 3 Jobin Yvon fluorophotospec-
trometer equipped with an external temperature controller.

Oligonucleotide masses were determined by the Stanford
University Protein and Nucleic Acid Facility using a Perspective
Voyager-DE RP Biospectrometry MALDI-TOF mass-spec-
trometry instrument using a 3-hydroxypicolinic acid/diammo-
nium hydrogen citrate matrix.
Synthetic Procedures. Methyl 3-(6-Amino-1,3-dioxo-

1H-benzo[de]isoquinolin-2(3H)-yl)propanoate (1). 0.196 g
(0.81 mmol) of 4-nitronaphthalic anhydride23,24 and 0.107 g
(1.5 eq, 1.21 mmol) of β-alanine were refluxed in 4 mL ethanol
for 3 h. The resulting orange suspension was cooled to room
temperature, diluted with water, and filtered to provide 0.185 g
(73%) of the nitro intermediate. The intermediate was
suspended in 3 mL methanol, and 0.7 mL concentrated HCl
and 0.569 g (5.1 equiv, 3 mmol) tin(II) chloride dihydrate was
added and the solution was heated to reflux for 2 h. Cooling to
room temperature and dilution with water followed by filtration
provided 0.125 g (71%) of a bright yellow−brown solid. 1H
NMR (DMSO-d6, 400 MHz): 8.61 (1H, d, J = 8.4), 8.41 (1H,
d, J = 7.6), 8.18 (1H, d, J = 8.4), 7.64 (1H, dd, J = 7.6), 7.46
(2H, brs, NH), 6.83 (1H, d, J = 8.4), 4.24 (2H, t, J = 7.2), 3.57
(3H, s), 2.61 (2H, t, J = 7.2). 13C NMR (DMSO-d6, 100
MHz): 32.3, 35.3, 51.5, 107.3, 108.2, 119.3, 121.6, 124.0, 129.4,
129.7, 131.0, 134.0, 152.8, 162.7, 163.7, 171.4. ESI MS: M + H+

= 299.58 (Calc 299.10).
General Procedure for MPQ Methyl Ester Synthesis.25 1.5

mL concentrated H2SO4 was cooled to 0 °C in an ice−water
bath. 0.249 g (1.05 equiv, 3.6 mmol) sodium nitrite was slowly
added. The viscous suspension was heated to 65 °C until
complete dissolution occurred, and then cooled to 0 °C. 1.02 g
(3.04 mmol) of 1 was added in portions over 30 min. Two
milliliters acetic acid was added to aid in solubility. After stirring
at room temperature for 3 h, a solution of 3.4 mmol coupling
partner in 0.65 mL acetic acid was added dropwise at 0 °C. The

Figure 1. Structures of Multi-Path Quenchers (MPQs) and commercially available quenchers used in this study.
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resulting suspension was stirred for 1 h, then diluted with
saturated sodium acetate and stirred at 0−10 °C for 3 h. The
resulting solution was filtered, washed with warm water, and
crystallized in ethanol to afford the azo dye methyl ester 2.

MPQ1 Methyl Ester (2a). (50% yield) 1H NMR (CDCl3,
400 MHz): 9.25 (1H, d, J = 7.2), 8.63−8.67 (2H, m), 8.04 (2H,
d, J = 7.6), 7.96 (1H, d, J = 8.4), 7.83 (1H, dd, J = 7.2), 6.80
(2H, d, J = 7.6), 4.52 (2H, t, J = 7.4), 3.71 (3H, s), 3.17 (6H, s),
2.80 (2H, t, J = 7.4). 13C NMR (CDCl3, 100 MHz): 32.7, 36.2,
40.4, 51.9, 111.6, 112.3, 121.8, 122.3, 126.5, 126.8, 131.0, 131.6,
132.1, 144.7, 152.2, 153.5, 164.0, 164.4, 171.9. ESI MS: M + H+

= 431.42 (Calc 431.17).
MPQ2 Methyl Ester (2b). (62% yield) 1H NMR (CDCl3,

400 MHz): 9.34 (1H, d, J = 8.8), 9.11 (1H, d, J = 8.0), 8.67−
8.70 (2H, m), 8.22 (1H, d, J = 8.4), 8.10−8.14 (2H, m), 7.89
(1H, dd, J = 8.0), 7.69 (1H, dd, J = 8.0), 7.59 (1H, dd, J = 7.6),
7.11 (1H, d, J = 8.4), 4.54 (2H, t, J = 7.4), 3.71 (3H, s), 3.11
(6H, s), 2.81 (2H, t, J = 7.4). 13C NMR (CDCl3, 100 MHz):
32.7, 36.3, 44.8, 52.0, 112.8, 112.9, 114.0, 122.6, 123.8, 125.0,
125.6, 127.2. 127.6, 131.0, 131.7, 132.0, 143.3, 152.0, 156.4,
163.9, 164.3, 167.7, 171.9. ESI MS: M + H+ = 481.92 (Calc
481.19).

MPQ3 Methyl Ester (2c). (52% yield) 1H NMR (CDCl3,
400 MHz): 8.59−8.63 (3H, m), 8.09 (1H, d, J = 8.4), 7.78 (1H,
dd, J = 7.8), 7.38 (1H, d, J = 9.6), 6.53 (1H, dd, J = 9.6, 2.6),
5.97 (1H, d, J = 2.6), 4.50 (2H, t, J = 7.4), 3.70 (3H, s), 3.51
(4H, q, J = 7.2), 2.78 (2H, t, J = 7.4), 1.30 (6H, t, J = 7.2). 13C
NMR (CDCl3, 100 MHz): 13.1, 32.7, 36.2, 45.6, 51.9, 98.1,
110.8, 111.6, 122.7, 126.9, 128.6, 131.6, 132.6, 154.9, 163.8,
171.9. ESI MS: M + H+ = 475.42 (Calc 475.20).

MPQ5 Methyl Ester (2d). (20% yield) 1H NMR (CDCl3,
400 MHz): 9.34 (1H, d, J = 8.4), 8.66−8.68 (2H, m), 8.40 (d,
1H, J = 8.4), 8.19 (d, 1H, J = 8.4), 8.09 (d, 1H, J = 8.0), 7.84
(dd, 1H, J = 7.6), 7.50 (dd, 1H, J = 7.6), 6.62 (d, 1H, J = 7.2),
6.55 (d, 1H, J = 8.4), 4.53 (t, 2H, J = 7.2), 3.71 (s, 3H), 2.81 (t,
2H, J = 7.2), 1.61 (s, 6H). 13C NMR: (spectrum could not be
obtained due to poor solubility). ESI MS: M + H+ = 508.42
(Calc 508.20).

General Procedure for Methyl Ester Hydrolysis. 500 mg
MPQ methyl ester was dissolved in anhydrous THF (at a
concentration of 0.085 M). To this solution, 2.02 equiv
potassium trimethylsilanolate was added, and the resulting
solution stirred overnight at room temperature, at which point
TLC indicated consumption of starting material. The solvent
was removed in vacuo and the resulting solid dissolved in a
minimal amount of water. Hydrochloric acid (1 M) was added
to precipitate the free carboxylic acid, which was filtered,
washed with water, and dried. The product 3 was used for DNA
conjugation without further purification. All free acids were
found to be poorly soluble in common deuterated solvents.

MPQ1 (3a). (80% yield) 1H NMR (CDCl3, 500 MHz):
9.26−9.35 (1H, m), 8.64−8.96 (2H, m), 7.96−8.05 (3H, m),
7.84−7.91 (1H, m), 6.80 (2H, d, J = 9.0), 4.54 (2H, t, J = 7.0),
3.18 (s, 6H), 2.87 (2H, t, J = 7.0). NMR indicates some
degradation to naphthalic anhydride during prolonged storage.
13C NMR: (spectrum could not be obtained due to poor
solubility). ESI MS: M + H+ = 417.33 (Calc 417.16).

MPQ2 (3b). (36% yield) 1H NMR (CDCl3, 500 MHz): 9.45
(1H, d, J = 8.5), 9.12 (1H, d, J = 7.5), 8.71−8.75 (2H, m), 8.24
(1H, d, J = 8.0), 8.14−8.18 (2H, m), 7.96 (1H, dd, J = 8.0),
7.73 (1H, dd, J = 7.0, 1.5), 7.63 (1H, dd, J = 7.0, 1.5), 7.14 (1H,
dd, J = 8.5), 4.59 (2H, t, J = 7.0), 3.17 (6H, s), 2.91 (2H, t, J =
7.0). 13C NMR: (spectrum could not be obtained due to poor

solubility). NMR and ESI-MS indicate that this compound
degrades to the naphthalic anhydride during prolonged storage.
ESI MS: M + H+ = 467.50 (Calc 467.17).

MPQ3 (3c). (80% yield) 1H NMR (CDCl3, 500 MHz):
8.62−8.66 (3H, m), 8.12 (1H, dd, J = 8.5, 2.5), 7.80 (1H, dd, J
= 7.0), 7.41 (1H, d, J = 9.5), 6.55 (1H, dd, J = 9.5, 2.5), 5.99
(1H, d, J = 2.5), 4.51 (2H, t, J = 7), 3.52 (4H, q, J = 7), 2.79
(2H, t, J = 7), 1.31 (6H, t, J = 7). 13C NMR (spectrum could
not be obtained due to poor solubility). ESI MS: M + H+ =
461.33 (Calc 461.18).

MPQ5 (3d). (87% yield) 1H and 13C NMR data could not
be obtained as a result of very poor solubility in common NMR
solvents. ESI MS: M + H+ = 494.42 (Calc 494.18).

MPQ4 (3e). A solution of 0.270 g (1.05 equiv, 3.90 mmol)
NaNO2 in 2 mL H2O was added dropwise to a mixture of 0.510
g (1.0 equiv, 3.72 mmol) 4-aminobenzoic acid in 12 mL 1 M
HCl at 0 °C. After 30 min, a solution of 0.657 g (1.05 equiv,
3.90 mmol) of 1-H-perimidine in 9 mL 1 M HCl was added,
and the resulting suspension stirred at 0 °C for 2 h. The
suspension was diluted with a solution of 2.15 g NaOAc in 15
mL H2O, stirred at room temperature for 2 h, then filtered and
washed with warm water to give a dark purple solid.
Crystallization from ethanol afforded 0.916 g (78%). A complex
1H NMR spectrum results from tautomerization in the
perimidine scaffold (see Supporting Information). 13C NMR
data could not be obtained as a result of poor solubility in
common NMR solvents. ESI MS: M + H+ = 317.25 (Calc
317.10).

3-(2-Methyl-2,3-dihydro-1H-perimidin-2-yl)propan-1-ol
(4). 6.19 g (39 mmol) 1,8-diaminonaphthalene was added to a
solution of 4.35 mL (1.1 equiv, 43 mmol) 5-hydroxy-2-
pentanone and 0.089 g (0.01 equiv, 0.4 mmol) p -
toluenesulfonic acid monohydrate in 15 mL ethanol. The
solution was stirred at 60 °C for 90 min, whereupon the
solution had solidified. The resulting solid was cooled to room
temperature, filtered, washed with ethanol, and crystallized
from aqueous ethanol to yield a pale gray solid (4.11 g, 43%).
1H (DMSO-d6, 400 MHz): 7.07 (2H, dd, J = 7.8), 6.83 (2H, d,
J = 8.4), 6.34 (2H, d, J = 7.2), 6.29 (2H, brs, NH), 4.37 (1H, t,
OH), 3.30 (2H, m), 1.53−1.62 (4H, m), 1.29 (3H, s). 13C
NMR (DMSO-d6, 100 MHz): 26.5, 27.1, 36.9, 61.2, 65.5,
103.6, 111.5, 114.0, 127.0, 134.2, 141.8. ESI MS: M + H+ =
243.50 (Calc 243.15).

MPQ6 (5). 0.291 g (1.20 mmol) of 4 was dissolved in a
solution of 20 mL 1:1 THF/acetone stirred at 0 °C. 0.600 g
(1.2 equiv, 1.44 mmol) Fast Corinth V was added in portions
to give a dark blue solution, which was stirred at 0 °C for 1 h.
The reaction was diluted with water and extracted 3 times with
CH2Cl2. The combined organic extracts were washed once with
water, once with brine, dried (MgSO4), filtered, and the solvent
removed in vacuo. Column chromatography (5% MeOH in
CH2Cl2 containing 0.5% Et3N) afforded 0.094 g (14%) of a
dark purple solid. 1H NMR (CDCl3, 400 MHz): 8.19 (1H, d, J
= 8.0), 7.84 (1H, d, J = 8.8), 7.66−7.69 (3H, m), 7.40−7.47
(3H, m), 6.53−6.56 (2H, m), 4.02 (3H, s), 3.66 (2H, t, J =
6.0), 2.74 (3H, s), 2.50 (3H, s), 1.88−1.92 (2H, m), 1.75−1.80
(2H, m), 1.52 (3H, s). 13C NMR (CDCl3, 100 MHz): 17.0,
21.3, 27.2, 27.6, 29.8, 38.6, 56.3, 62.7, 99.0, 112.8, 119.2, 124.4,
133.6, 141.3, 143.6, 147.4. ESI MS: M + H+ = 554.42 (Calc
554.25).

MPQ6 Phosphoramidite (6). 0.164 g (0.296 mmol) MPQ6
was dissolved in 2.5 mL anhydrous acetonitrile, 0.15 mL (3
equiv, 0.861 mmol) N,N-diisopropylethylamine was added and
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the solution was stirred at room temperature under argon. 0.10
mL (1.5 equiv, 0.448 mmol) 2-cyanoethyl N,N-diisopropyl-
chlorophosphoramidite was added and the resulting solution
was stirred at room temperature under argon for 2 h. The
solution was concentrated and purified by column chromatog-
raphy (2:3 EtOAc/Hexanes→ 2:1 EtOAc/Hexanes, containing
0.5% Et3N) to yield 0.036 g product (13%). 31P NMR
displayed two peaks at 148.61 ppm and 148.55 ppm, and the
product was used for DNA synthesis without further character-
ization.

DNA Conjugation. TAMRA-, Fluorescein-, and Quasar
670-conjugated DNA sequences were synthesized using their
respective 3′ CPGs, cleaved, and purified by HPLC using a
gradient elution of 0.05 M TEAA and acetonitrile. AlexaFluor
350 succinimidyl ester and ATTO 590 succinimidyl ester were
reacted with 3′-amino modified DNA. Cy3-modified DNA was
synthesized using Cy3 Phosphoramidite (Glen Research) with
5′ to 3′ synthesis. Quencher-labeled oligonucleotides were

synthesized with a 5′-amino-modifier 5 appended to the 5′-
terminus. The monomethoxy-trityl protecting group was
removed on the synthesizer using alternating 10 s cycles of
deprotection reagent (3% trichloroacetic acid in DCM) and
DCM washes for 3 min. The solid support was added to a
suspension containing 35 mM quencher-COOH, 35 mM 1-
hydroxy-7-azabenzotriazole (HOAt), 35 mM 2-(7-Aza-1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate (HATU), and 150 mM diisopropylethylamine
(DIPEA) in 750 μL anhydrous DMF. Solutions were shaken
at room temperature and protected from light for 16 h, then
rinsed with 4 × 500 μL DMF and 4 × 500 μL AcCN. The
labeled DNA was cleaved from the solid support using
UltraMild conditions (0.05 M K2CO3 in MeOH) at room
temperature for 4 h, filtered to remove CPG, diluted with
water, and purified by reverse-phase HPLC.

Fluorescence Experiments. A solution of 30 nM of
fluorescently labeled 20mer was created in a total volume of

Scheme 1. Synthesis of Multi-Path Quenchersa

a(a) β-alanine, EtOH, (73%). (b) SnCl2, MeOH, HCl, (71%). (c) (i) NaNO2, H2SO4; (ii) aniline derivative; (iii) NaOAc (20−62%). (d) KOTMS,
THF (36−87%). (e) (i) NaNO2, HCl; (ii) 1H-perimidine, NaOAc. (f) 5-Hydroxy-2-pentanone, pTsOH (43%). (g) Fast Corinth V, 1:1 THF/
acetone, 0 °C (14%). (h) 2-Cyanoethyl N,N-diisopropylchlorophosphoramidite, DIPEA.
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800 μL hybridization buffer (10 mM MgCl2, 70 mM
Tris·borate, pH 7.55) at 37 °C. The fluorescence of the
solution was taken in triplicate (using published excitation and
emission values with excitation and emission slits of 2 and 5
nm, respectively) and averaged. A concentrated solution of
quencher labeled DNA was added to bring the final volume to
150 nM. The oligonucleotides were allowed to hybridize until
the fluorescence emission remained constant, then the
fluorescence spectrum was taken in triplicate and averaged.
Quenching efficiency was calculated at the emission maxima by
dividing the quenched fluorescence by the initial fluorescence,
multiplying by 100, then subtracting from 100.14 All experi-
ments were performed in triplicate and averaged.

■ RESULTS

Quencher Design. The new quencher structures are given
in Figure 1. These were designed with the standard diazo dye
framework analogous to the common dabcyl quencher, but
with larger conjugated multifunctional donors or acceptors.
The purpose of the design was to provide multiple conjugated
pathways from donor to acceptor groups, thus potentially
broadening the absorption spectra of the dyes. The first five
(MPQ1−5) were built on the standard azobenzene framework,
while the sixth (MPQ6) was designed as a multipathway variant
of the bis-azobenzene framework common to BHQ quenchers.
Synthesis. As shown in Scheme 1, reaction of β-alanine

with 4-nitronaphthalic anhydride and subsequent reduction of
the nitro group easily afforded 1 which could be diazotized to
allow for formation of MPQs by reaction with a variety of
anilines. Similar derivatives of these compounds were reported
earlier for use as disperse dyes, and the properties of the
compounds synthesized are consistent with those previously
reported.25,26 Hydrolysis of the methyl ester afforded a

carboxylic acid moiety that could easily be attached to amino-
modified DNA by HATU/HOAt coupling. DNA synthesis
utilized UltraMild protecting groups to avoid hydrolysis of the
naphthalimide core under regular ammonia or ammonia/
methylamine cleavage/deprotection. MPQ6 was prepared by
the addition of dihydroperimidine 4 to Fast Corinth V salt in a
cold solution of 1:1 THF/atone, and readily converted to a
phosphoramidite for DNA coupling, again with UltraMild
conditions. DNA sequences were selected to maintain
consistency with previous oligonucleotide-based experiments
for comparing fluorescence quenchers.14 For comparison with
the new quenchers, we prepared analogous DNA conjugates of
dabcyl and of BHQ2, possibly the two most widely used
quenchers. BHQ2 was selected instead of BHQ1 based upon
the better performance of BHQ2 against a variety of
fluorophores in previous studies.14 For testing the quenchers,
we prepared DNA conjugates of common fluorescent dyes with
varied emission properties, emitting from the blue to the far red
(442 to 662 nm).
Spectral Properties. Absorption data for the six MPQs

conjugated to DNAs are given in Figure 2 and Table 1. The
data reveal that, as designed, the MPQ dyes have considerably
broadened absorbance spectra compared to their parent
quencher molecules (dabcyl and BHQ). Save for MPQ3, all
other quenchers containing the naphthalimide core show
significantly increased Δλ 1/2 max values when compared to
dabcyl, validating the design strategy. This is particularly the
case for MPQ2 and MPQ5, whose Δλ 1/2 max values are
considerably greater and even further red-shifted than the other
dyes.
For the naphthalimide derivatives, where the electron

acceptor has been altered to incorporate a second conjugation
pathway, we noted some differences in spectral properties

Figure 2. Absorption spectra (normalized to absorbance at 260 nm) of quenchers on (a) 20mer and (b) 15mer oligonucleotide sequences. MPQ1
(yellow), MPQ2 (magenta), MPQ3 (brown), MPQ4 (cyan), MPQ5 (green), MPQ6 (black), Dabcyl (orange), BHQ2 (purple).

Table 1. Spectral Properties of Quenchers Conjugated at the 5′-Terminus of 20mer and 15mer Oligonucleotides

20mer 15mer

quencher λmax Δλ (half max) λmax Δλ (half max)

MPQ1 557 nm 481−618 (137 nm) 560 nm 481−619 (138 nm)
MPQ2 614 nm 522−676 (154 nm) 524 nm 446−640 (194 nm)
MPQ3 521 nm 461−574 (113 nm) 529 nm 478−571 (93 nm)
MPQ4 539 nm 467−606 (139 nm) 551 nm 469−611 (142 nm)
MPQ5 503 nm, 623 nm 447−689 (242 nm) 646 nm 524−723 (199 nm)
MPQ6 536 nm, 656 nm 463−731 (268 nm) 537 nm, 657 nm 463−736 (273 nm)
Dabcyl 472 nm 405−520 (115 nm) 472 nm 405−519 (114 nm)
BHQ2 580 nm 503−649 (146 nm) 581 nm 507−652 (145 nm)
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between the 20mer and 15mer quencher−oligonucleotide
conjugates. As anticipated, the parent quencher dabcyl shows
negligible change in spectral properties, maintaining an
absorbance maxima of 472 nm and a Δλ 1/2 max of 115 nm in
both sequences. Both MPQ1 and MPQ3, however, display
slight red-shifts upon moving from the 20mer oligonucleotide
to a different 15mer sequence context. MPQ2, in contrast,
shows a considerable blue shift and significant broadening on
going from the 20mer to the 15mer DNA.
Altering the electron donating group also provides for some

interesting and broadened spectral properties. As seen with
MPQ4, a considerable red shift is observed in the absorbance
maximum, while an almost 35 nm increase in Δλ 1/2 max is
observed compared to dabcyl. Much like MPQ1−3, this
quencher also shows a change when moved from the 20mer to
a 15mer, with the Δλ 1/2 max increasing and the absorbance
maximum again shifting to the red.
MPQ5 and MPQ6, incorporating the dihydroperimidine

moiety, displayed the most distinct spectral properties. Whereas
all other quenchers possess a single broadened absorbance
maximum, MPQ5 and MPQ6 display two maxima. MPQ5, like
the other quenchers, exhibits a slightly altered absorbance
spectrum as the sequence of the oligonucleotide changes, while
MPQ6, like BHQ2, maintains approximately the same
spectrum on the two DNAs. For these last two quenchers,
the formation of a red-shifted absorbance maximum comes with
a moderate cost to the extinction coefficient. When compared
to MPQ1, MPQ5 clearly displays a lower extinction coefficient
at the λmax, both on DNA and in ethanol (see Supporting
Information). Comparison of BHQ2 and MPQ6 yields the

same result, indicating that the addition of the new conjugation
pathway may reduce the extinction coefficient of each
individual peak.
The most obvious benefit of the added conjugation is

observed in a comparison of MPQ6 with its parent BHQ1.
While BHQ1 displays an absorption maximum at 534 nm and
generally quenches fluorophores that emit in the range from
480 to 580 nm,16 MPQ6 displays considerably broadened
properties. MPQ6 shares one conjugation pathway with BHQ1,
giving rise to an absorbance maximum at 537 nm, but the
alternative conjugation pathway inherent to the dihydroper-
imidine scaffold adds an absorption at 656 nm as well,
extending the range of quenching available to the dye greatly
(vide infra). Thus, MPQ6 has a Δλ 1/2 max ranging from 465 to
735 nm (270 nm total), considerably greater than BHQ2 (146
nm) and in fact greater than the quenching ranges of BHQ1
and BHQ2 combined.
Fluorescence experiments confirmed that these quenchers

are completely nonemissive, as excitation of solutions
containing the DNA-labeled quenchers at 100 nM concen-
tration showed no measurable emission above that of buffer
(see Supporting Information). Extinction coefficients were
determined at the absorbance maximum of each compound in
ethanol and can be found in the Supporting Information; note
that they differ slightly from the absorbance maxima found
when the quenchers are placed on DNA in Figure 2 and Table
1.
Quenching Efficiency. Quenching efficiency was deter-

mined by the use of DNA hybridization as a means of
controlling fluorophore−quencher distance (Figure 3).14 As

Figure 3. DNA hybridization formats used for determining (a) contact quenching (b) mixed mechanism quenching and (c) FRET quenching
efficiencies of MP quenchers.

Table 2. Contact Quenching Efficiencies of Fluorophore/Quencher Pairsa

Alexa 350 FAM Cy 3 TAMRA Atto 590 Quasar 670

quencher λ em = 442 nm λ em = 517 nm λ em = 563 nm λ em = 580 nm λ em = 624 nm λ em = 662 nm

MPQ1 73.6 ± 0.7% 95.4 ± 0.2% 98.0 ± 0.4% 86.0 ± 0.7% 96.3 ± 0.2% 96.1 ± 0.3%
MPQ2 72.4 ± 0.1% 94.9 ± 0.4% 97.6 ± 0.2% 87.8 ± 0.4% 96.1 ± 0.1% 97.0 ± 0.2%
MPQ3 74.7 ± 0.9% 96.5 ± 0.2% 97.3 ± 0.2% 86.8 ± 0.5% 96.6 ± 0.2% 93.3 ± 0.4%
MPQ4 72.1 ± 1.2% 96.0 ± 0.2% 97.6 ± 0.3% 88.8 ± 1.0% 96.2 ± 0.7% 94.7 ± 0.2%
MPQ5 69.7 ± 3.5% 93.7 ± 0.1% 96.8 ± 0.4% 85.7 ± 0.4% 95.1 ± 0.2% 95.4 ± 0.3%
MPQ6 71.6 ± 1.8% 95.2 ± 0.2% 98.2 ± 0.6% 87.2 ± 0.2% 96.4 ± 0.2% 95.6 ± 0.8%
Dabcyl 75.7 ± 0.7% 96.0 ± 0.2% 97.4 ± 0.1% 87.3 ± 0.6% 95.7 ± 0.3% 83.9 ± 0.4%
BHQ2 77.0 ± 0.7% 96.5 ± 0.2% 98.9 ± 0.3% 87.8 ± 0.2% 97.4 ± 0.3% 98.2 ± 0.2%

aResults are provided as the average of three experiments with standard deviation shown. See Figure 3a for structural context.
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such, fluorophores were attached to the 3′ end of the sequence
5′-CCG-TAT-TAT-ATG-TTT-AAA-AA-3′ and quenchers were
attached to the 5′ end of complementary 15mer or 20mer
sequences. Use of a 20mer context (placing dye and quencher
immediately adjacent to one another at the duplex terminus)
allowed for analysis of contact quenching. The selected 15mer
sequence had been previously reported to allow for
examination of FRET quenching,14 but the observation of
ground state complex formation between quencher-labeled
15mers and fluorophore containing 20mers indicates a strong
degree of contact quenching as well, consistent with other
quencher studies and indicating a mixed mechanism of
quenching for the sequences shown in Figure 3b (see
Supporting Information).27 To allow for analysis of quenching
entirely by FRET, 5′ fluorophore labeled sequenches were used
(see Figure 3c), separating the quencher and fluorophore by 15
bp of duplex structure. Contact quenching data would be most
relevant for molecular applications where dye and quencher are
in very close proximity, whereas FRET data may be most
predictive of applications in which the two are held at some
distance. Since FRET efficiency depends on spectral overlap,
one expects that FRET quenching performance would be more
strongly dependent on absorption characteristics than contact
quenching, providing a better means of examining the newly
created quenchers.
Quenching efficiencies were measured as fraction (percent)

loss of emission intensity upon hybridization to the fluorophore
of interest, as displayed in Table 2 (contact quenching), Table
3 (mixed mechanism quenching), and Table 4 (FRET
quenching). We also compared the fluorescence ratios
(fluorescence in the unquenched state divided by fluorescence
in the quenched state) of the quenchers against each
fluorophore (Figure 3), which better illustrates the differences
among the dyes, and which is often the most important factor
in a fluorometric assay.

Contact and Mixed Mechanism Quenching. As antici-
pated, quenching of AlexaFluor 350 (λ em = 442 nm) is poor for
the MPQ series (Figure 3a), with dabcyl having a greater
quenching efficiency (75.7% contact, 70.4% FRET) than those
prepared and tested. This is consistent with the fact that dabcyl
is the most blue-shifted quencher of those assayed and has the
greatest spectral overlap with AlexaFluor 350. However, the
quenchers of the MPQ series (particularly MPQ3) nearly equal
dabcyl in contact quenching of this dye. BHQ2 is slightly
superior to either of these quenchers in performance with this
blue coumarin fluorophore.
The data show enhanced performance of the red-shifted

MPQ quenchers as the emission wavelength of the fluorophore
increases. For fluorescein (λ em = 517 nm, Figure 4b), it is
readily observed that MPQ3 is as efficient as even BHQ2 in
contact quenching, while four of the novel quenchers (MPQ1,
MPQ2, MPQ3, and MPQ6) all display superior quenching
abilities in a mixed mechanism context. At the emission of Cy3
(λ em = 563 nm), only MPQ5 performs less efficiently than
dabcyl in terms of contact quenching, with all others displaying
superior performance to the common quencher. These results
begin to show the red-shifted properties of the new quenchers
created, as the parent dabcyl is no longer able to efficiently
quench Cy3 emission, while the new dyes display considerably
better quenching properties. Moreover, MPQ6 is particularly
intriguing, as it is equals (contact quenching) or even surpasses
(mixed mechanism quenching) BHQ2 in quenching of Cy3
emission.
As emission shifts further red to TAMRA (λ em = 580 nm), all

MPQ quenchers display markedly greater quenching efficiency
than dabcyl (Figure 4d). We note that TAMRA (unique among
the fluorophores tested here, as it is poorly quenched in
general14) is relatively poorly quenched by all quenchers
including dabcyl and BHQ2, an effect observed previously.
Moreover, MPQ4 is as good at contact quenching of TAMRA

Table 3. Mixed Mechanism Quenching Efficiencies of Fluorophore/Quencher Pairsa

quencher

Alexa 350 FAM Cy 3 TAMRA Atto 590 Quasar 670

λ em = 442 nm λ em = 517 nm λ em = 563 nm λ em = 580 nm λ em = 624 nm λ em = 662 nm

MPQ1 66.4 ± 0.9% 90.7 ± 0.4% 85.6 ± 0.4% 79.7 ± 0.7% 93.6 ± 1.0% 90.2 ± 0.5%
MPQ2 66.6 ± 3.1% 89.1 ± 0.3% 84.0 ± 0.7% 79.6 ± 0.2% 91.3 ± 0.8% 91.1 ± 0.3%
MPQ3 66.0 ± 0.1% 89.1 ± 0.4% 83.5 ± 1.0% 77.9 ± 0.3% 89.5 ± 1.1% 78.7 ± 0.5%
MPQ4 62.2 ± 2.5% 84.1 ± 0.2% 85.1 ± 0.6% 79.1 ± 0.9% 92.6 ± 0.6% 82.8 ± 1.3%
MPQ5 58.7 ± 1.2% 77.4 ± 1.8% 80.2 ± 0.3% 75.5 ± 0.6% 90.0 ± 1.1% 85.9 ± 0.7%
MPQ6 64.8 ± 0.8% 87.8 ± 0.8% 92.9 ± 0.4% 80.6 ± 0.3% 95.2 ± 0.4% 93.5 ± 0.3%
Dabcyl 70.4 ± 3.2% 87.1 ± 0.3% 77.8 ± 0.9% 64.3 ± 0.7% 80.7 ± 1.7% 66.5 ± 3.7%
BHQ2 71.6 ± 0.8% 91.9 ± 1.1% 90.8 ± 0.6% 81.2 ± 0.3% 95.4 ± 0.5% 94.6 ± 0.1%

aResults are provided as the average of three experiments with standard deviation shown. See Figure 3b for structural context.

Table 4. FRET Quenching Efficiences of Fluorophore/Quencher Pairsa

FAM Cy 3 TAMRA Atto 590 Quasar 670

quencher λ em = 517 nm λ em = 563 nm λ em = 580 nm λ em = 624 nm λ em = 662 nm

MPQ1 53.1 ± 1.4% 62.4 ± 0.7% 77.1 ± 0.5% 45.6 ± 1.5% 28.9 ± 0.8%
MPQ2 50.3 ± 0.2% 60.7 ± 2.2% 74.9 ± 1.4% 43.9 ± 0.8% 33.5 ± 1.2%
MPQ3 60.2 ± 1.3% 59.6 ± 0.9% 74.1 ± 0.4% 29.1 ± 0.9% 22.2 ± 0.5%
MPQ4 47.3 ± 1.4% 56.9 ± 1.9% 73.7 ± 0.6% 33.4 ± 2.1% 25.6 ± 2.9%
MPQ6 50.4 ± 0.9% 64.4 ± 1.2% 78.6 ± 0.4% 57.6 ± 0.6% 43.0 ± 0.5%
Dabcyl 41.3 ± 0.9% 52.1 ± 2.8% 71.1 ± 0.8% 26.8 ± 1.9% 22.5 ± 3.1%
BHQ2 54.3 ± 1.0% 63.5 ± 1.8% 80.4 ± 1.2% 60.0 ± 1.3% 40.4 ± 2.8%
No Quencher 29.2 ± 0.7% 53.2 ± 1.2% 71.4 ± 1.1% 23.3 ± 1.4% 23.9 ± 1.5%

aResults are provided as the average of three experiments with standard deviation shown. See Figure 3c for structural context.
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as even BHQ2, while all but MPQ3 and MPQ5 are
approximately as efficient in mixed mechanism quenching as
BHQ2. Again, MPQ6 offers promising results, as it displays
comparable quenching properties to BHQ2. At the emission of
Atto 590 (λ em = 624 nm), all quenchers still perform markedly
better than the parent dabcyl (Figure 4e), with MPQ5 again
serving as the single exception. Although not operating by an
entirely FRET mechanism, the advantages of the red-shifted
absorbance properties become clearer as the relatively small
five-base increase in length between quencher and fluorophore
greatly affects the quenching ability of dabcyl with considerably

smaller effect on the ability of the MPQs to quench the
emission of Atto 590. Quasar 670 (a Cy5 variant, λ em = 662
nm) was the furthest-red emitting fluorophore tested. At this
wavelength, the limits of certain MPQs begin to become
evident, although contact quenching overall remains highly
efficient (up to 97%; see Tables 2 and 3 and Figure 4f).

FRET Quenching. To properly assess quenching based
entirely on a FRET mechanism, hybridization of 5′-quencher
labeled sequenches to 5′-fluorophore labeled sequences was
carried out (Figure 3c).27 As a result of the poor spectral
overlap of all new quenchers with the emission of the short-

Figure 4. Fluorescence quenching ratios for contact (blue) and mixed mechanism (red) quenching with (a) AlexaFluor 350, (b) Fluorescein, (c) Cy
3, (d) TAMRA, (e) ATTO 590, and (f) Quasar 670.
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wavelength AlexaFluor 350 (λ em = 442 nm), FRET quenching
of this fluorophore was not examined. Similarly, with the poor
quenching efficiency of MPQ5, particularly in mixed mecha-
nism quenching studies (Table 2) and the low extinction
coefficient of this compound relative to the others synthesized,
the quencher was not used in FRET quenching studies.
FRET quenching studies were complicated by the inherent

nucleobase quenching by the 3′-dG on the quencher-containing
strand. To account for this, an oligonucleotide sequence lacking
a 5′ quencher was synthesized and served as a control for
quenching due only to the 3′-dG (Table 4). Although such
quenching was negligible for fluorescein, Atto 590, and Quasar
670, the 3′-dG was found to strongly quench both Cy3 and
TAMRA emission (Table 4). Quenching of TAMRA by
guanosine is well-known and unsurprising,28,29 but quenching
of Cy3 in this context was unexpected, as previous studies had
indicated an activation of Cy3 fluorescence by guanine.14,28

In general terms, the FRET results (Table 4) confirm the
expanded quenching properties of the new dyes, with all new
quenchers performing better than dabcyl for all fluorophores
tested. MPQ1 and MPQ2 were even capable of quenching Atto
590 to a moderate degree, while the parent dabcyl showed, as
expected, negligible quenching of the red-emitting dye,
indicating the ability to red-shift the absorbance properties
and quenching abilities. MPQ6 again provides superior results,
as it was able to quench all fluorophores as well as or even
better than BHQ2 in an entirely FRET context. Whereas
BHQ1 (the parent compound of MPQ6) is a poor FRET
quencher of red-emitting fluorophores such as Quasar 670 and
Atto 590 as a result of negligible spectral overlap,27

incorporation of the dihydroperimidine subunit in MPQ6
gives rise to a greatly broadened absorbance spectrum and
results in a compound with FRET quenching efficiency better
than BHQ2, as in the case of Quasar 670.

■ DISCUSSION

Overall, the data show that several MPQ dyes outperform their
parent dye (dabcyl) in performance in a contact quenching
format with all of the fluorophores tested except the most blue-
shifted fluorophore (Alexa 350). As for quenching by the FRET
mechanism, which is most relevant to the present electronic
design concept, all of the MPQ quenchers perform better than
dabcyl with all of the fluorophores. This confirms that
broadening of the absorbance spectrum of the quencher can
confer superior performance. While most of the new dyes do
not exceed the quenching ability of the advanced BHQ2
compound, a number of MPQ quenchers equal this quencher's
performance with specific fluorescent labels, and thus could be
considered as serious alternatives to this molecule.
The chief intent of the molecular design of MPQs was to

broaden the efficient quenching range of the parent quenchers.
The data show that this approach is successful: several of the
MPQs give >95% contact quenching and excellent FRET
quenching of fluorophores as far to the blue as fluorescein and
as far red as Quasar 670, while the parent dabcyl compound
quenches none of the five fluorophores significantly in the
FRET mode and only one better than 95% in the contact
mode. Thus, we conclude that incorporation of the
naphthalimide core does result in the desired increase in
generality and a greater range of fluorescence quenching
beyond that of dabcyl. Moreover, incorporation of the
dihydroperimidine moiety into the BHQ1 scaffold affords a

new quencher (MPQ6) that also displays quenching efficiency
over a wide wavelength range.
All five quenchers derived from the dabcyl structure (MPQs

1−5) display significantly enhanced quenching of all
fluorophores emitting beyond fluorescein, in both contact
and FRET quenching. As such, they should be considered as
excellent alternatives to dabcyl in any assay that relies on
quenching of a fluorophore emitting above approximately 520
nm and even as far as 624 nm, as shown by the ability of MPQ1
and MPQ2 to effectively quench the emission of Atto 590 in
the FRET mode. MPQ3 appears to be an excellent quencher
specifically for fluorescein, as it performed better than other
quenchers for this fluorophore in both contact and FRET
quenching. Further, MPQ6 uniquely serves as a competitive
alternative to BHQ2 for both contact and FRET quenching of
all fluorophores used in this study, particularly those emitting
between approximately 560 and 670 nm. As the FRET
quenching of this compound is approximately equal to or
greater than BHQ2 for Fluorescein, Cy3, TAMRA, Atto 590,
and Quasar 670, it may have its greatest utility in FRET-based
fluorescence assays.
To our knowledge, the only previous similar approach in

quencher design (i.e., taking advantage of increased electronic
complexity) employed an azulene dimer, but was limited to
quenching only in the near-IR region with limited efficiency.30

An alternative design utilizing an azaphthalocyanine structure
displayed a broadened absorbance spectrum, but has only been
fully assayed to date in quenching of FAM and Cy5.27

Experiments further displayed the ability of the azophthalocya-
nine dye to quench a larger set of fluorophores (ranging in
emission from 517 nm to 703 nm), but only in a contact
quenching setting, without exploration of FRET quenching of
the expanded set of fluorophores.31 The use of the perimidine
scaffold has been shown before to proffer a red-shift to
fluorescent dyes,32 but the current work is the first case of the
use of perimidine for altering the properties of fluorescence
quenchers.
One interesting aspect of the spectral properties of some the

new Multi-Path Quenchers is their environmental sensitivity.
MPQs 1−5 undergo moderate to significant changes upon a
change in nearly DNA sequence. For all but MPQ4, this is
likely the result of the incorporation of the naphthalimide core,
which is well-known to be environmentally sensitive itself.22,33

In addition, the 4-aminonaphthalimide core has been employed
in DNA sensors due to its inherent environmental sensitivity,
providing a further explanation for the changes observed here.34

As use of the 4-aminonaphthalimide core has shown environ-
mental dependence in different DNA settings, it is likely that
such is the same explanation for the derived quenchers, but a
further exploration is necessary to allow for an accurate
conclusion of the mechanism creating the different absorbance
spectra for MPQs 1−5. It seems possible, however, that one
might in the future take advantage of this property in the design
of “smart quenchers”, where the environment of the quencher
could be part of the design, either blue-shifting or red-shifting
the absorbance spectrum in response to structure or changes in
environment. Further investigation is needed to explore this
possibility.
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Strand 
Mass 
Calc 

Mass 
Observed 

Purity 
(HPLC) 

Alexa350 20mer 6543.110 6544.614 98.86% 

FAM 20mer 6678.201 6678.831 99.55% 

Cy3 20mer 6618.312 6617.014 99.86% 

TAMRA 20mer 6734.274 6734.328 99.30% 

ATTO590 20mer 6821.371 6822.563 98.02% 

Quasar670 20mer 6743.396 6742.522 99.94% 

MPQ1 15mer 5156.014 5156.707 98.54% 

MPQ1 20mer 6676.244 6675.056 99.52% 
MPQ2 15mer 5206.029 5205.537 97.74% 
MPQ2 20mer 6726.259 6713.450 98.53% 

MPQ3 15mer 5200.040 5200.674 99.70% 

MPQ3 20mer 6720.270 6720.037 99.03% 

MPQ4 15mer 5053.971 5052.607 87.30% 

MPQ4 20mer 6576.191 6576.154 99.13% 

MPQ5 15mer 5233.040 5233.804 N/A* 

MPQ5 20mer 6753.270 6754.076 96.04% 

MPQ6 15mer 5206.041 5205.809 99.29% 

MPQ6 20mer 6726.271 6724.371 99.15% 

DABCYL 15mer 5021.018 5021.461 98.55% 

DABCYL 20mer 6541.248 6541.436 98.19% 

BHQ2 15mer 5130.993 5129.682 98.55% 

BHQ2 20mer 6651.223 6650.192 99.18% 
 

Table S1: MALDI-TOF calculated and observed masses of DNA sequences used. 

*An insufficient amount of labelled DNA was prepared to obtain an analytical HPLC 
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MPQ5 20mer Fluorescence (503nm excitation)
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Figure S1: Fluorescence spectra of quencher 20mers (---) compared to buffer alone (---).  Samples (100nM) were excited at 

the λmax values indicated in Table XXXX. 

 

 

 

 

 

 

 

 

 

 

 

 



Quencher λmax εmax ε260 

MPQ1 512 36400 25100 

MPQ2 516 19200 10300 

MPQ3 517 50800 15000 

MPQ4 522 22600 10800 

MPQ5 617 8700 18200 

MPQ6 620 28700 N.D.* 

 

Table S2:  Absorbance maxima and extinction coefficients (in L M
-1

 cm
-1

) for multiple pathway quenchers in 

ethanol.  ε260 values are provided for quenchers in 9:1 PBS:DMF 

* Value could not be determined as a result of aggregation.  A value of 8000 L M
-1 

cm
-1 

was used in DNA 

concentration calculations (the value of BHQ1 at 260 nm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S2: Ground state complex formation between MPQ 20mers and 3’-Fluorescein 20mer.  Duplexes were 

formed by annealing a solution 1 µM of each strand in hybridization buffer at 70 °C for 5 minutes then allowing to 

cool to room temperature over 30 minutes.  The simple sum was created by adding solutions containing only 1 µM 

of either quencher or fluorophore labelled strand. 
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Figure S2: Ground state complex formation between 5’-Dabcyl or 5’-BHQ2 15mers and 3’ Fluorophore labelled 

20mers.  Duplexes were formed by annealing a solution 1 µM of each strand in hybridization buffer at 70 °C for 5 

minutes then allowing to cool to room temperature over 30 minutes.  The simple sum was created by adding 

solutions containing only 1 µM of either quencher or fluorophore labelled strand. 
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Quasar670/Dabcyl 15mer Ground State Complex
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Interaction of G-Quadruplexes with Nonintercalating Duplex-DNA
Minor Groove Binding Ligands
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ABSTRACT: The enzyme telomerase synthesizes the G-rich DNA strands
of the telomere and its activity is often associated with cancer. The
telomerase may be therefore responsible for the ability of a cancer cell to
escape apoptosis. The G-rich DNA sequences often adopt tetra-stranded
structure, known as the G-quadruplex DNA (G4-DNA). The stabilization
of the telomeric DNA into the G4-DNA structures by small molecules has
been the focus of many researchers for the design and development of new
anticancer agents. The compounds which stabilize the G-quadruplex in the
telomere inhibit the telomerase activity. Besides telomeres, the G4-DNA
forming sequences are present in the genomic regions of biological
significance including the transcriptional regulatory and promoter regions
of several oncogenes. Inducing a G-quadruplex structure within the G-rich
promoter sequences is a potential way of achieving selective gene
regulation. Several G-quadruplex stabilizing ligands are known. Minor
groove binding ligands (MGBLs) interact with the double-helical DNA through the minor grooves sequence-specifically and
interfere with several DNA associated processes. These MGBLs when suitably modified switch their preference sometimes from
the duplex DNA to G4-DNA and stabilize the G4-DNA as well. Herein, we focus on the recent advances in understanding the G-
quadruplex structures, particularly made by the human telomeric ends, and review the results of various investigations of the
interaction of designed organic ligands with the G-quadruplex DNA while highlighting the importance of MGBL-G-quadruplex
interactions.

■ INTRODUCTION

At the ends of the chromosomes, i.e., the telomeres, DNA does
not consist of a complex protein-coding sequence. Instead,
these are made of a simple sequence such as TTGGGG in the
ciliate Tetrahymena1 or TTAGGG in humans,2 which are
repeated a few hundred times in humans and fewer times in
ciliates. The bulk of telomeric DNA adopts a double-helical
conformation keeping the GT-rich sequence paired with its
CA-rich complement. However, the 3′-end of such DNA
protrudes as a single-stranded overhang in all the eukaryotes
studied.2−5 This DNA sequence binds to specific proteins,
which cap the chromosome ends either directly or by inducing
a particular DNA structure.5

DNA in the cell nucleus is copied and transcribed by
enzymes such as DNA and RNA polymerases. DNA synthesis is
catalyzed by DNA polymerase, an enzyme which has crucial
role in the DNA replication. A DNA polymerase elongates the
new DNA strand from 5′ to 3′ direction, by adding a free
nucleotide onto the growing 3′-end of the new strand. It never
begins the synthesis of a new chain, and therefore, it needs a
primer to add the first nucleotide at the 3′-OH group of the
primer. The first two bases of the primer are always the RNA
bases, while other bases may be either DNA or RNA. Primers
are synthesized by an enzyme, primase. Conversion of the
duplex DNA into a single-stranded DNA, with the help of an

enzyme, called helicase, facilitates the replication of each strand.
Complete replication of the overhanging end of the
chromosome cannot be accomplished by conventional DNA
polymerases.4 In almost all eukaryotes, the chromosomal end-
replication problem is solved by the enzyme telomerase, a ribo-
nucleoprotein.5 A portion of the RNA subunit of telomerase
provides the nucleic acid template that the DNA cannot
provide for itself.6,7 The enzyme telomerase is upregulated in
nearly 80−90% of the cancer cells, leading to an abnormal
growth of cells.7 Telomerase inhibition therefore comprises a
key strategy for the development of anticancer agents. This is
because studies so far have shown that the telomerase inhibitors
can stop the proliferation of the cancer cells or cause apoptosis
of the cancer cells, while they have no effect on most of the
normal cells.8

The telomere cap is composed of telomerase (having the
components hTERT, hTERC, Hsp90, Tp1, and so forth),
telomere-associated proteins (like TRF1, TRF2, Tankyrase,
TIN2, POT1, Dykserin, and so forth), and telomeric DNA
repair proteins (for instance, MRE11, RAD50, KU70, XRCC5/
KU80, and H2AX, etc.). This machinery maintains the length of
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the telomere.9 A G-quadruplex selective ligand triggers the
folding of the G-rich repeats of DNA into a G4-DNA structure.
In turn, this inhibits the binding of telomerase and its
associated proteins with telomere, thereby stopping the
telomere elongation process.9 Since G4-DNAs do not serve
as substrates for the telomerase, these structures have been the
focus of much research in medicinal and biological chemistry as
attractive targets for the anticancer drug design.7,9,10 All G4-
DNAs contain a basic repeating and stacking motif, the G-
quartet structure, which is formed by four guanine bases and
held in a plane by the Hoogsteen mode of hydrogen bonds
(Figure 1A).7−11 DNA is a potential target for several

anticancer drugs and there are many possible mechanisms of
action.12 G-quadruplex interactive compounds inhibit telomer-
ase by stabilizing the single-stranded 3′-telomere ends as G4-
DNA.7,11

Besides telomeres, the G4-DNA forming sequences occur in
biologically relevant regions of the genome including the
immunoglobulin switch regions,13 the transcriptional regulatory
regions of a number of genes such as the insulin gene,14 and
also the promoter regions of several oncogenes such as c-kit, c-
myc, c-myb, K-RAS, bcl-2, and many others.15−18 Formation of
G-quadruplex structures from these G-rich promoter sequences
induced by a small molecular ligand provides a means of
achieving selective gene regulation and thereby target a protein,
the product of gene expression. This has been demonstrated for
the c-myc oncogene at the nuclease hypersensitivity element
(NHE) III1 which is responsible for up to 90% of c-myc
transcription.15,19

Topology of these G-quadruplex structures depends on the
DNA sequence, number of telomeric repeats, oligodeoxynu-
cleotide (ODN) concentration, and an appropriate stabilizing
cation.20 A 27-mer G4-DNA forming sequence in c-myc forms a

dynamic mixture of four intramolecular quadruplexes which
differ in their loop arrangements.15,19 Similarly, a 22-mer G4-
DNA forming sequence, c-kit87up, in the promoter region of c-
kit forms a unique intramolecular quadruplex in K+ solution.21

Presently, much of the research effort involving G-quadruplex
DNA is directed toward the study of G4-DNA formed by
human telomeric repeats d[T2AG3]n, particularly a 21-mer
sequence d[T2AG3]3G3 and a 22-mer d[AG3(T2AG3)3].
Altering the TTAGGG to TTAGAG in any one of the repeats
of T2AG3 converts an intramolecular to an intermolecular G-
quadruplex with varying degrees of parallel and antiparallel-
stranded character, depending on the length of the incubation
time, the concentration of the ion present in solution (Li+, Na+,
or K+), and the exact DNA sequence.22 A human telomeric
DNA repeat sequence can form two related types of the G4-
DNA structures, known as hybrid-1 or hybrid-2 structures
(Figure 1B), depending on the flanking segments, out of which
the hybrid-2 type is predicted to be the major structural
component in the human telomeric DNA.23−26 These solution
structures are different from the K+-stabilized crystal structure
of the G4-DNA derived from 22-mer sequence d-
(AG3[T2AG3]3).

26 Other possible G4-DNA conformations
adopted by short human telomeric sequences and quad-
ruplex-forming sequences in other genes were already
reviewed.27 Recently, a dimeric structure for the eight-repeat
human telomeric sequence containing 2-folded quadruplex
units was reported on the basis of high-resolution G4-DNA
structure obtained for the four-repeat sequence (Figure 1C).28

Different topologies of the G4-DNA (in telomeric and genomic
regions) having some unusual intermediates as shown by NMR
experiments were reviewed recently.29

Drug−DNA complex formation may be divided into two
broad areas via (i) covalent and (ii) noncovalent interactions.30

Covalent interactions are generally irreversible. DNA alkylating
agents like nitrogen mustards fall under this category. Also cis-
platin cross-links to DNA, specifically through the N-7 atom of
purines of DNA base pairs impeding their hydrogen bond
forming capacity with cDNA bases. Such compounds inhibit
transcription, translation, and replication of DNA and have long
been used as anticancer drugs.30−32

Intercalative and nonintercalative drugs represent the major
classes of noncovalently interacting compounds.33 Intercalators
generally insert between the layers of nucleic acid base pairs
and disrupt the shape of the double-helix significantly, thereby
preventing replication and transcription often by untwisting the
DNA.30,31,33 Nonintercalative molecules interact with the
duplex DNA through its major and minor grooves. These
grooves differ in their electrostatic potential, hydrogen bonding
characteristics, steric requirements, hydrophobicity, hydration,
and microenvironmental polarity.30,31,33−39 Most of the DNA
binding proteins associate through the major groove of the
duplex DNA, while small molecular mass ligands bind via both
the major and minor grooves of DNA.33 DNA minor groove
binding ligands (MGBLs) are generally “crescent-shaped”
molecules which recognize the minor grooves in a sequence-
specific manner. Oligopeptides (netropsin, distamycin-A),34,40

benzimidazoles (Hoechst 33258, Hoechst 33342),37 DAPI,33

berenil,33 bis-quaternary cations (SN 6999, SN 7167, SN
18071),31 cyanine dyes (DTDC, DODC),31 and so forth are
some of the well-known MGBLs of low molecular mass. These
molecules typically recognize 3−5 base pairs, and some of their
analogues including dimers recognize even longer stretches of
DNA.34−42

Figure 1. (A) Structure of a G-quartet is shown, in which the
hydrogen bonding patterns are also indicated. (B) Schematic model of
the DNA secondary structure in human telomeres. The hybrid-type
telomeric G-quadruplex structures can be readily folded and stacked
end to end to form compact-stacking structures for multimers in the
elongated telomeric DNA. Figure adapted from ref 23, with permission
of the Oxford University Press. (C) Average structure from molecular
dynamics simulation of the Hybrid-12 model; dT and dA residues, in
the junction region between the quadruplex units, are shown in red
and blue, respectively. Figure adapted from the ref 28, with permission
of the American Chemical Society.

Bioconjugate Chemistry Review

dx.doi.org/10.1021/bc200268a |Bioconjugate Chem. 2011, 22, 2355−23682356



MGBLs bind with the non B-DNA and multistranded DNA
structures too. There are reports on the studies of the
complexes of MGBLs involving ps-DNA31 and triplex31,43 and
G-quadruplex DNA.44 Herein, we provide an overview of the
nature of interaction of G-quadruplex DNA with low molecular
mass organic ligands with a special emphasis on MGBLs. Since
G-quadruplexes are involved in several important cellular
functions, the studies of these complexes should be useful in
the design and discovery of some effective chemotherapeutic
agents.

■ G-QUADRUPLEXES AND ORGANIC LIGANDS

G-quadruplex DNA structures have affinity for small, positively
charged organic ligands. G4-DNAs have several sites of
interaction with an organic ligand, mainly through the G-
tetrads and the grooves. G-quadruplex stabilizing molecules
(particularly the end-stacking ones) often have the following
features, e.g., a central symmetrical and a planar core, an
extended delocalized π-electron system, tertiary amines which
become positively charged due to the protonation under
physiological conditions of pH, and the side chains that are able
to form hydrogen bonds with the DNA bases and with the
phosphate backbone of the loops.45 Many end-stacking ligands
fit this description, although this is not always a general rule.
Thus, the compounds that bind with the G4-DNA grooves may
have entirely different molecular features. In 1997, a crystal
structure of G4-DNA formed by hexanucleotide TG4T in Na+

solution was elucidated. This showed several distinct structural
features different from that of the duplex DNA.46 This includes
notably the possession of four quasi-equivalent grooves along
with a pronounced channel of negative electrostatic potential
running through the center of the planes of the G-quartets,
allowing the metal ions to be coordinated between the planes in
a bipyramidal antiprismatic manner. Structural properties of the
G4-DNA grooves vary according to molecularity and type
(strand orientation) of the G-quadruplex.47 Four-stranded
intermolecular G4-DNA has four identical grooves that are of
about the same size as the minor groove of B-DNA.48 In
contrast to the parallel-stranded G-quadruplexes, the four
grooves in an antiparallel quadruplex are not identical, e.g., fold-
over monomeric G4-DNAs with diagonal loops have one wide
groove, two medium-sized grooves, and one narrow groove.49

Taking these features into account, many compounds were
synthesized to target the G4-DNA formed by the human
telomeric DNA sequence.50 Structures of some small organic
cation-G4-DNA complexes have been recently reviewed27 and
are supposed to be helpful in finding out new structure-based
leads for the design of anticancer drugs. The intramolecular G4-
DNA made by the sequence d[AG3(T2AG3)3] has seven major
binding sites available for a drug, made up of two G-tetrads for
end-stacking (parallel-loop and diagonal-loop), one wide
groove, two medium-sized grooves, one narrow groove, and
top parallel loop binding sites (Figure 2). Thus, the geometries
and functional groups of the G-quadruplexes are different from
that of the duplex DNA. A drug can bind to multiple sites
suggested by its skeleton and functional groups present in it.
Thus, although 3,6-bis(1-methyl-4-vinylpyridinium iodine)
carbazole (BMVC, 1) exerts a strong interaction with all the
sites, its binding with the end-stacked G-quartets is the most
favorable.51

■ G-QUADRUPLEXES IN NON-TELOMERIC REGIONS
As mentioned earlier, G4-DNA forming motifs have been
identified and characterized in functional regions (e.g.,
promoters and enhancers) of many oncogenes such as c-kit,
c-myc, c-myb, K-RAS, bcl-2, and other cell growth-related
genes.13−21,29,52 Most of these G4-DNA motifs in the gene
promoter regions have physical chemical properties and
structural characteristics that might make them interact strongly
with putative drugs.18 Further, they have such diverse structures
that a high degree of selectivity might be possible.18,21,29 The
initial report on genome-wide analyses highlighting multiple
regulatory roles of G4-DNA structure appeared in 2006,53

followed by a number of recent reports.17,54−56 G4-DNA
formation in genes may affect the cellular function in different
possible ways. G4-DNA formation in the insulin-linked
polymorphic region upstream of the insulin gene enhanced
its transcription, where single/double mutations that disrupted
the G4-DNA structure afforded reduced promoter activity.14

On the other hand, G4-DNA also acts as a “silencer element”
for certain oncogenes.15,18,57 Several proteins from different
organisms that interact with the G4-DNA have been
reported.58−60 They play an important role in transcription of
certain genes and can be classified by function into five major
groups. These are those that (i) increase the stability of G4-
DNA, (ii) destabilize G4-DNA in a noncatalytic way, (iii)
unwind catalytically G4-DNA in an ATP-dependent fashion,
(iv) promote the formation of G4-DNA, or (v) specifically
cleave DNA at or adjacent to a quadruplex forming domain.
G4-DNA structures in the promoter regions have generally
been targeted by end-stacking ligands, which have been already
reviewed.18

■ GROOVE BINDING LIGANDS FOR G-QUADRUPLEX
DNA

As discussed above, the bulk of the research concerning the G4-
DNA binding ligands has focused heavily on the ligands having
aromatic rings that could potentially stack on the terminal G4-
planes on both ends of the G4-DNA. Other potential binding

Figure 2. Molecular structure of 3,6-Bis(1-methyl-4-vinylpyridinium
iodine) carbazole (BMVC, top) and a sketch of the G4-DNA structure
made by human 22-mer telomeric DNA showing its binding sites for a
drug (bottom). Figure adapted from ref 51, with permission of the
American Chemical Society.
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sites include the four grooves of the G4-DNA. The width,
depth, and accessibility of these four grooves depend on the
strand alignment and the topologies of the connecting loops.
The structural differences between the duplex and the G4-DNA
grooves offer an alternative yet important strategy for the
design and synthesis of new ligands for differentiation between
the two nucleic acid structures. The grooves are protected by
the double-chain-reversal loops, but edgewise and diagonal
loops do not have such restrictions. The G4-plane is made by
the Watson−Crick base pairing scheme, and the major groove
edges of guanines and minor groove edges are still available for
further recognition. It was shown that an adenine can align with
the minor groove edge of a G4-plane guanine, to form a
sheared G.A noncanonical pair, leading to the creation of a

A(G.G.G.G) pentad.61 The structure-based design of ligands
and their consequent synthesis to achieve significant binding
with individual grooves of defined G4-DNAs is still an ongoing
challenge in the field. Since the dimensions of the G4-DNA
grooves differ with the type of the G4-DNA, donor−acceptor
patterns of the H-bonding sites also vary.62 Thus, successful
implementation of the groove binding is an important strategy
to selectively target a particular G4-DNA structure.

■ FEATURES OF THE GROOVE BINDING LIGANDS

Benzimidazole Based Scaffolds. The benzimidazole
moiety is structurally related to the purine bases and is found
in several biologically relevant natural compounds. Bisbenzimi-
dazole-based Hoechst 33258 generally binds with 4−5

Figure 3. Molecular structures of benzimidazole-based ligands: Hoechst 33258, terbenzimidazoles, ‘V’-shaped bisbenzimidazoles,67

benzobisimidazoles,68 symmetrical isomeric bisbenzimidazoles used to study tunable binding with the duplex DNA in presence of metal ion,63

symmetrical ‘V’-shaped bisbenzimidazoles based on 1,3-phenylene-bis(piperazinyl benzimidazole) [R1 = H, R2 = CH2CH2OH;
69 R1 = OH or OEt,

R2 = Me or CH2CH2OH],
70 benzobisimidazoles,68 symmetrical isomeric bisbenzimidazoles used to study tunable binding with the duplex DNA in

presence of metal ion.63
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contiguous AT base pairs of the duplex DNA (2, Figure 3). In
contrast, the terbenzimidazoles bind with extended sequences
of DNA (3, Figure 3).37−39 Other benzimidazole derivatives
were also studied to modulate their binding affinity toward
duplex and other higher-order DNA structures.30,31,37,43

Interestingly, three symmetrical isomeric bisbenzimidazole
compounds show very different binding affinity toward AT-
rich duplex DNA (Figure 3).63 Hoechst 33258 binds with the
G4-DNA formed by the DNA sequence derived from human c-
myc promoter region, d(G4AG3TG4AG3TG4A2G2TG4). Using
UV, fluorescence spectroscopic, and SPR techniques, a binding
constant of the order of 106 M−1 was estimated.64 Anisotropy
measurements and higher lifetime obtained from time-resolved
decay experiments reveal that Hoechst 33258 bound to G4-
DNA is rotationally restricted in a less polar environment than
in the bulk buffered medium. As Hoechst 33258 is known to
bind specifically to A−T-rich regions of the duplex DNA, the
likelihood of Hoechst 33258 interacting with the AAGGT loop
of the G4-DNA was proposed.64 Later on, the binding was
examined by NMR data too.65 Upon addition of Hoechst
33258 to the solution of a G4-DNA made from a 24-mer
sequence d[TGAG3TG4 AG3TG4A2G2] (pu24), the imino
protons of the top G4-plane’s residues are found to be most
perturbed (shifted toward upfield and broadened).65 This is an

observation which is consistent with the stacking of these
ligands on the top G-tetrad. Further, imino proton of G13,
which is involved in the terminal G-quartet formation, is greatly
broadened, suggesting multiple stacking configurations of
Hoechst 33258 over G13. Recently, Hoechst 33258 was
shown to stabilize the G4-DNA, a sequence derived from the
human telomeric repeats in solution having Na+ ions, but not
K+.66 However, in the molecular crowding conditions mimicked
by the addition of polyethylene glycol (PEG), it lost its G-
quadruplex binding affinity and consequent telomerase
inhibition activity.66 The negative effect of the molecular
crowding could be attributed to the reduced affinity between
the ligands and the G4-DNA, possibly as a consequence of
decreased water activity and enhanced viscosity of the medium.
Two symmetrical V-shaped bisbenzimidazole derivatives

were prepared and one of them was shown to induce the
G4-DNA formation and stabilize it.67 The benzimidazole
constructs that are more effective have pyridine as the central
aromatic core and substitutions on benzimidazoles at 3- and 6-
positions (4a), making a planar and relatively nonflexible
conformation because of the intramolecular H-bonding
between the imidazole hydrogen and the nitrogen of pyridine.
This compound (4a) also showed effective nuclease resistance
activity.67 Other molecules having benzene as the central ring

Figure 4. (A) Chemical structures of symmetrical ‘V’-shaped bisbenzimidazole (8a) and its linear isomer (9).69 (B) Optimized structures at the
B3LYP/6-31G* level of theory of 8a and 9 (adapted from the ref 69, with permission of the American Chemical Society). (C) Structures of the G-
tetrad along with interatomic distances.
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and substitutions at 1- and 2-positions, however, show much
less affinity toward the G4-DNA. Recently, a symmetrical,
linear bisbenzimidazole (5) and some benzobisimidazole
compounds (6a−6c, Figure 3) were tested against the duplex
and the G4-DNA.68 Linear bisbenzimidazole (5) was found to
bind with the double-helical DNA, while the benzobisimidazole
compounds were found to stabilize the G4-DNA preferentially
over the duplex DNA. Side chains have an important role in the
G-quadruplex binding and telomerase inhibition. These
benzobisimidazole derivatives have a conjugated aromatic
surface, which probably aids their binding with a G-quadruplex
DNA via π−π stacking.68

The shape of a G-quadruplex ligand has an important role
toward the affinity and stabilization of the G4-DNA. G4-DNA
interactions with two isomeric bisbenzimidazole-based com-
pounds with different shapes (‘V’-shaped, angular vs linear;
Figure 3) were investigated.69 While the linear isomer (9)

shows little affinity for the monomolecular G4-DNA structure
generated in the presence of Na+, the ‘V’-shaped angular isomer
(8a, R1 = H, R2 = CH2CH2OH), expected to cover three
guanines of the G-quartet, induces a significant structural
change of the intramolecular G4-DNA, above a threshold
concentration. The structural change was evident from the
pronounced changes observed both in the CD spectra and from
the electrophoretic experiments using the G4-DNA. Notably,
this V-shaped isomer also induces the G4-DNA formation
without any added cation. The ligand-G4-DNA complexes were
also investigated by computational methods, which provide
additional information on the structure−activity relationships
(Figure 4). Dimensions of the angular isomer match with those
of the G-quartet, and it should cover three guanines of the G-
quartet. The linear isomer, which should cover two guanines of
the G-quartet, caused less structural change and provided little
stabilization to the G4-DNA. In agreement with these

Figure 5. Chemical structures of netropsin, distamycin-A, and carbamoyl analogues of distamycin having 4 and 5 N-methyl-pyrrole rings and
dicationic derivative76 of distamycin-A (distamycin-A analogue having 5 rings is called MEN 10716),82 uncharged distamycin-A analogue devoid of
amidinium group,83 anthracenylioxazole lexitropsin conjugates,84 and planar U-shaped byaryl polyamides.85
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observations, TRAP assay results with the telomerase extracted
from A549 cells show that the angular isomer is a significantly
more effective inhibitor of the telomerase activity.69

A series of symmetrical ‘V’-shaped bisbenzimidazoles based
on 1,3-phenylene-bis (piperazinyl benzimidazole) compounds
was synthesized (8b−8d, Figure 3). These compounds induce
G4-DNA formation even without any added cation with the
ODN sequence d(T2G4)4 relevant to Tetrahymena.70 Binding
affinity of these molecules toward the G-quadruplex increases
upon introduction of an electron-donating ethoxy group on the
central phenyl ring. The dimensions of these compounds match
with those of the G-tetrad plane as per calculations, suggesting
that end-stacking as the possible mode of the G-quadruplex
stabilization. Appearance of an induced circular dichoric (ICD)
signal at a higher drug: DNA ratio, however, indicates the
groove binding as well.70

Oligopeptides and Related Lexitropsins. Some reports
are available regarding the interaction of netropsin (Nt, 10),
distamycin-A (Dist-A, 11), and their other oligopeptide
analogues with the G4-DNA (Figure 5). This class of molecules
acts as the minor-groove binders (MGB) for the duplex
DNA.34,35,42 Binding properties of these N-methyl pyrrole
containing cresent-shaped oligopeptides with the duplex DNA
depend on the number of pyrrole rings and the presence or
absence of a leading amide (in Dist-A).34 Longer analogues
(beyond four/five consecutive rings) tend to lose their
selectivity toward certain AT-rich DNA sequences. This is
because the curvature of such long ligands often fails to match
with the pitch of the DNA double-helix, disrupting the H-
bonding and van der Waals interactions necessary for the
specific sequence recognition.31,34,36 Dist-A and Nt were also
investigated with the three G-quadruplexes characterized by
different groove widths: [d(TG4T)]4 (Q1), [d(G4T4G4)]2
(Q2), and d(G4T2G4TGTG4T2G4) (Q3) using homonuclear
NMR.71 Below 2:1 ligand/G-quadruplex stoichiometry, Dist-A,
in a dimeric form, binds with each groove of the tetraplex to
form short-lived complexes on an NMR time scale. At higher
drug/DNA ratios, a second Dist-A dimer specifically binds with
the tetraplex, to give a 4:1 complex, in slow exchange with the
2:1 complex. Nt was found to be in a fast chemical exchange
with all three kinds of G-quadruplexes, whereas Dist-A
interacted tightly with Q1 and, to a less extent, with Q2.
Both molecules possess higher affinity toward the duplex DNA
than the G4-DNA. Two opposite models were proposed for the
Dist-A complexed, parallel G4-DNA containing ODNs of
different sequences in K+ buffers. The first one suggests that
Dist-A molecules bind as dimers in the two opposite grooves of
the G4-DNA [d(TG4T)]4;

72,73 while the second one suggests
that two Dist-A molecules stack on the terminal G-tetrad planes
of the G4-DNAs made up of each of [d(TAG3T2A)]4,
[d(TAG4T2)]4, and [d(TAG5T)]4 on the basis of NMR
studies.74 Below 2:1 ligand−tetraplex stoichiometry, Dist-A, in
a dimeric form, binds to each groove of the tetraplex to form
short-lived complexes on the NMR time scale. Therefore, only
one set of signals for the four strands was observed. The fast
exchange behavior of the lower complex (2:1 Dist-A-G4-DNA)
could be changed only to an intermediate regime by decreasing
the temperature of the system. As the temperature was reduced
from 300 to 280 K, there was a general broadening of the
resonances, with peaks belonging to Dist-A broadening more
than the other peaks, probably due to the slower reorientation
of the Dist-A dimer. At higher drug/DNA ratios, a second Dist-
A dimer specifically binds with the G4-DNA, to give a 4:1

complex, in slow exchange with the 2:1 complex, as evidenced
from the appearance of separate proton resonances for the two
species. This behavior may be explained assuming that the
binding of the second drug pair is more favorable than the
binding of the first one.72 Nt is involved in fast exchange on the
NMR time scale with its binding sites on the tetraplex.72

A new modified oligonucleotide, namely, d(TGGMeGGT),
having GMe (8-methyl-2′-deoxyguanosine), able to fold into a
quadruplex, was used to study its interactions with Dist-A.73

Thus, the 8-methyl group of the four dGMe of the quadruplex
[d(TGGMeGGT)]4 faces right into the very central region of
the grooves, pointing outward from the G4-DNAs. As a result,
if Dist-A interacts with the groove of the G-quadruplex, the
presence of these bulky groups in the very central region of the
four grooves should prevent (or at least should limit) the
insertion of Dist-A molecules. Consequently, the formation of a
stable complex would be impeded. In the case of [d(TG4T)]4,
Dist-A displayed a high affinity toward the G4-DNA as
evidenced from the appearance of a new set of signals during
the NMR titration. Furthermore, Dist-A caused a loss of the
original fourfold symmetry of the free G4-DNA. During the
entire titration process of the G-quadruplex [d(TGGMeGGT)]4,
the four strands remain magnetically equivalent and only a
general change in the chemical shift resonances are observed.
Thus, the presence of the methyl groups in the central region of
the grooves does affect the binding of Dist-A to the quadruplex,
and hence, Dist-A interacts with the grooves of the quadruplex.
The affinity between Dist-A and [d(TG4T)]4 is enhanced
(∼10-fold) when the ratio of Dist-A and the quadruplex is
increased.73

Dist-A was reported to stack on the terminal G4-planes
having the flanking bases of the G4-DNA.74 This allowed
detection of 2:1, 4:1, and 8:1 Dist-A/G4-DNA complexes. Dist-
A also inhibits the interaction of BLM helicase (an enzyme
which unwinds the G4-DNA) with the G4-DNA. Dist-A
inhibited binding of the G-quadruplex by nucleoilin (Nuc)-
RGG9. However, Dist-A exerts no effect on the interaction of
G4-DNA with either a full-length murine nucleolin (Nucleolin)
or a recombinant nucleolin possessing amino acid residues
281−709 that is devoid of the acidic N-terminus (Nuc-1,2,3,4-
RGG9) or recombinant nucleolin having only four RBD
domains (RNA binding domains, Nuc-1,2,3,4).74 These results
show that Dist-A may be used to probe the interactions of G4-
DNAs with certain proteins. These also indicate that at least
two independent modes of protein−G4-DNA interactions may
be studied by the sensitivity to Dist-A.
In another report, interactions of Dist-A, tel01, and DTC

with the G4-DNA were studied using ESI-MS.75 When two
different ligand−G4-DNA complexes were subjected to a mass
spectral analysis, distinct fragmentation patterns were observed.
Tel01-G4-DNA complexes underwent a facile loss of the drug
and produced single-strand ODN, while Dist-A-G4-DNA
complexes produced single-strand ODN ions bound with the
Dist-A. DTC-G4-DNA complexes had similar fragmentation
patterns.75 Thus, it may be concluded that DTC and Dist-A
bind with [d(T2G5T)]4 through the grooves. Different binding
behavior observed with such drug molecules suggests that a
sequence-dependent interaction prevails in the G4-DNA
recognition events.
Recently, Nt and a dicationic derivative of Dist-A (12, Figure

5) were studied with [d (TG4T)]4 G4-DNA using NMR
titrations and isothermal titration calorimetry (ITC).76

Dicationic derivatives form 2:1 complex with the G4-DNA.
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Interactions in both cases (Nt and the dicationic Dist-A) are
entropically driven with a small favorable enthalpic contribu-
tion. The stoichiometry and thermodynamic properties of
interactions of Dist-A/its analogues with G4-DNA are affected
by the presence of different cations in solution. Dist-A and its
two carbamoyl derivatives (13, 14; having 4 and 5 N-methyl-
pyrrole rings, respectively, Figure 5) were reported to behave
differently from the target [d(TG4T)]4 and d[AG3(T2AG3)3]
G4-DNAs in K+ and Na+ solutions.77 Out of these carbamoyl
derivatives, one having 5 N-methyl-pyrrole rings (14) is also
called MEN 10716. Dist-A and its 4 N-methyl-pyrrole
derivative bind with the parallel quadruplex structure [d-
(TG4T)]4 in 1:1 stoichiometry in solution containing Na+.78

Dist-A and the 4 N-methyl-pyrrole derivative bind with the
investigated G4-DNA in both solution conditions; conversely,
the 5 N -methyl-pyrrole derivative seems to have a lower G4-
DNA affinity in any case as evidenced from the ITC and 1H
NMR studies.77 The 4 N-methyl-pyrrole derivative, however,
showed a 10-fold higher G4-DNA affinity than the duplex
DNA.78

A number of amide-linked oligo N-methyl-pyrroles based on
Dist-A molecules, having 2 to 6 pyrrole rings and substitutions
at different positions (2,4-substitution vs 2,5-substitution), were
also synthesized. These interact with a human intramolecular
G4-DNA d[G3(T2AG3)3].

79 Several of these molecules show an
enhanced ratio of binding constants toward the G4-DNA vs the
duplex DNA compared to that of Dist-A itself or its analogue
with a 2,5-disubstituted pyrrole system. The G-quadruplex
binding affinity increases with the number of N-methyl-pyrrole
units of this class of ligands, suggesting that such an interaction
is consistent with a mixed groove/G-quartet stacking mode of
binding. A qualitative molecular model of a six-repeat pyrrole
polyamide molecule docked onto the crystal structure of a
human 22-mer G-quadruplex structure is shown (Figure 6),

where the two repeats of the polyamides located in a G4-DNA

groove and the others stack on a terminal G-quartet surface.79

Oligoamides having up to 3 N-methyl-pyrrole (Py) or
-imidazole (Im) units were shown to have less effect on the
G-quadruplex stability than other known end-stacking G4-DNA
ligands like Tel 01, porphyrin, DAPER, PIPER, and so
forth.80,81 In contrast, oligoamides having 4 or more rings
induce stabilization of the G-quadruplexes.
Dist-A derivative MEN 10716 (14, Figure 5) inhibits the

human telomerase enzyme in a dose-dependent manner.82

Exposure of human melanoma JR8 cell extracts and U2-OS
human steogenic sarcoma cell line extracts to MEN 10716
induced a dose-dependent inhibition of the telomerase activity,
with an IC50 value of 24 ± 3 mM. A chronic exposure of the
H460 nonsmall cell lung cancer cells to the above drug (100
mM every other day for 50 days) induced a consistent
inhibition (>85%) of the telomerase activity.82 Inhibition of the
telomerase by Dist-A and its 2,5-disubstituted derivative was
also determined using a modified PCR based TRAP assay.79

These two compounds were examined in this experiment up to
a concentration of 100 μM, and concomitant controls were
carried out to ensure that there was no interference with the
correct functioning of Taq polymerase at these concentrations.
Dist-A exhibited a telEC50 value of ∼25 μM, whereas its 2,5-
disubstituted derivative showed no telomerase inhibitory
activity even at 100 μM. However, both compounds show
significant PCR inhibition, suggesting that the positive result
obtained in the TRAP assay is not necessarily due to the
telomerase inhibition and other mechanisms are possible.79

Dist-A also inhibits protein interactions with the G4-DNA. The
utility of Dist-A as a probe of the G4-DNA−protein
interactions was thus demonstrated and two separate modes
of the protein−G4-DNA interactions, which may be analyzed
by the sensitivity to Dist-A, were proposed.74

An uncharged Dist-A analogue, where the major change in its
structure involved the replacement of the amidinium group by
an uncharged N-methyl amide moiety (15, Figure 5), was used
to probe the importance of the unique Coulombic interactions
in the Dist-A/[d(TG4T)]4 complex formation.83 Removal of
the positively charged terminal group results in an exceptional
ligand−G4-DNA complex formation in which the grooves as
well as the 3′-end of the telomeric DNA are occupied.
Furthermore, a lack of charge in the ligand molecule does not
affect the relative orientation of two molecules of the analogue
forming a dimer. The positively charged amidinium moiety of
the Dist-A interacts with the phosphate groups of the G-
quadruplex, providing a favorable (although small) enthalpic
contribution, while the analogue, where the amidinium group is
replaced by the uncharged N-methyl amide moiety, cannot
interact with electrostatic complementarity.83 The binding
affinity of the uncharged analogue with the G4-DNA as

Figure 6. Qualitative molecular model of a six-repeat pyrrole
polyamide molecule docked onto the crystal structure of the human
22-mer G-quadruplex structure. Figure adapted from the ref 79, with
permission of the Royal Society of Chemistry.

Figure 7. Chemical structures of common carbocyanine dyes (19−23), dyes ETC (24), and MKT-077 (25) synthesized based on cyanine dyes.
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measured from ITC is 9 × 105 M−1 at 25 °C. However, no
comparison of binding affinity with Dist-A was given.
Some anthracenyl isoxazole lexitropsin conjugates (16, 17;

Figure 5) were developed recently. Plausible binding modes of
these compounds after energy minimization have suggested
that one of them binds with the G4-DNA via intercalation, by
displacing a guanine. Other compounds bind via a stacking
mode with the G-tetrad.84 G4-DNA formed by the sequence
d[5′-CATGGTGGT3(G3TTA)4CCAC-3′] quench the fluores-
cence of ligands suggesting a π−π stacking interaction of the
ligand with the G-tetrad. Some planar U-shaped biaryl
polyamides (17, 18) possessing high selectivity toward the G-
quadruplex over the duplex DNA were also developed.85

Compound 17 shows high selectivity for the human telomeric
G4-DNA, while compound 18 is selective for two c-kit G4-
DNAs.
Cyanine Based Ligands. Carbocyanine dyes (19−23,

Figure 7) represent another class of MGBLs which are often
studied with the G4-DNA. These compounds form complexes
with the minor grooves of the duplex DNA, and show
pronounced exciton splitting in their ICD spectra.30,86 Stacked
species are important for the recognition of G4-DNA. Studies
with the duplex DNAs demonstrate that ligands that bind DNA
as stacked dimers have enhanced binding affinity/selectivity
over similar ligands which bind as monomers.86 Similar stacking
in the G4-DNA grooves seems to be a favorable way to
selectively recognize different G4-DNA structures. Such a mode
of interaction probably optimizes through an induced fit
component, between the stacked ligands and the G-bases of the
G-quadruplexes. On the basis of different spectroscopic studies,
3,3′-diethyloxa-dicarbocyanine (20, DODC) was shown to bind
with the grooves of a dimeric hairpin G-DNA.87 DODC−G4-
DNA interaction resulted in some unique spectral signatures,
e.g., a new absorbance peak (534 nm), an ICD signal (534−626
nm), a quenching of the fluorescence intensity of the ligand on
excitation with the visible light, and a strong energy transfer
from DNA.87 In the electrophoresis experiments, only the G4-
DNA bound to DODC were detectable above the background.
However, neither the duplex DNA bound to DODC nor the
free G4-DNA was observable. G4-DNA was detectable even in
the presence of a high concentration of the duplex DNA. This
demonstrates the ability to detect a small amount of dimeric
hairpin quadruplex in the presence of a large amount of the
duplex DNA. The concentration ratio was limited by the
capacity of the gel.87 Satellite hole spectroscopy studies also
supported the groove-binding model for DODC with the G4-
DNA.88

A different study using competition dialysis assay suggests
that DODC has a preference for the triplex DNA compared to
the G4-DNA. Although no structural information is available
on this molecule in the DNA-bound form, it is possible that due
to the geometric features, DODC could be binding to a G-
quadruplex groove rather than stacking on a G-quartet. If this is
indeed true, then its affinity should be highly sensitive to the
groove dimensions, which vary along with the type of the G4-
DNA.62 Electrospray ionization mass spectrometric patterns
also support the diethylthiocarbocyanine iodide (21, DTC)
binding with the G4-DNA grooves.75,89,90 Dissociation patterns
of the DTC/G4-DNA complexes resemble those of Dist-A.
Therefore, it is predicted that DTC interacts with the parallel
G4-DNA [d(T2G5T)4] through groove-binding.75 Tel01 was
found to interact via end-stacking with the G4-planes of the
G4-DNA.75 However, binding to G4-DNA and telomerase

inhibition by only DTC among all the carbocyanines tested
appears to be a result which is ambiguous.90

SPR studies indicate that Dist-A binds very weakly to the
telomeric DNA sequence attached on a support.72 The binding
of Dist-A is likely to be seen in the experimental methods such
as NMR, which employs high concentrations of the ligand.72

Screening experiments with other MGB polyamides also did
not reveal any significant G4-DNA interactions. These results
are contrary to other reports, where Dist-A and its analogues
have been studied with the G4-DNA using NMR and ESI-
MS.71−73,75 DODC was shown to have higher affinity toward
the G-quadruplex grooves via stacking, as suggested by the
negative ICD spectra, and is presented as a more promising G4-
DNA groove-binding model system.91 Dist-A did not show any
induced signal. A new fluorescence-based study of the G4-DNA
ligands was reported using DODC and DTDC as reporter
molecules along with other G-quadruplex ligands.92 N-Methyl
mesoporphyrin IX (NMM), DODC, and DTDC (22) allow
the monitoring of several structural features of G4-DNA, as
these molecules detect G4-DNA structure specifically. These
three molecules were used as reporter molecules to screen six
G4-DNA ligands. The fluorescence intensity of the reporter
increases when it binds to the G4-DNA. Addition of ligands can
either enhance or diminish the fluorescence due to the reporter
molecule. DODC and DTDC also exhibit ICD upon binding to
the most of the G4-DNAs indicating groove binding. NMM
competes with DODC and DTDC in binding with d-
(G2T2G2TGTG2T2G2). NMM also competes with DODC in
binding with d(T2AG3)4.

92 Recently, binding of a novel cyanine
dye 3,3′-di(3-sulfopropyl)-4,5,4′,5′-dibenzo-9-ethylthiacarbocya-
nine triethylammonium salt (ETC, 24, Figure 7) was studied
with unimolecular human telomeric G-quadruplex, owing to its
common properties with the G4-DNA ligands.93 ETC also has
specific interactions with an intramolecular telomeric G4-DNA
via end stacking.94 ETC stacks on one specific end of the
hybrid, some selective parallel and antiparallel G-quadruplexes,
or on both ends of the normal parallel G4-DNA. Nearby loop
structures also play an important role in the binding. Some
specific lateral or unusual propeller loops “snatch” part of ETC
molecule and facilitate stacking on the end G-quartet, while the
diagonal or special lateral snap-back loops block the access of
ETC molecule to the G4-DNA frame.
Several in vitro G4-DNA related biological activities of

MGBLs were also reported. G-quadruplex ligands, e.g.,
TMPyP4, NMM, coraylene, Dist-A, DODC, and DTC, along
with perylene diimides (PDI) were investigated as inhibitors of
the G-quadruplex and the duplex DNA helicase activities of the
T-antigen (T-ag).95 G-quadruplex helicase activity was found to
be strong and similar to that of duplex DNA helicase activity of
the T-ag. Analysis of the SV40 genome demonstrates the
presence of sequences that may form intramolecular G-
quadruplexes, which are presumed to be natural substrates for
the G4-DNA helicase activity involving the T-ag. Dist-A, which
does not inhibit the G-quadruplex unwinding activity of bloom
syndrome homologue (BLM) gene, was found to be a weak
inhibitor of the G4-DNA unwinding activity of the T-ag.
DODC weakly inhibits the G′2 (bimolecular G-quadruplex)
unwinding activity of the T-ag. A number of other G4-DNA
ligands including Hoechst 33258 and DTC were found to be,
however, not as effective inhibitors of the G4-DNA unwinding
activity of the T-ag. PDIs were found to be potent and selective
inhibitors of the T-ag associated G4-DNA helicase activity.95

The effect of DODC on telomerase activity was also explored.
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It reduced telomerase activity in pheochromocytoma PC-12
cells in a dose-dependent manner (10−100 mM) after 12 h of
treatment.96

In another study, DODC inhibited telomerase in nasophar-
yngeal carcinoma NPC-Tax (a control NPC cell line), but not
in NPC-TW01 cells, when studied with the extracts from cells,
which were treated with 0.7 mM of DODC for 1−3 days. On
direct addition of DODC to the study media, inhibition was
observed at 10 mM for the NPC-Tax and 500 mM for the
NPC-TW01 nasopharyngeal carcinoma cells, respectively.97

DODC itself was able to induce apoptotic cell death, although
it did not reduce the telomerase activity in the NPC-TW01
cells. Instead, DODC induced the cell apoptosis via a
mitochondrion-mediated mechanism. DODC inhibited the
uptake of another mitochondrial probe 3,3′-dihexyloxacarbo-
cyanine iodide. By proteomic comparative analysis, it was
apparent that DODC induced the increase of prohibition level
in the mitochondria, indicating an occurrence of the
mitochondrial perturbation. Moreover, DODC increases the
levels of p53 and an 18 kDa truncated Bax on mitochondria,
which in turn potentiates the release of cytochrome c for the
activation of caspases.97 In a different study, at the tested
concentrations, DODC had little effects on the hydrolysis of
the substrates under question in presence of either K+ or Li+

ions, or on the stability of the d[T24(G3TTA)3G3] G4-DNA
and on the electrophoretic mobilities of either d-
[T24(G3T2A)3G3] or d[T24GTGTGAGTG2AG2TGT
GAG2T].

98 DODC did neither inhibit the exonuclease
hydrolysis nor the telomerase activity.97 It also destabilized
the G4-DNA under experimental conditions. The synergistic
effects between low-dose arsenic trioxide and DODC on the
apoptosis of HT1080 cells were also investigated.99 Results
reveal that low-dose arsenic could block cell cycle arrest at the
G2/M phase and induce apoptosis, whereas DODC could
block cell cycle arrest at the G0/G1 phase but does not induce
apoptosis. However, cells pretreated with DODC showed
greater sensitivity to arsenic than untreated cells. DODC alone
could induce the hairpin G-quadruplex formation and inhibit
the telomerase activity in a dose-dependent manner. It has been
predicted that DODC can synergistically enhance the apoptosis
induced by arsenic, suggesting that increased cell senescence in
response to arsenic is induced by an altered telomere state
rather than by a loss of telomerase.99 Rhodacyanine dye MKT-
077 (25, Figure 7) has also been reported to have telomerase
inhibition activity.100 Due to its structural similarity with
DODC, an interaction with the G4-DNA may be possible for
the activity.62

The binding mode of DODC with the G4-DNA is a matter
of considerable interest. One can imagine four possible modes
of noncovalent association: (a) intercalation between the G-
quartets, (b) binding through the grooves, (c) interaction with
the thymine loops, and (d) outside binding. The possibility of
outside binding can be easily eliminated on the basis of the
fluorescence collisional quenching data and the ICD spectra.
On the basis of the ICD spectra obtained for DODC
complexed with two different G-quadruplexes [d(G4T4G4)]2
and [d(G3T4G3)]2, which have similar loops, binding only to
the loops is overruled. Furthermore, the dye does not bind
specifically to the unimolecular hairpin Watson−Crick duplex
containing a T4 loop. Thus, groove binding and intercalation
remain as the two plausible modes of specific binding.87 On the
basis of preliminary NMR data, DODC is suggested to bind
within the loops of the G4-DNA.92 CD and fluorescence

competition studies with these ligands also suggest binding with
the loops of the G4-DNA. Atomic resolution data are, however,
needed to unambiguously determine the structures of the G4-
DNA-cyanine dye complexes.92 However, for the cyanine dye−
duplex DNA complexes, the appearance of ICD spectra is due
to the groove binding. Other classical MGBLs (berenil, DAPI,
SN-18071, etc.) have still not been examined for their
interaction with the G4-DNAs.

■ CONCLUDING REMARKS AND PERSPECTIVES

Telomeres, rDNA, and promoter regions have been identified
as potential targets, and there are over 350 000 predicted
sequences in the genome that can fold into G-quadruplex
structures, raising the daunting task of determining selective
targets for these drugs.17,101 G-quadruplex ligands acting on
both telomeric and nontelomeric quadruplexes have significant
biological importance and quite a few of them are in clinical
trials.18,29,102,103 Few examples include G4-DNA binding
ligands, RHPS4,104 telomestatin,105 derivative of telomestatin
HXDV,106 BRACO-19,107 porphyrin TMPyP4,15 quarfloxin
(CX-3543),108 307A,109 triazines,110 and so forth. Quarfloxacin
was originally developed to bind to the c-myc promoter.
Instead, it appears to bind ribosomal quadruplexes, interfering
with the binding of the protein nucleolin, which normally binds
to the G-quadruplex structures, leading to cell death in
cancerous cells. Quarfloxin is in the phase II clinical trials for
the treatment of carcinoid/neuroendocrine tumors.108,111

However, it is still a long way off to get G4-DNA binding
ligands as successful anticancer agents.
As discussed earlier, the ligands which bind to the G-

quadruplex grooves also exert stabilizing effects. The grooves of
the G4-DNA structures have different characteristics than the
grooves of the duplex DNA, and thus, the ligands that bind only
with the grooves of the G4-quadruplex selectively should be
able to recognize DNA in a structure-specific manner with high
affinity. DNA minor groove binding ligands are known to be
able to distinguish the variable groove widths engendered by a
specific sequence.112 G4-DNA structures give many variations
within the generic theme of a G-quadruplex forming motif.
Therefore, ligand design and development in the future would
necessitate dealing with more complex issues of structural
variations. Thus, this should not be limited to duplex versus
G4-DNA distinction only. Availability of alternating groove
widths in the G-quadruplexes in this regard may provide a
platform toward selective targeting of specific topological and
conformational forms of the G4-DNA. Ligands capable of
spanning two or more grooves in the G-quadruplex may be able
to distinguish one form from another based upon the
appropriate groove dimensions and their specific orientations.
Furthermore, “designed” MGBLs should be capable of selective
targeting as well. To find new quadruplex groove binding
agents, the molecular nature of the G-quadruplex grooves must
therefore be considered judiciously. Interestingly, all known
grooves of the G-quadruplex structures that have been
characterized are chemically and conformationally quite
different from the minor grooves of the duplex DNA. Thus,
the recognition of the grooves of these nucleic acid structures is
supposed to give a higher degree of selectivity over other types
of DNA structural motifs, which may not be possible in the case
of most of the existing end-stacking G-quadruplex ligands.
Therefore, to understand the structural and conformational
requirements for the recognition of the grooves of G4-DNA,
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many of the existing MGBLs should be chemically modified
logically.
Toward the success of the G-quadruplex binding ligands at

the genetic level, the hypothesis proposed by Huppert is
relevant,111 in that the fusion of the G4-DNA recognition
molecules with systems that bind to specific sequences of the
duplex DNA are feasible. Tethering MGBLs that are able to
recognize six or more contiguous DNA base pairs (e.g.,
terbenzimidazoles)37−39,43 or longer “designed” Py/Im poly-
amides33−36,39 might provide an increase in the specificity and
binding affinity depending on the nature, length, and/or
flexibility of the linkers used.
Some of the MGBLs discussed so far bind with the non-

natural or model G-quadruplexes like [d(TG4T)]4 and also
those made from the modified nucleotides.71−78 These MGBLs
may not be of much use in developing a drug. However,
MGBLs that bind with the natural G-quadruplexes may be of
significant medicinal importance. These include cyanine
dyes,81−88 oligopeptide-based on distamycin analogues, in
particular, the longer oligopeptides,69−73 and certain benzimi-
dazoles.64−70 Longer oligopeptides lose helical phase matching
with the grooves of the duplex-DNA and thus prefer to bind
with the non B-DNA structures. Carbon skeleton of
benzimidazoles,69,70 oligopeptides,85 and cyanine dyes may be
suitably crafted to make them G-quadruplex DNA-specific.
Thus, MKT-077, a compound structurally similar to DODC, is
already being used in clinical trials as an anticancer agent.113 It
shows selective cytotoxity toward cancer cells,114 which may be
due to its ability to localize specifically on the mitochondria of
the cancer cells.113 Examples of G-quadruplex binding MGBLs
discussed in this review should therefore serve as a useful
source for the design of a whole new class of highly selective
groove-binding ligands with attractive biological properties.
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ABSTRACT: Identification and quantification of small organic
molecules capable of binding to a protein of interest with
reasonable affinity and specificity is a central problem. Via
developing DNA-encoded recognizing probe, we validate a proof-
of-principle for constructing of small target-to-DNA conversion
that screens the small molecule−protein interaction. Successful
identification of β-indole acetic acid, abscisic acid, or 2,4-
dichlorophenoxyacetic acid/corresponding antibody binding im-
plies its fascinating potential for interrogating small molecule/
protein interaction.

The identification and quantification of small organic
molecules capable of binding to a protein of interest

with reasonable affinity and specificity is a central problem in
chemistry, biology, and medicine. Although spectroscopic and
chromatographic measurements for the exploration of small-
molecule/protein interaction and detection of small molecules
have achieved impressive results,1−5 these traditional techni-
ques generally require expensive instrument, specific signal
reporters, or cumbersome assay procedures. Thus, the
development of a universal protocol for the convenient, cost-
effective, sensitive, and selective detection of small molecules
remains a compelling need. Considering the enormous
capabilities6−11 of oligonucleotides in site-specific labeling,
sequence-specific biobarcoding, versatile amplification, and
isolation, the DNA-encoded oligonucleotide probe has
emerged as an appealing tool for the construction and
screening of large chemical libraries.12 However, for the existing
aptameric screening systems, the ability of aptamer probes to
convert the probes/target molecule binding into a measurable
signal is highly dependent on their conformational change
originating from the formation of the target binding
pockets.5,13−17 Moreover, aptamers are the greatly appreciated
binding molecules against the corresponding targets. To meet
the requirements of many technological applications, it would
be desirable to introduce a universal signaling scheme for
detecting some organic ligands with low molecular weight (e.g.,
oligonucleotides and non-nucleic acid biomolecules).18 Inspired
by the biological behavior change (for example, susceptibility to
enzymatic cleavage6,19 or polymerization20) of original or

modified oligonucleotide probes upon binding to specific target
molecules, utilizing microgravimetric quartz-crystal-microba-
lance, we proposed a novel signaling scheme for investigating
the interaction of small molecule with specific protein. This
screening scheme is based on the design of a target molecule-
linked DNA hybrid that is responsible for the transduction of
common immunoreaction into the specific oligonucleotide
detection. The present “signal-on” microgravimetric biosensor
can not only screen the small target molecule, but also provide
quantitative analysis with desirable analytical features (e.g., low
detection limit, high sensitivity, and selectivity, as well as a wide
dynamic range and cost-effectiveness).
Phytohormone screening is considerably significant to

agriculture, horticulture, and other related fields. Considering
the pressing needs for the precise and sensitive measurements,
β-indole acetic acid (IAA), a small plant hormone molecule
regulating the plant growth was used as the model target
molecule for testing proposed analytical technique. It is well-
known that the characteristics of sensing platform are highly
dependent on the signaling format. Namely, the “signal-on”
reporting mechanism is superior to the “signal-off” one in terms
of the detection sensitivity and working range. Although the
sandwich immunoassay format is promising for sensitively
detecting the target antigen, small molecules cannot simulta-
neously interact with two antibodies, precluding their inter-
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rogation by “signal-on” two-site immunoassay including the
powerful “immuno-PCR” amplification technique.21 In the
present communication, the change in the self-assembly
behavior of thiolated small molecule-tethered DNA hybrid,
which is closely related with the presence of target analyte in
sample, was employed to translate the interaction of antibody
with small molecules into microgravimetric sigal. The DNA
sequences involved in the encoding oligonucleotide-based
sensing are detailed in Table 1. The screening principle of

the microgravimetric assay platform that converts the presence
of target small molecules into the appearance of DNA probes
(defined as small target-to-DNA conversion), as well as the
signaling procedure, is illustrated in Scheme 1. The proposed

scheme is essentially a competitive assay between the labeled
and free small molecule, which compete for binding the
antibody protein. When adding target molecule sample, the free
IAA can bind to the anti-IAA antibody protein by preincubating
in a solution, inhibiting the formation of antibody/IAA-labeled
probe (also called recognition probe)/assembling probe
complex in the subsequence step. Namely, the IAA attached
to recognition probe/assembling probe hybrid cannot interact
with antibody because the binding site of antibody is occupied
by free IAA. In this case, the thiol of assembling probe can
randomly run into the quartz-crystal-microbalance (QCM)
surface, resulting in the s-Au bond. Thus, the recognition probe
is easily captured on the surface. It is well-known that the rigid

DNA duplex is easier to immobilize onto the gold substrate in a
spatially ordered manner than a flexible single-stranded DNA
molecule. Naturally, during this step, not only is the intrinsic
self-assembly behavior of the thiolated probe maintained, but
hybridization of this probe with the recognition probe can also
improve the capability to self-assembly on the QCM surface.
Subsequently, the biotin-labeled probe can be immobilized on
the resulting surface of QCM (also used as an electrode when
performing the electrochemical measurements to characterize
the sensing interfaces at different stages of target detection) via
specific hybridization to the fragment close to the 3′ end. As a
result, the avidin-HRP is capable of being adsorbed onto the
resultant QCM via the biotin−avidin bridge. In the presence of
H2O2, the HRP-biocatalyzed oxidation of 4-chloro-1-naphthol
occurs and the precipitation of the insoluble product is
produced on the support surfaces, generating an enhanced
mass or electrochemical signal (this process is called the signal
amplification step, only involved during evaluation of the
features of the proposed microgravimetric sensing platform). In
contrast, in the absence of IAA in the sample, the assembling
probe/recognition probe conjugate can interact with antibody
protein, forming the triplex. Because the thiol group is designed
to be in close proximity to the terminal IAA of recognition
probe, binding of the recognition probe to the antibody
protein, a large biomolecule, can cause steric hindrance serving
as the barrier to the self-assembly of a thoil-labeled assembling
probe/recognition probe hybrid. As a result, encoding DNA is
not adsorbed onto the QCM surface. This is capable of
inhibiting the subsequent transducing reaction and amplifica-
tion process. In this case, no signal is observed. Apparently, via
encoding the information on the IAA/antibody interaction and
decoding the appearance of DNA recognition probe, a versatile
amplification route for exploring small molecule/protein
interaction in a “signal-on” manner is developed. The
developed small target-to-DNA conversion scheme is described
in detail in the text; the characterization of the resulting
microgravimetric transducer is represented; the screening
ability is validated and primary application is evaluated to
afford convincing evidence for the reliability and practicality of
the proposed fluorescence assay.
The rationality of the proposed design for screening the

small molecule/protein interaction is validated by the
impedance data. As shown in Figure 1, even if the biomolecules
confined on the electrode surfaces are different from each
other, each attachment of the molecules involved can
consistently induce a considerable increase in the electro-
chemical impedance, indicating the expected attachment and
bioactivity of surface-confined biomolecules. Considering the
intrinsic feature of biomolecules and binding affinity at different
stages, it is reasonable that a different change in impedance is
observed. For example, compared with the difference between
lines a and b, line c does not exhibit a significant increase. This
should be attributed to the fact that the signaling probe has no
large moiety (e.g., HRP) and is immobilized via hybridizing to
the surface-confined recognition probe rather than self-
assembling directly onto the electrode surface as the thiolated
probe/recognition probe hybrid does. Moreover, due to the
shorter base sequence, the amount of its negative charge is
smaller than the overall value of assembling probe/recognition
probe conjugate, generating the comparatively weak electro-
static repulsion between dissolved ferricyanide and resultant
electrode. In contrast, substantial increase in impedance is
observed for line e compared with all other lines. This is

Table 1. Oligonucleotides Designed in This Studya

aThe assembling probe is modified with thiol group at the 3′ end to
self-assemble onto the surface of quartz-crystal-microbalance (QCM).
The steric hindrance-related probe is functionalized with amino groups
at the 5′ end in order to prepare recognition probes by being
covalently attached to IAA molecule containing a COOH moiety; the
signaling probe is biotinylated at the 5′ end to capture the avidin-HRP
conjugate. Because two underlined segments are complementary to
each other as the shaded parts behave, the three sequences are
designed to form the sandwich hybrid complex via hybridization
reaction.

Scheme 1. Schematic Diagram of the Amplified Detection of
IAA
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because the biocatalyzed precipitation of the insoluble product
can directly electrically insulate the electrode surface. As an
effective technique to probe the interface properties of
functionalized electrodes, the measured data by impedance
spectroscopy provide the strong evidence that the proposed
screening strategy can efficiently work.
To confirm the feasibility of the DNA encoding-based

sensing scheme, the interactions between the IAA at the
different concentrations and the constant concentration of
antibody protein are monitored in a real-time manner. The

measured data are shown in Figure 2. The frequency change
directly reflects the amount of biocatalyzed insoluble
precipitation by avidin-HRP, which is associated with the
content of surface-confined assembling probe/recognition
probe hybrid that is highly dependent on the number of target
in solution. Thus, the frequency shift is employed to evaluate
the small molecule/protein interaction. The experimental data
clearly shows that the presence of IAA can rapidly induce the
frequency shift especially in the first period of time (e.g., line c),
and the higher concentration of IAA results in the larger

Figure 1. Nyquist diagram of Faradic impedance measurements collected for the same QCM with different modified surfaces corresponding to the
following: (a) the bare QCM; (b) the self-assembly of the mixture of tube 1 and tube 2 onto the QCM (see the experimental section for the details);
(c) hybridization of the surface b with signaling probe; (d) exposure of interface c to HRP-avidin; (e) the same as interface d but with the
biocatalyzed deposition in the presence of 1 × 10−3 M 4-chloro-1-naphthol and 1.5 × 10−4 M H2O2. The IAA concentration of 20 μM is involved in
this section.

Figure 2. Capability of microgravimetric quartz-crystal-microbalance transducer. The lines indicate typical characteristics of frequency responses in
the absence (a,b) and presence of 0.2 μM IAA (c), 0.4 μM IAA (d), 2 μM IAA (e), and 20 μM IAA (f) under given conditions. Note that line a
corresponding to the blank sample has no HRP-avidin compared with line b.
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frequency change (e.g., line e), indicating a success in screening
the interaction of small molecules with protein. Assuming there
is a dynamic equilibration between IAA/antibody complex and
free IAA and antibody, increasing the concentration of IAA in
the sample can promote the formation of antibody/IAA
complex. Naturally, this decreases the amount of antibody
that can bind to the IAA-labeled assembling probe/recognition
probe hybrid. Consequently, more recognition probes can be
immobilized onto the substrate surfaces, finally generating a
larger frequency shift. Although the blank sample produces a
slight frequency shift (line b), it can be easily distinguished
from target samples even at the low concentration (line c). The
unwanted frequency change should be attributed to the
nonspecific adsorption avidin-HRP onto the QCM surface
and/or other factors. Frequency shift upon the blank is
expected to be alleviated (see the following section for the
further discussion). Taking into account the observation that
frequency shift corresponding to target samples especially at the
high concentration (e.g., line f) tends to stabilize after 800 s,
this incubation time is selected in the subsequent experiments
(this data-processing method is called the steady-state measure-
ment) though the blank sample (line b) can make the crystal
frequency further rise after this response point.
To exactly evaluate the utility of the small target-to-DNA

conversion-based sensing protocol for the quantification of
small molecule, the IAA at various concentrations were
detected under identical conditions and a dose−response
curve was constructed. The results are described in Figure 3.

The detection limit is 0.1 μM, indicating a value improved by 9
times to 2 orders of magnitude compared with the previously
reported biosensors on the basis of both optical22 and
electrochemical23 measurements for the detection of the same
target molecule. The dynamic response range for IAA is

observed to be from 0.1 to 20 μM, suggesting a substantially
improved screening capability. The more detailed comparison
with two or more other literature works in terms of other assay
features is shown in Table S1 of Supprting Information. It is
noteworthy that those measurements were carried out under
randomly given conditions. The further improved analytical
characteristics are expected to be achieved after optimizing the
parameters influencing the response signal.
The assay selectivity against several other molecules is

depicted in Supporting Information Figure S1. The frequency
shift corresponding to nontarget molecules is less than 8.0%
assuming that the IAA-triggered signal (the difference between
the frequencies of blank and IAA) is 100%. The recovery results
provide the immediate evidence that the newly developed
piezoelectric transducer shows good quality in accuracy and
stability (shown in Supporting Information Table S2).
To validate the universality of the proposed screening

strategy, utilizing the same DNA probes, the interactions of the
other two small molecules, abscisic acid (ABA) and 2,4-
dichlorophenoxyacetic acid (2,4-D), with their respective
antibodies were investigated according to the procedure similar
to that for IAA assay. The results are shown in Figure 4.
Regardless of target species, the frequency change of QCM
increases with increasing target concentration (Figure 4A and
B). The rise of the frequency shift originates from the fact that
more and more assembling probe/recognition probe hybrids
are freed. Taking into account the competition between free
targets and labeled targets for antibodies, this reflects that the
increasing number of target molecules interact with the
antibody proteins. The measured results also indicate that the
different concentrations of target species in samples can be
detected via the developed strategy. Namely, quantification of
ABA and 2,4-D can be implemented via the DNA-encoded
signal conversion strategy. Strikingly, although no substantial
difference (not more than 5%) between the frequency changes
at high concentration (e.g., 20 μM) of IAA (Figure 3), ABA
(Figure 4A), and 2,4-D (Figure 4B) is observed, the low
concentration of ABA or 2,4-D more easily induces the
frequency change of QCM. ABA (Figure 4A Inset) and 2,4-D
(Figure 4B Inset) at concentration of 0.4 μM can cause the
signal intensities of 38% and 35%, respectively, while IAA at the
same concentration only leads to the signal intensity of 24%
(Figure 4C). From this, one can infer that more desirable
analytical characteristics could be achieved when the DNA-
encoded signal conversion strategy is employed to detect ABA
and 2,4-D. These experimental results, as well as comparative
data, validate to a great extent the universality and intriguing
assay capability of the developed screening strategy.
In the present work, a successful “signal-on” sensing strategy

possessing the desirable signal amplification capability is
proposed for screening the interaction of anti-IAA antibody
with IAA and quantitative detection of IAA. Along this line, a
proof of concept is for the first time presented for other small
molecules of interest including chemical and biological species
via utilizing steric hindrance-mediated behavior change (e.g.,
self-assembly and intermolecular binding) of DNA oligonucleo-
tides. Oligonucleotides serve as the information-encoded
molecules during the small target-to-DNA conversion.
Decoding the oligonucleotides involved can unambiguously
screen the small target/protein interaction. This not only
achieves a “signal-on” response mechanism, but also circum-
vents the drawbacks usually encountered by the conventional
small molecule assays, facilitating the design of a sensing

Figure 3. Calibration curve describing the relationship between the
frequency responses and the concentration of IAA under given
conditions. The curves are expressed as the frequency decreases
against the logarithm of IAA concentration. The regression equation is
Y = 217.6 + 83.57X − 13.71X 2 with a correlation coefficient of 0.9947,
where Y represents the difference between recorded frequency values
after and before injecting biocatalytic deposition solution, while X is
the logarithm of IAA concentration, respectively. The largest relative
standard deviation of three measurements performed for samples is
not more than 7.5%. The detection limit is 0.1 μM, which is defined as
three times the standard deviation corresponding to the blank sample
measurement.
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scheme and a screening procedure. For example, a considerable
amount of immunosensing systems for the detection of small
molecules rely usually on anti-immune complex antibodies. Not
only are those antibodies difficult to produce, but the systems
also exhibit high cross-reactivity with the unliganded primary
antibody.24 Additionally, aptamer probes are attracting
increasing attention from analysts and biochemists, and
substantial research efforts have been focused on devising
aptameric systems to obtain the information on a wide variety
of target species including small molecules. However, even if
the sandwich-type assay is not considered that requires each
target analyte to be simultaneously bound by two antibodies,
the oligonucleotides responsible for recognizing small mole-
cules must have the unique features so that the structure-
switching upon the addition of analytes is ensured to
occur5,25−27 or the binding activity can be maintained even
after being split into two half-sites.17,28 In contrast, because the
oligonucleotides used in the proposed signaling protocol are
the common strands, the encoding DNAs require nothing
about the base sequence or second structure. This indicates a
general and desired tool holding the appreciated potential for
targeting applications. As an attractive sensing strategy for
transducing the small molecule/protein interaction into a
detectable signal, the small target-to-DNA conversion scheme
exhibits other several distinct advantages as listed below.
Because the small molecule/protein interaction is independ-

ent of the oligonucleotide sequences as indicated in Scheme 1,
the assay systems for different targets could be cost-effectively
designed by sharing the DNA probes except for substituting
other species for IAA when preparing the recognition probes.
The detection of ABA and 2,4-D has preliminarily proven this
intrinsic advantage. Moreover, oligonucleotide is suitable for
the construction of various recognition probes for specific
targets due to its outstanding features, such as huge diversity of
unique sequences, sufficient biostability, easy synthesis, and
modification. Additionally, different DNA sequences can be
used to prepare recognition probes for recognizing target
molecules in a one-to-one manner. In this case, employing
other measurement techniques, for example, fluorescence

spectroscopy, simultaneous detection of different small
molecules is expected to be readily achieved after designing a
proper signaling scheme (e.g., labeling DNA probes with
different fluorescent dyes as described in the following section).
Moreover, after converting the interaction of small molecules

with proteins into the emergence of DNA sequences, extracting
the information on small molecules can be accomplished via
screening the DNA sequences. This signaling strategy
represents an appealing avenue for screening the small
molecules through various preexisting toolkits available for
DNA manipulation. Besides the methods to manipulate DNAs,
this makes the seeming impossible measurement techniques for
small molecule assays, as well as signal amplification methods,
possible. For example, microgravimetric transducer for the
detection of molecules with small molecular weight could not
be achieved unless anti-immune complex antibodies were
devised.29 However, the detection of IAA based on micro-
gravimetric measurement can be achieved via the developed
sensing scheme even without any anti-immune complex
antibodies, demonstrating the promising signaling strategy for
small molecules of interest. Note that other techniques (e.g.,
electrochemical and fluorescent measurements) are also
capable of executing such a small target-to-DNA conversion
and could possibly offer other advantages (for example, assay
convenience and high sensitivity). For example, compared with
the microgravimetric transducer that only records the frequency
change during the signal amplification step, the electrochemical
measurement can obtain the overall signal intensity value
corresponding to several steps (difference between line a and
line e of Figure 1 in which each of the impedance changes from
line b to line e are closely associated with the content of IAA in
the sample). In this case, the signal-to-noise ratio can increase
from 3.6 to 7.0. This intrinsic, attractive feature endows the
current sensing scheme with additional advantages, making it a
potentially robust tool suitable for screening small molecules.
Polymerase chain reaction (PCR) and rolling circle

amplification (RCA) activated by DNA polymerase can
dramatically replicate the linear and circularized oligonucleotide
strands under specific conditions, respectively, affording

Figure 4. DNA-encoded signal conversion for screening the interaction between ABA (A), 2,4-D (B), and their respective antibody protein. The
signaling procedure similar to that for IAA assay was employed. The error bars represent standard deviations of three measurements performed for
each sample. To evaluate the capability of the sensing strategy to investigate the different small molecules, the largest frequency shift induced by the
highest concentration of targets was assigned as 100%. On the basis of this assumption, the frequency changes corresponding to the low
concentration of targets were accurately calculated. Utilizing this method, the data obtained from the ABA, 2,4-D, and IAA assays are depicted in A
Inset, B Inset, and C, respectively. The data in C are estimated from Figure 3.
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powerful tools for the sensitive immuoassay. Immuno-
PCR30−33 and immuno-RCA34,35 based immunosensing
systems exhibited impressive assay performances (allowing
detection of protein analytes with zeptomole36 or subzepto-
mole35 sensitivity), indicating a dominant direction for
developing ultrasensitive immunoassays. However, both
amplification techniques require cumbersome antibody−DNA
conjugation processes to convert the antigen−antibody
immunoreaction events into DNA strand detection. To
circumvent the aforementioned limitations, although aptamer
sequences able to directly recognize their target proteins with
high affinity and specificity have recently been used to
implement the binding event conversion,37−39 the formation
of sandwich structure is yet the prerequisite for designing the
detection schemes. The small target-to-DNA conversion
strategy described in the present work facilitates the
applications of DNA-based signal amplification biotechnologies
(e.g., PCR and RCA) in the small molecule recognition.
Additionally, the small target-to-DNA conversion is based on

the change of self-assembly behavior of thiolated assembling
probe/recognition probe hybrid due to the increase in steric
hindrance between terminal thiol group and the QCM surface
upon the IAA/antibody interaction. However, the increase in
steric hindrance could essentially inhibit the binding of
recognition probe-labeled small species to specific receptors
(for instance, interaction between recognition probe-labeled
biotin and avidin or enzyme-conjugated avidin), offering the
excellent opportunity to develop a variety of optical or
electrochemical signaling schemes for sensitively investigating
the small molecule/protein interaction. As a conceptual model
system for screening the interaction between small molecules
and proteins in a homogeneous manner, the small target-to-
DNA conversion-based fluorescent assay scheme is described in
Supporting Information Scheme S1. Small molecules in sample
can compete with the recognition probe-labeled ones for
antibody protein, freeing the DNA hybrid. This promotes the
binding of biotin conjugated to assembling probe to the QD
surface-confined avidin, generating the FRET from QDs to
fluorescent dyes. In the absence of target, antibody protein may
easily bind to the recognition probe-conjugated small molecule,
leading to the increase of steric hindrance that prohibits the
interaction between surface-confined avidin and biotin of
assembling probe. In this case, the distance between fluorescent
dye and QD is great. Thus, FRET does not occur and no
optical signal is observed. If encoding DNA sequences modified
with different fluorescent dyes are involved in this system, the
simultaneous detection of different small molecules could be
implemented.
Nevertheless, addition efforts should be made to further

improve the analytical capability of the proposed system. As
shown in Figure 2, the blank sample can make the crystal
frequency continuously decrease even if slowly. The failure to
suppress the blank-induced frequency change could be
attributed to two possible causes. First, the HRP−avidin
conjugates could be adsorbed onto the QCM surface
presumably via replacing the preadsorbed glycin molecules
rather than the specific avidin/biotin binding reaction. Second,
the small amount of assembling probe/recognition probe
hybrid could not bind to the antibody protein event in the
absence of target under given conditions. This results in the
unwanted immobilization of assembling probe/recognition
probe hybrid that, in turn, causes the adsorption of HRP−
avidin conjugates during the subsequent assay step. Regardless

of the anchoring nature, residual HRP−avidin conjugates can
slowly catalyze the oxidation of 4-chloro-1-naphthol in the
presence of H2O2, generating a continuous decrease of crystal
frequency. Presumably, the former should be cured via
optimizing the incubation time for the interaction between
HRP−avidin and biotin of the signaling probe on the QCM
surface or via substituting other stronger blockers for glycin
molecules, and the latter should be capable of being inhibited
via increasing the concentration of antibody protein involved.
Another efficient method to suppress the effect of the blank
frequency change on the sensing performance is to pursue the
maximum reaction rate-based data. Namely, the optimal time
response dot (OPD), which is defined as the datum point
corresponding to the maximum slope in the real-time
measurement curve, is employed for quantitative detection of
target molecule. To confirm the rationality of this alternative,
the frequency values corresponding to the 250 s response dot,
at which the frequency value in line b approaches that in line a,
are used to characterize the sensing platform. The calculated
data show that the signal-to-noise ration is increased from 3.6
to 15.5, exhibiting superior properties over the steady-state
measurement technique. Clearly, it is natural that the screening
capability of the small target-to-DNA conversion-based micro-
gravimetric transducer can be further improved if additional
efforts are made along the aforementioned directions.
Additionally, the essential requirement for the DNA-encoded

signal conversion is that the binding of labeled small molecules
to antibody proteins can successfully proceed. Presumably,
attachment of oligonucleotides, especially double-stranded
oligonucleotides, to the small molecules, could more or less
inhibit the immunoreaction between small molecules and
antibodies, compromising the capability to transfer the
recognition event into the detectable signal. Thus, although
three small molecules (IAA, ABA, and 2,4-D) were sensitively
detected, the developed signaling strategy could not possibly be
applied to analyze any small molecules.
In summary, DNA oligonucleotides are used to mediate the

transition of interaction between IAA and specific antibody into
the detectable signal, elegantly developing a microgravimetric
biosensor for the small molecule detection. Utilizing the
transducer, not only can the efficient investigation of IAA/
antibody interaction and sensitive quantification of IAA be
accomplished compared with the conventional assays, but also
the analytical capability is expected to be further improved.
More importantly, via encoding and decoding with the aid of
the DNA probes, a novel small target-to-DNA conversion
concept is represented, paving the way to develop the various
sensing platforms for the expansion of IAA detection methods
to other small targets and analytes. It seems plausible that the
success in developing DNA-encoded microgravimetric trans-
ducer for IAA assay provides the proof-of-principle evidence
that validates the DNA strand-encoded small molecule/protein
recognition process and promotes the application of versatile
oligonucleotide-based signaling schemes and relative signal
amplification biotechnologies in basic and applied research
besides in the genomics.
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ABSTRACT: Materials used in various biological applications are often modified with proteins to regulate biomolecular and
cellular adhesion. Conventional strategies of protein conjugation accompany monovalent bifunctional protein linkers, which
present several limitations in molecular synthesis and protein conjugation. Herein, we present a new strategy of preparing
multivalent polyaspartamide linkers in a simple top-down manner, and also demonstrate that the resulting polymer linkers allow
us to readily conjugate proteins to both organic and inorganic materials. The top-down synthesis of polyaspartamide linkers was
performed by partially opening succinimidyl ring moieties of polysuccinimide (PSI) with the controlled number of nucleophiles
reactive to photo-cross-linked hydrogel or gold-coated inorganic materials: (1) Poly(2-hydroxyethyl-co-2-methacryloxyethyl
aspartamide) (PHMAA) presenting methacrylate was used to micropattern fibronectin or collagen on a hydrogel in order to
regulate cell adhesion and growth area on a micrometer scale. (2) Poly(2-hydroxyethyl-co-2-mercaptoethyl aspartamide)
(PHMCA) presenting thiol functional groups was used to link fibronectin to a gold-coated silicon microelectromechanical probe
designed to measure cell traction force. Overall, these multivalent polyaspartamide protein linkers will greatly assist efforts to
analyze and regulate the cellular adhesion to and phenotypic activities of a wide array of substrates and devices.

A variety of organic and inorganic materials are widely used
in the assembly of in vitro cell culture platforms,

biomedical implants, and biomicroelectromechanical systems
(bio-MEMS) devices.1−5 These materials are usually chemically
linked with a series of proteins, such as fibronectin, collagen,
and antibodies, in order to control cellular adhesion to the
materials.6,7 The number and spacing of these proteins act as
insoluble signals to regulate cellular phenotypes.8−10 Various
forms of bifunctional linkers are increasingly used for stable
protein conjugation.11−14 These linkers largely contain two
monovalent functional groups: one reactive to a protein and the
other reactive to a material. These linkers require multiple
modification and purification steps during molecular synthesis
and protein conjugation to target substrates, thus necessitating
extensive labor. In addition, the number of monovalent linkers

should increase in tandem with the amount of protein
conjugated to the materials due to their monovalency, which
raises concerns over increased cytotoxicity and inadvertent
changes in material properties.
To resolve these challenges encountered with the use of

monovalent linkers, this study presents a simple top-down
synthetic strategy to prepare a polyaspartamide linker with
controlled multivalencies of reactive groups to both proteins
and materials. In addition, this study demonstrates that the
polymeric linkers allow us to conjugate cell adhesion proteins
with a single step. Polysuccinimide (PSI) with the average
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molecular weight of 22 000 g mol−1 was synthesized by acid-
catalyzed polycondensation of aspartic acid and used as a
starting molecule (Scheme 1 (I) and Figure S1a in Supporting
Information).15 PSI consists of a series of succinimidyl units
which allow ring-opening nucleophilic addition.16,17 In this
study, we partially opened the succinimidyl rings of PSI with a
controlled amount of amine-based nucleophiles that are

reactive to a target material, in order to create a
polyaspartamide linker in a top-down manner. The protein of
interest, which also contains amine groups, would be
conjugated to the intact succinimidyl groups of polyasparta-
mide in the same fashion as the amine-based nucleophilic
substituents. This synthetic strategy allows the linker to present
a variety of functional groups needed for conjugation to specific

Scheme 1. Synthesis of PHMAA and Its Reaction with Fibronetin (Fn) to form Fn-PHMAAa

aChemically reactive methacrylic groups are marked with blue circles.

Figure 1. (a) Elastic modulus (E) and tensile energy (WT) of polyacrylamide hydrogel cross-linked with PHMAA with varying degree of
methacrlyate substitution (DSMA). (b) Circular pattern of Fn-PHMAA (I, left) or pure Fn (II, left) on polyacrylamide hydrogel visualized with
immunoflurescent labeling. Fibroblast adhesion was more active on the Fn-PHMAA pattern (I, right), compared with pure Fn pattern (II, right)
(Scale bar: 100 μm.) (c) Proliferation of fibroblasts within the circular pattern of Fn-PHMAA visualized with fluorescein-phalloidin (green) and
DAPI (blue), respectively (a magnified image of a circular pattern shown on the right).
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materials simply by using nucleophiles containing different
functional groups. Here, we demonstrate the function and
versatility of this polyaspartaminde linker with two applications:
(1) protein conjugation to a hydrogel using a polyaspartamide
linker containing methacrylic groups, and (2) protein
conjugation to a gold-coated bio-MEMS device using a
polyaspartamide linker containing thiol groups.
First, we synthesized a polyaspartamide linker that can

conjugate cell adhesion proteins to a hydrogel that is
conventionally used for in vitro cell culture. For this purpose,
designated amounts of ethanolamine and 2-aminoethyl
methacrylate were added sequentially to PSI to prepare
poly(2-hydroxyethyl-co-2-methacryloxyethyl aspartamide)
(PHMAA) (Scheme 1 (II) and Figure S1b in Supporting
Information). The addition of 2-aminoethyl methacrylate to
PSI presented the linker with methacrylic groups needed for
radical polymerization. The ethanolamine allowed us to control
the number of unreacted succinimidyl groups independent of
the number of methacrylic groups, and also to render the linker
water-soluble by presenting hydroxyl groups.
These hydroxyl groups were not reactive toward unreacted

succinimidyl groups of the PHMAA, as confirmed with minimal
changes in the peak integrals corresponding to unreacted
succinimidyl groups in the 1H NMR spectrum (Figure S1b in
Supporting Information). Separately, PSI was mixed with
ethylene glycol to further determine whether hydroxyl groups
are reactive toward succinimidyl groups. The 1H NMR
spectrum of the resulting product was identical to that of
original PSI (Figure S1d in Supporting Information), without
showing any changes in peaks corresponding to unreacted
succnimidyl groups. On the other hand, PSI mixed with
ethylenediamine resulted in immediate polymeric precipitation.
The ability of PHMAA to copolymerize with gel-forming

monomers was evaluated by examining whether the PHMAA
can cross-link acrylamide monomers to form a hydrogel and to
further control hydrogel properties. PHMAA was able to cross-
link acrylamide to form a hydrogel via in situ free radical
polymerization (Figure S2 in Supporting Information).
Furthermore, the PHMAA could increase the elastic modulus
and resistance to fracture of the hydrogel with the degree of
methacrylic substitution (DSMA), the percentage of succini-
midyl groups conjugated with methacrylic groups (Figure 1a).
We suggest that mechanical properties of the hydrogel should

be further tuned by increasing concentrations of acrylamide and
PHMAA. In addition, mechanical properties of hydrogels were
not significantly changed during incubation in neutral media,
which addresses the lack of significant hydrolysis of unreacted
succinimidyl units of PHMAA.
PHMAA was then reacted with fibronectin (Fn), a cell

adhesion protein, to prepare Fn reactive to a hydrogel (Fn-
PHMAA) (Scheme 1, III). The DSMA of PHMAA used to
conjugate Fn was kept constant at 10%. The reaction between
PHMAA and Fn was confirmed by monitoring the decrease of
free amine groups quantified with TNBS (trinitrobenzenesul-
fonic acid) assay (Table S1 and Figure S3 in Supporting
Information).18 Increasing the amount of Fn while keeping
PHMAA constant led to a more rapid decrease of amine groups
in the TNBS assay. Furthermore, 1H NMR analysis of PHMAA
reacted with varying amounts of glycine, as a model amino acid,
showed that the degree of substitution of glycine (DSGly),
analyzed with peak integral ratio of the reacted glycine to the
total succinimidyl groups, could be varied from 3.6% to 11.9%.
These results show that the multivalency of unreacted
succinimidyl groups in PHMAA facilitated reactions with
multiple amine groups in protein.
The resulting Fn-PHMAA was used to control the size and

spacing of cell adhesion domains on a polyacrylamide hydrogel,
combined with a microcontact printing technique (Figure S4 in
Supporting Information).19 Briefly, a circular array of Fn-
PHMAA was placed on a glass surface using a microcontact
stamp onto which the Fn-PHMAA was physically adsorbed.
Both the diameter and spacing of the circles were kept constant
at 500 μm. The subsequent in situ cross-linking reaction
between acrylamide and N,N,N′,N′-methylene bisacrylamide on
top of the micropatterened Fn-PHMAA resulted in a
polyacrylamide hydrogel which presented circular arrays of
fibronectin with regular size and spacing on its surface, as
confirmed with immunofluorescent labeling (Figure 1b). The
fibronectin mass per circular pattern, determined from a
colorimetric immunoassay, was kept constant at 5 μg cm−2. In
contrast, the same polyacrylamide hydrogel fabrication on top
of pure Fn without PHMAA, a negative control, resulted in
limited conjugation of Fn to the surface.
The circular patterns of Fn on the polyacrylamide hydrogel

were recognized by cells plated on the gel. Fibroblasts seeded
on the hydrogel surface with circularly patterned Fn-PHMAA

Scheme 2. Synthesis of PHMCA and Its Reaction with Fibronetin (Fn) to Form Fn-PHMCAa

aChemically reactive thiol groups are marked with green circles. Fn-PHMCA was used to conjugate Fn to gold-coated bio-MEMS device.
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adhered exclusively on the patterned area (Figure 1b-I).
Furthermore, the cells adhered to the circular pattern
proliferated over time, while remaining confined to the
patterned area (Figure 1c and Figure S5 in Supporting
Information). In contrast, the hydrogel patterned with pure
Fn displayed limited cell adhesion (Figure 1b-II).
The same results were also observed when type I collagen

and human airway smooth muscle cells (haSMCs) were used
instead of Fn and fibroblasts (Figure S6 in Supporting
Information). For this study, collagen linked with PHMAA
(DSMA = 10%) was used to pattern the polyacrylamide
hydrogel surface with a circular array of collagen at a density
of 10 μg cm−2, following the same procedure as described in SI
Figure S4. haSMCs exclusively adhered and proliferated within
this circularly patterned hydrogel area. This result verifies that
PHMAA can chemically link a variety of cell adhesion proteins
to the hydrogel and control spatial organization of a wide array
of anchorage-dependent cells.
Next, we synthesized a polyaspartamide linker modified with

a controlled number of thiol groups for its use in protein
conjugation to gold-coated inorganic substrates (Scheme 2).
Gold has been extensively used in biosensors such as bio-
MEMS and surface plasmon resonance (SPR), due to its

inertness, robust structural integrity, and excellent conductiv-
ity.20,21 These gold-coated devices are commonly modified with
cell adhesion proteins or antibodies using a thiol-substituted
bifunctional monovalent linker, which is typically synthesized
via multiple substitution and purification steps. Here, we
synthesized poly(2-hydroxyethyl-2-mercaptoethyl aspartamide)
(PHMCA) with the controlled number of thiol groups. The
same synthetic procedure to create PHMAA in Scheme 1 was
used, except that cysteamine was used as a nucleophile to
present thiol groups (Scheme 2 and Figure S1c in Supporting
Information). The number of thiol groups in PHMCA, which
are available to react with gold, was determined to be 10 per
molecules, according to a colorimetric assay using Ellman’s
reagent.22 The percentage of cysteamine that side-reacted to
form thioester linkages was 24% (see Supporting Information).
PHMCA was then mixed with Fn to prepare the Fn-PHMCA,
and the reaction between PHMCA and Fn was confirmed with
TNBS assay, as conducted for Fn-PHMAA (data not shown).
The resulting Fn-PHMCA was used to chemically modify the

surface of the gold-coated probe of a bio-MEMS device which
is designed to measure force exerted by cells under local
uniaxial stretching.23,24 The bio-MEMS device is made from a
single crystal silicon wafer, and the surface of its probe was

Figure 2. (a) Schematic description of measurement of cell force response using a bio-MEMS device. First, the probe conjugated with Fn is placed in
contact with cell (I). After incubation, the device is moved away from the cell laterally (red arrow) at a constant rate (II). The probe is connected to
sensor beams. Due to the cell’s adhesion to the probe, it is displaced from the original position, as indicated by the difference between the
measurement point and reference point. The probe is continuously pulled until it is finally detached from the cell (III). (Scale bar: 15 μm.) (b) The
maximum applied force (Fmax) was significantly larger when the probe was conjugated with Fn-PHMCA than with pure Fn.

Bioconjugate Chemistry Communication

dx.doi.org/10.1021/bc200339s |BioconjugateChem. 2011, 22, 2377−23822380



coated with gold to prevent nonspecific interaction with cells
(Figure S7 in Supporting Information). Then, the probe was
immersed in a solution of Fn-PHMCA to chemically link Fn to
the probe (Scheme 2). Separately, another device was also
immersed in a solution of pure Fn as a negative control.
The probe modified with Fn-PHMCA or pure Fn was

allowed to contact a fibroblast to form specific bonds between
Fn and cellular integrins. The device was then pulled from the
cell at a rate of 1 μm s−1, and its maximum stretching force
(Fmax) before the cell detachment from the probe was
calculated by the equation Fmax = kδ, where k is the spring
constant of the sensor beams to which the probe is attached,
and δ is the displacement of the probe from its original position
(Figure 2a). The probe coated by the pure Fn was readily
detached from the cell with only a small displacement (average
δ ≈ 6 μm, Fmax ≈ 20 nN), indicating poor linkage between Fn
and the probe. In contrast, the cell contacted by a Fn-PHMCA
modified probe exerted a significant force resulting in an
average δ of 55 μm (Fmax ≈ 185 nN) (Figure 2b). Furthermore,
the Fmax values were minimally changed during repeated use of
the same probe, demonstrating that the chemical linkage of Fn-
PHMCA to the gold-coated probe was well retained.
In summary, this study presents a novel strategy of

synthesizing versatile polyaspartamide linkers that allow
convenient conjugation of proteins to a variety of materials.
The synthetic strategy of introducing functional groups by
nucleophilic addition to PSI in a top-down manner allowed us
to independently control the number of units reactive to
proteins and those to materials in a highly efficient manner. In
addition, these linkers allow a convenient one-step conjugation
of various proteins to organic and inorganic materials.
However, the chemical reaction between the linker and protein
may cause a small portion of proteins to be denatured, the
extent of which should be more carefully examined in future
studies. These mutivalent linkers therefore present several
attributes superior to conventional monovalent linkers.
Furthermore, we expect that the versatility of the polyaspata-
mide linkers, due to their synthetic strategy of presenting
functional groups in a simple top-down manner, will make it
possible to further utilize a wide array of conjugation
chemistries necessary for tailormade materials.
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ABSTRACT: Tissue macrophages play a critical role both in normal physiology and in disease states. However, because of a lack
of specific imaging agents, we continue to have a poor understanding of their absolute numbers, flux rates, and functional states in
different tissues. Here, we describe a new macrophage specific positron emission tomography imaging agent, labeled with
zirconium-89 (89Zr), that was based on a cross-linked, short chain dextran nanoparticle (13 nm). Following systemic
administration, the particle demonstrated a vascular half-life of 3.9 h and was found to be located primarily in tissue resident
macrophages rather than other white blood cells. Subsequent imaging of the probe using a xenograft mouse model of cancer
allowed for quantitation of tumor-associated macrophage numbers, which are of major interest in emerging molecular targeting
strategies. It is likely that the material described, which allows the visualization of macrophage biology in vivo, will likewise be
useful for a multitude of human applications.

■ INTRODUCTION

Macrophages are white blood cells that are produced by the
differentiation of monocytes after their entry into tissues. While
their primary role is to phagocytose pathogens and cellular
debris, in response to tissue insults they can also act to
stimulate the recruitment of lymphocytes and other immune
cells. However, despite their known importance and widespread
distribution throughout the body, little quantitative information
exists regarding their total mass, relative numbers at different
sites, distribution profiles across different diseases, or their
mobilization and flux rates under both disease and normal
physiologic conditions. Early landmark papers1 used macro-
phage specific antibodies (F4/80 in mice) to estimate
macrophage numbers under resting conditions or have
attempted macrophage quantitation using other molecular
markers (e.g., Mac-3,2 CD68,3 or PG-M14).
In previous work, our laboratory developed dextran-coated

nanomaterials that, upon systemic administration, were readily
engulfed by mononuclear phagocytic cells. They could thus be

used as imaging probes for examining the function of these cells
in humans.5,6 Importantly, we now not only have shown that
dextran-coated iron oxide nanoparticles have high macrophage
avidity but also have used them for magnetic resonance imaging
(MRI)5,6 and optical7 as well as positron emission tomography
(PET) imaging.8,9 While these multimodal nanoparticles were
originally developed for MRI, using MRI to quantify exact
nanoparticle numbers in vivo in different organs is often
complicated, particularly in bone marrow and lung tissue.
Radiolabeled nanomaterials have only recently been synthe-
sized but have already shown potentially interesting clinical
applications.8−13 In general, it is possible to administer
radiolabeled nanomaterials at much lower concentrations than
their magnetic (and fluorescent) counterparts. Furthermore,
their pharmacokinetics can also be titrated by size and surface
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optimization and can be matched with PET isotopes with the
appropriate decay rate (e.g., 18F, 64Cu, 68Ga, and 89Zr).
Given the absence of optimized macrophage specific

nanoparticulate imaging agents, our goal was to systematically
develop such materials through an iterative synthesis and
screening procedure.14 Here, we describe the characteristics
and in vivo behavior of one lead compound identified from an
initial larger screen. This nanoparticle is composed of several
short (10 kDa) dextran strands cross-linked into a 13 nm
diameter nanoparticle. Because our aim is to ultimately use
these materials clinically, we avoided the use of longer chain
length linear dextrans as synthetic building blocks, because of
their associated hypersensitivities.15 Rather, given their long
clinical history,16 we chose to incorporate shorter dextrans into
the nanoparticles. We subsequently showed that the described
preparation is readily labeled with 89Zr (t1/2 = 78.4 h; β + =
22.3%) via desferrioxamine and can be used with PET to
quantitate macrophages in vivo. Finally, in view of the recent
interest regarding the role of tumor-associated macrophages
(TAMs) in cancer,17,18 we validated the agent by quantitating
tumoral macrophages in a mouse model of cancer.

■ RESULTS
Nanoparticle Characterization. Cross-linked dextran

nanoparticles (DNPs) were synthesized and aminiated
following a modified literature procedure that uses epichlor-
ohydrin as a cross-linking agent.14 Following workup, dialysis
for several days provided highly pure DNPs. The size of the
particles could then be reproducibly controlled as a function of
the duration of the cross-linking reaction. Varying the duration
of the reaction allowed synthesis of three preparations (mean
diameters of 5, 6, and 13 nm), as measured by dynamic laser
light scattering (DLS). The size distribution by volume data for
these preparations is presented in Figure 1B and Figure SI.1 of
the Supporting Information. The dextran concentration of
these three preparations was determined by employing a sugar-
reducing quantitative colorimetric method in the presence of
phenol and sulfuric acid.19 The amine concentrations relative to
the dextran concentration were 1.09, 0.93, and 1.17 μmol/mg
of dextran, respectively, for the three different DNPs.20

Characterization of the 13 nm DNPs by matrix-assisted laser
desorption ionization (MALDI) mass spectrometry demon-
strated a mean molecular mass of 80 kDa for these particles.
Dextran’s weight contribution to the particles was determined
to be 53, 54, and 43% for the 5, 6, and 13 nm DNPs,
respectively. The mean number of amine groups per 13 nm
DNP particle was measured to be 40.
Particle size and morphology were further verified by

transmission electron microscopy (TEM). TEM images (Figure
1) not only demonstrated the nanoparticles’ spherical shape
and homogeneous appearance but also showed mean (narrow)
diameters and overall sizes consistent with the DLS measure-
ments. In negative controls, no globular-shaped nanoparticles
were observed.
Modification of the particle surface for in vivo use was based

on the relative modification of amines. The particles were first
labeled with one or two fluorochromes [VT-680 (Perkin-
Elmer)] per nanoparticle to allow intravital microscopy, flow-
assisted cytometry, and immunofluorescence histology. Second,
∼20% of amines were capped with the zirconium chelator
desferrioxamine, an FDA-approved drug. Finally, to investigate
the effects of pharmacokinetic modulation, all remaining
amines were either left free or capped by reaction with an

excess amount of succinic anhydride or pentynoyl-NHS ester.
Following each modification step, DNPs were purified either by
size exclusion chromatography or by size exclusion membrane
filtration. As expected, when DNP-NH2 was fully capped with
succinic anhydride, a dramatic shift in ζ potential was observed
from 30.0 to −30.1 ± 1.0, indicating a change in the surface
charge from positive to negative.
The desferrioxamine-conjugated DNPs were labeled with

[89Zr]Zr oxalate in quantitative yield within 1 h, following a
previously described procedure.21 Within 25 min at 25 °C, the
radiochemical yield of DNPs with 89Zr was higher than 99.5%.
The trace amount of free 89Zr ions was then removed by
centrifugal membrane filtration. The radiochemical purity was
100%, and no remaining free 89Zr ions were detected on the
high-performance liquid chromatography (HPLC) chromato-
gram after purification. The 89Zr-labeled DNPs did not show
any sign of degradation, determined by ITLC, at 36 °C in
phosphate-buffered saline (PBS), for up to 5 days. While 18F is
the most common PET tracer used in the clinical setting, the
longer-lived 89Zr was chosen for this work in anticipation that
nanoparticles would require longer circulation times for uptake
into macrophages.
In Vivo Testing. To understand the effects of size and

capping on pharmacokinetics, we performed blood half-life
measurements. For the pentynoyl-capped 5, 6, and 13 nm
DNPs (Figure 2A), the blood half-life data fit a two-phase
exponential decay model, with values of 0.2, 0.9, and 6.1 h,
respectively. The 5 and 6 nm preparations showed considerable
renal excretion and much lower levels of macrophage

Figure 1. (A) General synthesis and radiolabeling of dextran
nanoparticles (DNPs). (B) Dynamic laser light scattering data for
the 13 nm DNP preparation. (C) Transmission electron microscopy
image of several individual DNPs measuring 13 nm in diameter on
average (arrows).
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accumulation, and thus, subsequent efforts focused solely on
the 13 nm DNPs. To further determine the effects of surface
modification on blood half-life, we compared desferrioxamine-
labeled DNP with free amines, succinic anhydride, or
pentynoyl-NHS ester capping (Figure 2B). The two-phase
blood half-lives were 1.3 h for the aminated, 3.9 h for the
succinylated, and 6.1 h for the pentynoylated preparations.
These results demonstrate that blood half-life can be modulated
on the basis of particle size as well as surface modification
chemistry. Reasoning that the succinylated 13 nm DNP had
ideal pharmacokinetics for 89Zr, we chose it for biodistribution
experiments. Figure 2C summarizes the organ distribution 24 h
after injection of 100 μCi showing primary accumulation in
lymph nodes [34 ± 16% of the injected dose/g of tissue (%
IDGT)], liver (12 ± 2% IDGT), blood [11 ± 1% IDGT,

located primarily in circulating leukocytes (see below)], and
spleen (9 ± 1% IDGT), with much lower levels of
accumulation in most other tissues, including bone, kidneys,
and intestines. If we adjust for excretion (19.2 ± 0.8% of the
injected dose over 24 h) and the body mass of the main organs,
the overall activity of the succinylated 13 nm DNP was 22 ±
3% in liver, 19 ± 2% in circulating cells, and 2 ± 0.1% in spleen,
with the remainder distributed in other organs.
In Vivo Imaging. We next performed PET-CT imaging

using the same 89Zr-labeled DNP described above in a cancer
mouse model. We used a syngeneic colon carcinoma (CT26)
mouse model because it had been used extensively for
investigations of tumor infiltrating host cells,22 vaccines,23 and
other studies.24,25 Figure 3 shows representative images from
different mice bearing the xenografts. The extent of tumoral
uptake was surprisingly high (20 ± 5% IDGT), surpassing
concentrations of other reticuloendothelial system RES organs
in some animals. To determine whether tumoral accumulation
was due to cellular uptake or extraversion and interstitial
accumulation, we performed extensive correlative histology and
flow cytometry studies.
Harvested tumors were sliced into ∼1 mm sections and

imaged by autoradiography to juxtapose sections to Mac-3 (a
macrophage specific stain) histological stain. Overall, there was
good agreement between “hot spots” and Mac3 positivity
through the sections (Figure 4). Histology showed distinct
uptake of fluorescent DNPs in Mac3 positive cells and a general
lack of uptake in Mac3 negative cells (Figure 4).
To further investigate the pharmacokinetics and cellular

uptake of the DNP, we performed confocal intravital
microscopy studies. H2B-RFP-expressing HT1080 tumor cells
were implanted in dorsal skinfold window chambers, and after
the tumors had grown for 8 days, animals received CLIO-FITC,
a commonly used macrophage imaging agent.6 The following
day, fluorescent DNP nanoparticles were administered systemi-
cally, and animals were imaged over time. Figure 5A shows
representative imaging 3 h postinjection demonstrating DNP
(red) primarily in the vasculature with little cellular uptake or
even interstitial accumulation. Tumor cells (blue) and tumor-
associated macrophages (TAMs, green) were clearly identified.
Twenty-four hours postinjection, most of the DNPs had
localized exclusively to TAMs with little compound remaining
in the vasculature or tumor cells. The Pearson’s colocalization

Figure 2. Pharmacokinetics of different DNPs. (A) Effect of size on
blood half-life. (B) Effect of surface modification on blood half-life.
(C) Biodistribution plotted as tissue concentration 24 h after
intravenous administration of succinylated 13 nm DNPs. The inset
shows the distribution in major organs.

Figure 3. PET imaging of 89Zr-labeled DNPs in mice bearing bilateral flank tumors (24 h after administration). (A and B) Two different animals
showing similar distributions in all four tumors (coronal stacks). (C) Three-dimensional rendering of the animal pictured in panel A.
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Figure 4. Autoradiography and histology of the distribution of DNPs. (A) Autoradiography of 1 mm tumor and other tissue sections showing
predominant accumulations in tumors. (B) Representative Mac3 immunohistology section. (C) Distribution of fluorescent DNPs in Mac3 positive
cells, adjacent sections to that shown in B.

Figure 5. Microscopy of the distribution of DNPs in the tumor microenvironment in a live mouse (A) 3 h after injection and (B) 24 h after
injection. Initially, the DNP is primarily seen in the vasculature, whereas it is almost exclusively colocalized (yellow) with TAMs after 24 h.

Figure 6. (A) Flow cytometric identification of mononuclear phagocytes (CD11b+ Linlow), neutrophils [CD11b+ Linhigh (Ly-6G+)], and other cells
(CD11b−) in the tumor stroma (left). The three histograms at the right show the percent of each population with detectable DNP-680 particles.
Nearly all fluorescent DNP (DNP-680) is associated with mononuclear phagocytes. (B) Flow cytometric identification of mononuclear phagocyte
subsets. CD11b+ Linlow cells were further divided into Ly6Chi (i) and Ly6Cint F4/80int (ii) monocyte-like cells and Ly-6Cint F4/80hi macrophages
(left). The three histograms at the right show the percent of each population with detectable DNP-680 particles. DNP is associated with both
monocyte subsets (Ly6Chi and Ly6Clo) as well as with macrophages (F4/80hi).
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coefficient between DNP (red) and TAM (green) was 0.82 ±
0.07 (n = 5).
To augment the results of the IVM imaging, we performed

flow cytometry on harvested tissues 24 h after administration of
fluorescently labeled DNP. Presented in Figure 6, these data
indicate that 40% of TAMs were positive for DNPs while only
5% of neutrophils and 3% of other lymphocytes were positive
for DNPs. Figure SI.3 of the Supporting Information includes
FACS data analysis of the uptake of DNPs in liver and kidney
tissues. Here, 35 and 40% of macrophages are positive for DNP
in the liver and kidney, respectively, and 7 and 9% of all other
lymphocytes in these organs are positive for DNP. Together,
these data and the IVM indicate strong specificity of DNPs for
macrophages.

■ DISCUSSION
We have synthesized a 13 nm nanoparticle comprised of short,
cross-linked dextrans that were modified with desferrioxamine
to chelate 89Zr for imaging of macrophages by PET. The
nanoparticle was stable and biocompatible and accumulated
specifically in tissue resident macrophages upon systemic
administration. We show that cellular accumulation is complete
within 24 h of administration (vascular t1/2 of 3.9 h), showing
faster kinetics compared to those of larger dextran nano-
particles in clinical use (vascular t1/2 of ∼24−48 h).6 We did
not observe any adverse effects at the doses used, and this is
consistent with observations from dextran preparations in
clinical use.26 It should be pointed out that the PET dose was
<5% of the MR comparable dose of iron oxide nanoparticles9

and could be further reduced with higher specific activity.
Imaging and corroborative experiments in xenograft tumor
models showed extensive accumulation in TAMs, and this
should be particularly useful for prognostication of cancers27,28

or therapy assessment.29,30

Previously used dextran nanoparticles were primarily
designed to have magnetic iron oxide cores and were naturally
larger (20−200 nm). To determine the ideal size of dextran
nanoparticles for PET applications, we initially performed a size
optimization study leading up to the current preparation.
Specifically, we synthesized analogous dextran nanoparticles 5,
6, and 13 nm in diameter [chosen from a larger size range (2−
30 nm) study performed previously] and determined their
pharmacokinetics, renal clearance rates, and macrophage uptake
in vivo. Perhaps as expected, the 5 nm nanoparticle showed
considerable renal clearance whereas the 13 nm nanoparticle
had the highest level of macrophage uptake and was thus
chosen for subsequent experiments. Prior to this study, we also
compared the biological behavior of linear and cross-linked
dextrans and found the latter to be better tolerated. While the
current preparation indeed shows ideal imaging characteristics
and clean macrophage uptake, on the basis of the intravital
microscopy and flow cytometry result, we anticipate a few
changes for future clinical preparations. For one, we would
anticipate using a 68Ga tracer to minimize radiation exposure
and perhaps modulate the anticipated longer human blood half-
life through modification of residual amines with alternative
capping agents.14

A number of prior studies have used alternative PET agents
for imaging macrophages, including 18FDG,31,32 ligands for the
peripheral benzodiazepine receptor l igands (e.g . ,
PK11195),33,34 or magneto-optical nanoparticles.8,9 Although
commonly used, FDG is not macrophage specific as many
nonphagocytic cells will also internalize glucose, particularly

cancer, neuronal, and muscle cells as well as other
leukocytes.35,36 Peripheral benzodiazepine receptor ligands
have been primarily used for neuroinflammation studies, and
few validation studies of peripheral macrophages are available.
The receptor is now known to be the translocator protein
(TSPO), an 18 kDa protein that has many functions and is
found in diverse tissues, including heart, liver, adrenal, testis,
brain, and lymphatic tissue, in addition to leukocytes and
macrophages.37 Therefore, any imaging agent targeting this
receptor would not be specific for macrophages.
We anticipate that the developed macrophage selective

imaging agents will be useful for a number of applications in
which quantitation of macrophages and inflammation levels are
important. One of the most obvious applications is in cancer
therapy where inflammation has been associated with inverse
prognosis27 and where antimacrophage strategies are now being
employed to enhance therapeutic effects.30 Another application
is quantitation of inflammation in atherosclerosis and
myocardial infarction in patients undergoing statin treatments.
Macrophage imaging could be used as a surrogate of lesion
activity. Finally, there are numerous other medical applications
where foci of infection or inflammation require localization
(e.g., neuroinflammation, Crohn’s disease, and arthritis) or
quantitation (e.g., macrophage activity in fat tissue of obese
patients). We hope that the described material and future
clinical derivatives fulfill the requirements of specificity and may
be uniquely suited for clinical imaging.
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ABSTRACT: The development of faster and more sensitive
detection methods capable of identifying specific bacterial species
and strains has remained a longstanding clinical challenge. Thus to
date, the diagnosis of bacterial infections continues to rely on the
performance of time-consuming microbiological cultures. Here, we
demonstrate the use of bioorthogonal chemistry for magnetically
labeling specific pathogens to enable their subsequent detection by
nuclear magnetic resonance. Antibodies against a bacterial target of
interest were first modified with trans-cyclooctene and then coupled
to tetrazine-modified magnetic nanoprobes, directly on the bacteria.
This labeling method was verified by surface plasmon resonance as
well as by highly specific detection of Staphylococcus aureus using a miniaturized diagnostic magnetic resonance system.
Compared to other copper-free bioorthogonal chemistries, the cycloaddition reaction reported here displayed faster kinetics and
yielded higher labeling efficiency. Considering the short assay times and the portability of the necessary instrumentation, it is
feasible that this approach could be adapted for clinical use in resource-limited settings.

Faster assays, combined with detection of multiple bacterial
species and strains, would not only improve global health

but effectively lower healthcare costs.1,2 Examples of these
detection methods include fluorescence imaging using sugar
molecules (e.g. maltohexaose and trehalose) for highly specific
labeling of targeted bacteria,3,4 and colorimetric assay based on
enzyme−gold nanoparticle system.5 In an effort to develop a
simple diagnostic test that could be routinely used for the
detection of bacterial pathogens in resource-limited clinical
settings, we extended a bioorthogonal binding method to the
identification of bacterial pathogens. The method is based on a
two-step strategy in which antibodies are first modified to bind
specific targets and are then coupled to multiple magnetic
probes. Signals from these probes can subsequently be detected
by nuclear magnetic resonance (NMR). Furthermore, in cases
where target concentrations are low, this method has the added
advantage of being able to amplify target signals.6,7 A major
challenge to developing diagnostic tests for bacteria has been
achieving accurate detection of target pathogens from complex
specimens, which may contain multiple bacterial strains. We
have now overcome this hurdle by employing the cycloaddition
bioorthogonal reaction of trans-cyclooctene (TCO)-modified
antibodies to robustly and efficiently label bacteria with
tetrazine (Tz)-modified magnetic nanoprobes (MNPs).8 The
labeled pathogens were then detected using a newly developed
diagnostic magnetic resonance (DMR) system. Here, the
clinical potential of this method is demonstrated by the

accurate and rapid (<30 min) detection of Staphylococcus aureus
(S. aureus) in human sputa.
It is often the case that the use of large affinity ligands results

in low conjugation efficiency to nanoprobes and thus ineffective
binding of the conjugates to targeted cells.6 As a result, each
new preparation of immunoconjugates for cellular labeling
requires an optimization process to maximize its binding to
targeted samples. As an alternative strategy, the use of
bioorthogonal covalent reactions has become of increasing
interest as a novel platform for biological labeling. Such
reactions not only are highly selective toward their binding
partners, but also have fast reactivity in biological solutions and
at ambient temperatures.9−11 The approach is also modular and
generalizable. Namely, a vast array of affinity ligands for cellular
targeting can be prepared using bioorthogonal components,
and generic probes can be used for labeling.12 Tz/TCO
cycloaddition in particular has demonstrated great potential: it
is catalyst-free, shows good stability in biological media, displays
much faster reaction kinetics compared to other bioorthogonal
reactions, and is capable of significantly amplifying probe-
loading onto targets.13,14 Indeed, recently, this reaction was
successfully adapted to the molecular profiling of cancer
cells6,7,15 as well as to in vivo imaging.16
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The cycloaddition reaction of Tz and TCO offers a modular
platform for effectively coupling magnetic probes to the surface
of a particular target using a generalized labeling strategy.
Figure 1a describes the developed two-step approach for
bacterial detection based on the Tz/TCO reaction. We initially
coupled amine-reactive Tz to the amine groups present on the
MNPs; MNPs were composed of an iron oxide core and a
dextran coating.17 Likewise, affinity ligands were modified with
amine-reactive TCO. Samples were first incubated with TCO-
conjugated antibodies to specifically target the bacteria before
coupling with Tz-modified MNPs (Tz-MNPs). This labeling
method rendered the bacteria superparamagnetic, and thus
enhanced the transverse relaxation of the samples, as
determined by NMR. After loading the samples into disposable
tubes, their relaxation rates (R2) were measured using a
miniaturized DMR system.18

The binding kinetics of the probes to TCO molecules were
characterized using surface plasmon resonance (SPR).19 To
determine the association constant of the Tz-modified probes
to TCO, sequentially increasing concentrations of Tz-MNPs
were flowed over the SPR sensor surface, which was
functionalized with TCO molecules. With a measured
second-order rate constant of k2 ≈ 7.4 × 104 M−1 s−1 at
room temperature, the reaction of Tz-MNPs with TCO proved
fast and highly stable under the continuous flow stream of the
SPR (Figure 1b). The capacity of the MNPs for multivalent
binding and the fast kinetics of Tz/TCO thus indicated its
suitability for rapid magnetic labeling of targeted bacteria.

S. aureus was selected as the specific target for pathogen
detection, for which a highly selective antibody against the
bacteria (anti-SA) was used as the affinity ligand. The
antibodies were subsequently modified with TCO; an average
of ∼15 TCO molecules were conjugated to each antibody, as
determined by matrix-assisted laser desorption/ionization-time-
of-flight (MALDI-TOF) mass spectrometry (SI Figure S1).
Each MNP was functionalized with approximately ∼8
fluorescent moieties and ∼56 Tz molecules, as measured by
the SPDP assay.20 The bacteria were first tagged with TCO-
anti-SA before being sequentially coupled to Tz-MNPs.
Fluorescence microscopy (Figure 2a) showed that bacterial
labeling using the bioorthogonal approach was both efficient
and consistent. In contrast, control samples showed only
punctate traces of green fluorescence, thus confirming the
minimal nonspecific binding of the Tz-probes (Figure 2b).
The specificity of the Tz/TCO labeling method was further

investigated by applying the assay to other relevant pathogens.
About 105 CFU of the target bacteria (S. aureus), an acid-fast
species (Mycobacterium smegmatis), as well as Gram-negative
(Haemophilus inf luenzae, Escherichia coli, Pseudomonas aerugi-
nosa), and Gram-positive bacteria (Streptococcus pneumoniae )
were each mixed with TCO-anti-SA and then incubated with
Tz-MNPs in a 300 μL volume. Each sample was then
concentrated by centrifugation and transferred to the sample
chamber of the DMR device for analysis (∼104 CFU in 2 μL
volume). The measured ΔR2 value for each sample was then
converted to cellular relaxivity Δr2 (ΔR2 divided by cell

Figure 1. (a) Schematic of the two-step magnetic labeling method involving the cycloaddition of trans-cyclooctene (TCO) to tetrazine (Tz).
Staphylococcus aureus (S. aureus) cells were first targeted with TCO-modified antibodies and then coupled to Tz-modified magnetic nanoprobes.
Given that each antibody is bound by ∼15 TCO molecules, multiple probes can be attached to each marker. The labeled cells were subsequently
loaded into a disposable tube for detection using a diagnostic magnetic resonance device. (b) Surface plasmon resonance (SPR) measurements (left)
and a schematic of the binding kinetics between Tz-modified probes and surface-immobilized TCO (right). The fast second-order rate constant (k2
= 7.4 × 104 M−1 s−1), determined by flowing the probes at different concentrations, is largely due to the multivalent binding of Tz-MNPs.
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concentration), a value which is proportional to the number of
MNPs per bacterium.21 For S. aureus, the Δr2 was ∼9-fold
higher than the background, whereas the Δr2 for other
pathogens showed a small or no increase over the baseline
(Figure 2c). Corresponding fluorescence measurements by flow
cytometry also correlated well with the DMR results (Figure
2d), thus demonstrating the reliable dual-labeling capability of
the method for both optical and magnetic detection. Since the
DMR device requires only small sample volumes (∼2 μL), it
could be useful as a complementary diagnostic technique in
cases where only scant samples are available.
We next evaluated the efficacy of this bioorthogonal labeling

method using clinically relevant samples (Figure 3). Expecto-
rated samples were prepared by spiking S. aureus (∼105 CFU)
into human sputa (1 mL volume). Reagents for three different
bioorthogonal groups were synthesized to compare their
labeling efficiency in clinical samples, namely, Tz/TCO, Tz-
norbornene (Tz/Norb), and dibenzylcyclooctyne-azide

(DBCO/Azide). For the Tz/Norb method, antibodies were
tagged with norbornene and Tz-MNPs were used as the
binding probes;22,23 for the strain-promoted DBCO/Azide
method, azide-modified antibodies and DBCO-MNPs were
used (SI Figure S2).24 Following sputum liquefaction, all
samples were labeled with antibodies conjugated to the above-
listed small molecules and their corresponding probes. The
labeled samples were then divided for subsequent bacterial
counts and DMR measurement. At the optimal probe
concentration (50 μg/mL) and incubation time (15 min), the
Tz/TCO labeling method yielded considerably higher DMR
signals, outperforming Tz/Norb and DBCO/Azide methods
even after longer overnight (O/N) incubation times (8 h)
(Figure 3a). This result is consistent with previous reports
which have shown that the Tz/TCO system has kinetics that
are several orders of magnitude faster than other bioorthogonal
reactions (Figure 3a inset).14,22,24

The modular Tz/TCO approach provided a facile method
for enhancing the specificity and sensitivity of bacterial
detection. In addition, by enabling the attachment of multiple
MNPs per target, the Tz/TCO system resulted in a far higher
DMR signal (>350%) to that of direct antibody−MNP
conjugates (Figure 3b). The detection threshold for S. aureus,
using the Tz/TCO MNPs was determined to be ∼200 CFU
with cutoff ΔR2 value of 5% (SI Figure S3). The detection
sensitivity can be further enhanced by increasing the r2
relaxivity of the magnetic particles, which is achieved by using
materials with strong magnetization and by increasing the size
of the magnetic nanocrystals. Indeed, by replacing the MNPs
with doped iron oxide nanocrystals (NCs) with higher
transverse relaxivity (r2 = 380 mM−1 s−1, SI Figure S4),25 the
DMR sensitivity could be further improved (>300%). While the
cross-linked iron oxide MNPs (transverse relaxivity r2 = 70
mM−1 s−1) are sufficient for initial labeling and detection
experiments, the highly magnetic NCs would be useful for
detection of pathogens in scant samples. The Tz/TCO method
could also be extended to antibodies against other target
pathogens for labeling and detection (SI Figure S5). Since
DMR detection requires small volumes of samples, a parent

Figure 2. Selective bacterial labeling using bioorthogonal chemistry.
(a) DAPI stained S. aureus (blue) were targeted with TCO-anti-SA
and labeled with fluorescent Tz-modified probes (green). Labeling of
the bacterial membrane can be clearly seen in the enlarged inset image
(bottom right; higher magnification of boxed region). Scale bar, 5 μm.
(b) Minimal fluorescence from the probes was observed on the control
nontargeted bacterial samples. (c) Detection of S. aureus using the
diagnostic magnetic resonance (DMR) device (∼104 CFU in 2 μL
volume). A panel of bacterial strains was incubated first with TCO-
antibodies (specific for S. aureus) and then with Tz-MNPs, before
undergoing measurement with DMR. The displayed nuclear magnetic
resonance (NMR) signals were determined by calculating the ratio of
cellular relaxivities between the targeted (Δr2Ab) and control (Δr2ø)
samples. Bioorthogonal labeling yielded accurate and elevated NMR
signals for the targeted S. aureus, but not for other bacteria. (d)
Fluorescence measurements of the bacterial samples, as determined by
flow cytometry. The mean fluorescence intensity was normalized by
calculating the ratio between each bacterial sample and the
nontargeted control. S. aureus showed considerably higher normalized
fluorescence intensity than other bacteria. Overall, the fluorescence
measurements obtained by flow cytometry showed an excellent
correlation with measurements obtained by DMR.

Figure 3. Comparison of the effectiveness of different bioorthogonal
labeling strategies. (a) After liquefying human sputa containing S.
aureus (∼105 in 1 mL sputa), the bacteria were targeted and labeled
using three different reactions. The inset table summarizes previously
reported k2 second-order rate constants for the different bioorthogonal
chemistries. The Tz/TCO system was more effective in labeling
bacteria than either of the alternative catalyst-free bioorthogonal
chemistries, even with overnight (O/N) incubation (8 h). (b) The
two-step labeling approach proved better at labeling bacteria than
direct immunoconjugation. By using materials with higher magnet-
ization (nanocrystals/NC versus magnetic nanoprobes/MNP), the
NMR signal and detection sensitivity could be enhanced further.
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specimen can be divided into smaller aliquots, and each sample
can be profiled for different pathogens via modular Tz/TCO
approach. Such a capacity would be particularly useful in cases
of infection where specific bacterial species are suspected or
need to be ruled out in complex biological samples. The recent
outbreak of enterohemorrhagic Escherichia coli (EHEC) strain
O104:H4 exemplifies such needs. We are currently investigat-
ing this approach for the detection of Mycobacterium tuberculosis
in clinical sputum samples.
In summary, we have developed a magnetic labeling assay

capable of rapid pathogen detection using bioorthogonal
conjugation chemistry. The cycloaddition between TCO-
labeled S. aureus and Tz-modified MNPs enables specific
bacteria to be labeled and subsequently detected. The magnetic
labeling approach is efficient, chemoselective for the targeted
pathogen (determined by the antibody used), and applicable to
sputum samples. By using this magnetic labeling technique
together with the miniaturized detection device (DMR), the
strategy could serve as a promising diagnostic platform for
pathogen detection within a point-of-care clinical setting.
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ABSTRACT: Traditionally, labeling of antibodies has been performed by covalent
conjugation to amine or carboxyl groups. These methods are efficient but suffer
from nonspecificity, since all free and available amine/carboxyl groups have the
possibility to react. This drawback may lead to uncontrolled levels and locations of
the labeling. Hence, the labeled molecules might behave differently and, possibly,
the binding site of the antibody will also be affected. In this project, we have
developed a highly stringent method for labeling of antibodies by utilizing an
immunoglobulin-binding domain from protein A, the Z domain. Domain Z has
been synthesized with an amino acid analogue, benzoylphenylalanine, capable of
forming covalent attachment to other amino acids upon UV-exposure. This feature
has been used for directed labeling of immunoglobulins and subsequent use of these
in different assays.

■ INTRODUCTION

Immunoglobulins, or antibodies, are a group of molecules that
are extensively used as affinity reagents in many applications in
research, clinical diagnostics, and therapy. With the ability to
bind their ligands with high affinity and in a selective manner,
they are of great importance, and are, by far, the most
commonly used affinity reagents.1 As when employing any
affinity reagent, the method used for detection needs to be
considered. The antibodies’ excellent capacities to bind their
ligands need to be combined with high selectivity in order to be
of great use. As a consequence, techniques for labeling of
antibodies necessarily need to be of high quality. To make
detection of the antibody and its binding events possible, a
reporter group is normally attached to the antibody. Methods
most commonly used when conjugating reporter groups to the
antibody are based on the exploration of amine or carboxyl
groups in the protein for coupling.2 Another application that
ordinarily takes advantage of the surface-exposed functional
groups in the protein is the immobilization to a solid support.
When applying amine- or carboxyl-based chemistry, normally a
high degree of labeling or immobilization is obtained, but
unfortunately, the binding site might be compromised, since
the control of level and location of the labeling/coupling is
limited. This means that optimization of the protocol is needed
for every antibody and every conjugation/immobilization.
Hence, a method for labeling, where specific and controlled
conjugation can be achieved, would be a great advantage. To
obtain specific conjugation, molecules that have a natural,
specific, and defined binding to antibodies could be employed.
Moreover, to be able to conjugate the antibodies in a complex
environment, with other proteins in the conjugation mixture, is

desirable due to stabilizing molecules often being added to the
antibody mixture for stabilizing purposes.
Several Ig-binding molecules have been reported in

literature.3−5 Among these, staphylococcal protein A (SpA),
binding to VH and Fc, is one of the best characterized.
Staphylococcal protein A is frequently used in many different
applications, such as affinity chromatography, where its ability
to bind antibodies is utilized. The protein is used both for
purification of IgG molecules6 and as affinity tag for protein
purification.7 The five homologous domains, EDABC, that
constitute protein A, each consists of approximately 58 aa, and
share the Ig-binding feature.8 NMR analysis of the structure of
the B domain shows a three-helix bundle with the helices
ordered in an antiparallel fashion. The domains of protein A
exhibit binding to both the Fc and Fab regions of
immunoglobulins. By X-ray crystallography, the structure of
the B domain in complex with the Fc region of IgG has been
solved, and it revealed an interaction that mostly involved
amino acids of hydrophobic character.9 Binding seems to occur
in the interface between CH2 and CH3 of IgG, where 11
residues from helix 1 and helix 2 of the B domain are suggested
to participate.9,10 Also, the structure of the interaction between
protein A and the Fab region has been solved. The crystal
structure of the D domain binding the Fab region of human
IgM disclosed the involvement of 11 residues of helices 2 and 3
from the D domain and an interaction of a polar character with
the variable heavy chain.11 By altering two positions in the
B-domain of protein A, an engineered variant called the Z
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domain has been made. In the N-terminal of the Z domain, an
alanine residue was replaced by valine. A glycine-to-alanine
substitution was made for the removal of a hydroxylamine
cleavage site,12 which also resulted in loss of binding to the Fab
region.11,13 The Z domain is small (6.7 kDa), easy to produce,
and has a stable three-dimensional structure and also the
capacity to refold.14 It was previously proven to be suitable for
chemical peptide synthesis, thereby making the introduction of
synthetic active groups possible, extending the usability of the
domain.15

Benzoylphenylalanine (BPA) is a synthetic amino acid that
can be incorporated in a peptide during synthesis. Benzophenone
(BP), which is part of BPA, is a photoreactive group that forms
covalent bonds to other amino acids upon UV-exposure. BPA is
considered to be efficient, stable, and also easy to handle,16 and
it is primarily used when mapping protein−ligand interactions.
When mapping interactions, the strategy is to produce variants
of a protein with BPA incorporated at different positions, and
then allow the protein to bind its interaction partner.17 When
subjecting the complex to UV light, BPA forms a diradical,
which renders the generation of a covalent bond between the
protein and its interaction partner possible.
The utilization of an antibody-binding protein domain with

an incorporated photoreactive group for attachment to
antibodies has previously been reported by Jung et al. By
using a modified C2 domain from streptococcal Protein G and
covalently attaching BP at positions 21 and 29 via two
incorporated cysteines, a photoreactive procedure could be
used for modification of the antibodies. It was demonstrated
that this approach could be used for directed antibody
immobilization onto a surface. The strategy included
recombinant production of the domain and by site-directed
mutagenesis two cysteines were incorporated. The cysteines
were labeled by maleimide chemistry for attachment of the
photoreactive group, BP, into the domain.18

In this study, we report the development of a stringent and
effective method for specific covalent labeling of immunoglo-
bulins. By the use of a synthetic Z domain with the photo-
reactive probe BPA incorporated in the amino acid sequence,
covalent conjugation to the antibody has been achieved. In this
report, SPPS has been used as a means for production, and in
this manner, we are able to incorporate the BPA as an unnatural
amino acid specifically in the peptide backbone. Thereby,
production and modification could be made in a single
manufacturing process. Moreover, a detection-handle, biotin,
could be incorporated in a specific position into the protein. By
combining the inherent affinity of the Z domain and the Fc-
fragment with the ability of BPA to create a covalent bond,
specifically labeled antibodies were successfully achieved,
characterized, and tested in different platforms.

■ MATERIAL AND METHODS

General. In this study, recombinantly produced Zwt was
used as a reference.12 The protein domain was randomly
biotinylated resulting in an average of four biotin moieties/
domain, as measured by MALDI-MS (data not shown).

Several antibodies used were kind gifts; FITC-BSA-specific
antibody (human IgG1 and mouse IgG2a, BioInvent Interna-
tional AB) and antibody specific for His6-ABP (polyclonal,
Atlas Antibodies AB).
Production of Peptides. The two variants ZF5BPA

(Z5BPA) and ZH18BPA (Z18BPA) were produced by solid-
phase peptide synthesis using Fmoc/tBu protection strategy.
The syntheses were performed on a 433 A Peptide synthesizer
(Applied Biosystems) using an acid-labile Fmoc-amide resin
(substitution 0.67 mmol g−1, Applied Biosystems). Cleavage of
the Fmoc group was performed using 20% (v/v) piperidine in
NMP. The coupling reactions were performed with a 10-fold
molar excess of amino acid activated with 2-(1H-benzotriazole-
1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) and 1-hydroxybenzotriazole (HOBt) (both from Iris
Biotech GmbH) and DIEA in NMP. Apart from the amino
acids underlined in Table 1, single couplings were carried out.
Unreacted amino groups were capped with acetic anhydride.
Standard side-chain protecting groups were used except in
position 58, where Fmoc-Lys(Mtt)-OH (NovaBiochem) was
introduced. The photactivable probe Fmoc-BPA-OH (Peptech
Corporation) was incorporated in position 5 in Z5BPA and in
position 18 in Z18BPA.
Incorporation of biotin in Z5BPA and Z18BPA was

performed with the peptides still bound to the resin. The
peptide-resin was treated with TFA/TIS/DCM (1:5:94) for the
removal of the 4-methyltrityl (Mtt) group protecting the
ε-amine of Lys58. Biotin was coupled with 5 equiv of D-biotin
(Sigma), activated with HBTU/HOBt/DIEA in NMP for 2 ×
1 h, with the reactions monitored using Kaiser test.19

The removal of protecting groups and release from the resin
were achieved by treatment with TFA/TIS/H2O (95:2.5:2.5)
for 2 h at room temperature. The peptides were extracted in
H2O/tert-butyl methyl ether (1:1) and lyophilized.
HPLC and MS. The products from the syntheses of Z5BPA

and Z18BPA were analyzed and purified by RP-HPLC, using a
Silica-C18 column with 3.5 μm particle size and 4.6 × 150 mm
length (Agilent Technologies). A flow rate of 0.9 mL min−1 and
a gradient of solvent B (0.1% TFA/CH3CN, vol/vol) in solvent
A (0.1% TFA/H2O, vol/vol) were used. Fractions obtained
from RP-HPLC were analyzed by MS, and the correct products
were pooled and lyophilized. The protein concentration of the
samples was determined by amino acid analysis (Amino-
syraanalyscentralen).
Mass spectrometry was used to verify that correct products

were obtained. The products from the syntheses of Z5BPA and
Z18BPA were analyzed by ESI-MS, performed on a Q-TOF II
(Waters Corporation, Micromass MS Technologies). For
Z5BPA-bio and Z18BPA-bio, the fractions collected in RP-
HPLC were analyzed using a MALDI-MS Biflex IV (BRUKER
Daltonics). As reference and for external calibration myoglobin,
carbonic anhydrase II (CA II) and insulin (all obtained from
Sigma-Aldrich) were used.
General Procedure for Photoconjugation. 100 nM

antibodies and 1 μM Z5BPA-bio or Z18BPA-bio in PBS were
incubated in 20 °C for 1 h. Cross-linking was achieved by
exposure to light, 365 nm (Spectronics Corporation) for

Table 1. Amino Acid Sequences of Z5BPA and Z18BPAa

ZF5BPA (denoted Z5BPA) VENKXNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAEAKKLNDAQAPKMtt

ZH18BPA (denoted Z18BPA) VENKFNKEQQNAFYEILXLPNLNEEQRNAFIQSLKDDPSQSANLLAEAKKLNDAQAPKMtt

aUnderlined amino acids were coupled twice during synthesis. X = benzoylphenylalanine.
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45 min, or 1 h on ice. For the analysis of conjugated antibodies
by Biacore and Western Blot, Fc and Fab fragments as well as
full-length IgG were used. 1.3 μM of the antibody/antibody
fragment was mixed with 26 μM Z5BPA-biotin in PBST and
incubated at room temperature for 1 h. The antibody solutions
were exposed to light at 365 nm for 2 h on ice.
For buffer exchange spin concentrators with a 10 kDa cutoff

(Vivaspin, Sartorius Stedim Biotech) were used, centrifugation
at 15 000 rcf for 10 min. Buffers used were 0.2 M HAc (VWR),
pH 3.2, for lowering the pH and PBST for restoring the pH to 7.
The protein content was analyzed by measuring absorbance at
280 nm (280 nm, ε = 210 00 M−1 cm−1).
Luminex. Bead Coupling. Proteins and antibodies were

coupled to beads according to the manufacturer’s recommen-
dation (COOH Microspheres, Luminex Corporation). 1.6 μg
antibody to FITC-BSA was used for coupling to approximately
5 × 105 beads. Protein FITC-BSA (BioInvent International AB)
and His6-ABP (Atlas Antibodies AB) were coupled using 2 μg
for approximately 2.5 × 105 beads and 10 μg for 1 × 106 beads,
respectively. Coupled beads were kept at 4 °C in a storage
buffer (Blocking Reagent for ELISA, Roche Applied Science).

Analysis of Photoconjugated Antibodies. Antibodies sub-
jected to photoconjugation were diluted with PBST to a
concentration of 100 nM. Filter plates (0.45 μm MSHVN45
MultiScreen HTS, Millipore) were used for incubation of 45 μL
diluted antibody with 5 μL bead solution (200 beads/μL) at
23 °C with mixing for 1 h. Washing with 3 × 50 μL PBST was
performed before PhycoLink Streptavidin-R-Phycoerythrin
(2.2 μg mL−1) (Prozyme) was supplied. After incubation (23 °C
for 20 min) and washing (3 × 50 μL PBST), the fluorescence
was measured with Luminex Lx200. When performing the
sandwich assay, the first incubation with beads was made with
target protein at 23 °C for 1 h; thereafter, a wash step (3 × 50 μL
PBST) was introduced, followed by the procedure described
above.
SPR-Analysis. Analysis of the binding kinetics of Z5BPA

and Z18BPA to different IgG molecules was performed by the
use of SPR technology (BIAcore 2000 instrument, Biacore).
Antibodies and human serum albumin (HSA) were immobi-
lized onto a CM5 sensor chip resulting in approximately 2000
response units (RU) for the antibodies, and 700 RU for HSA. A
flow rate of 30 μL min−1 at 25 °C was used during the analysis.
HBS-EP (HEPES 100 mM, NaCl 1.5 M, EDTA 34 mM
(Merck) and 0.05% (v/v) surfactant p20 (VWR)) was used as a
running buffer, and for regeneration of surfaces 10 mM HCl.
The proteins were analyzed in concentrations ranging from
1.6 nM to 203.5 nM for Z5BPA-bio, 11.9 nM to 1560 nM for
Z18BPA-bio, and 5.0 nM to 635 nM for Zwt. All samples were
run in duplicate. The software BIAevaluation 3.2 (BIAcore AB)
was employed to determine the dissociation constants based on
the Langmuir 1:1 model.
The antigen His6-ABP was immobilized onto a CM5 sensor

chip resulting in 280 response units (RU). Polyclonal rabbit
IgG targeting the HisABP-construct was subjected to the
photolabeling procedure either with photoreactive Z5BPA-
biotin or without the reagent, both performed in duplicate. The
samples were diluted to a concentration of 100 nM and flown
over the Biacore surface with the antigen for analysis of the
ability of the antibody to bind the antigen. The resulting
Biacore curves were referenced against a blank chip surface. To
obtain KD values for the photolabeled and unlabeled antibodies,
GraphPad Prism was used for nonlinear regression analysis of
binding data from the Biacore. The curve fits were calculated

from an average curve of duplicate samples, conjugated and
unconjugated antibodies, respectively, flown over the chip
surface.

Western Blot. Protein or antibodies (2−3 μg) were
separated on SDS-PAGE gradient gels (NuPAGE 4−12% Bis-
Tris SDS-PAGE, NuPAGE 3−8% Tris-Acetate (Invitrogen) or
Criterion 10−20% Tris-HCl (Bio-Rad) under reducing
conditions, followed by transfer to PVDF membranes
(Invitrogen or Bio-Rad) according to the manufacturer’s
recommendations. Membranes were soaked in methanol and
blocked (0.5% casein in 1×PBST vol/vol) for 1 h at 20 °C.
To directly detect biotinylated proteins, the membrane was
incubated with peroxidase-conjugated streptavidin (diluted
1:70 000, DakoCytomation). For detection of specific proteins,
the membranes were first incubated with antibodies (of rabbit,
goat species, respectively) specific for HisABP or human
albumin for 1 h, followed by washing (1×PBST). Detection
was made possible by either peroxidase-conjugated streptavidin
(diluted 1:5000, DakoCytomation) or peroxidase-conjugated
IgG directed to goat antibodies (diluted 1:100 000, Sigma-
Aldrich). Detection was carried out with Immobilion Western
Chemiluminescent HRP substrate (Millipore) according to the
manufacturer.

■ RESULTS
Design and Synthesis of Z-Variants. The procedure of

labeling and covalent attachment of reporter groups to
antibodies is traditionally done through the chemistry of
amine or carboxyl groups in the antibody. This is an efficient
method, but since the labeling occurs randomly, many different
groups in the protein have the possibility to react and the
conjugated group might influence the binding of the antibody
to its antigen. Hence, an optimization of the labeling conditions
is a necessity for every antibody, and therefore, an alternative
method for specific and directed labeling would be beneficial
for many applications. Directed labeling would also be
beneficial for antibodies in complex environment, where
other proteins surround the antibody. Here, we report a
novel method that enables a specific labeling of antibodies
where a photoactivable probe together with a specific binding
event is utilized to achieve covalent and specific attachment to
immunoglobulins. To achieve a specific and reliable covalent
labeling, the IgG-binding domain Z was utilized.
After studying the structural data available on Protein A

(domain B) and its interaction surface with IgG, the positions
Phe5 and His18 were chosen to be exchanged for BPA.
Phenylalanine 5 is positioned in the N-terminal part of the
domain, close to the first helix, and it is also claimed to
participate in the binding between the B-domain and IgG
(Deisenhofer 1981). The other position, histidine 18, is the last
amino acid in the first helix, and it is not suggested to be part of
the binding to IgG, but is situated in close proximity to the
binding surface. Hence, two variants of the Z domain were
produced, Z5BPA and Z18BPA. To achieve specific incorpo-
ration of the photoreactive probe, the two molecules were
produced using solid-phase peptide synthesis. In Table 1, the
sequences of the synthesized molecules are shown, where
underlined amino acids were coupled twice during synthesis to
ensure a high yield of the product. In both Z5BPA and
Z18BPA, a D2E substitution was made to avoid aspartimide
formation during synthesis. This substitution had previously
been shown not to interfere with the structural or functional
behavior of the Z domain.15
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The synthesis products, Z5BPA and Z18BPA, were purified
using RP-HPLC, and the purified correct products were verified
using MS (data not shown). To enable easy and flexible
detection and to be able to analyze the efficiency of the
conjugation, the two variants were specifically biotinylated in at
the C-terminus of the protein domain. This was made by
applying an orthogonal strategy, through the incorporation of
a lysine protected with a 4-methyltrityl (Mtt) group in the last
position in the sequence of the domains. Also, these protein
products were successfully purified to homogeneity and
analyzed by MS (Figure 1a and b).
Analysis of the Binding Characteristics of the Z-

Variants. The ability of the Z domain to refold after synthesis
has been shown previously,15 and therefore, retained binding to
IgG was expected. However, with the introduction of BPA in
different positions in the proximity of, or in the binding surface,
there is a potential risk of influencing the ability to bind IgG.
Therefore, an analysis of the binding kinetics of the two Z
variants using surface plasmon resonance (SPR) was made. The
ability of the two novel Z variants to bind to different IgG
molecules was analyzed and compared to the parental Z
domain. The analysis revealed an affinity of Z5BPA-bio/to IgG
complex comparable to the parental Z/IgG. However, a
considerably lower affinity was detected when analyzing the
binding of Z18BPA-bio to IgG (Table 2).
Evaluation of Covalent Coupling of Z-Variants to

Immunoglobulins. For the evaluation of covalent coupling
of the two modified Z domains to IgG, two approaches were
employed. In the first approach, polyclonal rabbit IgG was
coupled to Luminex beads and then incubated with the
synthetic Z domains, followed by light-induced activation of the
covalent coupling (Figure 2A, setup 1). Thereafter, the beads
were washed with a low-pH buffer in order to break all
noncovalent interactions. By comparing the biotinylation of
beads washed with low pH, with beads washed with neutral
buffer, we were able to show that Z5BPA-bio could be
covalently attached to IgG. Different concentration of the
participating molecules and also different times for the UV light
activation was used, and it was concluded that the most
effective ratio between IgG and Z was 1:10 (IgG:Z). Moreover,
the time for illumination of the reaction vessel was set to 1 h.
Also, data show that the variant Z18BPA-bio was not covalently
linked to IgG by this treatment (Figure 2B). To ensure that this
behavior was not concentration-dependent, a higher concen-
tration of Z18BPA-bio was used (1:500, IgG:Z), but still no
covalent coupling was obtained (data not shown).
The successful conjugation of Z5BPA-bio to IgG was further

confirmed in the second approach, where cross-linking was
performed in solution and the photoconjugated antibodies were
evaluated in the Luminex system. In this experiment, Z5BPA-
bio and IgG were incubated in solution and subjected to UV
light for cross-linking. To remove excess unbound Z molecules,
a spin filter column (10 kDa cutoff) was used. This also allows
for buffer exchange and lowering of pH, which enable release of
noncovalently bound Z molecules from IgG. Hence, the bound
and cross-linked Z domains will stay attached to the IgG
molecules, while noncovalently bound Z domains will be
released and washed away. In order to investigate the efficiency
of covalent coupling of the bound Z5BPA-bio to the antibody,
a sample of the photoconjugated antibodies was taken out
before lowering the pH. Also, as negative control recombinantly
produced and biotinylated Z was used. For evaluation of the
covalent conjugation, antigens were linked to Luminex beads

and subsequently incubated with corresponding IgG molecules
from the conjugation experiment (Figure 2A, setup 2). In the
negative control, biotinylated Z, the signal diminishes when

Figure 1. Mass spectrometry analysis of the synthetic Z domains. (A)
The mass spectrum of Z5BPA-bio showing a molecular weight of 6981
Da (theoretical molecular weight: 6984 Da). (B) The mass spectrum
of Z18BPA-bio showing a molecular weight of 6991 Da (theoretical
molecular weight: 6994 Da).
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lowering the pH; hence. the noncovalent interaction between
Z and IgG is possible to break with low pH (Figure 2C).
Moreover, Z5BPA-bio is efficiently linked to the IgG molecules
since the IgG molecules after treatment with low pH still give a
strong signal. Also, the ability to bind the antigen indicates that

the paratope of the antibody is intact. Evaluation of the
conjugation efficacy was made by comparing the achieved
signal before and after treatment with low pH. Therefore, the
conclusion that more than 80% of the bound Z-molecules were
efficiently cross-linked to the immunoglobulins could be drawn
(Figure 2C).
Specificity of Labeling. Since many manufactured anti-

bodies are stabilized by the addition of other proteins,
commonly albumin, it is important to be able to perform the
conjugation in complex solutions. To investigate the selectivity
of the labeling, a solution containing eight times more HSA
than specific monoclonal antibodies was prepared. The
efficiency of the conjugation was analyzed and compared with
conjugation without HSA (assay number 1 in Figure 3A). The
efficiency of the labeling is not affected by the presence of HSA
(Figure 3B). To assess any unwanted biotinylation of HSA, a
Western blot experiment was performed. In the first experi-
ment, all biotinylated proteins were detected (Figure 3C, left
panel), and in the second setup, the present HSA molecules
were detected (Figure 3C, right panel). This experiment
indicates that no covalent coupling of the biotinylated
Z-domains to HSA has occurred. However, since the migration
of HSA in SDS-PAGE is rather similar to the heavy chain of
IgG in complex with the Z domain, another experiment was
performed. This time, the biotinylation was assessed using
Luminex analysis. An HSA-binding protein was covalently
attached to Luminex beads. Thereafter, the UV-exposed IgG-
Z5BPA-bio or HSA-Z5BPA-bio mixture was mixed with the
beads. Now, HSA or IgG is able to bind to the beads, by using
either the covalent coupled protein’s inherent ability to bind
HSA or the conjugated antibody’s ability to bind to the antigen.
Thereafter, biotinylation was assessed through fluorescently
labeled streptavidin. By utilizing the ability of the antibodies to
selectively bind to the antigen-conjugated beads (assay number
1 in Figure 3A), high signals from the antigen binding IgG-
molecules could be detected. Since similar signal intensity was
detected both before and after washing with low pH, we could
conclude that the conjugation of Z5BPA-bio to the antibodies
was very effective. Furthermore, the conclusion that no
biotinylation of HSA was obtained could be drawn since no
signal was detected from the HSA-binding beads mixed with
fluorescently labeled streptavidin (assay number 2 in Figure 3A).
However, the ability of HSA to bind to the beads was confirmed
by HSA-recognizing antibodies conjugated with biotin (setup 3
in Figure 3A,D). These results also show that the covalent
attachment of Z to IgG is specific since no biotinylation of HSA
could be detected.
To investigate the influence of labeling on the antigen

binding capacity of the antibody an SPR-analysis of conjugated
and unconjugated antibodies, binding was performed. As can be
seen in Figure 4A−C, conjugated and unconjugated antibodies
show the same affinity to its antigen, which confirms that the
antigen-binding site is preserved after complete conjugation
(Figure 4). The similar KD values obtained for conjugated and
unconjugated, 6.0 nM and 6.4 nM, respectively, clearly show
that the antigen site of the antibody remains unaffected after
being subjected to the conjugation process (Figure 4B,C).
To further show the specificity of the conjugation, Z5BPA-

biotin was allowed to react with full-length antibodies, Fc
fragments, and Fab fragments. The obtained conjugations were
analyzed by Western blot. Figure 5 shows that conjugation
occurs at the Fc part of the antibody, since no biotinylation
could be detected on the Fab fragments. However, biotinylation

Table 2. KD values for Z5BPA-bio, Zwt, and Z18BPA-bio
Binding to Human IgG1 and Mouse IgG2a

Z5BPA-bio Z18BPA-bio Zwt

Human IgG1 10 nM 60 μM 20 nM
Mouse IgG2a 650 nM - 550 nM
Rabbit IgG poly 30 nM - 60 nM

Figure 2. Covalent conjugation of the Z-variants was evaluated by
using the Luminex platform. (A) The two different strategies used for
analysis of covalent coupling are shown. In strategy 1, the antibodies
were covalently coupled to Luminex beads. Thereafter, the beads were
incubated together with the different Z variants and illuminated with
UV-light. After washing, the biotinylation was detected by
fluorescently labeled streptavidin. In strategy 2, the IgG and Z-variants
were mixed and illuminated in solution. After illumination, the protein
mixtures were washed, with a buffer with pH 3.2 or 7.0. To enable this,
spin concentrators were used. After further washing and increasing the
pH to neutral, the antibody solution was mixed with Luminex beads
with already covalently attached antigens. Also, here the biotinylation
was detected by fluorescently labeled streptavidin. (B) The cross-
linking of Z5BPA-bio and Z18BPA-bio to polyclonal rabbit IgG. As
negative control, uncoupled beads were used. Strategy 1 in (A) was
used. Mean value of two different experiments is shown.
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was detected on both the full-length antibodies and the Fc
fragments (Figure 4D).

Use of Conjugated Antibodies. The photoconjugated
antibodies were used in a sandwich assay setup where capture
antibodies were coupled to beads and incubated with target
protein in various concentrations (Figure 5A). After thorough
washing, target-specific photoconjugated antibodies were
added. The beads were washed, and the fluorescence from
streptavidin-R-phycoerythrin was detected by using the
Luminex platform. Analyses using both human monoclonal
antibodies and mouse monoclonal antibodies recognizing
FITC-BSA were successfully performed, and the antigen
could be detected down to a concentration of 0.1 ng/mL
within a concentration window spanning 4 orders of magnitude
(Figure 5).
Also, the conjugated antibodies were used for detection in a

Western blot assay. By conjugation of the antibodies with
Z5BPA-bio, the protein targeted by the antibodies could be
detected by streptavidin-HRP. In Figure 5C, two Western blot
membranes are shown. On the rightmost membrane, proteins
are detected with covalently conjugated antibodies, and on the
left membranes, as a negative control, the same antibodies were
used, but in the conjugation step, Z-Bio, lacking the BPA group,
was used. The molecular weights of the protein bands detected
are as expected; hence, the system works both in a sandwich
setup with the antigen in solution and in detection of proteins
bound to a membrane.

■ DISCUSSION
To be able to covalently attach the Z domain to
immunoglobulins, the structural information on the binding
site was thoroughly studied. Two amino acids in close
proximity to the binding surface were exchanged for the
photoactivable probe, BPA. Both suggested Z variants were
successfully synthesized with high yield and the C-terminal
biotinylation was efficiently and specifically made through an
orthogonal protection strategy (Figure 1). The interaction
between IgG and the two synthesized Z variants was analyzed
revealing a retained affinity for the Z5BPA-bio molecule, while
Z18BPA-bio showed very low affinity (∼100 μM, Table 2). For
the Z5BPA-bio molecule, both the on- and off-rates are in the
same range as for the parental Z domain (data not shown). The
retained affinity of the Z5BPA-bio variant could be explained by
steric similarity of phenylalanine and BPA making the inherent
structure of Z intact. The addition of the extra benzoyl group
seems to fit well between the two molecules upon binding. On
the other hand, replacement of histidine 18 for BPA is
deleterious and destroys the interaction with IgG. This could be
due to the change of charge in the position of amino acid 18.
Also, the larger side chain of the unnatural amino acid could
stericallly inhibit the ability to bind IgG. This photoactivable
molecule has previously been used to covalently label
antibodies through incorporation in an antibody binding
molecule from protein G,18 but a different strategy for
production of the binding domain was used. In this publication,
they have recombinantly produced the IgG-binding domain
and after purification covalently attached a BPA-group via a
cysteine. Moreover, the area of application in the referred study
was to covalently attach the antibodies onto a solid support in
an oriented way. In this project, we have focused on labeling of
the antibodies for detection purposes.
A very important characteristic of a molecule used for

selective labeling is the efficiency of the covalent linking.
Hence, a thorough characterization of this was performed.
Different IgG molecules were used for this analysis, and in

Figure 3. Degree of covalently linked Z5BPA-bio domain in a complex
sample was analyzed. Samples of antibodies to be photoconjugated
with Z5BPA-biotin were supplemented with 800 nM HSA (Albumina
Kabi). (A) Three different strategies used for analysis of covalent
coupling are shown. An HSA-binding protein was covalently attached
to the Luminex beads. These beads could be used in three different
ways. According to strategy 1, the attached protein is used as an
antigen, since the labeled antibody is directed to this protein. In
strategy 2, the protein is used to bind to HSA. In these two
experiments, streptavidin-R-phycoerythrin is used to detect any
biotinylation. In strategy 3, antibodies with biotin are used to detect
the bound HSA. (B) Degree of cross-linking was analyzed both with
and without HSA in the sample. Covalent linking of Z5BPA-bio was
unaffected by the HSA present in the sample. Setup according to
strategy 1 in Figure (A) was used. (C) To assess if Z5BPA-bio was
able to covalently bind to the HSA molecule, a Western blot was
performed. In the left panel, the amount of covalently linked Z5BPA-
bio in three different samples was analyzed using streptavidin-HPR.
No attachment to the HSA molecule could be detected. In the right
panel, the presence of HSA in the samples was analyzed by using goat
antibodies targeting HSA, visualized with HRP-conjugated antigoat
antibodies. (D) To confirm the conclusion from the previous
experiment, a Luminex experiment was made where both the amount
of biotinylated IgG molecules and HSA molecules were analyzed using
strategy 1 in (A). The number of biotinylated IgG molecules was
shown to be high, both after and before treatment with low pH. This
indicates a high degree of covalent coupling by Z5BPA-bio. The
amount of biotinylated HSA-molecules was analyzed using strategy 2
in (A). No biotinylation could be detected before or after treatment
with low pH. To ensure the presence of HSA, a third strategy was used
(number 3 in (A)); hence, detecting HSA with an HSA-binding
antibody and thereby the presence of HSA was confirmed.
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the experiment, the amount of covalently attached Z-domains
were compared with the amount of Z-domains able to bind
to the IgG molecules. All immunoglobulins with affinity
for Z were successfully covalently labeled, with an efficiency
of more than 80% when the ratio 1:10 (IgG:Z) was used
(Figure 2).
When using the coupling strategy in complex solution, we

could conclude that no unwanted covalent labeling could be
detected, despite high concentration of both HSA and Z5BPA-
bio (Figure 3). This is of utmost importance and shows that the
benzophenone (BP) group needs to be in very close proximity
to create a covalent link, thereby ensuring specific and directed
covalent attachment. Hence, specific and stable interaction as
well as UV light of correct wavelength is needed. The necessity
of UV light makes this photoactivable probe convenient and
easy to handle since no light protection is needed during the
synthesis, purification, or other experimental steps where no
conjugation is desired. Moreover, if a covalent bond not is
created, the probe relaxes to the ground state after excitation
and thereby the uncoupled Z molecules are possible to use in a
next round of labeling (data not shown).
To assess the functionality of the covalently linked

antibodies, three different methods were used. A sandwich
assay was successfully designed by taking advantage of
capturing antibodies covalently linked to Luminex beads. The
prepared beads were incubated with different concentrations of
antigen (Figure 5A). Hence detection could be made by

streptavidin using conjugated antibodies from both mouse and
human. Also, an ordinary Western blot was made showing that
here also the conjugated antibodies successfully detect the
anticipated proteins on the membrane. These data show that
the covalent linkage between IgG and Z5BPA-bio is stable and
usable in different well-known assays. When performing the
sandwich assay, antigen concentrations down to 0.1 ng/mL
could be detected. The conjugated antibodies in this study
could possibly have one or two biotin on each antibody since
only one biotin is incorporated in each Z domain. Hence, by
introducing more than one biotin or even by directly intro-
ducing a number of fluorescent probes in the Z domain the
detection level will likely be improved. The comparison of
the ability of conjugated and unconjugated antibodies to bind
their antigen by SPR analysis shows that the procedure allows
the antibody to retain its binding to the antigen and that the
covalently attached photoreactive Z5BPA-biotin does not influence
the reactivity of the antibody (Figure 4). The specificity of the
labeling is further demonstrated by the Western blot experi-
ment where biotin is detected only if the antibody or antibody
fragment is covalently conjugated. The data clearly show that
conjugation is achieved on the full-length antibody and also on
Fc fragment. However, no conjugation could be detected on
the Fab fragment (Figure 4D).
Here, we have presented a stringent and effective method for

labeling of antibodies by utilizing an IgG-binding protein
domain, Z. By introducing a photoactivable group in the

Figure 4. Investigation into the performance of an antibody was made by analyzing the affinity constant for antigen binding before and after
conjugation. Moreover, specificity of the conjugation was assessed by Western blot analysis. (A) SPR analysis of antibodies targeting their antigen
was performed, before and after conjugation. Antigen was immobilized on the chip and the antibodies were flowed over the surface. Average of
duplicate samples is shown. Nonlinear regression analysis were made of the binding curve of (B) photolabeled antibodies giving a KD value of 6.0 nM
and (C) control antibodies giving a KD value of 6.4 nM. Hence, the labeling procedure does not influence the performance of the antibody. (D)
Western Blot analysis of duplicate samples of conjugated and unconjugated full-length antibodies (lanes 1−4), Fc fragments (lanes 5−8), and Fab
fragments (lanes 9−12). Z5BPA conjugates specifically to the Fc part of the antibodies.
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protein scaffold during synthesis, a covalent linkage between
IgG and the synthesized protein domain can be created with
very high efficacy. This linkage has been shown to be efficiently
formed and stable under different conditions. Here, we have
been using biotin as the reporting group, but a large variety of
different groups could be introduced in the protein domain to
tailor-make the antibodies for a certain purpose. The new
approach for labeling of antibodies presented here is both
flexible and reliable and would be suitable for a wide range of
applications where antibodies are used in the capture or
detection step.
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this work with Atlas Antibodies AB, BioInvent International
AB, GE Healthcare Bio-Sciences AB, Gyros AB, Mabtech AB
and Olink AB as active partners in the project.
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ABSTRACT: α-Cyclodextrin was transformed in a cationic unit after per substitution with histidine (His-α-CD) and lysine (Lys-
α-CD) molecules on the primary face. His-α-CD and Lys-α-CD were used to form electrostatic complexes (CDplexes) with a
plasmid DNA encoding luciferase gene, and the ability of CDplexes to transfect mammalian cells was examined using HEK293-
T7 cells. The luciferase activity in cells transfected with His-α-CDplexes was 8-fold higher than that obtained Lys-α-CDplexes.
When the transfection was carried out in the presence of chloroquine, the luciferase activity with His-α-CDplexes and Lys-α-
CDplexes increased 6 and 25 times, respectively. The lower enhancement with His-α-CDplexes confirmed that histidine induced
a proton sponge effect inside endosomes upon imidazole protonation, favoring DNA delivery in the cytosol. At the same time,
we found that the condensation of DNA with His-α-CD was unexpectedly stronger than that obtained with the lysyl-α-CD
counterpart. Moreover, it was as strong as that observed with high molecular weight polylysine. NMR (ROESY and DOSY)
investigations in the absence of DNA showed that an inclusion complex is formed between the imidazole ring of histidine and the
hydrophobic cavity of CD but no His-α-CD polymers can be formed by intermolecular interactions. These results suggest that
intermolecular interactions between imidazole and His-α-CD cavity could be involved to form supramolecular assemblies in the
presence of a DNA scaffold leading to DNA condensation into low diameter particles.

■ INTRODUCTION

Cyclodextrins are natural biocompatible cyclic oligosaccharides
composed of 6, 7, or 8 D(+)-glucose units linked by α-1,4-
linkages and named α-, β-, or γ-cyclodextrin, respectively.
Recently, various cyclodextrin-based gene delivery systems have
been developed.1 For instance, cyclodextrin can be transformed
in a cationic unit after per substitution with small cationic
molecules. These derivatives can condense a plasmid DNA
(pDNA) to form CDplexes that can be used for the
transfection of mammalian cells. For example, α- and β-
cyclodextrins have been per substituted with oligoethylenimine
repeat units (from 1 to 14).2,3 The transfection efficiency of
HEK293 and COS-7 cells increased as the length of the
oligoethylenimine moiety increased from diethylenetriamine to

pentaethylenehexamine residues. β-Cyclodextrin was used also
as a scaffold to prepare a homogeneous sevenfold symmetric
polyaminothiourea amphiphiles for gene transfer.4−6 Cationic
cyclodextrins have been derivatived in cationic polyrotaxanes
either with a poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) triblock copolymer, a PEI-b-PEG-b-PEI
copolymer or α,ω-dimethacrylate poly(ethylene glycol).7−9 For
certain CD derivatives, the transfection efficiency was
comparable to that obtained with JetPEI, the gold standard
cationic polymer. One of the major barriers for gene transfer is
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the endosome escape allowing the delivery of the plasmid DNA
in the cytosol. For this purpose, histidine can be used. The
imidazole ring of histidine is a weak base that has the ability to
acquire a cationic charge when the pH of the environment
drops below 6. As has been demonstrated for poly(histidine),
this phenomenon can induce membrane fusion and/or
membrane permeation in an acidic medium.10,11 Moreover,
the accumulation of protonated histidine residues inside acidic
vesicles can induce a proton sponge effect, which increases their
osmolarity and their swelling. The proof of concept has been
shown with polylysine partially substituted with histidine
residues that has caused a tremendous increase by 3−4.5
orders of magnitude of the transfection efficiency of DNA/
polylysine polyplexes.12 Then, several histidine-rich polymers
and peptides as well as lipids with imidazole polar heads have
been reported to be efficient carriers to deliver nucleic acids
including DNA and RNA in vitro and in vivo.13 More
remarkable, histidylated carriers are often weakly cytotoxic,
making them promising chemical vectors for nucleic acid
delivery.
Here, we have used α-CD as a scaffold to prepare histidylated

CD as DNA carrier. α-CD was chosen because of its lower
propensity to form an inclusion complex with cholesterol than
β-CD.14−16 Indeed, β-CD has been shown to extract
cholesterol from cell membranes. We have synthesized the
hexakis(6-deoxy-6-histidinyl)cyclomaltohexaose (His-α-CD)
(2) (Scheme 1). This derivative had six α-amino groups usable
for pDNA interaction and six imidazole rings for acid-mediated
membrane destabilization after CDplex uptake by the cells into

endosomes. The polyamino α-CD counterparts, the hexakis(6-
deoxy-6-amino)cyclomaltohexaose (NH2-α-CD) (1) and the
hexakis(6-deoxy-6-lysinyl)cyclomaltohexaose (Lys-α-CD) (3),
were also synthesized (Scheme 1). The former had six amino
groups as His-α-CD and the latter twelve. The capacity of these
cationic α-CD derivatives to condense pDNA was determined
and the transfection efficiency of CDplexes was evaluated in
HEK293-T7 cells using the luciferase gene as read-out.
Unexpectedly, a strong condensation of pDNA by His-α-CD
was evidenced. Furthermore, we showed by NMR inves-
tigations the involvement of an inclusion complex between the
imidazole ring of histidine and the hydrophobic cavity of CD.
These results suggest that supramolecular assemblies of His-α-
CD in the presence of a DNA scaffold could occur during the
formation of His-α-CDplexes.

■ EXPERIMENTAL PROCEDURES
All reagents were purchased from Sigma (St. Quentin Fallavier,
France) unless otherwise stated.
The synthesis of hexakis(6-deoxy-6-iodo)cyclomaltohexaose

has been adapted from ref 17, and hexakis(6-deoxy-6-
azido)cyclomaltohexaose from ref 3 and hexakis(6-deoxy-6-
amino)cyclomaltohexaose from ref 18. The detailed exper-
imental protocols and the characterizations are reported in the
Supporting Information (S1).
Hexakis(6-deoxy-6-histidinyl)cyclomaltohexaose (His-

α-CD). Boc2-His-OSu (0.59 g, 1.30 mmol) was added to a
s t i r r i ng so lu t i on o f hexak i s (6 -deoxy -6 - am ino) -
cyclomaltohexaose (0.20 g, 0.207 mmol) in DMSO (5 mL),

Scheme 1. Synthetic Scheme of α-Cyclodextrin Derivatives: (1) NH2-α-CD; (2) His-α-CD; (3) Lys-α-CD
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and the reaction was carried out at room temperature for 24 h.
Then, 2 mL of trifluoroacetic acid (TFA) was added and the
medium was stirred for 12 h. After removal of TFA under
reduced pressure, the product was recovered by precipitation in
ethyl acetate (AcOEt) with 71% yield (0.45 g). 1H NMR (D2O,
300 MHz): δ ppm 7.7 (H10), 6.9 (H9), 4.5 (H1), 4.0 (H7), 3.8
(H3), 3.6 (H5), 3.5 (H6), 3.3 (H2), 3.0 (H8), 2.8 (H4). 13C
NMR (D2O, 100 MHz): δ ppm 171.7 (CO, amide), 163.3
(q, CO, TFA), 136.8 (C-10 arom. imidazole), 132.9 (C quat.
arom. imidazole), 116.7 (C-9 arom. imidazole), 117.0 (CF3,
TFA), 101.9 (C-1), 82.6 (C-4), 72.8, 72.1, 69.7 (C-2, C-3, C-
5), 53.8 (C-7; CHNH3), 39.6 (C-6), 30.2 (C-8). For
C72H108N24O30, MS (MALDI-TOF/TOF): 1795.8 uma [M +
Li]+, 1827.8 uma [M + K]+.
Hexakis(6-deoxy-6-lysinyl)cyclomaltohexaose (Lys-α-

CD). N,N-diBoc-lysine (0.432 g, 1.24 mmol) was dissolved in
dry DMF (10 mL). 1-Hydroxybenzotriazole (HOBt) (0.176 g,
1.30 mmol) was added, and the solution was cooled to 0 °C in
an ice bath. N,N′-Dicyclohexylcarbodiimide (DCC) (0.261 g,
1.27 mmol) was then added, and the temperature was
maintained at 0 °C for a further 60 min. The reaction mixture
was then allowed to warm to room temperature during which
time dicyclohexylurea precipitated out. After stirring for a
further 60 min at room temperature, a suspension of hexakis(6-
deoxy-6-amino)cyclomaltohexaose (0.200 g, 0.207 mmol) and
methyl morpholine (0.14 mL) in dry DMF (5 mL) was added
to the reaction medium and the solution was stirred at room
temperature for 24 h. The dicyclohexylurea precipitate was
filtered off, and the filtrate was concentrated under reduced
pressure at 50 °C as oil. Then, saturated NaHCO3 (100 mL)
was added to the oil to give a suspension which was stirred for
1 h and filtered. The precipitate was washed with H2O and
dried under high vacuum. The crude product underwent
subsequent Boc deprotection in a MeOH/TFA (10:2; v/v)

solution at room temperature, and the solvent was evaporated
and replaced by AcOEt (5 mL). The precipitate was filtered
and the expected product was recovered in 65% yield (0.418 g).
1H NMR (D2O, 500 MHz): δ ppm 4.95 (d, 6 H), 3.40−4.08
(m, 36 H), 3.31 (m, 6 H), 3.02 (m, 12 H), 1.96 (m, 12 H), 1.74
(m, 12 H), 1.49 (m, 12 H). 13C NMR (D2O, 125 MHz): δ ppm
170.1 (CO, amide), 162.6−163.4 (CO, TFA), 113.1−
120.1 (CF3), 102.1 (C-1), 82.9 (C-4), 72.7, 72.3 (C-2, C3),
70.0 (C-5), 53.3 (C-7; CHNH3), 39.5 (C-6), 39.2 (C-11;
CH2NH3), 30.9, 26.6, 21.8 (C-8, C-9, C-10; CH2). For
C72H138N18O30 (Mw = 1735), MS (MALDI-TOF/TOF):
1736.0 uma [M + H+].
Polymers. PLK6 and PLK190poly(L-lysine) with degree

of polymerization of 6 and 190, respectivelywere purchased
from Sigma Aldrich and Bachem (Bubendorf, Switzerland),
respectively. K20H20 was a poly(L-lysine) with degree of
polymerization of 20 (NeoMPS SA, Strasbourg, France) in
which all the ε-amino functions of the lysyl residues were
substituted with histidine residues as described.19

Cells and Cell Culture. Human embryonic kidney 293T7
cells were grown at 37 °C in a humidified atmosphere
containing 5% CO2 in MEM medium containing 10%
heat inactivated fetal bovine serum (PAA Laboratories, Les
Mureaux, France), 2 mM L-glutamine (Fischer Bioblock,
Illkirch, France), 100 U/mL penicillin (Fischer Bioblock),
100 U/mL streptomycin (Fischer Bioblock), and Geneticin
(400 μg/mL).20 Cells were mycoplasma-free as evidenced by
MycoAlert Mycoplasma Detection Kit (Lonza, Levallois Perret,
France).
Plasmids. pTG11033 (pCMV-Luc; 9514 bp) (kindly given

by Transgene S.A., Strasbourg, France) was a plasmid DNA
encoding the f iref ly luciferase gene under the control of the

Figure 1. Interaction of polyamino-α-CD derivatives with DNA.
Aliquots of solution containing polyamino-α-CD derivatives were
sequentially added to pDNA (2.5 μg) in 650 μL of 10 mM Hepes
buffer, pH 7.4, in the presence of ethidium bromide (2 μM). The
fluorescence intensity was measured (λ ex = 530 nm; λ em = 580 nm)
after each addition of samples, and the fraction of dye exclusion was
calculated from the fluorescence intensity measured in the absence and
in the presence of polyamino-α-CD derivatives. N/P corresponds to
the ratio between the number of positive charges of polyamino-α-CD
derivatives and that of the negative charges of the pDNA phosphate.
His-α-CD (▲); Lys-α-CD (△); NH2-α-CD (■).

Figure 2. Agarose gel electrophoresis shift assay of pDNA in the
presence of various quantities of His-α-CD (A) and Lys-α-CD (B).
Lanes 1, 2, 3, 4, 5, 6, 7, and 8 correspond to pDNA/CD weight ratios
(μg/μg) of 1/0.5, 1/1, 1/2, 1/3, 1/4, 1/6, and 1/8, respectively.
pDNA line correspond to migration of pDNA in the absence of any
polyamino α-CD derivatives. Electrophoresis was conducted for 1 h
under 80 V/cm through a 0.6% agarose gel containing ethidium
bromide (1 μg/mL) in 95 mM Tris, 89 mM boric acid, and 2.5 mM
EDTA (pH 8.6). An ultraviolet lightbox was used to visualize ethidium
bromide-stained DNA in gels.
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human cytomegalovirus promoter. Supercoiled plasmid DNA
was isolated by a standard alkaline lysis method, and
purification was carried out with the QIAGEN Mega Kit
(QIAGEN, Courtaboeuf, France).
Dye Exclusion Experiments. Aliquots of solution con-

taining cationic derivatives were sequentially added to pDNA
(2.5 μg) in 650 μL of 10 mM Hepes buffer, pH 7.4, in the
presence of ethidium bromide (2 μM). The fluorescence
intensity was measured (λ ex = 530 nm; λ em = 580 nm) after
each addition of samples and the fraction of dye exclusion was
calculated from the fluorescence intensity measured in the
absence and in the presence of cationic derivatives.
Measurements of Size and ζ Potentials. CDplexes were

prepared by adding 40 μg of His-α-CD or Lys-α-CD in 60 μL

of 10 mM Hepes buffer, pH 7.4, to 10 μg pDNA in 140 μL of
10 mM Hepes buffer, pH 7.4. The solution was mixed by up−
down pipetting, vortexed for 4 s, and allowed to stand for 30
min at 20 °C. Then, CDplexes were diluted to 1.4 mL in
10 mM Hepes buffer, pH 7.4. Their size and their ζ potential
were measured with ZetaSizer 3000 (Malvern Instruments,
Orsay, France). The size was measured by quasi-elastic laser
light scattering (QELS) with a sample refractive index of 1.59
and a viscosity of 0.89. The system was calibrated with the
200 ± 5 nm polystyrene polymers (Duke Scientific Corps, Palo
Alto, CA). The diameter of CDplexes was calculated in the
automatic mode. Their ζ potential was measured by electro-
phoretic mobility. The following parameters were set up:
viscosity, 0.891 cP; dielectric constant, 79; temperature, 25 °C;

Figure 3. AFM morphology of His-α-CD/pDNA complexes (N/P of 4.2). (A) 2D topography: tapping mode in air; scan size: 5 μm, scan rate:
0.603 Hz, I. Gain: 0.4, P. Gain: 0.5, Amp. Set.: 1.1 V (−0.067 V/ASAE), Drive Amp.: 25 mV, Z Limit: 850 nm. Scale intensity. Bar next to images
represents the Z scale in nm. (B) image in the square. (C) AFM profile of His-α-CD/pDNA complexes along the line in image in (B) where Z is the
height and X the diameter.
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F(Ka), 1.50 (Smoluchowsky); maximum voltage of the current,
15 V. The system was calibrated with DTS 5050 standard from
Malvern. Measurements were done ten times with the zero-
field correction. The ζ potential was calculated with the
Smoluchowsky approximation.
Atomic Force Microscopy. Two microliter aliquots of

His-α-CD/pDNA complexes at a mass ratio of 4:1 prepared in
10 mM hepes buffer were adsorbed for 5 min on freshly cleaved
muscovite mica. The surface was rinsed thoroughly with
ultrapure water and dried for 2 h under vacuum-drying. AFM
imaging was performed in tapping mode with Tap300A1-G tip
(Budget Sensors, Combo, US) at a scanning speed of 0.603 Hz
with an AFM Veeco Dimension 3100 (Veeco, Santa Barbara,
CA) using high frequency (300 kHz) and Tap300Al-G silicon
probe with tip radius <10 nm (Budget Sensors). Images were
treated using the WSxM 5.0 software.21

Transfections. Two days prior to transfection, cells were
seeded at 1 × 105 cells per 2 cm2 in culture medium (1 mL) in
a 24-well plate. At the time of the experiment, cell cultures were
80% confluent. CDplexes were prepared by adding 30 μg of
His-α-CD or Lys-α-CD in 45 μL of 10 mM Hepes buffer, pH
7.4, to 7.5 μg pDNA in 105 μL of 10 mM Hepes buffer, pH 7.4.
The solution was mixed by up−down pipetting, vortexed for
4 s, and allowed to stand for 30 min at 20 °C. It was adjusted to
1.5 mL with culture medium supplemented with 10% FBS
before transfection. The medium was removed, the CDplex
solution (0.5 mL, 2.5 μg pDNA) was added in each well, and
cells were incubated for 4 h at 37 °C. Then, the medium was
removed, and cells were cultured 48 h at 37 °C in complete
culture medium. Luciferase activity was measured using a
Lumat LB9507 luminometer (Lumat LB9507, Berthold,
Wildbach, Germany), and the luciferase activity (Relative
Light units, RLU) was normalized to RLU per milligram
extracted protein.22

NMR Experiments. NMR experiments were carried out in
D2O using an Avance 300 MHz Bruker instrument, except for
the rotating frame Overhauser effect spectroscopy (ROESY)
and heteronuclear 2D experiments which were realized using an
Avance 600 MHz Bruker instrument. The temperature
calibration of the 300 MHz spectrometer was performed with
a sample of 100% CH3OH in the temperature range between
298 and 313 K.
For the diffusion-ordered spectroscopy (DOSY) experi-

ments, the maximum field gradient strength was calibrated
using a homemade Plexiglas phantom (8 mm ±0.01 length and
a width equal to the inner diameter of the NMR tube) inserted
in a H2O-filled NMR tube and using the pulse program
calibgp.23 Some “negative” projection images of the phantom as
a function of applied field gradient strength is given
(Supporting Information Figure S2). The linear plot of the
obtained gradient strengths against the gradient strength setting
(GPZ1) used gave a maximum field gradient strength equal to
56.8 G/cm. The accuracy of the calibrations was checked by
measuring the self-diffusion coefficient of a mixture H2O/D2O
(10%/90% in moles) at 25 °C.24 The DOSY experiments were
carried out using the stegp1s pulse sequence with a linear
gradient of 16 steps between 2% and 95%. Before each diffusion
experiment, the proton relaxation times were determined in
order to correctly set the D1 parameter of the DOSY sequence,
and the length of the gradient δ and the diffusion time Δ were
optimized for each analyzed product.

■ RESULTS AND DISCUSSION

Synthesis of α-CD Derivatives. Hexakis(6-deoxy-6-
amino)cyclomaltohexaose was synthesized according to pre-
vious reported procedures. Then, the coupling between
protected amino acid and hexakis(6-deoxy-6-amino)-
cyclomaltohexaose were conducted following two synthetic
pathways in order to reach a good yield of each product
(Scheme 1). Deprotection of the amine functions of the grafted
amino groups were then performed to obtain the expected
products. 1H NMR (SI Figures S3 and S4) and 13C NMR (SI
Figure S5 and S6) spectra show that His-α-CD and Lys-α-CD
were synthesized with good purity. MS (MALDI-TOF/TOF)
spectrum of the histidinylated conjugate show peaks at 1795.8
and 1827.8 uma (respectively, Li+ and K+ adducts) confirming
the presence of α-CD substituted by 6 histidyl residues (SI
Figures S7). MS (MALDI-TOF/TOF) spectrum of the lysylate
conjugate indicated a molecular weight of 1736 uma
corresponding to α-CD substituted with 6 lysyl residues (SI
Figures S8). Undersubstitution of the CD was detected by mass
spectroscopy as witnessed by the presence of a peak at 1608.9
uma, which corresponds to modified cyclodextrin with one
glucopyranose unit having an hydroxyl function at the 6
position (SI Figure S8). This compound was found to form a
complex with HOBt-TFA salt, demonstrated by a peak at
1880.1 uma, at a concentration not detectable by NMR.
Interaction of Polyamino α-CD Derivatives with

DNA. The ability of each polyamino α-CD to condense a
plasmid DNA was evaluated by fluorescence dye exclusion
using ethidium bromide. This nonfluorescent molecule
becomes fluorescent once intercalated between the base pairs
of the plasmid DNA. Conversely, the fluorescence intensity
drops due to dye exclusion when DNA condensation occurs in
the presence of polycationic molecules. As shown in Figure 1,
the dye exclusion depended on the polyamino α-CD types. The
fluorescence intensity decreased rapidly when the amount of
His-α-CD increased, indicating a strong condensation of the
plasmid DNA. The maximum of the dye exclusion reached 80%
in the presence of 7.5 μg (4.2 nmol) His-α-CD corresponding
to a N/P charge ratio of 4.2. N/P was the charge ratio between
the number of positive charges of the polyamino α-CD
derivatives and the negative charges of the pDNA phosphate.
All the pDNA phosphate functions are negatively charged and
the 12 amino groups of Lys-α-CD are positively charged at pH
7.4. On the basis of our previous results on histidylated
polylysine, we have hypothesized that His-α-CD contained 8
positive charges at pH 7.4. We have indeed reported that the
protonation of the imidazole groups in histidylated polylysine
occurs at a 1.1 pH unit higher (6.9) than that of histidine,
meaning that 2 of the 6 imidazole rings are protonated at pH
7.4.25 Surprisingly, no significant dye exclusion and no DNA
condensation were observed in the presence of NH2-α-CD.
The fluorescence intensity decreased much more in the
presence of Lys-α-CD than in the presence of NH2-α-CD.
The maximum of the dye exclusion reached 50% in the
presence of 17 μg (120 nmol) Lys-α-CD at N/P of 15. While
Lys-α-CD contained more positive charges than His-α-CD,
DNA condensation with Lys-α-CD was lower than with His-α-
CD. The formation of DNA complexes with the polyamino α-
CD derivatives was monitored by agarose gel electrophoresis
(Figure 2). The gel retardation experiments indicated that no
migration of 1 μg pDNA was observed from 1 μg His-α-CD
and 2 μg Lys-α-CD. Compared to pDNA/Lys-α-CD, the lower
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level of BET staining of pDNA with His-α-CD from a 1/1
weight ratio evidenced a better DNA condensation that was in
line with dye exclusion experiments. In these weight ratios, the
migration of pDNA was observed with α-CD-NH2 confirming
the absence of pDNA condensation (not shown).
Physicochemical Parameters of DNA/Polyamino α-CD

Derivatives Complexes (CDplexes). The size and the ζ
potential of CDplexes were measured at their optimal DNA/
CD ratio. Dynamic light scattering measurements of His-α-
CDplexes at N/P of 4.2 indicated that their diameter was close
to 225 ± 45 nm with a polydispersity index (PDI) of 0.31
indicative of a relative homogeneity of the size distribution.
These CDplexes were slightly positive (ζ potential = 7 ± 5
mV). In contrast, the size of Lys-α-CDplexes at same N/P was
close to 640 ± 90 nm (PDI of 0.64) and the ζ potential was −1 ±
3 mV. This result confirmed the higher DNA condensation
capacity of His-α-CD. The lower DNA condensation capacity
of Lys-α-CD formed larger and less homogeneous CDplexes.
His-α-CDplexes were cast on mica and observed by AFM. All
the pDNA was complexed with His-α-CD and formed globular
particles (Figure 3A,B). On the basis of the AFM profiles, His-
α-CDplexes demonstrated the average diameter and height of
170 and 12 nm, respectively (Figure 3C). Compared to DLS,
the CDplexes dimension was slightly smaller with AFM because
AFM provides measurement of a single particle, while DLS
gives the mean value for the non-monodispersed solution of
particles.26

Transfection Efficiency. The ability of these CDplexes to
transfect mammalian cells was examined using HEK293-T7
cells and pCMVLuc, a plasmid encoding the luciferase gene.
The cells were incubated for 4 h with CDplexes containing
2.5 μg pDNA. Figure 4 shows that the luciferase activity in cells

transfected with His-α-CDplexes (3 × 105 RLU/mg of protein)
was 8-fold higher than that obtained Lys-α-CDplexes. When
the transfection was carried out in the presence of
chloroquinea lysosomotropic reagent that favors destabiliza-
tion of acid vesicles 27the luciferase activity of His-α-
CDplexes and Lys-α-CDplexes increased 6 and 25 times,

respectively. The enhancement was lower with His-α-CD
compared to Lys-α-CD, because His-α-CD contains acid-
protonable imidazole groups that induce a proton sponge effect
inside endosomes which favors the delivery of pDNA into the
cytosol in the absence of chloroquine. Here, the protonation
behavior of the imidazole groups in His-α-CDplexes is expected
to be as in polyplexes made with histidylated polylysine (His-
pLK). We have indeed reported that the ζ potential of His-pLK
polyplexes increased 8 times when the pH decreased from 7.5
to 5.0 indicating that the protonation of the imidazole groups in
His-pLK occurs in polyplexes.25 The transfection efficiency of
His-α-CD was about 3 orders of magnitude lower than that of
lPEI (6 × 108 RLU/mg proteins), the gold standard cationic
polymer. Nevertheless, the transfection efficiency of His-α-CD
was as high as that of HeLa and H9c2 cells with pDNA
complexed with a β-cyclodextrin substituted with seven
tetraethylenpentamine residues.28 It was close to the trans-
fection of HEK293 cells with pCMV-Luc complexed with a per
ethylenimine α-CD (2 × 106 RLU/mg of protein) that
contained also protonable amines.2 Of note, DNA complexed
with per oligoethylenimine α-CD became very efficient (1 ×
109 RLU/mg proteins) when the number of ethylenimine
repeat units reached 4.8

Comparative DNA Condensation Capacity of His-α-
CD and Poly(L-lysines). The unexpected DNA condensation
capacity of His-α-CD prompted us to compare this ability with
that of other cationic polymers such as poly(L-lysine) by using
fluorescence dye exclusion. Surprisingly, DNA condensation
with His-α-CD (8 NH2 functions per CD molecule) was close
to that observed with PLK190 (190 NH2 functions per polymer
molecule) (Figure 5). The maximum of the dye exclusion

reached 90% in the presence of 0.11 μM (i.e., 21 μM NH2)
PLK190 at N/P of 2. The DNA condensation capacity of His-α-
CD was higher than with PLK6 containing 6 NH2 functions per

Figure 4. Transfection of HEK293-T7 cells with CDplexes. Cells were
transfected with pCMVLuc (2.5 μg) free or complexed with His-α-CD
or Lys-α-CD at N/P of 5.3 and 8.5, respectively. Transfection was
carried out in the absence (gray bars) or the presence (white bars) of
100 μM chloroquine. The luciferase activity expressed as relative light
units per mg protein (RLU/mg of protein) was measured upon 48 h
of culture. The values shown are averages of three independent
experiments.

Figure 5. Interaction of polymers with DNA. Aliquots of solution
containing polymers were sequentially added to pDNA (2.5 μg) in
650 μL of 10 mM Hepes buffer, pH 7.4, in the presence of ethidium
bromide (2 μM). The fluorescence intensity was measured (λ ex =
530 nm; λ em = 580 nm) after each addition of sample and the fraction
of dye exclusion was calculated from the fluorescence intensity
measured in the absence and in the presence of polymers. N/P
corresponds to the ratio between the number of positive charges of
polymers and that of the negative charges of the pDNA phosphate.
His-α-CD (▲); PLK190 (⧫); PLK6 (◊); K20H20 (○).
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polymer molecule (Figure 5). Surprisingly, the DNA
condensation was much higher with His-α-CD than with
K20H20 (Figure 5). This latter polymer was a poly(L-lysine) of
20 lysyl residues that were substituted with a histidine residue
linked on their ε-amino group. On the basis of the number of
positive charges, one would be expected that DNA con-
densation will be stronger with K20H20 than with His-α-CD.
Note that the DNA condensation with K20H20 was also lower
than with PLK6. Therefore, the DNA condensation capacity of
His-α-CD did not involve only interaction of the positive
charges of the α-CD derivative with the phosphate groups of
the nucleic acid, but suggested the formation of a supra-
molecular structure allowing cooperative interaction with DNA
involving CD and histidine. Indeed, it is known that the
imidazole group can form an inclusion complex with the
hydrophobic cavity of cyclodextrin.29 Binding constants of
imidazole to α-cyclodextrin are approximately 6 times higher
than those for β-cyclodextrin as measured by microcalorimetric
technique. Therefore, we have examined by NMR investigation
the possible formation of supramolecular structures from His-α-
CD molecules which could explain the strong interaction with
pDNA.
Characterization of Supramolecular Association by

NMR. CD Derivatives ROESY NMR Experiments. First, 1D
and 2D NMR of His-α-CD were performed to confirm the
structure of the product. On the basis of the 1H NMR spectra
of the initial reactants and on the correlation spectroscopy
(COSY) NMR spectrum, all the peaks of the His-α-CD 1H
spectrum were assigned (Figure 6). It was observed that
integration of the peak at 7.75 ppm of the proton borne by the
carbon between the two nitrogen atoms decreased with time
until complete exchange with deuterium. This fact was also
observed for each imidazole derivative. The heteronuclear
single quantum correlation (HSQC) experiment of His-α-CD
was used to identify each carbon of the product (SI Figure S9).

To examine the possible formation of supramolecular structures
from His-α-CD molecules, a 2D ROESY NMR experiment was
carried out to determine which protons were close to each
other in space even if they were not bonded. The spectrum in
Figure 7 shows that the CD proton H5, which is located inside
the CD cavity, is correlated to the proton H9 of the imidazole
group via an intense negative cross-peak, whereas there is no
cross-peak between the proton H5 and the proton H10
belonging to the imidazole group. In the same way, we observe
a negative cross-peak between the protons H3 and H10 and no
correlation between H3 and H9. This result demonstrates that
an inclusion complex occurs through the CD primary side.
Discrimination between intra- (Figure 8b) and intermolecular
(Figure 8c) interaction between the CD cavity and the
imidazole moieties requires more investigation. When the
same experiments were performed with Lys-α-CD, the 2D
ROESY NMR spectrum showed no negative cross-peak
between the proton H5 of the CD and the methylene groups
of the lysine (peaks 8, 9, and 10), indicating the absence of
inclusion between lysyl residue and the hydrophobic cavity of
CD (SI Figure S10, Figure 9).

CD Derivatives DOSY NMR Experiments. Diffusion-
ordered spectroscopy (DOSY) experiments were attempted
to determine whether His-α-CD allowed supramolecular
assemblies or not. DOSY NMR which is based on a pulse-
field gradient spin−echo NMR experiment, in which
components experience diffusion, provides relevant information
for the study of mixtures or for the structure characterization of
polymers (see Supporting Information).30,31 On the basis of the
scheme in Figure 8c, His-α-CD supramolecular species would
be dimers or higher molecular weight species. Thus, a decrease
of the diffusion coefficients would be correlated to the increase
of the molecular weight of the molecules. First, the diffusion
coefficients of D2O, L-histidine, and α-CD in an equimolar
mixture of α-CD and L-histidine were, respectively, found equal

Figure 6. COSY NMR experiment of His-α-CD.
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to 1.86 × 10−9 m2.s−1, 5.92 × 10−10 m2.s−1, and 2.82 × 10−10

m2.s−1 (SI Figures S11 and S12; Table 1). Then, the diffusion
coefficient of α-CD alone (2.78 × 10−10 m2.s−1) or in an
equimolar mixture with methyl-L-histidine (2.83 × 10−10

m2.s−1) were determined (Table 1). The DOSY treatment of
His-α-CD alone gave a diffusion coefficient of 1.93 × 10−10

m2.s−1 from the peak at ∼7.0 ppm or 2.21 × 10−10 m2.s−1 taking
into account the broad peak located between 2.8 ppm and 4.3
ppm (protons from the CD and histidine group) (SI Figure
S13; Table 1). These close values confirm that the imidazole
group was linked to α-cyclodextrin. The DOSY treatment of
Lys-α-CD gave 1.85 × 10−10 m2.s−1 from the anomeric peak,
1.83 × 10−10 m2.s−1 from the broad peak between 4.2 and 3.1
ppm, 1.75 × 10−10 m2.s−1 from the peak at 2.9 ppm, 1.87 ×
10−10 m2.s−1 from the peak at 1.9 ppm, 1.78 × 10−10 m2.s−1

from the peak at 1.6 ppm, and 1.86 × 10−10 m2.s−1 from the
peak at 1.35 ppm (SI Figure S14). These values were very close,
giving an average diffusion coefficient of 1.83 × 10−10 m2.s−1

(Table 1).
Overall, these experiments show that the diffusion rates of

the solvent molecules are almost the same whatever the
considered DOSY and corresponds to the highest values
compared to the investigated molecules. When α-CD is
substituted with α-amino acids, the diffusion coefficient is
lower than the initial α-CD in agreement with its higher
hydrodynamic volume. The comparison of the two grafted α-
CD (having a similar molar mass) shows that the diffusion
coefficient of His-α-CD is slightly higher than that of Lys-α-
CD, explained by the higher hydrodynamic volume of the
protonated Lys-α-CD compared to that of His-α-CD. The
diffusion coefficient measurements of His-α-CD were
confirmed by increasing the attenuation, i.e., the values of Δ
and δ (run 5, Table 1). The signal-to-noise ratio decrease was
compensated by a higher number of scans (run 6, Table 1),
and no variation of the diffusion coefficient was noticed (runs

4, 5 and 6, Table 1). Taking in account the ROESY
experiment showing the interaction between the imidazole
ring and the hydrophobic cavity of the α-CD, and the
diffusion values, it appears that only intramolecular inter-
actions occur between His-α-CD molecules under NMR
conditions. Compared with transfection experiments, NMR
experiments with His-α-CD were performed at a much higher
CD concentration (∼100 times higher), and no large diffusive
species was detected, suggesting that the supramolecular
association of His-α-CD was not favored under any NMR
conditions, i.e., without plasmid added to the CD derivatives.
During His-α-CDplex formation, interaction between amino
groups of His-α-CD and DNA phosphate moieties might
provide a scaffold for a template association of His-α-CD via
inclusion complexes between CD and the histidine moieties
(Figure 8c). This effect can be compared to the spontaneous

polymerization by disulfide bond when sulfhydryl cross-
linking peptides or polymers were bound to pDNA leading to
stable DNA condensates.32−34

Figure 7. Zoomed ROESY NMR experiment of His-α-CD in D2O.

Figure 8. Schematic representation of the various forms of CD
derivatives.
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■ CONCLUSION
In the present work, we demonstrated that His-α-CD can
condense a plasmid DNA allowing the formation of CDplexes
that transfect cells. At the same time, we found that the DNA
condensation capacity of His-α-CD is unexpectedly higher than
that obtained with the lysyl-α-CD counterpart. NMR studies
demonstrated that the formation of an inclusion complex
between histidine and the hydrophobic cavity of CD occurs
and only intramolecular interaction occurs between His-α-CD
molecules in the absence of DNA. These results suggest
that intermolecular interactions between imidazole and His-α-
CD cavity can take place to form supramolecular assemblies in
the presence of a DNA scaffold increasing the DNA
condensation.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental protocol. His-α-CD DOSY NMR experiments.
Images projection of the phantom with increasing gradient
strength (only images obtained with 5% to 50% of the maximum
gradient strength are shown; a residual signal is observed due to
water in the inside screw thread for ease of phantom handling).
1H NMR of hexakis(6-deoxy-6-histidinyl)cyclomaltohexaose
(His-α-CD). 1H NMR of hexakis(6-deoxy-6-lysinyl)-
cyclomaltohexaose (Lys-α-CD). 13C NMR of hexakis(6-deoxy-
6-histidinyl)cyclomaltohexaose (His-α-CD). 13C NMR of

hexakis(6-deoxy-6-lysinyl)cyclomaltohexaose (Lys-α-CD). MS
(MALDI-TOF/TOF) spectrum of hexakis(6-deoxy-6-histidinyl)-
cyclomaltohexaose (His-α-CD). MS (MALDI-TOF/TOF)
spectrum of hexakis(6-deoxy-6-lysinyl)cyclomaltohexaose (Lys-
α-CD). HSQC experiment of His-α-CD in D2O (experiment
with water suppression, which explains the reason the D2O and
anomeric proton signals did not appear). COSY experiment of
Lys-α-CD in D2O at 25.2 °C; [Lys-α-CD] = 9.3 × 10−3 mol/L.
1H spectrum of a mixture (1/1) of αCD and L-histidine in D2O
at 25.2 °C; [αCD] = [L-histidine] = 21.6 × 10−3 mol/L. ln I
versus γ 2g2δ 2(Δ−δ/3) plot considering the anomeric proton at
4.97 ppm; [α-CD] = [L-histidine] = 21.6 × 10−3 mol/L in D2O;
25.2 °C. ln I versus γ 2g2δ 2(Δ−δ/3) plot considering the peaks
resonated between 4.3 and 2.8 ppm. [His-α-CD] = 9.0 × 10−3

mol/L in D2O; 25.2 °C; Δ = 200 ms; δ = 4.5 ms. ln I versus
γ 2g2δ 2(Δ−δ/3) plot considering the peaks resonated between
4.2 and 3.1 ppm; [Lys-α-CD] = 9.3 × 10−3 mol/L in D2O; 25.2 °C.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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Figure 9. ROESY NMR experiment of Lys-α-CD in D2O.

Table 1. DOSY NMR Experiments: Determination of the Diffusion Coefficients (D) of Different Samplesa

D (m2.s−1)

run signal used for the D determination peak at 7 ppm H1 CD broad

1 α-CD 2.78 × 10−10 2.70 × 10−10

2 mixture (1/1) α-CD/histidine 5.92 × 10−10 2.82 × 10−10

3 mixture (1/1) α-CD/Me-Lhistidine 5.32 × 10−10 2.83 × 10−10

4 His-α-CD 1.93 × 10−10 2.21 × 10−10

5 His-α-CD 2.00 × 10−10 2.11 × 10−10

6 His-α-CD 2.05 × 10−10 2.10 × 10−10

7 Lys-α-CD 1.85 × 10−10 1.83 × 10−10

aMαCD = 972 g/mol;Mhistidine = 155 g/mol; MMe‑Lhistidine = 169 g/mol;MHis‑α‑CD = 1789 g/mol;MLys‑α‑CD = 1735 g/mol. Runs 1,2,34: Δ = 200 ms and
δ = 4.5 ms; runs 5 and 6: Δ = 300 ms and δ = 6 ms. Note that no calculation was conducted from the peak at 7.7 ppm because it disappeared with
time, and from the anomeric CD proton which overlapped with the solvent peak for His-α-CD.
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ABSTRACT: [18F]FPPRGD2, an F-18 labeled dimeric cyclic RGDyK
peptide, has favorable properties for PET imaging of angiogenesis by
targeting the α vβ 3 integrin receptor. This radiotracer has been approved by
the FDA for use in clinical trials. However, the time-consuming multiple-
step synthetic procedure required for its preparation may hinder the
widespread usage of this tracer. The recent development of a method using
an F-18 fluoride-aluminum complex to radiolabel peptides provides a
strategy for simplifying the labeling procedure. On the other hand, the
easy-to-prepare [68Ga]-labeled NOTA-RGD derivatives have also been
reported to have promising properties for imaging α vβ 3 integrin receptors.
The purpose of this study was to prepare [18F]FPPRDG2, [18F]FAl-
NOTA-PRGD2, and [68Ga]Ga-NOTA-PRGD2 and to compare their
pharmacokinetics and tumor imaging properties using small animal PET.
All three compounds showed rapid and high tracer uptake in U87MG tumors with high target-to-background ratios. The uptake
in the liver, kidneys, and muscle were similar for all three tracers, and they all showed predominant renal clearance. In conclusion,
[18F]FAl-NOTA-PRGD2 and [68Ga]Ga-NOTA-PRGD2 have imaging properties and pharmacokinetics comparable to those of
[18F]FPPRGD2. Considering their ease of preparation and good imaging qualities, [18F]FAl-NOTA-PRGD2 and [68Ga]NOTA-
PRGD2 are promising alternatives to [18F]FPPRGD2 for PET imaging of tumor α vβ 3 integrin expression.

■ INTRODUCTION

Tumor angiogenesis is the process of new blood vessel
formation necessary for tumor growth and metastasis,1 and
the integrin α vβ 3 receptor plays an important role in
promoting, sustaining, and regulating the angiogenesis.2,3 In
recent years, major efforts and progress have been made in the
development of radiolabeled Arg-Gly-Asp (RGD) containing
peptides to image tumor angiogenesis by targeting integrin
α vβ 3 receptors in various types of tumors.4,5 It is widely
accepted that imaging tumor angiogenesis can be used not only
for early detection of cancers, but also for monitoring treatment
outcomes.4,6−9 Cyclic RGD peptides with various modifications
have been labeled with 99mTc10 and 111In11 for SPECT imaging
and labeled with 18F,12 64Cu,13 68Ga,14,15 and 89Zr16 for PET
imaging. The peptide modifications have included dimerization
and polymerization of up to 8 cyclic RGD peptide units to
increase binding affinity, and the attachment of polar functional
groupssuch as sugar and poly(ethylene glycol) (PEG)to
increase renal excretion.17,18 [18F]FPPRGD2, an F-18 labeled
dimeric cyclic RGDyK peptide with mini-PEGylation, has
favorable properties for PET imaging of tumor angiogenesis,
and it has been approved by the FDA for use in clinical
trials18,19

F-18 is the most widely used positron emitting radioisotope
for PET imaging, and its physical properties are ideally suited
for RGD peptide-based PET imaging probes. The majority of
methods used in labeling RGD peptides with 18F use a
prosthetic group, such as N -succinimidyl 4-[18F]fluorobenzoate
([18F]SFB)20 or 4-nitrophenyl 2-[18F]fluoropropionate ([18F]-
NPFP),7 and the time-consuming multiple-step synthetic
procedure required for preparation may hinder the widespread
use of these 18F-labeled RGD tracers. The preparation of
[18F]FPPRGD2 also faces these challenges. Efforts have been
made with some success to simplify the labeling procedure by
direct labeling of RGD peptides with a preattached functional
group with a proper leaving group for fluoride displacement.21

On the other hand, labeling radioactive metal ions through a
preattached chelator on RGD peptides has been blessed with a
much simpler procedure. One advantage of using coordination
chemistry is that only very small amounts of chelators are
required to reach high labeling yield, which allows the
radiotracer to be prepared without the need of HPLC
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purification, while maintaining reasonable specific activity
levels. The easy preparations of 68Ga-labeled NOTA-RGD
derivatives are examples that have been reported to have
promising properties for tumor imaging.14,15,22

Application of chelation chemistry has led to recent discovery
and development of 18F fluoride−aluminum complexes to
radiolabel peptides that provide a strategy to simplify the
labeling procedure.23,24 The goal of this study was to prepare
[18F]FPPRDG2, [18F]FAl-NOTA-PRGD2, and [68Ga]Ga-
NOTA-PRGD2 from the same pegylated dimeric RGD peptide
PEG3-E[c(RGDyK)]2 (denoted as PRGD2) and to compare
their pharmacokinetics and imaging properties in a U87MG
glioblastoma xenograft model using microPET.

■ MATERIALS AND METHODS
The p-SCN-Bn-NOTA was purchased from Macrocyclics
(Dallas, TX) and PRGD2 was obtained from Peptides
International (Louisville, KY). All of the other chemicals were
purchased from Sigma-Aldrich. A Waters 600 high-performance
liquid chromatography (HPLC) system with a Waters 996
photodiode array detector (PDA) using a preparative C18
HPLC column (PROTO 300 C18 5 μm, 250 × 20 mm,
Higgins Analytical, Inc.) was used for peptide purification. A
Varian BOND ELUT C18 column (100 mg) was used for solid-
phase extraction. Another Waters 600 HPLC pump with a
Waters 996 PDA and an online radioactivity detector
(Beckman) using a semiprep C18 HPLC column (Vydac C18
peptide and protein 5 μm, 250 × 10 mm, Grace Davison) was
used for purification of radiolabeled compounds. A Perkin-
Elmer 200 series HPLC pump with a Waters 2487 UV detector
and a Bioscan Flow-Count detector using an analytical C18
HPLC column (Vydac C18 peptide and protein 5 μm, 250 × 4.6
mm, Grace Davison) was used for analysis or purification of
labeled compounds. Mass spectra were obtained with a Waters
LC-MS system (Waters, Milford, MA) that included an Acquity
UPLC system coupled to a Waters Q-Tof Premier high-
resolution mass spectrometer. The 68Ge/68Ga generator was
purchased from Ithemba Laboratories (South Africa) and 18F-
fluoride was obtained from the NIH cyclotron facility.
Preparation of NOTA-PRGD2. NOTA-PRGD2 was

synthesized following our previously reported procedure with
modifications.15 Briefly, 7.0 mg (15.5 μmol) of p-SCN-Bn-
NOTA in 50 μL of dimethyl sulfoxide (DMSO) was added to a
4 mL glass vial containing 21.0 mg (14 μmol) of PRGD2 and
20 μL of diisopropylethylamine in 0.3 mL N,N-dimethylforma-
mide (DMF). After 1 h, the reaction was quenched with 20 μL
of acetic acid in 1 mL water. The reaction mixture was purified
with a preparative HPLC running a linear gradient starting from
6% A (0.1% TFA in acetonitrile) and 94% B (0.1% TFA in
water) for 5 min and increasing to 65% A at 35 min with a flow
rate of 12 mL/min. The fractions containing the desired
product (55%) were collected and lyophilized to give 15.0 mg
of white powder. The purity of the product was >95% by
analytical HPLC (tR = 16.4 min). LC-MS: [MH]+ = 1989.69
(m/z), calc: 1988.91 (C87H128N24O28S).
Preparation of Al-NOTA-PRGD2. To a 1 mL V-vial

containing 1.1 mg of NOTA-PRGD2 in 0.2 mL of deionized
water was add 0.21 mg of aluminum chloride in 20 μL 0.5 M
pH 4.0 sodium acetate buffer. The vial was sealed and the
mixture was heated at 105 °C for 10 min and then injected
onto a preparative RP HPLC C18 column with a linear gradient
starting from 6% A (0.1% TFA in acetonitrile) and 94% B
(0.1% in water) for 5 min and increasing to 65% A at 35 min at

the flow rate of 12 mL/min. A single peak at the retention time
of 19.7 min was collected and analyzed with LC-MS. The peak
had the [MH]+ = 2013.6660 (m/z) which matched the
calculated mass for Al-NOTA-PRGD2 (C87H125AlN24O28S:
2012.8631). The sample was lyophilized overnight to give 1.1
mg of white powder (99%). The purity of the product was
>97% by analytical HPLC (Dionex, 4.6 × 150 mm) with a
retention time of 15.5 min with a baseline separation from the
NOTA-PRGD2 (16.4 min).
Preparation of FAl-NOTA-PRGD2. To a 1 mL V-vial

containing 0.2 mL of deionized water were added 10 μL of 2
mM aluminum chloride in 0.1 M pH 4.0 sodium acetate buffer
and 7 μL of 3.0 mM sodium fluoride in 0.1 M pH 4.0 sodium
acetate buffer. The mixture was heated at 100 °C for 10 min,
and 5 μL of 2.5 mM NOTA-PRGD2 in 0.1 M pH 4.0 sodium
acetate buffer was added to the reaction mixture, which was
then heated at 100 °C for another 10 min. The solution was
cooled and injected onto an analytical RP C18 column (Vydac
C18) running a linear gradient starting from 5% A (0.1% TFA in
acetonitrile) and 95% B (0.1% TFA in water) for 2 min and
increasing to 65% A at 32 min at 1 mL/min. The peaks at 15.5
min and 15.7 were collected as a single fraction. The LC-MS
analysis showed two mass components in this fraction with
[MH]+ = 2013.67 (m/z) corresponding to the mass of Al-
NOTA-PRGD2 (Rt = 15.5 min) and [MH]+ = 2033.65 (m/z)
corresponding to FAl-NOTA-PRGD2 (calculated for
C87H126AlFN24O28S: 2032.87).
Preparation of Ga-NOTA-PRGD2. To a 1 mL V-vial

containing 2.6 mg of NOTA-PRGD2 in 0.3 mL of deionized
water was add 0.5 mg of gallium chloride in 0.1 mL of 0.1 M
pH 4.0 sodium acetate buffer. The mixture was heated at 80 °C
for 10 min and then injected onto a preparative RP HPLC C18
column running the same gradient as described above. A single
peak at the retention time of 19.5 min was collected and
lyophilized overnight to give 2.6 mg of white powder (99%).
LC-MS: [MH]+ = 2056.0730 (m/z) corresponding to Ga-
NOTA-PRGD2 (calculated for C87H125GaN24O28S:
2054.8072).
P r e p a r a t i o n o f 4 - N i t r o p h e n y l 2 - [ 1 8 F ] -

fluoropropionate. The 4-nitrophenyl [18F]-2-fluoropropio-
nate was prepared on a GE TRACERLab FXN according to a
published procedure19 with some modifications. For a typical
run, [18F]fluoride was trapped on an 18F Separation Cartridge
(CHROMAFIX, 30-PS-HCO3) from a source vial containing
the aqueous [18F]fluoride (3.7 GBq, 0.2 mL) by pulling the
vacuum line. The activity was eluted to a glassy-carbon reaction
vessel with 1 mL 90% acetonitrile containing 15.0 mg of K222
and 3.5 mg of potassium carbonate. The liquid in the reaction
vessel was removed with vacuum to produce anhydrous
[18F]fluoride. After cooling, 5 mg of ethyl 2-bromopropionate
in 0.5 mL of acetonitrile was added to the reaction vessel and
heated at 100 °C for 10 min to form ethyl 2-[18F]-
fluoropropionate. At the end the of the reaction, 125 μL of
0.2 N potassium hydroxide in 375 μL of acetonitrile was added
to the reaction vessel, which was then heated at 100 °C for
another 10 min to produce the potassium salt of 2-
[18F]fluoropropionic acid. The solution was diluted with 1
mL of acetonitrile and the liquid was removed with vacuum,
and 20 mg of bis-4-nitropenyl carbonate in 1 mL of acetonitrile
was added to react with potassium 2-[18F]fluoropropionate to
form 4-nitrophenyl 2-[18F]fluoropropionate at 100 °C for 10
min. After cooling, the reaction mixture was diluted with 1 mL
of 25% acetonitrile/water with 5% acetic acid and loaded onto a
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semiprep Phenomenex Luna C18 column running at 5 mL/min
with 40% acetonitrile/water containing 0.1% TFA as the mobile
phase. The product was collected at the retention time of 21
min into a flask containing 30 mL of water with 0.1% acetic
acid. The solution containing the desired product was passed
through a Waters Sep-Pak Plus C18 cartridge and the activity
trapped on the cartridge was washed with 1 mL of water.
Preparation of [18F]FPPRGD2. The activity trapped on

the C18 cartridge as described above was eluted manually with 1
mL of methylene chloride into a 1 mL polypropylene tube and
the water layer on top of the methylene chloride was removed
by using a syringe. The methylene chloride in the tube was
evaporated under argon flow at room temperature, and 1 mg of
PRGD2 in 0.1 mL of DMSO containing 20 μL of
diisopropylethylamine was added to the tube and heated at
80 °C for 10 min. At the end of the reaction, the reaction
mixture was cooled and diluted with 0.7 mL of water containing
25 μL of acetic acid and loaded onto a semiprep HPLC column
(Vydac C18) running a linear gradient starting from 5% A (0.1%
TFA in acetonitrile) and 95% B (0.1% TFA in water) for 2 min
and increasing to 65% A at 32 min at 5 mL/min. The desired
product was collected at a retention time of 14 min and diluted
with 10 mL water and trapped on a Varian Bond Elut C18
column (100 mg). The radioactivity trapped on the C18 column
was eluted with 0.3 mL of 1 mM HCl−ethanol solution, and
the ethanol was removed with argon flow, and the final product
was then dissolved in PBS.
[18F]FAl-NOTA-PRGD2. Three microliters of 2 mM

aluminum chloride in 0.2 M pH 4 sodium acetate buffer was
added to a 1 mL V-vial containing 0.1 mL of aqueous
[18F]fluoride (0.37 GBq), which was then heated at 100 °C for
10 min to form the aluminum−fluoride complex. The vial was
cooled, 6 μL of 2 mM NOTA-PRGD2 in 0.2 M pH 4 sodium
acetate buffer was added, and then the vial was heated at 100
°C for another 10 min. At the end of the reaction, the mixture
was injected onto an analytical HPLC column (Vydac C18)
running a linear gradient starting from 5% A (0.1% TFA in
acetonitrile) and 95% B (0.1% TFA in water) for 2 min and
increasing to 65% A at 32 min at 1 mL/min. The radioactive
peak containing the desired product was collected at a retention
time of 16 min and diluted with 15 mL of water and trapped on
a Varian Bond Elut C18 column (100 mg). The radioactivity
trapped on the C18 column was eluted with 0.3 mL of 80%
ethanol/water with 2% acetic acid, the ethanol solution was
evaporated with argon flow, and the final product was then
dissolved in PBS. A separate procedure was performed without
HPLC purification and the reaction mixture was directly loaded
onto the C18 cartridge.
[68Ga]Ga-NOTA-PRGD2. The fresh 68Ga activity was

eluted from the 68Ge/68Ga generator with 0.6 M HCl at 0.5
mL per fraction into the 1.5 mL polypropylene tubes. The
fraction containing the most radioactivity (∼0.15 GBq) was
added to 0.45 mL of 1 M HEPES buffer and 15 μg of NOTA-
PRGD2 in 5 μL of 0.2 M pH 4 sodium acetate buffer. The
mixture was heated at 80 °C for 10 min. At the end of the
reaction, the activity was loaded onto an analytical HPLC
column (Vydac C18) running a linear gradient starting from 5%
A (0.1% TFA in acetonitrile) and 95% B (0.1% TFA in water)
for 2 min and increasing to 65% A at 32 min at 1 mL/min. The
desired product was collected at 16 min, diluted with 15 mL of
water, and trapped onto a 100 mg Varian Bond Elut C18
column. The radioactivity trapped on the C18 column was
eluted with 0.3 mL of 80% ethanol/water with 2% acetic acid,

the ethanol solution was removed with argon flow, and the final
product was redissolved in PBS. A separate procedure was
performed without HPLC purification, and the reaction
mixture was directly loaded onto the C18 cartridge. The
reactions were done at room temperature and at 80 °C. The
crude mixture and purified product were also analyzed with
analytical HPLC for their radiochemical purities.
Cell Binding Assay. The α vβ 3 receptor binding assay was

performed to determine binding affinities of E[c(RGDyK)]2
analogues. Briefly, U87MG cell line was cultured in DMEM
medium (GIBCO) containing 10% (v/v) fetal bovine serum
(GIBCO) supplemented with penicillin (100 μg/mL),
streptomycin (100 μg/mL), nonessential amino acids (100
μM), and sodium pyruvate (1 mM) at 37 °C with 5% CO2.
When grown up to 80% confluence, cells were scraped off and
suspended with binding buffer [25 mM 2-amino-2-(hydrox-
ymethyl)-1,3-propanediol, hydrochloride (Tris-HCl), pH 7.4,
150 mM NaCl, 1 mM CaCl2, 0.5 mMMgCl2 and 1 mMMnCl2,
0.1% bovine serum albumin (BSA)] at a final concentration of
2 × 106 cells/mL. In a 96-well plate, 1 × 105 U87 MG cells/
well were incubated with 125I-Echistatin (0.74 kBq/well,
PerkinElmer, Inc.) in binding buffer in the presence of different
concentrations of E[c(RGDyK)]2 analogues at room temper-
ature for 1 h. After incubation, the plate was washed three times
with phosphate buffered saline (PBS) containing 0.1% BSA,
and the radioactivity was measured by γ-counting. The EC50
values were calculated by nonlinear regression analysis using
the GraphPad Prism computer-fitting program (GraphPad
Software, Inc., San Diego, CA). Each data point is a result of
the average of triplicate wells.
Preparation of Animal Tumor Models. All animal

studies were conducted in accordance with the principles and
procedures outlined in the Guide for the Care and Use of
Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee of the Clinical Center, NIH.
The human glioblastoma cell line U87MG was grown in
DMEM medium supplemented with 10% fetal bovine serum
(FBS), 100 IU/mL penicillin, and 100 μg/mL streptomycin
(Invitrogen), and in a humidified atmosphere containing 5%
CO2 at 37 °C. The cells were harvested by trypsinization with
trypsin/EDTA. The U87MG tumor model was developed in 5
to 6-week-old female athymic nude mice (Harlan Laboratories)
by injection of 5 × 106 cells in their right shoulders. Tumor
growth was monitored using caliper measurements of
perpendicular axes of the tumor. The mice underwent small-
animal PET studies when the tumor volume reached 100−300
mm3 (3−4 weeks after inoculation).
MicroPET Imaging and Analysis. PET scans and image

analysis were performed using an Inveon microPET scanner
(Siemens Medical Solutions). About 3.7 MBq of 18F or 68Ga
labeled tracer was administered via tail vein injection under
isoflurane anesthesia. For blocking study, about 300 μg of
unlabeled dimeric RGD peptide E[c(RGDyK)]2 was injected
30 min before the [18F]FAl-NOTA-PRGD2. Five-minute static
PET images were acquired at 30 min, 1 h, and 2 h postinjection
(n = 3−5 per group). The images were reconstructed using a
two-dimensional ordered-subset expectation maximum (2D
OSEM) algorithm, and no correction was applied for
attenuation or scatter. For each scan, regions of interest
(ROIs) were drawn using vendor software (ASI Pro 5.2.4.0) on
decay-corrected whole-body coronal images. The radioactivity
concentrations (accumulation) within the tumors, muscle, liver,
and kidneys were obtained from mean pixel values within the
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multiple ROI volume and then converted to MBq per milliliter.
These values were then divided by the administered activity to
obtain (assuming a tissue density of 1 g/mL) an image-ROI-
derived percent injected dose per gram (%ID/g).
Biodistribution Study of [18F]FAl-NOTA-PRGD2. Im-

mediately after PET imaging, the tumor-bearing mice with or
without blocking dose were sacrificed and dissected. Blood,
tumor, major organs, and tissues were collected and wet-
weighed. The radioactivity in the wet whole tissue was
measured with a γ-counter (Perkin- Elmer). The results were
expressed as percentage of injected dose per gram of tissue (%
ID/g). Values were expressed as mean ± SD (n = 4 per group).
In Vitro Stability of [18F]FAl-NOTA-PRGD2. About 5.6

MBq of [18F]FAl-NOTA-PRGD2 in 50 μL of PBS was added
to 400 μL of mouse serum and incubated at 37 °C. About 60
μL of this serum sample was taken out at 1, 30, 60, and 120 min
and put into a plastic tube. An equal volume of acetonitrile was
added to each tube and centrifuged at 6000 rpm for 8 min. The
supernatant was separated from the pellet, and both the
supernatant and pellet were measured for their radioactivity.
The supernatant was diluted with 300 μL of PBS and injected

on to an analytical HPLC. The tube was measured for its
radioactivity before and after HPLC injection. The radioactivity
coming out of HPLC column was also collected and measured.

■ RESULTS

Chemistry. The structures of PEGylated dimeric RGD
peptides are shown in Figure 1. The 2-fluoropropanoyl labeled
PRGD2 is designated as FPPRGD2. S-2-(4-Isothiocyanatoben-
zyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid is designated as
p-SCN-Bn-NOTA. The p-SCN-Bn-NOTA labeled PRGD2 is
designated as NOTA-PRGD2. The aluminum NOTA-PRGD2
complex is designated as Al-NOTA-PRGD2, and the aluminum
fluoride complex of NOTA-PRGD2 is designated as FAl-
NOTA-PRGD2. Gallium NOTA-PRGD2 complex is desig-
nated as Ga-NOTA-PRGD2.
NOTA-PRGD2, Al-NOTA-PRGD2, and Ga-NOTA-PRGD2

were prepared at mg scale that can be lyophilized and weighed
for further use. The yield of Al-NOTA-PRGD2 and Ga-NOTA-
PRGD2 was almost quantitative. Chemical purities of these
compounds were >97% determined by analytical HPLC
analysis. FAl-NOTA-PRGD2 was prepared in small-scale

Figure 1. Chemical structures of dimeric RGD peptides.

Figure 2. (A) Cell binding assay of RGD peptides in U87MG cells; (B) IC50 of each RGD compound (n = 3).
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reaction, collected from HPLC and used directly as the
reference compound. The identities of nonradioactive com-
pounds were determined by LC-MS, which observed m/z ions
that matched their calculated molecular weights. Preparation of
FAl-NOTA-PRGD2 yielded a mixture of FAl-NOTA-PRGD2
and Al-NOTA-PRGD2 that were not separable by HPLC.
In order to confirm that adding metal NOTA complex to the

PRGD2 does not affect the binding affinity of the peptides to
integrin receptors, we performed competitive cell binding
assays with 125I-echistatin as the radioligand in integrin α vβ 3
positive U87MG cells. Results of the cell-binding assays were
plotted and fitted to sigmoid curves for the displacement of
125I-echistatin from U87MG cells (Figure 2A). The IC50 values
are listed in Figure 2B. The results indicated that the adding
metal NOTA complex to PRGD2 had up to 2-fold increase on
the binding affinity of the peptides compared to that of
FPPRGD2.
Radiochemisty. The radiolabeling of the three compounds

is summarized in Table 1. The radiochemical yield for 4-

nitrophenyl 2-[18F]fluoropropionate prepared from Tracer FX-
FN system was around 20−25%, and the yield for coupling of
4-nitrophenyl 2-[18F]fluoropropionate with PRGD2 was over
75%. The overall yield was 10−15% (uncorrected) with a total
synthesis time of around 3 h and the measured specific activity
was 114 ± 72 GBq/μmol (EOB). The labeling efficiency for
[18F]FAL-NOTA-PRGD2 varied between 5% and 25%,
depending on the reaction volumes. When the reaction volume
was between 50 and 100 μL, the yield was consistently between
20% and 25% (uncorrected). The total synthesis time was
about 40 min with HPLC purification and about 25 min
without HPLC purification. The radiochemical purity was over
97%. The radiochemical yield for [68Ga]Ga-NOTA-PRGD was
about 70% (uncorrected) with HPLC in a total synthesis time
of 30 min.
Purification of Radiolabeled Products by Solid-Phase

Extraction. To further simplify the labeling procedure, the
solid-phase extraction method was used to prepare both
[18F]FAl-NOTA-PRGD2 and [68Ga]Ga-NOTA-PRGD2. The
tracer could be prepared in about 15 min. Without the HPLC
purification, the specific activity was determined by the amount
of peptide used, assuming the complete recovery of peptide and
the amount of radioactivity used. In our preparation of these
two tracers, 12 nmol of PRDGD2 was used to make [18F]FAl-
NOTA-PRGD2, and 8 nmol of peptide was used to make
[68Ga]Ga-NOTA-PRGD2. In this study, 18F activity was limited
to 0.37−1.5 GBq, and 68Ga activity limited to 0.15−0.20 GBq .
For a 37 MBq of product, at the end of synthesis the specific
activity was 6.14 GBq/μmol for [18F]FAl-NOTA-PRGD2 and

9.25 GBq/μmol for [68Ga]Ga-NOTA-PRGD2. For a 0.37 GBq
of product, the specific activities were 30.71 GBq/μmol and
46.25 GBq/μmol, respectively, for [18F]FAl-NOTA-PRGD2
and [68Ga]Ga-NOTA-PRGD2. For [68Ga]Ga-NOTA-PRGD2,
when only solid-phase extraction was used the radiochemical
yield was 40% at room temperature and reached over 90% at 80
°C. The radiochemical purity was also >97% for room
temperature reaction with a slight decrease of radiochemical
purity (95%) at 80 °C.

in Vitro Stability of the Radiotracers. Both [68Ga]Ga-
NOTA-PRGD2 and [18F]FAl-NOTA-PRGD2 were stable in
PBS at room temperature. After 4 h, the radiochemical purities
were >95% with HPLC analysis. We also tested the stability of
[18F]FAl-NOTA-PRGD2 in mouse serum up to 2 h at 37 °C.
After treating the serum samples with acetonitrile and
centrifugation, 85% of radioactivity was in solution. The
recovery of radioactivity from HPLC was >96% without any
detectable F-18 fluoride. The parent compound at 1, 30, 60,
and 120 min constituted 96.8%, 96.6%, 95.1%, and 95.0% of
recovered radioactivity, respectively.
MicroPET Imaging. After radiolabeling, we applied the

three imaging probes to in vivo PET imaging with U87MG
tumor bearing mice. The representative decay-corrected
coronal images at different time points after injection of the
radiotracers are shown in Figures 3−5. The U87MG tumors

were clearly visualized with good tumor-to-background contrast
with all of the tracers as early as 30 min postinjection (p.i.). The
quantitative tracer uptake of tumors and major organs is
summarized in Table 2, expressed as % ID/g. At 60 min p.i., the
tumor uptake of [18F]FPPRGD2 was 2.56 ± 0.48% ID/g (n =
5), which was consistent with a previous report.18 As for
[68Ga]Ga-NOTA-PRGD, the tumor uptake was 2.98 ± 0.53%
ID/g (n = 3). The tumor uptake of [18F]FAl-NOTA-PRGD2
was 3.92 ± 0.18%ID/g (n = 4), which was significantly higher
than that of the other two tracers (p < 0.05). Besides tumor

Table 1. Comparison of Reaction Condition and Yield of
[18F]FAl-NOTA-PRGD2, [18F]FPPRDG2, and [68Ga]Ga-
NOTA-PRGD2

tracer name

total
time
(min) HPLC

reaction
temperature labeling yield (n = 5)

[18F]
FPPRDG2

180 yes 80 °C 10−15%

[68Ga]NOTA-
PRGD2

30 yes 80 °C 75%
15 no RT 40%

[18F]FAl-
NOTA-
PRGD2

40 yes 100 °C 5−25%
25 no 100 °C 5−25%

Figure 3. In vivo PET imaging of U87MG xenografted mice by
[18F]FPPRGD2. (A) Decay-corrected whole-body coronal microPET
images of U87MG tumor-bearing mice at 30, 60, and 120 min after
injection of 3.7 MBq of [18F]FPPRGD2. Tumors are indicated by
arrows. (B) Quantification of [18F]FPPRGD2 in U87MG tumor, liver,
kidneys, and muscle. ROIs are shown as mean %ID/g ± SD.
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uptake, all tracers showed relatively high kidney accumulation,
especially at the early time point (30 min p.i.), then dropped
significantly afterward, indicating rapid renal clearance. All three
tracers showed relatively low liver uptake. Compared with the
other two tracers, [18F]FPPRGD2 showed faster clearance from
tumors. We believe this may be a consequence of the lower
binding affinity of FPPRGD2 as determined by vitro cell
binding affinity study.
Biodistribution Studies. In order to further confirm the

PET imaging quantification, the biodistribution of [18F]FAl-

NOTA-PRGD2 with and without blocking dose was evaluated
in U87MG tumor-bearing athymic nude mice immediately after
PET imaging (Figure 6). Consistent with PET imaging data,
the tumor uptake measured by direct tissue sampling and
gamma-counting was 1.45 ± 0.47%ID/g at the 2 h time point.
The tracer accumulations in the kidneys and liver were 4.88 ±
0.82 and 1.47 ± 0.50%ID/g, respectively, at 2 h p.i. In the
blocking experiment, U87MG tumor showed significantly
decreased accumulation of [18F]FAl-NOTA-PRGD2 with an
uptake value of 0.15 ± 0.04%ID/g (p < 0.001).

■ DISCUSSION

Labeling peptides and proteins with 18F is usually achieved
using prosthetic groups. The required multistep procedure for
preparation of the prosthetic group, its purification, subsequent
protein coupling step, and final purification results in relatively
low overall radiochemical yield. In addition, multistep syntheses
are more difficult to automate.25 F-18 click chemistry has been
used in several studies to label peptides.26 However, it requires
the preparation of azide or alkyne functional group modified
peptides and two radiochemical synthesis steps, and in some
cases, it involves volatile [18F]-azide synthon. Alternatively,
several groups including our lab have developed direct labeling
methods of peptides with 18F.21,27,28

We have applied [18F]FPPRDG2 to monitor the treatment
effect of various anticancer drugs longitudinally on mouse
tumor models.7−9 The routine preparation of [18F]FPPRDG2,
which is a 3 h procedure, is quite challenging. Currently, there
is no commercially available automated synthesizer that is
capable of producing [18F]FPPRDG2 without major mod-
ifications. McBride and Laverman et al.23,24,29 reported the
method of using the [18F]fluoride-aluminum-NOTA complex
for labeling peptides. Although the radiolabeling conditions
required heating, the inherent thermal stability of RGD
peptides suggested that they would be good substrates for
this radiolabeling method. The precursor for making [18F]-

Figure 4. In vivo PET imaging of U87MG xenografted mice by
[68Ga]Ga-NOTA-PRGD2. (A) Decay-corrected whole-body coronal
microPET images of U87MG tumor-bearing mice at 30, 60, and 120
min after injection of 3.7 MBq of [68Ga]Ga-NOTA-PRGD2. Tumors
are indicated by arrows. (B) Quantification of [68Ga]Ga-NOTA-
PRGD2 in U87MG tumor, liver, kidneys, and muscle. ROIs are shown
as mean %ID/g ± SD.

Figure 5. In vivo PET imaging of U87MG xenografted mice with [18F]FAl-NOTA-PRGD2. Decay-corrected whole-body coronal microPET images
of U87MG tumor-bearing mice at 30, 60, and 120 min after injection of 3.7 MBq of [18F]FAl-NOTA-PRGD2 without (A) and with (C) blocking
dose. Tumors are indicated by arrows. Quantification of [18F]FAl-NOTA-PRGD2 in U87MG tumor, liver, kidneys, and muscle without (B) and with
(D) blocking dose. ROIs are shown as mean %ID/g ± SD.
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FPPRDG2 was chosen as building block for direct comparison
studies.
The dimeric PRGD2 peptide was selected for this

comparison study for three major reasons. Dimeric PRGD2
showed higher affinity for α vβ 3 integrin receptor than its
monomeric counterpart. PEGylation improved the properties
by reducing the renal retention of this class of compounds.
Finally, the terminal amine of the PEG moiety served as an
attachment point of the radiolabel.18 Attachment of an NOTA
functional group to this terminal amine of PRGD2 provided a
chelate that can be effectively utilized for both [18F]fluoride-
aluminum and 68Ga. In this study, we successfully prepared
[18F]FAl-NOTA-PRGD2 and compared its imaging quality
with that of [18F]FPPRDG2 and [68Ga]Ga-NOTA-PRGD2 as
an integrin α vβ 3 imaging agent in U87MG mouse tumor
model. The results were very encouraging, and further studies
are needed to determine if [18F]FAl-NOTA-PRGD2 is suitable
for clinical use.
We applied HPLC columns to purify labeled NOTA

complexes. The [18F]FAl-NOTA-PRGD2 was eluted as a
single radioactive peak. It overlapped with Al-NOTA-PRGD2
complex and had a baseline separation from NOTA-PRGD2. It
has been reported that, when NOTA was used as the chelator,
two interchangeable radioactive peaks were formed.29 This was
explained as the formation of two isomers of the complex.
However, in our preparation only a single radioactive peak was
observed. Since [18F]FAl-NOTA-PRGD2 was not separated
from Al-NOTA-PRGD2 in our case, the specific activity was
determined by the amount of aluminum chloride used. Our
labeling yield was lower than reported by Laverman et al.,29 but
the amount of peptide used in our reaction was also less. In
order to allow radiolabeling without HPLC purification, we
limited the use of peptide to a 2:1 ratio with aluminum
chloride. Although others have used a QMA column to purify
and concentrate 18F-fluoride,23 in our hands aqueous 18F

activity was used directly from the target, and the QMA
treatment did not change the labeling yield. Generator-
produced 68Ga with its 68 min half-life is an attractive
alternative for institutions without a cyclotron. In this study,
the same peptide was used for labeling Ga-68 for a direct
comparison. Labeling yield for forming Ga-68 complex was
higher than for forming F-18 FAl complex, and the amount of
peptide needed was also less.
When the solid-phase extraction was used for the preparation

of both [18F]FAl-NOTA-PRGD2 and [68Ga]Ga-NOTA-
PRGD2, the tracer could be prepared in about 15 to 25 min.
Compared with that of [18F]FPPRDG2, this procedure is
tremendously time-saving. Moreover, with a scale-up prepara-
tion for a 0.37 GBq of product, the specific activity went up to
30.7 GBq/μmol and 46.2 GBq/μmol, respectively, for
[18F]FAl-NOTA-PRGD2 and [68Ga]Ga-NOTA-PRGD2.
These specific activity levels should meet the requirement for
clinical studies. For Ga-68 labeling, specific activity can be
further increased by using less peptide. Another important
aspect of using solid-phase extraction is that the standard kit
can be formulated and distributed. This is especially important
for multiple-center studies, since the amount of peptide used
can be predetermined precisely.
After applying the tracers to in vivo PET imaging, we found

that FPPRGD2 showed tumor uptake and major organ
distribution that were similar to those in one of our previous
studies.18 However, the tumor uptake of [68Ga]Ga-NOTA-
PRGD2 was somewhat lower than that in another study.22 The
reason for this is unclear, and we will investigate the in vivo
behavior of this tracer further for potential clinical translation.
Another issue is that both [18F]FAl-NOTA-PRGD2 and
[68Ga]Ga-NOTA-PRGD2 showed longer tumor retention
than that of [18F]-FPPRDG2 in U87MG tumors. Although
we do not have a definitive explanation for this, we cannot
exclude the possibility of transchelation of the metal ions within
the tumor region.

■ CONCLUSION

Both [18F]FAl-NOTA-PRGD2 and [68Ga]Ga-NOTA-PRGD2
can be prepared with or without HPLC purification in a much
simpler fashion than [18F]FPPRGD2. Moreover, these two new
radiotracers have imaging properties and pharmacokinetics that
are comparable to, or superior than, those of [18F]FPPRGD2.
Considering the ease of preparation and imaging quality,
[18F]FAl-NOTA-PRGD2 and [68Ga]Ga-NOTA-PRGD2 are
promising alternatives to [18F]FPPRGD2 for PET imaging of
tumor α vβ 3.
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Table 2. Biodistribution of Dimeric RGD Peptide Tracers in U87MG Tumor-Bearing Mice, Determined by PET Imaging (%
ID/g ± SD)

[18F]FPPRDG2 [68Ga]NOTA-PRGD2 [18F]FAl-NOTA-PRGD2

30 min 60 min 120 min 30 min 60 min 120 min 30 min 60 min 120 min

tumor 3.65 ± 0.51 2.56 ± 0.48 1.85 ± 0.30 3.25 ± 0.62 2.98 ± 0.53 2.66 ± 0.32 4.20 ± 0.23 3.92 ± 0.18 3.53 ± 0.45
muscle 1.03 ± 0.42 0.44 ± 0.22 0.28 ± 0.09 0.91 ± 0.02 0.92 ± 0.18 0.87 ± 0.18 1.49 ± 0.25 1.07 ± 0.06 0.68 ± 0.06
kidney 7.31 ± 1.61 2.49 ± 0.36 1.57 ± 0.09 6.80 ± 0.97 3.81 ± 0.08 3.02 ± 0.11 9.80 ± 5.21 5.45 ± 0.61 3.46 ± 0.44
liver 1.48 ± 0.33 1.00 ± 0.11 0.64 ± 0.05 2.18 ± 0.30 1.92 ± 0.34 1.44 ± 0.08 2.02 ± 0.32 1.66 ± 0.13 1.28 ± 0.28

Figure 6. Ex vivo biodistribution of [18F]FAl-NOTA-PRGD2 (3.7
MBq per mouse) in U87MG tumor bearing nude mice at 2 h time
points after microPET scans with or without unlabeled RGD peptide
as blocking agent. Columns, mean %ID/g (n = 4 per group); bars, SD.
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ABSTRACT: In this study, we have rewired cell surfaces with
ketone and oxyamine molecules based on liposome fusion for
applications in cell-surface engineering. Lipid vesicles,
functionalized with ketone and oxyamine molecules, display
complementary chemistry and undergo recognition, docking,
and subsequent fusion upon covalent oxime bond formation. Liposome fusion was characterized by several techniques including
matrix-assisted laser-desorption/ionization mass spectrometry (MALDI-MS), light scattering, fluorescence resonance energy
transfer (FRET), and transmission electron microscopy (TEM). When cultured with cells, ketone- and oxyamine-containing
liposomes undergo spontaneous membrane fusion to present the respective molecules from cell surfaces. Ketone-functionalized
cell surfaces serve as sites for chemoselective ligation with oxyamine-conjugated molecules. We tailored and fluorescently labeled
cell surfaces with an oxyamine-conjugated rhodamine dye. As an application of this cell-surface engineering strategy, ketone- and
oxyamine-functionalized cells were patterned on oxyamine- and ketone-presenting surfaces, respectively. Cells adhered, spread,
and proliferated in the patterned regions via interfacial oxime linkage. The number of ketone molecules on the cell surface was
also quantified by flow cytometry.

■ INTRODUCTION
Membrane fusion processes are ubiquitous in biology and span
multicellular communication, extracellular signaling, reconstruc-
tion of damaged organelles, and integration of cells into
complex tissues and organs.1 As a result, there has been much
interest in developing model systems to mimic biological
membranes to investigate the mechanisms of fusion and for use
in various biotechnological applications. For example, cells
secrete and display proteins and lipids during vesicle trafficking
events that either diffuse into the ECM or become components
of the cell membrane after fusion.2 Naturally, lipid vesicles
provide an ideal platform for such studies and have been widely
used to examine various membrane-related processes, including
fusion.3−5 In order for fusion to occur, the membranes must be
brought into close proximity, followed by bilayer destabiliza-
tion.6 Fusion of such lipid vesicles or liposomes can be initiated
by using divalent cations, polycations,7 positively charged
amino acids,8 and membrane-disrupting peptides.9,10 Histor-
ically, synthetic chemical agents have also been employed to
fuse vesicle membranes11−14 through nonspecific interactions.
However, recent exciting efforts to improve selectivity and
control over vesicle fusion have been achieved through the use
of small, synthetic molecular recognition pairs.15,16 Since vesicle
fusion is a natural process and has been shown to influence the
construction of cells into multicellular organisms, much
research has focused on using liposomes to deliver cargo,
reagents, nanomaterials, and therapeutic agents to cells. To our
knowledge, there have been very few reports of employing
liposome fusion to cell membranes as a method to deliver small
chemical functional groups in order to tailor the cell membrane
for subsequent bio-orthogonal and chemoselective ligation

reactions.17 This platform would find wide use in studying
fundamental cell behavior and provide a range of new tools for
tissue engineering and biomedical applications.
Cell-surface receptors that decorate the cell membrane

influence a number of biological processes, such as cell
adhesion, differentiation, intercellular communication, and
tissue formation.18 As such, methods that selectively engineer
the cell surface by introducing chemoselective functional
groups will have a significant role in directing and influencing
many biological processes for applications in cell-based
therapies, drug delivery, and tissue engineering.19−23 Previous
cell-surface modification strategies involve the introduction of
chemoselective functional groups through metabolic and
genetic engineering approaches.24−26 However, such strategies
may perturb cellular processes by altering cellular physiology.27

In this study, we present a method to tether chemoselective
ketone and oxyamine groups from cell surfaces by liposome
delivery toward the goal of rewiring the cell surface. Alkyl
ketone and oxyamine molecules spontaneously insert into lipid
vesicles upon synthesis. When mixed, chemical recognition
occurs, producing stable oxime bonds under physiological
conditions. The reaction is also bio-orthogonal and, thus, does
not interfere with any other chemical moieties in its cellular
surroundings.28−31 The synthetic ketone and oxyamine
molecules fused on the cell membrane serve as cell-surface
receptors, providing tools for the attachment of other
functional materials, biomolecules, and probes on the cell
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surface. Liposome fusion was characterized by matrix-assisted
laser-desorption/ionization mass spectrometry (MALDI-MS),
dynamic light scattering (DLS), fluorescence resonance energy
transfer (FRET), transmission electron microscopy (TEM),
fluorescence-activated cell sorting (FACS), and fluorescence
microscopy analyses.

■ MATERIALS AND METHODS
All chemical reagents were of analytical grade and used without
further purification. Lipids egg palmitoyl-oleoyl phosphatidyl-
choline (POPC), egg 1-palmitoyl-2-oleoyl-phosphatidylglycerol
(POPG), 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), egg 1,2-diphytanoyl-sn-glycero-3-phosphoethanol-
amine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt)
(NBD-PE), and egg 1,2-dipalmitoyl-sn-glycero-3-phosphoetha-
nolamine-N-(lissamine rhodamine B sulfonyl) (ammonium
salt) (Rhod-PE) were purchased from Avanti Polar Lipids
(Alabaster, AL). Antibodies and fluorescent dyes were obtained
from Invitrogen (Carlsbad, CA). FITC-labeled beads were
purchased from Spherotech, Inc. (Forest Lake, IL) and all other
chemicals were obtained from Sigma-Aldrich or Fisher. Swiss
3T3 albino mouse fibroblasts (fbs) were obtained from the
Tissue Culture Facility at the University of North Carolina
(UNC).
Transmission electron microscopy (TEM) images were

acquired using a TF30He Polara G2 (FEI company) electron
cryomicroscope, operating at 300 keV. Images were recorded
using a Tietz single port model 415 4k × 4k CCD camera with
a 15 μm pixel size. Fluorescence resonance energy transfer
measurements (FRET) were performed using a SPEX
Fluorolog-3 Research T-format Spectrofluorometer with an
excitation wavelength of 471 nm. Dynamic light scattering was
performed using a Nikomp model 200-laser particle sizer with a
5 mW HeNe laser at an excitation wavelength of 632.8 nm and
using a Wyatt DynoPro plate reader. Flow cytometry was
performed using a Dako CyAn ADP (Beckman-Coulter, Brea,
CA), and the data was analyzed with Summit 4.3 software.
Phase contrast and fluorescent imaging was performed and
processed using a Nikon TE2000-E inverted microscope and
Metamorph software, respectively.
Syntheses. Tetra(ethylene glycol)-terminated alkanethiol

(EG4) was synthesized as previously reported.32 Fluorescein-
ketone (7; Scheme 1) was synthesized as previously reported.33

The syntheses of O-dodceyloxyamine (A; Scheme 2) and rhod-
oxyamine (8) are described below.

2-(Dodecyloxy)isoindoline-1,3-dione (B). To a solution of
N-hydroxyphthalimide (1.96 g, 12.04 mmol, 1.5 equiv) and
sodium bicarbonate (10.11 g, 12.04 mmol, 1.5 equiv) in DMF
(20 mL) at 80 °C was added 1-bromododecane (1.93 mL, 8.02
mmol). The mixture was refluxed and stirred for 12 h. The
reaction was diluted with DCM and washed with H2O (6 × 50
mL), 1 M NaHCO3 (3 × 50 mL), and H2O (2 × 50 mL), dried
over MgSO4, and concentrated to afford a white solid, B (2.66
g, 87%). 1H NMR (400 MHz, CDCl3) δ 0.91 (m, 3H), 1.28

(bm, 16H), 1.47−1.49 (m, J = 9.2 Hz, 2H), 1.77−1.83 (m, J =
22.0 Hz, 2H), 4.20−4.23 (t, J = 13.6 Hz, 2H), 7.28−7.30,
7.75−7.77 (dm, J = 4.8, Hz, J = 5.6 Hz, 2H, 2H). (ESI) (m/z)
[M + H+]: 332.28.

O-Dodecyloxyamine (A). To a solution of B (2.65 g, 8.00
mmol) in dry DCM (30 mL) under inert atmosphere (Ar) was
slowly added hydrazine (1.53 mL, 48.00 mmol, 6 equiv). Upon
addition, a white precipitate immediately formed. The mixture
was stirred for 12 h. The reaction was diluted with DCM and
washed with H2O (6 × 50 mL), dried over MgSO4, and
concentrated to afford a pale yellow oil, A (1.18 g, 74%). 1H
NMR (400 MHz, CDCl3) δ 0.88−0.91 (t, J = 13.6 Hz, 3H),
1.28 (s, 18H), 1.57−1.60 (m, J = 14.0 Hz, 2H), 3.65−3.69 (t, J
= 13.2 Hz, 2H). (ESI) (m/z) [M + H+]: 201.22.

(N-(4-(tert-Butoxycarbonylamino)butyl)sulfamoyl)-2-(6-
(diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-
benzenesulfonate (C). To a solution of rhodamine lissamine
(0.880 g, 1.53 mmol) in chloroform (CHCl3, 30 mL) at room
temperature (RT) was added N-BOC-1,4-diaminobutane
(0.431 g, 2.29 mmol, 1.5 equiv) and TEA (0.305 mL, 2.29,
1.5 equiv). The mixture was stirred for 8 h and then extracted
with H2O (6 × 25 mL). The organic layers were concentrated
to afford a dark purple solid C. 1HNMR was taken in CDCl3 to
confirm C (1.045 g, 95%). TLC conditions for entire synthesis:
CHCl3/MeOH (7.5:2.5). 1H NMR (400 MHz, MeOD) δ
1.09−1.07 (t, J = 8.1 Hz, 6H), 1.36−1.33 (m, J = 12.3, 15H),
1.66−1.64 (m, J = 8.6 Hz, 4H), 3.47−3.44 (m, J = 12.1, 6H),
4.20−4.18 (q, J = 7.8 Hz, 4H), 5.66 (s, 1H), 5.77 (d, 1H), 6.01
(d, 1H), 6.34−6.30 (m, J = 16.1 Hz, 2H), 7.21 (d, 1H), 7.29 (d,
1H), 7.98 (d, 1H), 8.04 (d, 1H). (ESI) (m/z) [M + H+]:
716.31.

5-(N-(4-Aminobutyl)sulfamoyl)-2-(6-(diethylamino)-3-(di-
ethyliminio)-3H-xanthen-9-yl)benzenesulfonate (D). To C
(0.600 g, 0.837 mmol) was added a solution of TFA, H2O,
and triisopropylsilane (TIPS) in a ratio of 95:2.5:2.5 (10 mL).
The mixture was stirred at RT under N2 for 3 h and was then
extracted with CHCl3 and H2O (4 × 25 mL). The organic
layers were dried and concentrated to afford a purple solid, D
(0.45 g, 85%). 1H NMR (400 MHz, MeOD) δ 1.11−1.09 (t, J
= 8.7, 6H), 1.33−1.31 (m, J = 7.4 Hz, 6H), 1.70−1.67 (m, 4H, J
= 12.5, 4H), 2.63−2.62 (m, J = 4.6 Hz, 2H), 3.51−3.49 (m, J =
8.7 Hz, 6H), 4.20−4.18 (q, J = 7.8 Hz, 4H), 5.64 (s, 1H), 5.71
(d, 1H; Ar−H), 6.02 (d, 1H), 6.32−6.30 (m, J = 8.3 Hz, 2H),
7.24 (d, 1H), 7.30 (d, 1H), 7.98 (d, 1H), 8.04 (d, 1H). (ESI)
(m/z) [M + H+]: 628.27.

Scheme 1. List of Liposomes, Molecules, and Cells Used in This Studya

a(1) Keto-LUV; (2) oxy-LUV; (3) keto-NBD-PE LUV; (4) oxy-rhod-PE LUV; (5) ketone-functionalized liposomes; (6) oxyamine-functionalized
liposomes; (7) fluorescein-ketone; (8) rhod-oxyamine; (9) ketone-functionalized fbs; and (10) oxyamine-functionalized fbs.

Scheme 2. Synthesis of O-Dodecyloxyamine (A)a

aReagents and conditions. (i) N-hydroxyphthalimide (1.5 equiv),
NaHCO3 (1.5 equiv), DMF, reflux, 80 °C, 12 h; 87%; and (ii)
hydrazine (6 equiv), dry DCM, N2, 12 h; 74%.
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2-(6-(Diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-5-
(N-(2,2-dimethyl-4,8-dioxo-3,6-dioxa-5,9-diazatridecan-13-
yl)sulfamoyl)benzenesulfonate (E). To a solution containing
N,N′-dicyclohexylcarbodiimide (DCC, 0.394 g, 1.91 mmol, 2
equiv), N-hydroxysuccinimide (NHS, 0.220 g, 1.91 mmol 2
equiv), and aminooxy acetic acid (0.356 g, 1.91 mmol, 2 equiv)
in DMF was stirred under N2 for 0.5 h. D (0.43 g, 0.684 mmol)
was then added in DMF (20 mL), followed by TEA (excess).
The mixture was strirred for 4 h and then concentrated. Flash
chromatography was performed using CHCl3/MeOH (8:2) to
elute, E. The product was concentrated to afford a purple solid
E (0.32 g, 60%). 1H NMR (400 MHz, MeOD) δ 1.10−1.08 (t,
J = 8.8, 6H), 1.39−1.36 (m, J = 12.3 Hz, 15H), 1.65−1.63 (m, J
= 7.9, 4H), 3.08−3.06 (m, J = 8.0, 2H), 3.48−3.46 (m, J = 8.3,
6H), 4.17−4.15 (q, J = 7.7, 4H), 4.38 (s, 2H), 5.61 (s, 1H),
5.73 (d, 1H), 6.02 (d, 1H), 6.31−6.30 (m, J = 4.4, 2H), 7.24 (d,
1H), 7.32 (d, 1H), 7.96 (d, 1H), 8.09 (d, 1H). (ESI) (m/z) [M
+ H+]: 801.31.

5-(N-(4-(2-(aminooxy)acetamido)butyl)sulfamoyl)-2-(6-
(diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-
benzenesulfonate (rhod-oxyamine, 8; Scheme 3). To E
(0.30 g, 0.374 mmol) was added a solution of TFA, H2O,
and triisopropylsilane (TIPS) in a ratio of 95:2.5:2.5 (10 mL).
The mixture was stirred at RT under N2 for 3 h and was then
extracted with CHCl3 and H2O (4 × 25 mL). The organic
layers were dried and concentrated to afford a purple solid, and
flash chromatography was performed using CHCl3/MeOH
(8:2) to elute 8 (0.21 g, 81%). 1H NMR (400 MHz, CDCl3) δ
1.12−1.00 (t, J = 8.2, 6H), 1.42−1.40 (m, J = 7.9, 6H), 1.62−
1.60 (m, J = 7.7, 4H), 3.07−3.05 (m, J = 8.0, 2H), 3.45−3.42
(m, J = 12.4, 6H), 4.11−4.09 (q, J = 8.4, 4H), 4.24 (s, 2H), 5.64
(s, 1H), 5.75 (d, 1H), 6.02 (d, 1H), 6.29−6.27 (m, J = 4; 2H),
7.28 (d, 1H), 7.31 (d, 1H), 7.92 (d, 1H), 8.05 (d, 1H). (ESI)
(m/z) [M + H+]: 701.28.
Formation of Lipid Vesicles. Liposome Fusion Stud-

ies. Dodecanone (55 μL, 10 mM in CHCl3 at 5 mol %) was
dissolved with egg palmitoyl-oleoyl phosphatidylcholine
(POPC) (430 μL, 10 mg/mL in CHCl3, at 95 mol %) and

O-dodecyloxyamine (60 μL, 10 mM in CHCl3 at 5 mol %) was
mixed with POPC (410 μL, 10 mg/mL in CHCl3 at 75 mol %),
and egg 1-palmitoyl-2-oleoyl-phosphatidylglycerol (POPG) (92
μL, 10 mg/mL in CHCl3 at 20 mol %). Both lipid sample
mixtures were then concentrated under high vacuum for 4 h.
The dried lipid samples were reconstituted and brought to a
final volume of 3 mL in PBS buffer, pH 7.4. The contents of the
vial were warmed to 50 °C and sonicated for 20 min, in a tip
sonicator, until the solution became clear and large unilamellar
vesicles (LUVs) containing ketone (keto-LUV, 1; Scheme 1) or
oxyamine (oxy-LUV, 2) groups were formed.

FRET Fusion Studies. NBD-PE and rhod-PE were added to
two separate vials at 2 mol %. The dried lipid samples were
then reconstituted in 2.43 mL of PBS buffer, pH 7.4. The
contents of the vial were warmed to 50 °C and sonicated for 20
min, in a tip sonicator, until the solution became clear, and
LUVs containing ketone (keto-NBD-PE LUVs, 3) or oxyamine
(oxy-rhod-PE LUVs, 4) groups were formed.

Liposome Fusion to Cells. To generate ketone- and
oxyamine-containing liposomes for cell fusion studies, dodec-
anone (55 μL, 10 mM solution in CHCl3 at 5 mol %) and O-
dododecyloxyamine (60 μL, 10 mM solution in CHCl3 at 5
mol %) were dissolved with egg-POPC (424 μL, 10 mg/mL in
CHCl3 at 93 mol %) and 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP, 10 μL, 10 mg/mL in CHCl3 at 2 mol %) in
chloroform followed by concentration under high vacuum for 4
h. The dried lipid samples were then reconstituted and brought
to a final volume of 3 mL in PBS buffer, pH 7.4. The contents
of the vial were warmed to 50 °C and sonicated for 20 min, in a
tip sonicator, until the solution became clear, and LUVs
containing ketone (5) or oxyamine (6) groups were formed.
Matrix-Assisted Laser-Desorption/Ionization Mass

Spectrometry (MALDI-MS). Preparation of Gold-Coated
MALDI Sample Plates. Gold-coated MALDI sample plates
(123 × 81 mm) (Applied Biosystems, Foster City, CA) were
prepared by electron-beam deposition (Thermionics Labora-
tory Inc., Hayward, CA) of titanium (5 nm) and then gold (12
nm). In order to form self-assembled monolayers (SAM) of

Scheme 3. Synthesis of Rhod-Oxyamine (8)a

aReagents and conditions. (i) N-BOC-1,4-diaminobutane (1.5 equiv), TEA (1.5 equiv), CHCl3, N2, 25 °C, 8 h; 95%, (ii) triisopropylsilane (TIPS)/
H2O/TFA (2.5:2.5:95), N2, 25 °C, 3 h; 85%, (iii) N-hydroxysuccinimide (NHS, 2 equiv), N,N′-dicyclohexylcarbodiimide (DCC, 2 equiv), aminooxy
acetic acid (2 equiv), TEA (excess), DMF, N2, 25 °C, 4 h; 60%, and (iv) TIPS/H2O/TFA (2.5:2.5:95), N2, 25 °C, 3 h; 81%.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc200236m | Bioconjugate Chem. 2011, 22, 2423−24332425



alkanethiolates on the plates, the slides were immersed in a 1
mM solution of aminooxyundecanethiol in EtOH for
approximately 1 min, rinsed with EtOH and dried, and then
backfilled with a 1 mM solution of mercaptoundecanol in
EtOH for 1 h. Once removed from solution, the surfaces were
rinsed with EtOH and dried before use.

Liposome Preparation. Keto-LUVs (1) were generated as
previously described and were then delivered and allowed to
react with the oxyamine-terminated MALDI sample plate (90
min). The plates were then washed with water (3 × 3 mL) and
EtOH (2 × 3 mL) and dried before use.

MALDI Analyses. MS analyses were carried out using an AB
SCIEX TOF/TOF 5800 System (Applied Biosystems, Foster
City, CA).
Dynamic Light Scattering (DLS). Keto- (1) and oxy- (2)

LUVs were generated as previously described and tested by
DLS for monodispersity and uniformity. Light scattering
experiments were performed using a Nikomp model 200
laser particle sizer with a 5 mW helium−neon laser at an
exciting wavelength of 632.8 nm. Standard deviation determi-
nations were made using Gaussian analysis. A Wyatt DynoPro
dynamic scattering plate reader was used to collect the light
scattering data.
FRET Analyses. Keto- (3) and oxy- (4) LUVs containing

NBD-PE and rhod-PE, respectively, were generated as
previously described and tested by FRET. All fluorescence
measurements were performed in a SPEX Fluorolog-3 Research
T-format Spectrofluorometer. NBD fluorescence was measured
at 471 nm (excitation) and 531 nm (emission), maintaining
narrow excitation slits to reduce light scattering interference.
To obtain FRET measurements, the NBD dye was excited at
471 nm, and the emission was scanned through 600 nm, and
the emission signal for rhod-PE was observed at 578 nm.
Fluorescence was followed immediately after mixing oxy-rhod-
PE LUV (4, 3 mM in PBS, 100 μL) with keto-NBD-PE LUV
(3, 3 mM in PBS, 100 μL) for approximately 2 h at 2 min
intervals. The total lipid concentrations were adjusted to 0.2
mM, and the two LUV populations had a 1:1 molar ratio. A
constant flow of water was passed through the cuvette holder
for temperature control. The temperature was maintained at 25
°C.
TEM Analyses. Keto- (1) and oxy- (2) LUVs were made as

previously described (0.2 mM in PBS, pH 7.4). The two vesicle
solutions (1:1) were mixed at room temperature for 30 min.
Four microliter aliquots of vesicles suspended in buffer applied
to standard lacey carbon EM grids were prepared according to
published methods. The specimens were blotted from behind
and then submerged into aurenyl acetate solution for staining.
The hydrated specimens were then placed in a TF30He Polara
G2 (FEI company) electron cryomicroscope operating at 300
keV. Images were recorded using a Tietz single port model 415
4k × 4k CCD camera with a 15 μm pixel size on the chip. Pixel
sizes at the specimen level were used to calculate accurate
dimensions for the specimen.
Cell Adhesion Patterning. Self-assembled monolayers

(SAMs) presenting aldehyde or oxyamine and tetra(ethylene
glycol) (EG4) groups were patterned using microfluidic
oxidation and microfluidic lithography, respectively.34,35 EG4
has been shown to passivate substrates against cell and protein
adsorption.36 Therefore, the ratio of EG4 and aldehyde or
oxyamine groups was 90:10 to ensure that fibroblasts (fbs)
were only adhering to the patterned surface regions that
presented 10% oxyamine or aldehyde groups, driven via oxime

conjugation. Fbs were separately cultured with keto- (5) or oxy-
(6) LUVs as previously described and were then seeded (∼102
cells/mL, 2 h) to the patterned oxyamine or aldehyde surfaces,
respectively. Media that 10% calf bovine serum (CBS) and 1%
penicillin/streptomycin was then added, and the substrates
were incubated at 37 °C in 5% CO2 for 4 d. Cells cultured with
liposomes, not containing the key functional groups, did not
attach to the patterned surfaces. Substrates were then stained
and imaged by fluorescence microscopy. Exposure times of 400
and 1200 ms were used to image nuclei and actin, respectively.
Fibroblast (Fb) Culture. Swiss 3T3 albino mouse fbs and

Rat2 fbs were cultured in Dulbecco’s Modified Eagle Medium
(Gibco) containing 10% calf bovine serum (CBS) and 1%
penicillin/streptomycin at 37 °C in 5% CO2.

Delivery of Functionalized Liposomes to Cells. Cells were
seeded onto a tissue culture plate and allowed to grow for 48 h
at 37 °C in 5% CO2 in CBS media.
Cell-Surface Engineering. Two cell-surface engineering

methods were employed to fluorescently label fbs. In this first
method, a solution of oxy-LUVs (6, 3 mM) was incubated with
a ketone-functionalized fluorescein (7, 0.15 mM, 1 equiv, 2 h),
forming fluorescently labeled liposomes. The liposomes were
then added to fbs in culture for 2 h. After fusion, the cells were
washed with PBS (3 × 2 mL), trypsinized (1 mL, 5 min, 37 °C,
5% CO2), diluted with CBS-containing media (∼102/mL), and
seeded to a glass substrate (1 × 1 cm2, 2 h). The cells were then
imaged under a fluorescence microscope with an exposure time
of 1/1200 s. In the second method, a solution of keto-LUVs (5,
200 μL, 0.6 mM) was added to fbs in culture for 2 h, resulting
in membrane fusion and subsequent display of ketones from
the cell surface (9). Rhod-oxyamine (8, 100 μL, 0.7 mM in
H2O) was then added the cells for 2 h. After oxime formation,
the fbs were washed with PBS (3 × 2 mL), trypsinized (1 mL, 5
min, 37 °C, 5% CO2), diluted with CBS-containing media
(∼102/mL), and seeded to a glass substrate (1 × 1 cm2, 2 h).
The cells were then imaged under a fluorescence microscope
with an exposure time of 1/1200 s.
Flow Cytometry. Liposomes with varying oxyamine mol %

(i.e., 0%, 1%, 5%, and 10%) were generated and cultured with
separate populations of fbs (6, 3 mM, 4 h), resulting in
membrane fusion and subsequent display of oxyamine groups
from cell surfaces (10). Ketone-functionalized fluorescein (7,
0.15 mM 2 h) was then reacted with the fbs, generating
fluorescently labeled cells. The control cells (i.e., not displaying
oxyamine groups) were incubated with ketone−fluorescein for
2 h each, under the same conditions. The cells were then
washed with PBS (3 × 5 mL), trypsinized (1 mL, 5 min, 37 °C,
5% CO2), centrifuged (5 min, 1000 rpm), resuspended in RPM
I (without phenol red), centrifuged (5 min, 1000 rpm), and
resuspended in RPMI (∼107 cells/2 mL). Fluorescence-assisted
cell sorting analyses (FACS) of the control and fbs with 1%,
5%, and 10% oxyamine were then performed (2 × 103 cells).
Fluorescence measurements were calibrated using RCP-5-30
beads (∼107 beads/mL, 2 × 103 beads counted, Spherotech,
Inc., Lake Forest, IL) of known fluorescein equivalent molecule
density.37 The RCP-5-30 beads contain a mixture of several
similar size particles with different fluorescence intensities and a
blank. Every particle contains a mixture of fluorophores that
allows excitation at any wavelength from 365 to 650 nm. As a
result, the RCP-30-5 beads have a twofold purpose: (1)
calibrate the different channels in the flow cytometer being
used and (2) cross-calibrate the relative number of
fluorophores with cells or particles stained with known number
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of spectral matching fluorophores, such as FITC, to estimate
the number of fluorophores on stained cells. No background is
required to be subtracted because the different fluorophores are
calibrated to the different flow cytometer channels. The raw
data obtained in Figure 5b was cross-calibrated to the
calibration curve that is generated with the RCP-30-5 beads
to obtain the values seen in Figure 5c. The approximations of
FITC molecules per cell in Figure 5c were determined by cross
calibrating the 0% (control), 1%, 5%, and 10% oxyamine-

containing liposomes to the standard curve (blank and 5
fluorophores) generated using the manufacturer’s Excel spread-
sheet and instructions (Spherotech, Inc., Lake Forest, IL). After
generating a standard calibration curve with the RCP-30-5
beads, the mean fluorescence intensities obtained from the
FITC channel were cross-calibrated with the curve using the
manufacturer’s spreadsheet to produce an approximation of the
number of molecules per cell. The number of counted beads in
each sample were the same.

Figure 1. General schematic and corresponding lipid components for the formation of fused and adhered liposomes based on chemoselective oxime
conjugation. (a) When mixed, ketone- and oxyamine-tethered liposomes react chemoselectively to form an interfacial, covalent oxime linkage,
resulting in liposome docking and adhesion. Docked liposomes either fuse or form multiadherent structures. (b) Dodecanone molecules were
incorporated into neutral, POPC at a ratio of 5:95 to form keto-LUVs (1), while O-dodecyloxyamine molecules were incorporated into POPC and
negatively charged, POPG at a ratio of 5:75:20 to form oxy-LUVs (2). These liposomes were used for liposome−liposome fusion studies. (c)
Dodecanone molecules were incorporated into POPC and fluorescence donor, NBD-PE at a ratio of 5:93:2 to form keto-NBD-PE LUVs (3). O-
Dodecyloxyamine molecules were incorporated into POPC, POPG, and fluorescence acceptor, rhod-PE at a ratio of 5:73:20:2 to form oxy-rhod-PE
LUVs (4). These liposomes were used for FRET studies. (d) Dodecanone molecules were incorporated into POPC and positively charged, DOTAP
at a ratio of 5:97:2 to form ketone-presenting liposomes (5). O-Dodecyloxyamine molecules were incorporated into POPC and DOTAP at a ratio of
5:93:2 to form oxyamine-presenting liposomes (6). These liposomes were used for cell-liposome fusion studies.
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Fluorescent intensities based on number of cells counted
were compared to the standard bead and control cells lacking
fluorescent molecule conjugation and approximate numbers of
fluorescent compound bound to the surface was calculated.
Flow cytometry was carried out using a Dako CyAn ADP
(Beckman-Coulter, Brea, CA), and data was analyzed with
Summit 4.3 software.

■ RESULTS AND DISCUSSION

In previous studies, we demonstrated how chemoselective
oxime chemistry can be used to present biospecific ligands from
supported, model fluid lipid bilayer membranes for protein
receptor recognition.38 We also showed that the resultant
oxime bond is extremely stable under physiological con-
ditions.33−35 In this report, we employ a similar oxime ligation
strategy to generate a number of large unilamellar vesicles
(LUVs) that present ketone or oxyamine functional groups. We
first initiated liposome−liposome fusion events through
molecular recognition and subsequent oxime bond formation
and characterized the fusion using fluorescence resonance
energy transfer (FRET), matrix-assisted laser-desorption/
ionization mass spectrometry (MADLI-MS), dynamic light
scattering (DLS), and transmission electron microscopy
(TEM). Next, liposomes containing ketone and oxyamine
groups were cultured with 3T3 Swiss albino fibroblasts,

resulting in membrane fusion and display of oxyamines and
ketones from the cell surface for further fluorescent probe
conjugation. For the liposome−liposome fusion events studied
by MALDI-MS (Figure 2a), DLS (Figure 2d), and TEM
(Figure 2b), dodecanone and dodecyloxyamine molecules were
incorporated, separately, into neutral, egg palmitoyl-oleoyl
phosphatidylcholine (POPC) at a ratio of 5:95 to form keto-
LUVs (1) and oxy-LUVs (2), respectively (Figure 1a,b). When
observing liposome fusion via FRET analyses (Figure 2c),
dodecanone molecules were mixed with POPC and fluo-
rescence donor, egg 1,2-diphytanoyl-sn-glycero-3-phosphoetha-
nolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE) at a
ratio of 5:93:2 to form keto-NBD-PE-LUVs (3), while
dodecyloxyamine molecules were incorporated into POPC,
negatively charged, egg 1-palmitoyl-2-oleoyl-phosphatidylgly-
cerol (POPG), and fluorescence acceptor, egg 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (rhod-PE) at a ratio of 5:73:20:2 to form oxy-rhod-
PE-LUVs (4). Finally, liposomes that contained dodecanone,
POPC, and cationic lipid, 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP) (5:93:2, 5) and liposomes that composed
of dodecyloxyamine, POPC, and DOTAP (5:93:2, 6) were
generated to investigate liposome-cell fusion processes (Figure
1d). Cationic lipid, DOTAP, was incorporated to induce
membrane fusion due to the electrostatic interactions with the
negatively charged cell surface.39,40

Figure 2. Characterization of the formation of fused and adhered liposomes based on chemoselective oxime conjugation. (a) Mass spectrometry
(MS) data representing the oxime ligation of keto-LUVs to self-assembled monolayers (SAMs) of oxyamine-terminated alkanethiol on a gold surface
is displayed. Matrix-assisted laser desorption/ionization (MALDI) was performed after keto-LUVs were delivered to the surface, and a mass of 387
units was detected, confirming oxime conjugation. (b) Structural analyses using transmission electron microscopy (TEM), representing the adhesion
and fusion of keto- (1) and oxy- (2) LUVs over time. The following images are shown from left to right: multiadherent liposomes that are not fused;
partially fused liposomes; and a single, large liposome after complete fusion. The scale bars represent 60 nm. (c) Fluorescence resonance energy
transfer (FRET) analysis of liposome adhesion and fusion was monitored over 2 h. Fluorescence emission of keto-NBD-PE/PC LUVs (3), excited at
460 nm, was observed by scanning 475−600 nm (green trace). Fluorescence emission of keto-NBD-PE/PC LUVs (3) mixed with oxy-rhod-PE/PC/
POPG LUVs (4) is represented (purple trace). A new FRET emission peak is observed at 578 nm showing mixed liposome adhesion. (d) Dynamic
light scattering (DLS) was performed upon mixing liposomes (1 and 2) to monitor vesicle size change as a function of time. Increases in vesicle size
were observed due to aggregation, adhesion, or fusion (blue trace). Liposome saturation was reached ∼80 min after mixing. Without the presence of
ketone and oxyamine functional groups, the LUV size remains constant (red trace).

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc200236m | Bioconjugate Chem. 2011, 22, 2423−24332428



Fusion Methodology and DLS Analyses. Our general
fusion methodology is described in Figure 1a. Two liposome
populations (1 and 2, 3 and 4, or 5 and 6) were mixed,
resulting in liposome docking, adhesion, and finally fusion due
to the formation of stable, interfacial oxime bonds. Depending
on the application, liposomes fuse to each other, forming larger
liposomal structures (Figure 2b) or to cell surfaces and then be
further conjugated with the corresponding oxime component.
DLS was performed upon mixing liposomes 1 and 2 over 2 h to
monitor vesicle size change as a function of time. Increases in
vesicle size were observed due to aggregation, adhesion, or
fusion (blue trace, Figure 2d). Liposome saturation was reached
∼80 min after mixing. We believe that, in some cases,
liposomes 1 and 2 associate with each other through oxime
chemistry and initiate docking/adhesion until enough lip-
osomes have clustered to induce a sharp growth in size. We
initially varied the ketone and oxyamine concentrations and
found through our cell-surface engineering experiments and
FACS analyses that higher ketone and oxyamine concentrations
led to increases of these functional groups on the cell surface.
However, increasing the concentration of functional groups led

to faster fusion events but did not necessarily increase the
liposome size after liposome−liposome fusion. We are studying
the detailed relationship among the kinetics of liposome fusion,
liposome size, and concentration of functional groups in the
liposome. In control reactions, LUVs not presenting ketones
were reacted with LUVs containing oxyamines (1) (red trace,
Figure 2d). Likewise, LUVs containing ketone groups (2) were
mixed with LUVs that did not display oxyamines. For both of
these control experiments, no size change was observed over
time. This result strongly supports that liposome adhesion and
fusion are driven by chemoselective oxime bond formation
between the ketone- and oxyamine-alkanes.
TEM. Structural insight into the formation of different

adhered and fused liposomes was observed through TEM
(Figure 2b).41 Vesicles of different sizes and shapes result after
2 h of liposome mixing (keto-LUV, 1, and oxy-LUV, 2). The
liposome size gradually increases with time and is consistent
with the data collected from other sizing experiments (e.g.,
DLS). Upon reaction, the following three structures were
observed: multiadherent liposomes that were not fused,

Figure 3. (Top) Schematic describing the delivery and subsequent fusion of fluorescent liposomes to cell surfaces with corresponding brightfield and
fluorescent images. (a) Oxy-LUVs (6, 3 mM) were reacted with fluorescein−ketone (7, 0.15 mM, 2 h) to generate green fluorescent liposomes. The
fluorescent liposomes were then added to fbs in culture, resulting in the fluorescent labeling of cells after liposome fusion to the cell membrane.
Micrographs show (b) control cells where liposomes not containing oxyamine groups were incubated with fluorescein−ketone and added to fbs in
culture for 2 h and (c) green fluorescently labeled cells after oxyamine-functionalized liposomes were incubated with fluorescein−ketone and
delivered to fbs (2 h). (Bottom) General schematic and images for cell-surface tailoring using liposome fusion and chemoselective oxime chemistry.
(d) Keto-LUVs (5, 3 mM) were added and fused with the cells to display these groups from the cell surface (9). Addition of rhod-oxyamine (8, 0.7
mM in H2O, 2 min) resulted in chemoselective oxime formation and red fluorescent labeling of the cells. Images display (e) control fbs where
liposomes not displaying ketones were fused to the membrane (2 h) and rhod-oxyamine was added and no fluorescence was observed, and (f)
fluorescently labeled cells after ketone-functionalized liposomes were fused to fbs (2 h) and cells were incubated with rhod-oxyamine. Scale bars for
b,c,d,e represent 50 and 30 μm, respectively.
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partially fused liposomes, and completely fused, large uni- and
multilamellar liposomes (Figure 2b).
FRET. Figure 2c shows a liposome fusion assay involving

FRET characterization. A lipid-bound FRET pair, NBD-PE
(donor) and rhod-PE (acceptor), were incorporated at 2 mol %
concentration during liposome generation to produce keto-
NBD-PE LUVs (3) and oxy-rhod-PE LUVs (4), respectively.
Hypothetically, fusion of these vesicles should result in a
gradual decrease in the donor emission peak and an increase in
acceptor emission peak40 due to the close proximity of these
dyes. As shown, vesicle mixing resulted in this FRET fusion
signature. Fusion was observed immediately upon mixing 3 and
4, slowing within 2 h to a stable population, which is similar to
earlier sizing results. An emission peak was not observed for the
acceptor rhodamine dye when performing control experiments
that tested the energy transfer with an LUV that did not
contain oxyamines. Similar results were observed when LUVs
that did not contain ketones or oxyamines were mixed. This
data further supports that liposome aggregation and fusion are
based on chemoselective oxime bond formation.
MALDI-MS. Oxime conjugation, after keto-LUV (1) fusion,

was confirmed by MALDI-MS analysis. Self-assembled
monolayers (SAMs) of aminooxyundecanethiol were formed
on a gold-coated, sample plate. A solution containing keto-
LUVs (1) was then allowed to fuse and react with the surface
for 90 min, followed by MALDI-MS examination. A mass of
387 units was detected, confirming successful oxime con-
jugation, resulting from liposome fusion on the surface (Figure
2a).
Cell-Surface Labeling. Chemical approaches to engineer

cell surfaces have emerged as powerful tools for a variety of
biomedical and biotechnological applications, including tissue
engineering, drug delivery, and cell-based therapies.24 Several
metabolic and genetic approaches to display small molecular

recognition pairs at cell surfaces for further covalent
modification have been achieved through Click chemistry42

and Staudinger ligation.20 However, such strategies may alter
cellular physiology and interfere with normal biochemical
pathways.28 In this report, we use oxime chemistry to tailor and
fluorescently label cell surfaces via a novel liposome fusion
strategy. As mentioned, cationic lipid, DOTAP, was incorpo-
rated within keto- and oxy-LUVs to initiate electrostatic
destabilization and subsequent fusion to the cell membrane.39

As such, the minimum DOTAP concentration required to
facilitate liposome−cell fusion was determined to be 2%
through fluorescence labeling optimization. Keto-LUVs were
generated using DOTAP and POPC concentrations that
ranged from 0.5% to 5% and 90% to 94.5%, respectively,
while maintaining a 5% ketone concentration. These liposomes
were incubated with fibroblasts (fbs) for 4 h, conjugated with
an oxyamine-tethered rhodamine (rhod-oxyamine, 8) (0.7 mM,
2 h), and the cell fluorescence intensities were then compared.
From 2% to 5% DOTAP, the intensities were almost identical,
indicating that 2% DOTAP is sufficient to initiate fusion. The
liposomes for liposome−cell fusion events were approximately
∼60 nm in diameter, similar to those used for the liposome−
liposome fusion characterization.
Given this optimized lipid ratio (POPC/ketone or oxy-

amine/DOTAP at 93:5:2), two cell-surface engineering
methods were employed to fluorescently label fbs. Similar to
our optimization experiments, a solution of keto-LUVs (5, 200
μL, 0.6 mM) was added to fbs in culture for 2 h, resulting in
membrane fusion and subsequent display of ketones from the
cell surface (9) (Figure 3d). Rhod-oxyamine (8, 100 μL, 0.7
mM in H2O) was then added the cells for 2 h. After oxime
formation, the fbs were washed with PBS, trypsinized, diluted
with CBS-containing media (∼102/mL), seeded to a glass
substrate, and imaged under a fluorescent microscope. As

Figure 4. Schematics and fluorescent micrographs of rewired cells adhered to patterned self-assembled monolayers (SAMs) of alkanethiolates on
gold substrates. (a,b) Keto- (5) and oxy-LUVs (6, 3 mM, 4 h) were cultured with separate fb populations, producing ketone- and oxyamine-
presenting fbs (9 and 10, respectively). These cells were then seeded (∼102 per mL, 2 h) to patterned, oxyamine- and aldehyde-terminated SAMs
(10%), respectively, and allowed to adhere through stable oxime conjugation. The unpatterned surface regions present tetra(ethylene glycol), which
resists cell and protein adsorption. The cells then grew and proliferated only filling out the oxyamine- and aldehyde-tethered surface regions,
respectively. (c) Fluorescent micrograph of patterned ketone-fbs (9), adhered to an oxyamine-terminated SAM is shown. (d,e) Fluorescent
micrographs of patterned oxyamine-fbs (10), adhered to an aldehyde-terminated SAM are demonstrated. Cells were stained with DAPI (blue,
nucleus) and phalloidin (red, actin).
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observed in Figure 3f, the conjugation of rhod-oxyamine with
ketone-presenting fbs resulted in the red fluorescence labeling
of cells. When the control fbs (i.e., no ketone groups present)
were reacted with rhod-oxyamine (8) and then imaged, no
fluorescence was observed (Figure 3e). Demonstrating the
flexibility of this liposome-based surface labeling strategy, we
modified fb surfaces to present a ketone-functionalized
fluorescein dye (7) after oxy-LUV-ketone-fluorescein con-
jugation and subsequent membrane fusion (Figure 3a). A
solution of oxy-LUVs (6, 3 mM) was incubated with a ketone-
functionalized fluorescein (7, 0.15 mM, 1 equiv, 2 h),
generating fluorescently labeled liposomes. The liposomes
were then added to fbs in culture for 2 h. After fusion, the cells
were washed with PBS, trypsinized, diluted with CBS-
containing media (∼102/mL), seeded to a glass substrate,
and imaged under a fluorescent microscope. Figure 3c presents
green fluorescently labeled fbs after fusion with fluorescein-
functionalized LUVs. Through fluorescent and confocal
imaging, it appears that, after membrane fusion and/or
endocytosis of cultured liposomes, fluorescence is also observed
in several membrane organelles. This is an advantage of the
system in that ketone or oxyamine groups are present at the cell
surface and also decorate various internal membranes. It may be
possible to label internal organelles with oxyamine chemistry
for future targeting studies and applications. We assume that
these lipids and fluorophores are packaged and trafficked to and
from the cell surface and internal compartments. However,
enough functional groups are present on the cell surface to
provide handles for further oxime chemistry conjugation to
tailor cell surfaces. When liposomes not containing oxyamine
groups were incubated with fluorescein−ketone and added to
fbs in culture for 2 h, no fluorescence was observed (Figure 3b).
Thus, our control images indicated that reaction and labeling
does not occur without the proper oxime recognition pair

(Figure 3b and e). Furthermore, under these conditions, we
observed no changes in cell behavior upon liposome fusion to
cells, which is a very important feature for future in vivo
applications. Thus, by combining liposome fusion and oxime
chemistry, we were able to tailor the cell surface with either
ketone groups or oxyamine groups, which may act as
chemoselective cell-surface receptors for a range of small
molecules, ligands, biomolecules, and nanoparticles.
Cell Patterning: Rewiring Adhesion. The ability to

pattern and adhere cells to different materials, such as thin
metal films, polymer scaffolds, and nanoparticles, with a simple
and straightforward chemoselective and bio-orthogonal ap-
proach would be beneficial for cell biology, tissue engineering,
and biotechnology. Thus, we employed liposome fusion-based
toward cell-surface engineering to modify and rewire cell
surface to adhere to patterned 2D substrates, directed through
stable oxime bond conjugation. Figure 4a,b illustrates the
strategy to rewire cell surfaces for the goal of cell adhesion to
self-assembled monolayers (SAMs) of alkanethiolates on gold
substrates. Employing microfluidic oxidation34 and lithogra-
phy,35 aldehyde and oxyamine SAMs, respectively, were
patterned at a ratio of 10%. The remaining 90% of the surface
was backfilled with tetra(ethylene glycol) alkanethiol, which is
known to pacify biomaterials against nonspecific protein
adsorption and cell adhesion.36 Meanwhile, fbs were cultured
separately with keto- (5) and oxy-LUVs (6, 3 mM, 4 h),
resulting in membrane fusion and subsequent display of
ketones (9) and oxyamines (10) from cell surfaces. The
resulting ketone- and oxyamine-presenting fbs were then
seeded (∼102 cells/mL, 2 h) to the patterned oxyamine and
aldehyde substrates, respectively, and allowed to react and form
stable oxime linkages in the patterned regions. The cells were
cultured for 4 d on these substrates, growing and proliferating
in the patterned regions. The results of patterned keto-fbs on

Figure 5. Cell surface molecule quantification using flow cytometry. (a) Oxy-LUVs (6, 3 mM) were added to fbs in culture (4 h), resulting in
membrane fusion and subsequent display of oxyamine groups from cell surfaces (10). Ketone-functionalized fluorescein (7, 0.15 mM, 2 h) was then
reacted with the fbs, generating fluorescently labeled cells. (b) Liposomes with varying oxyamine mol % (0%, 1%, 5%, and 10%) were generated and
cultured with separate populations of fbs. After reacting with ketone−fluorescein, the cell populations were washed with PBS, trypsinized,
centrifuged, resuspended in RPMI media, and tested using FACS analyses. As shown, the fluorescence intensity increased with increasing oxyamine
concentration. (c) The number of molecules present at the cell surface with respect to oxyamine concentration was quantified using flow cytometry.
A bead with a known FITC molecule density was employed as a standard comparison to calculate the number of oxyamines after oxy-LUVs (6) with
0%, 1%, 5%, and 10% oxyamine was cultured with cells. As the oxyamine concentration increased, the molecules per cell increased linearly (0%, 128;
1%, 1600; 5%, 9800; and 10%, 17 400). Twenty thousand cells were counted for each sampling.
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oxyamine SAMs are shown in Figure 4c; patterned oxy-fbs on
aldehyde SAMs are displayed in Figure 4d,e. Furthermore,
unmodified cells did not attach to the surface. Thus, this
strategy allows for a bottom-up, bio-orthogonal synthetic
approach to rewire how cells adhere to materials and does
not require metabolic or genetic cell manipulations.
Flow Cytometry. Flow cytometry was performed to

further verify the ability of tailoring small molecules to cell
surfaces through covalent oxime bond formation. This method
also enables the quantification of ketone and oxyamine
molecules that are present at the cell surface after liposome
delivery and subsequent membrane fusion. Liposomes that
incorporated varying oxyamine concentrations of (i.e., 0, 1, 5,
and 10 mol %) were generated (6, 3 mM), cultured with
separate fb populations for 4 h, resulting in membrane fusion
and oxyamine display (10, Figure 5a). A ketone-modified
fluorescein dye (7, 0.15 mM, 2 h) was then conjugated to the
cell surfaces in each population, producing green fluorescently
labeled fbs. The FACS analyses results are demonstrated in
Figure 5b. Twenty thousand cells were counted for all samples.
As shown, the fluorescence intensity increases with increasing
number of oxyamine molecules present for fluorescein
conjugation. Additionally, the control cell population that was
fused with unmodified liposomes and reacted with ketone−
fluorescein (7) demonstrated the lowest intensity. Further-
more, a bead with known FITC molecule density was calibrated
and used as a standard comparison to quantify the number of
oxyamine molecules present at the cell surface after fusion.37

Figure 5c displays the correlation between oxyamine mol % and
oxyamine molecules per cell counted by FACS analyses. The
calculated molecules per cell for the control fbs and oxyamine-
presenting fbs that were fused with 1%, 5%, and 10% oxyamine
were approximately 128, 1300, 9800, and 17 400, respectively.
A linear trend was observed; as the molecule concentration
increased, the fluorescence intensity and number of molecules
at the cell surface increased. Thus, the density of molecules that
decorate cell surfaces can be controlled and quantified using
this liposome fusion-based methodology for cell-surface
engineering.

■ CONCLUSION
In summary, we developed a chemoselective synthetic cell
receptor system based on a liposome delivery and fusion
strategy. Ketone and oxyamine groups were introduced to a
liposomal system and chemoselective vesicle fusion was
achieved using molecular recognition and interfacial oxime
bond formation. Subsequent delivery of the decorated lip-
osomes to cells lead to fusion and modification of a cell surface
by bio-orthogonal reactive groups that serve as synthetic
chemoselective cell receptors. Ketone and oxyamine modified
cells were patterned on solid surfaces, displaying oxyamine and
ketone groups, respectively. Thus, rewiring cell adhesion was
achieved using chemoselective oxime bond formation and
without using any cell adhesive ligands, such as Arg-Gly-Asp
(RGD) and fibronectin. Since no biomolecules are used with
this strategy, no long-term stability and degradation issues in
complex cell culture media or in vivo will affect cell targeting or
cell assembly. This methodology may have diverse applications
in biomedical technologies including tissue engineering and
regenerative medicine. Cells displaying ketone and oxyamine
groups can react chemoselectively to form three-dimensional
(3D) and tissue-like structures as directed through in situ oxime
bond formation.43 This method can be extended to generate

3D cell coculture systems and study cell−cell interactions. The
ketone- and oxyamine-functionalized liposomes may have
extensive applications in drug delivery and diagnostic
applications, in which the interior of the liposome contains
cargo while the exterior surface can be simultaneously
functionalized with the tracking agent.
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ABSTRACT: In this article, the characterization of the first near-infrared
(NIR) phospholipase-activated molecular beacon is reported, and its utility
for in vivo cancer imaging is demonstrated. The probe consists of three
elements: a phospholipid (PL) backbone to which the NIR fluorophore,
pyropheophorbide a (Pyro), and the NIR Black Hole Quencher 3 (BHQ)
were conjugated. Because of the close proximity of BHQ to Pyro, the Pyro-
PtdEtn-BHQ probe is self-quenched until enzyme hydrolysis releases the
fluorophore. The Pyro-PtdEtn-BHQ probe is highly specific to one isoform
of phospholipase C, phosphatidylcholine-specific phospholipase C (PC-
PLC), responsible for catabolizing phosphatidylcholine directly to
phosphocholine. Incubation of Pyro-PtdEtn-BHQ in vitro with PC-PLC
demonstrated a 150-fold increase in fluorescence that could be inhibited by
the specific PC-PLC inhibitor tricyclodecan-9-yl xanthogenate (D609) with
an IC50 of 34 ± 8 μM. Since elevations in phosphocholine have been
consistently observed by magnetic resonance spectroscopy in a wide array of cancer cells and solid tumors, we assessed the utility
of Pyro-PtdEtn-BHQ as a probe for targeted tumor imaging. Injection of Pyro-PtdEtn-BHQ into mice bearing DU145 human
prostate tumor xenografts followed by in vivo NIR imaging resulted in a 4-fold increase in tumor radiance over background and a
2 fold increase in the tumor/muscle ratio. Tumor fluorescence enhancement was inhibited with the administration of D609. The
ability to image PC-PLC activity in vivo provides a unique and sensitive method of monitoring one of the critical phospholipase
signaling pathways activated in cancer, as well as the phospholipase activities that are altered in response to cancer treatment.

■ INTRODUCTION

Molecular imaging techniques offer the potential ability to
detect cancer at a curable stage, to monitor and adjust patient
treatments, and to improve the efficiency of cancer drug
development.1 Direct monitoring of a molecular target allows
detailed elucidation of key metabolic pathways and specific
cellular processes that become deregulated in cancer.2−6 Lipids
play an important role in the regulation of cellular responses
and communication,7 so it is not surprising that the lipid
metabolic profile has been found to be altered in a variety of
cancers. The development of probes for imaging lipid
metabolism has been relatively unexplored but holds great
promise for resolving and monitoring specific molecular targets
for anticancer therapy.
Magnetic resonance spectroscopy (MRS) has been used

extensively to study the biochemistry and physiology of cancer
cells and solid tumors by observing changes in the lipid
metabolites of phosphatidylcholine (PtdCho). Over the past
two decades, 1H- and 31P-MRS have consistently revealed the
presence of increased levels of phosphocholine (PC) in
breast,8−14 prostate,13,15−18 and brain8,13,16,19−21 cancer cells
and solid tumors. Elevated levels of PC, in particular, have been
correlated with the degree of malignancy,22−24 and it has been
shown that PC levels decrease in response to chemotherapeutic
treatment.25 Although elevations in PC have been attributed to

up-regulation of choline transport and choline kinase
activity,22,25 there is also evidence that increased PtdCho
catabolism may also play a role.14,26,27 Phosphatidylcholine-
specific phospholipase C (PC-PLC) hydrolyzes PtdCho to PC
and diacylgycerol and has been implicated in contributing to
the irregular choline metabolism in cancer.26,28,29 It is of
growing importance to resolve the source of PC as a potential
marker for the malignant phenotype10,30 and for assessing
tumor response to therapy.31,32

In a previous paper, we reported the synthesis of a series of
self-quenched near-infrared (NIR) fluorescent probes sensitive
to the actions of phospholipases.33 This follows from our
studies in which the enzymatic activation of a protease-sensitive
probe resulted in the separation of a fluorophore from a dark
quencher leading to increased fluorescence.34,35 In this article,
we focus on one probe, Pyro-PtdEtn-BHQ (1-palmitoyl-2-pyro-
pheophorbide-sn-glycero-3-phosphoethanolamine-BHQ-3),
which is highly specific to PC-PLC, in order to directly examine
the contribution of the catabolic pathway to increased levels of
PC. The NIR fluorophore, pyropheophorbide a (Pyro; λ ex =
410, 665 nm; λ em = 670, 725 nm), is attached to the sn-2
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position, and the NIR Black Hole Quencher 3 (BHQ,
absorbance range: 620−730 nm) is conjugated to the head-
group. The close proximity of the quencher to the fluorophore
results in fluorescence quenching. Upon enzymatic cleavage
by PC-PLC, the fluorescent moiety is separated from the
phospholipid, and fluorescence is restored. Results from a
positive control, a fluorescent unquenched lipid analogue, Pyro-
PtdEtn (1-palmitoyl-2-pyropheophorbide-sn-glycero-3-phos-
phoethanolamine), are also reported.
It is demonstrated that Pyro-PtdEtn-BHQ exhibits a marked

specificity for PC-PLC and that it can be activated in cultured
DU145 human prostate tumor cells and tumor xenografts.
Moreover, fluorescence can be attenuated using tricyclodecan-
9-yl xanthogenate (D609), a specific inhibitor to PC-PLC, both
in solution and in vivo. These data indicate that the catabolic
pathway of PC formation via PC-PLC may be an important
contributor to the alterations in choline metabolism seen in
cancer progression and development.

■ MATERIALS AND METHODS
Synthesis of Pyro-PtdEtn-BHQ and Pyro-PtdEtn. The

detailed synthesis and characterization of a series of
phospholipase-sensitive fluorophores has been published else-
where.33 Pyropheophorbide a (λ abs = 665 nm, λ em = 725 nm)
was prepared from Spirulina Pacif ica algae (Cyanotech
Corporation, Kailua-Kona, HI, USA) according to a previously
published procedure.36 N-tert-butoxycarbonyl-1-palmitoyl-sn-
glycero-3-phosphoethanolamine (Lyso-PtdEtn-N-Boc, Avanti
Polar Lipids, Inc., Alabaster, AL) was acylated with Pyro in the
presence of N -(3-dimethylaminopropyl)-N′-ethyl carbodiimide
hydrochloride (EDC), and 4-dimethylaminopyridine (DMAP).
N-Boc deprotection with trifluoroacetic acid resulted in the
permanently fluorescent phospholipid analogue, Pyro-PtdEtn,
at 30% yield (50 mg). Further N-acylation of Pyro-PtdEtn with
BHQ succinimidyl ester hexafluorophosphate (BHQ-3-
SU+PF6

−, λ abs = 620−730 nm, Biosearch Technologies,
Novato, CA) in the presence of triethylamine (Et3N) in
CH2Cl2 gave rise to Pyro-PtdEtn-BHQ at 15% yield (20 mg).
Phospholipases. Phospholipases were obtained from

Sigma (St. Louis, MO), dissolved in Tris buffer (50 mM
Tris-HCl, pH 7.4) and stored in aliquots at −20 °C.
Mammalian phospholipase isoforms were used whenever
available: sPLA2 (type IB, porcine pancreas and bovine
pancreas), otherwise bacterial isoforms were employed: PC-
PLC (Bacillus cereus), PI-PLC (B. cereus), SMase (B. cereus),
and PC-PLD (Streptomyces chromofuscus).
Lipid Dispersions. Pyro-PtdEtn-BHQ or Pyro-PtdEtn

(ε = 110,000 M−1 cm−1 at 410 nm) was combined with
PtdCho (chicken egg, Avanti Polar Lipids, Inc., Alabaster, AL)
in chloroform and dried under a stream of nitrogen. Lipid films
were rehydrated with buffer (50 mM Tris-HCL, pH 7.4), and
small unilamellar vesicles were formed by sonication until an
optically clear dispersion was obtained. For TLC and MALDI-
TOF experiments, a concentration of 200 μM Pyro-PtdEtn-
BHQ was used at a mole fraction of 0.05 in egg PtdCho. For
kinetic experiments, a concentration of 1 μM Pyro-PtdEtn-
BHQ was used at mole fractions of 0.002−0.04 in egg PtdCho.
TLC Assay. Aliquots (200 μL) of the sonicated Pyro-

PtdEtn-BHQ/egg-PtdCho (MF 0.05) lipid dispersion were
incubated at 37 °C with 1 U of enzyme: PC-PLC, PI-PLC,
SMase, PC-PLD, type IA sPLA2, or type IB sPLA2. After 24 h, a
sample from each aliquot was separated on an UV Silica Gel
TLC plate using the solvent chloroform/methanol (100:15).

Fluorescent bands due to cleavage were detected using a 385
nm UV lamp. The Rf of each band was compared to a control
Pyro-PtdEtn-BHQ/lipid dispersion that had not been exposed
to enzyme.
HPLC and MALDI-TOF Mass Spectrometry. Products of

the Pyro-PtdEtn-BHQ-phospholipase cleavage experiments
were separated using reverse-phase HPLC. The HPLC system
consisted of a Waters 600 controller with a quaternary pump
equipped with a Waters 2996 diode array detector (Waters
Corp, Milford, CT) and a Zorbax 300SB-C3 column (4.6 ×
150 mm, Agilent Corp, Santa Clara, CA). The flow rate of the
mobile phase was 1.5 mL/min. The mobile phase composition
was (A) acetonitrile, (B) 0.1 M triethylamine + acetic acid, pH
7, and (C) methanol. Solvent composition began with 80%
solvent A and 20% solvent B, which was increased to 90% A
and 10% B over 10 min. Conditions were then changed to 90%
A and 10% C for 10 min followed by 90% C and 10% A over 60
min. The identity of isolated fragments was subsequently
confirmed with MALDI-TOF MS using an Applied Biosystems
Voyager DE Mass Spectrometer with positive mode ionization.
The matrix consisted of α-cyano-4-hydroxycinnamic acid or 2-
(4-hydroxyphenylazo)benzoic acid.
Confocal Microscopy Studies. Cells (1 × 105 cells/mL)

were grown on Nunc chambered culture slides for 24 h and
incubated for 1 h at 37 °C with 10 μL of 5 μM Pyro PL or
Pyro-PtdEtn-BHQ in saline or saline as a control. The cells
were rinsed, mounted, and observed via confocal microscopy
on a Zeiss LSM 510 META confocal microscope with λ ex = 633
nm and λ em = 665−718 nm. The intensity density was
quantified from each image using ImageJ software and
normalized to the area occupied by cells.
Kinetics Analysis by Fluorescence Spectroscopy. A

Molecular Devices SpectraMax M5 microplate reader was used
to measure the fluorescence from 100 μL samples containing
1 μM substrate dispersed in egg-PtdCho vesicles in buffer
(50 mM Tris-HCl, pH 7.4). Following enzyme addition, the initial
rate measured in relative fluorescence units per minute (RFU/
min) was determined using SoftMax Pro Software (Molecular
Devices, Sunnyvale, CA) with λ ex = 410 nm and λ em = 675 nm.
Cell Culture. The human prostate carcinoma cell line,

DU145, was maintained in MEM Eagle culture medium
supplemented with 10% (v/v) fetal calf serum, 2 mM L-
glutamine, and 1% penicillin/streptomycin and buffered with
20 mM sodium bicarbonate. Cultures were grown in 150 cm2

filter cap tissue culture flasks using standard culture conditions
of 37 °C and 5% CO2 in air.

In Vivo NIR Fluorescence Imaging. DU145 cells (5 ×
106) were injected subcutaneously above the left hind legs of
4−6 week old athymic nude mice (NCI, Fort Dietrich, MD).
Tumors were grown for 4−6 weeks until they reached a volume
of 200−400 mm3. Mice were fed low-fluorescent pellets
(Labdiet 5 V02, Animal Specialties and Provisions, LLC, PA)
for 1−3 days prior to imaging. Mice were anesthetized with 100 μL
of ketamine (50 mg/mL) /acepromazine (5 mg/mL). Prescan
visible and fluorescent images were taken with a Xenogen IVIS
system using Cy5.5 fluorescence filters (λ ex = 615−667 nm,
λ em = 695−770 nm), and an exposure time of 1 s. Following
the prescan image, the mice were injected i.v. with 80 nmol
Pyro-PtdEtn or Pyro-PtdEtn-BHQ solubilized in 50 mM Tris-
HCl, pH 7.4, and 0.1% Tween-80 (200 μL/mouse). In
inhibition experiments, D609 (Sigma-Aldrich, St. Louis, MO)
was administered intraperitoneally at a dose of 50 μg/g body
weight 30 min prior to and 30, 60, and 120 min post-injection
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of Pyro-PtdEtn-BHQ.37,38 Images were acquired every few
minutes for the first 1.5 h, followed by every hour up to 6 h,
and then again between 24 and 30 h. Background fluorescence
was subtracted from all images. A region of interest was drawn
around both the tumor and the contralateral muscle, and the
average radiance was measured (photons/s/cm2/sr). The
tumor/muscle average radiance ratios were calculated at each
time point.
Amplex Red Assay of PC-PLC Activity in Extracts of

Tumor Xenografts. DU145 tumors were excised from
euthanized mice and weighed (∼90 mg). Tumors were sliced,
minced, and transferred to 15 mL centrifuge tubes in 7 mL of
cold PBS (without Ca2+ or Mg2+). Samples were centrifuged at
7000 rpm for 8 min. PBS was removed, and pellets were lysed
at 4 °C for 30 min with 0.5 mL of lysis buffer (50 mM Tris-HCl
at pH 7.4, 1% Triton X-100, 1 Complete Mini protease
inhibitor tablet, 1 mM EGTA, 2 mM EDTA, and 150 mM
NaCl). The lysed suspensions were homogenized for 5 min and
centrifuged at 13,500 rpm for 10 min, and the supernatant
fraction was collected and stored at −80 °C. PC-PLC activity
was determined by adding the thawed supernatant fraction to a
reaction mixture containing 0.4 mM Amplex Red, 1 unit/mL
horseradish peroxidase, 4 unit/mL alkaline phosphatase, 0.1
unit/mL choline oxidase, and 0.5 mM PtdCho in 1× Reaction
Buffer (50 mM Tris-HCl, pH 7.4, 0.14 M NaCl, 10 mM
dimethylglutarate, and 2 mM CaCl2).

39 PC released from
PtdCho by PC-PLC is converted to choline by alkaline
phosphatase, which is further oxidized to form H2O2. In the
presence of horseradish peroxidase, the H2O2 reacts with

Amplex Red to generate the fluorophore, resorufin, which was
detected using λ ex = 560 nm and λ em = 590 nm on the
SpectraMax M5 plate reader.
Statistical Analysis. All data are presented as the mean ±

SD. Statistical analysis of in vivo tumor/muscle average radiance
was conducted using a Student’s t-test. The test performed was
two-tailed when testing Pyro-PtdEtn against Pyro-PtdEtn-BHQ
(±D609) and one-tailed when testing Pyro-PtdEtn-BHQ
against Pyro-PtdEtn-BHQ + D609. A p value ≤0.05 was
considered to be significant.

■ RESULTS
Synthesis and Spectral Characteristics of Pyro-PtdEtn

and Pyro-PtdEtn-BHQ. The synthesis of Pyro-PtdEtn and
Pyro-PtdEtn-BHQ is presented in Figure 1. The close
proximity of BHQ to Pyro, as well as the strong BHQ
absorbance over the Pyro emission wavelength region, results in
efficient contact and FRET quenching of this construct.
Specificity and Sensitivity. To determine probe specific-

ity, Pyro-PtdEtn-BHQ was incubated for 24 h with a range of
phospholipases: PC-PLC, phosphatidylinositol-specific PLC
(PI-PLC), sphingomyelinase (SMase), phosphatidylcholine-
specific phospholipase D (PC-PLD), type IA secretory
phospholipase A2 (sPLA2), type IB sPLA2 (porcine), and
type IB sPLA2 (bovine). TLC analysis showed that Pyro-
PtdEtn-BHQ could be cleaved by PC-PLC, and to a lesser
extent, SMase and PC-PLD (Figure 2) with the fluorescent
Pyro moiety appearing under UV light as a red spot with a
retention factor (Rf) of 0.9 (Columns 2 and 4). The sample

Figure 1. Synthesis of Pyro-PtdEtn and Pyro-PtdEtn-BHQ. (A) Pyro, EDC, DMAP, and CH2Cl2, at 25 °C, 72 h, argon (Ar); (B) TFA and CH2Cl2,
at 0 °C, 4 h, Ar; (C) BHQ-3-SU+PF6

−, Et3N, and CH2Cl2, at 25 °C, 12 h, Ar.
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exposed to PC-PLD (Column 5) resulted in two fluorescent prod-
ucts, at Rf 0.9 and 0.05, while the uncleaved Pyro-PtdEtn-BHQ

and the cleaved nonfluorescent product, phospho-BHQ-3, were
visible as dark spots at Rf 0.5 and 0.0, respectively. No activity
was observed with PI-PLC (Column 3). Type IB (porcine)
sPLA2 released one nonfluorescent product at Rf 0.3 (Column 6),
whereas no cleavage was seen using either type IA sPLA2 or type
IB sPLA 2 (bovine).
To confirm these assignments, the TLC samples were

analyzed by HPLC with UV−visible detection and MALDI-
TOF MS (Figure 3). Figure 3A shows the HPLC chromato-
gram of Pyro-PtdEtn-BHQ, showing two closely separated
peaks at retention times (RT) of 56.4 and 57.9 min. MALDI-
TOF MS confirmed that the high RT peak corresponded to
free Pyro-PtdEtn-BHQ (Table 1, calculated molecular weight
(MW), 1497.8 Da; found, 1497.7 m/z), whereas the low RT
peak (Figure 3D; found, 1498.2 m/z) also displayed a series of
low MW ions from 500−800 m/z and may correspond to lipids
from vesicle-encapsulated Pyro-PtdEtn-BHQ. Upon treatment
with PC-PLC, we observed two cleavage products (Figure 3B).
The corresponding UV−visible spectra (Figure 3C) showed
that the first product (RT = 21.0 min) exhibited the absorbance
spectrum of Pyro, whereas the second (RT = 53.4 min)
exhibited the spectrum of BHQ. MALDI-TOF MS further
validated that Pyro-PtdEtn-BHQ was cleaved by PC-PLC into
two products that had MWs consistent with 1-palmitoyl-2-
pyropheophorbide glycerol (calculated, 846.5 Da; found, 846.2
m/z) and phosphoethanolamine-BHQ-3 (calculated, 669.3 Da;
found, 669.7 m/z), as shown in Figure 3E and F, respectively,
and in Table 1. Incubation with SMase resulted in the same
cleavage products (Table 1). MALDI-TOF MS also confirmed
the existence of the two fluorescent products detected by
HPLC in the sample treated with PC-PLD, the expected
1-palmitoyl-2-pyropheophorbide-sn-glycero-3-phosphate and 1-pal-
mitoyl-2-pyropheophorbide glycerol, the same product released

Figure 2. Specificity determined by TLC. Pyro-PtdEtn-BHQ/egg-
PtdCho lipid dispersions were incubated with enzymes for 24 h and
the products separated on a TLC plate using chloroform/methanol
(100:15): 1, Control (no enzyme); 2, PC-PLC; 3, PI-PLC; 4, SMase; 5,
PC-PLD; and 6, sPLA2 (IB, porcine). BHQ moieties were visible as blue
spots, while fluorescent Pyro moieties were observed as red spots under
UV excitation (385 nm). No enzyme activity was observed by PI-PLC,
whereas sPLA2 (porcine type IB) cleavage showed 2 nonfluorescent spots.
The observed cleaved products confirmed by HPLC followed by MALDI-
TOF are as follows: Rf = 0.9, 1- acyl-2-pyropheophorbide glycerol (lanes 2,
4, and 5); Rf = 0.5, Pyro-PtdEtn-BHQ; Rf = 0.3, Lyso-Pyro- PtdEtn-BHQ
(lane 6); Rf = 0.05 (red), 1-acyl-2-pyropheophorbide-3-phosphate (lane
5); Rf = 0.0 (blue), phospho-BHQ-3 (lanes 2, 4, and 5).

Figure 3. Validation of PC-PLC activation of Pyro-PtdEtn-BHQ. HPLC chromatogram of (A) Pyro-PtdEtn-BHQ and (B) cleavage products of
Pyro-PtdEtn-BHQ from the actions of PC-PLC; (C) corresponding UV spectra of cleaved products; MALDI-TOF mass spectra and chemical
structures of (D) Pyro-PtdEtn-BHQ and PC-PLC derived products: (E) 1-palmitoyl-2-pyropheophorbide glycerol and (F) phospho-BHQ-3.
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by PC-PLC (Table 1), suggesting a cross-reactivity or a PC-PLC
impurity. We found the nonfluorescent product released by sPLA2

(type IB, porcine) to be the result of phospholipase A1 activity
having a molecular weight consistent with 2-pyropheophorbide-sn-
glycero-3-BHQ-3 (Table 1), presumably also due to the lack of
enzyme specificity or enzyme impurity.
Although PC-PLC, SMase, and PLD all demonstrated the

ability to hydrolyze Pyro-PtdEtn-BHQ after incubation for 24 h,
observation of these reactions by fluorescence spectroscopy revealed
that the kinetics of these reactions were very different (Figure 4A).

The addition of PC-PLC (10 U) to 1 μM Pyro-PtdEtn-BHQ
dispersed in egg-PtdCho vesicles (MF 0.02) led to a 30-fold
increase in fluorescence within 5 min. In contrast, the fluorescence
released by PC-PLD and SMase was negligible even after 1 h,
indicating a remarkable sensitivity of Pyro-PtdEtn-BHQ for PC-
PLC. As shown in Figure 4B, the complete hydrolysis of Pyro-
PtdEtn-BHQ by PC-PLC in vitro resulted in a ∼150-fold
fluorescence increase, equaling the fluorescence of Pyro-PtdEtn at
equal concentrations.

We determined the dependence of activity on enzyme con-
centration by adding increasing amounts of PC-PLC to 1 μM
Pyro-PtdEtn-BHQ in egg-PtdCho dispersions (MF 0.003).
The activity of PC-PLC with Pyro-PtdEtn-BHQ (Figure 4C)
increased with enzyme and was linear up to 0.002 mg (0.5 U) of
enzyme.
The rate of Pyro-PtdEtn-BHQ hydrolysis could be inhibited

by D609, a specific PC-PLC inhibitor.40 Activity was measured
as a function of D609 concentration after the addition of 0.5 U
PC-PLC (Figure 4D). Complete inhibition was achieved with
500 μM D609 and an IC50 of 34 ± 8 μM was determined.
Probe Uptake in Cancer Cells. To confirm the cellular

uptake of Pyro-PtdEtn-BHQ, confocal fluorescence microscopy
studies were performed on DU145 human prostate cancer cells
incubated with Pyro-PtdEtn, Pyro-PtdEtn-BHQ, or PBS as a
control (Figure 5). Pyro-PtdEtn-treated DU145 cells exhibited

Table 1. MALDI-TOF Parent Ion Peaks and Calculated Masses for Pyro-PtdEtn-BHQ and Enzymatic Cleavage Products

enzyme product(s) calculated exact mass (Da) observed mass (m/z)

none 1-palmitoyl-2-pyropheophorbide-sn-glycero-3-phosphoethanolamine-BHQ-3
(pyro-PtdEtn-BHQ)

1497.8 1497.7
1498.2

PC-PLC 1-palmitoyl-2-pyropheophorbide glycerol 846.5 846.2
phosphoethanolamine-BHQ-3 669.3 669.7

SMase 1-palmitoyl-2-pyropheophorbide glycerol 846.5 846.2
phosphoethanolamine-BHQ-3 669.3 669.7

PC-PLD 1-palmitoyl-2-pyropheophorbide 3-phosphate 926.5 926.4
BHQ-3 ethanolamide 590.3 591.4

590.4
1-palmitoyl-2-pyropheophorbide glycerol 846.5 846.2
phosphoethanolamine-BHQ-3 669.3 669.7

sPLA2 1B 2-pyropheophorbide-sn-glycero-3-BHQ-3 1259.6 1258.5
palmitic acid 256.2 256.3

257.3

Figure 4. Characterization of Pyro-PtdEtn-BHQ kinetics. (A) Time-
dependent increase in fluorescence of 1 μM Pyro-PtdEtn-BHQ
incubated with 10 U each of PC-PLC, PLD, or SMase; (B) fold
increase in fluorescence of 1 μM Pyro-PtdEtn-BHQ before and after
complete activation by PC-PLC, as compared to that of Pyro-PtdEtn
at equal concentrations (error bars represent s.d., n = 3); (C)
dependence of fluorescence release from Pyro-PtdEtn-BHQ on PC-
PLC concentration; (D) inhibition of PC-PLC activity toward 1 μM
Pyro-PtdEtn-BHQ by D609 (IC50 = 34 ± 8 μM).

Figure 5. Confocal microscopy studies. Fluorescence (Left) and bright
field (Right) micrographs of DU145 cells incubated for 1 h with (A) 5 μM
Pyro-PtdEtn, (B) 5 μM Pyro-PtdEtn-BHQ, or (C) PBS as a control.
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a strong predominantly cytoplasmic fluorescent signal (Figure 5A).
DU145 cells incubated with Pyro-PtdEtn-BHQ exhibited
perinuclear and punctate cytoplasmic fluorescence that was
approximately 8-fold less intense, due to differential cell uptake,
incomplete intracellular activation, or quenching by BHQ
(Figure 5B). Fluorescence in cells incubated with Pyro-PtdEtn-
BHQ was approximately 10-fold more intense than DU145
cells incubated only with PBS (Figure 5C).

In Vivo Imaging of PC-PLC Activity. We evaluated the
efficacy of Pyro-PtdEtn-BHQ as a potential fluorescent imaging
agent for detecting PC-PLC activity in vivo. Nude mice bearing
DU145 human prostate tumor xenografts were injected with
either Pyro-PtdEtn-BHQ or Pyro-PtdEtn as a positive control.
Fluorescence images were acquired over the first 6 h and
continued the next day between 24 and 30 h. Pyro-PtdEtn
exhibited fast circulation throughout the body, accumulating
primarily in the stomach, liver, and intestines (Figure 6A). By 6 h,
the substrate was clearing through the digestive tract. By 28 h,
very little radiance remained in the tumor or the contralateral
muscle, as seen in the excised tissues in Figure 6 (T, tumor; M,
muscle). Injection of Pyro-PtdEtn-BHQ, however, led to a gradual
increase in tumor radiance within 1.5 h (Figure 6B) that was
greatly increased at 6 h. At 30 h, we could still observe a high
level of radiance in the excised tissue relative to the contralateral
muscle tissue. Note that the Pyro-PtdEtn radiance detected in vivo
is ∼3-fold higher than that of the cleaved Pyro-PtdEtn-BHQ
radiance, which suggests that complete hydrolysis of Pyro-PtdEtn-
BHQ is not being achieved.
In order to validate that the increase in tumor radiance after

Pyro-PtdEtn-BHQ injection was due to PC-PLC activation,

mice were injected with the PC-PLC inhibitor D609. As
expected, D609 treatment inhibited in vivo activation of Pyro-
PtdEtn-BHQ, resulting in reduced tumor radiance (Figure 6C).
At 31 h, the excised tumor tissue exhibited half as much
radiance as that found without D609 treatment.
Representative time dependence of the tumor and

contralateral muscle radiance measurements for Pyro-PtdEtn,
Pyro-PtdEtn-BHQ, and Pyro-PtdEtn-BHQ + D609 are shown
in Figure 7. Administration of Pyro-PtdEtn led to a sharp
increase in tumor and muscle radiance, reaching a maximum
tumor radiance of ∼10-fold over baseline at 30 min, followed
by an immediate drop as the probe begins to clear, and return
to prescan level by 24 h post-injection (Figure 7A). In contrast,
Pyro-PtdEtn-BHQ tumor radiance gradually increased ∼4-fold
over baseline during the first 4 h and was maintained
continually up to 24 h before beginning to clear from the
tumor (Figure 7B). From 2−24 h, the tumor radiance increased
to about 2.5-fold greater than that in the contralateral muscle
and was significantly greater at 24 h (p < 0.05). Pre- and post-
treatment with D609 caused an overall attenuation of tumor
radiance as soon as 2 h after injection and continued to
suppress probe activation until clearance at 28 h (Figure 7C).
The average of the tumor/muscle radiance ratios for each
condition are presented in Figure 7D. Here a 2-fold increase in
tumor/muscle ratio was observed by 24 h in mice treated with
Pyro-PtdEtn-BHQ. D609 treatment significantly inhibited the
activation of Pyro-PtdEtn-BHQ at the 24 h time point (p <
0.05), decreasing the tumor/muscle ratio back to baseline.
At the end of the experiment (28−31 h post-injection), the

organs were excised and imaged on the IVIS-100 in 24 well

Figure 6. In vivo imaging of Pyro-PtdEtn, Pyro-PtdEtn-BHQ, and Pyro-PtdEtn-BHQ + D609 treatment. Nude mice bearing DU145 tumors on the
left hind flank received 80 nmol i.v. of (A) Pyro-PtdEtn or (B and C) Pyro-PtdEtn-BHQ dispersed in 0.1 μM Tween-80. Mice in (C) received
additional D609 injections (50 μg/g body weight, i.p.) at −30, 30, 60, and 120 min postinjection of Pyro-PtdEtn-BHQ. Images are shown at prescan,
1.5−2 h, and 6−7 h. The tumor (T) and muscle (M) tissues from each mouse were excised at 28−31 h.
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plates (Table 2). These data show major residual fluorescence
in the stomach, intestine, and liver and indicate that these
probes are excreted via the bile, liver, and stool as would be
expected for a lipid soluble probe.
Validation of PC-PLC Activity in Extracts of DU145

Tumor Xenografts. To validate the presence of PC-PLC
activity in DU145 tumor xenografts, the Amplex Red PC-PLC
Assay Kit (Invitrogen, Eugene, OR) was used in excised tumor
extracts. PC-PLC activity was shown to increase linearly as a
function of total supernatant protein (Figure 8A) as detected by
increases in resorufin fluorescence (Figure 8A). This activity
was shown to decrease as a function of D609 concentration
(Figure 8B).

■ DISCUSSION

In this article, we report a direct, sensitive, and feasible method
for detecting PC-PLC activity employing a self-quenched
phospholipid analogue that restores NIR fluorescence upon
enzymatic hydrolysis. A high specificity was found for PC-PLC
in solution studies, and enzyme activity was detected in
cultured DU145 human prostate cells and in vivo using a
DU145 tumor xenograft mouse model.
Although activatable fluorescent probes to detect phospho-

lipase activity in vitro have been previously reported,41−47 Pyro-
PtdEtn-BHQ is unique in that it contains the NIR fluoro-
chrome, pyropheophorbide a, which allows for increased
photon penetration through biological tissue in a spectral
region where tissue autofluorescence is markedly reduced.48

This modification means that in vivo NIR optical detection of
phospholipase activity has been made possible. Pyropheo-
phorbide was chosen as the fluorophore for these studies
because when conjugated, it is both neutral and hydrophobic,
two properties necessary for the lipid-based probe to be

incorporated into membranes. However, pyropheophorbide a is
also a known photosensitizer, with a high singlet oxygen
quantum yield, opening the possibility that this and other
related probes could be used for photodynamic therapy to treat
tumors in vivo.
This article shows that Pyro-PtdEtn-BHQ is highly specific to

PC-PLC, when compared to several other phospholipase
isoforms. As a phospholipid analogue, Pyro-PtdEtn-BHQ was
also shown to be a substrate for PC-PLD and SMase, although
with much less activity. Thus, it is possible that increases in
activity could arise from activation by other enzymes, at a much
slower rate. The inhibition studies with D609 would indicate
that that is probably not the case. However, it is known that
enzyme specificity and affinity for phospholipase-sensitive
probes can be adjusted by altering the hydrophobicity and
the length of the intervening fatty acyl chain at the sn-2
position.33,49−51 We are currently in the process of synthesizing
and testing a range of phospholipase probes of varying enzyme
specificities and NIR fluorochromes, which will allow for
multispectral detection of several phospholipases simulta-
neously.33 This proposed molecular imaging strategy will lead
to the development of probes specific to other important
phospholipases and allow us to test these hypotheses in detail.
In this study, some bacterial isoforms of phospholipases were

used for in vitro testing. This is due to the commercial
unavailability of mammalian isoforms of these enzymes. A
controversy also exists in the literature as to the origin of PC-
PLC activity in mammals, as a mammalian isoform of this
protein has never been cloned. However, isoforms have been
isolated from mammalian sources.52,53 There is also substantial
evidence that the mammalian PC-PLC has functional similarity
to the bacterial isoform. PC-PLC activity, as measured by D609-
sensitive PC release from PtdCho, has been demonstrated in

Figure 7. Representative time courses of measured tumor and muscle average radiances. The average radiance from the tumor and muscle tissue and
was quantified in mice injected with (A) Pyro-PtdEtn, (B) Pyro-PtdEtn-BHQ, and (C) Pyro-PtdEtn-BHQ + D609. (D) Tumor/muscle average
radiance. The average tumor radiance was normalized to muscle for Pyro-PtdEtn (n = 5), Pyro- PtdEtn-BHQ (n = 5), and Pyro-PtdEtn-BHQ +
D609 treatment (n = 3). Error bars represent SD. * Significantly (p = 0.011) different from Pyro-PtdEtn. † Significantly (p = 0.024) different from
Pyro- PtdEtn-BHQ without D609 treatment.
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cytoplasmic extracts of NIH-3T3 cells.26 Polyclonal antibodies
against B. cereus PC-PLC have been used to detect the
translocation of a cross-reactive mammalian PC-PLC from the
cytosol in control cells to the plasma membrane in oncogene-
transformed cells.26 An increased plasma membrane PC-PLC
expression has also been shown to accompany tumor
progression in ovarian cancer cell lines.54 This PC-PLC activity
could be measured with the Amplex Red assay and was
sensitive to the action of D609. Our imaging results are
consistent with these studies in that Pyro-PtdEtn-BHQ
detected the presence of a D609-sensitive PC-PLC activity in
DU145 tumors, which could be confirmed in extracts with the
Amplex Red assay. We hope that the development of this probe
will allow further investigation into the origins of PC-PLC
activity and aid in the resolution of this controversy.
One of the added benefits of using enzyme-activated

fluorescent imaging probes is the advantage of inherent signal
amplification.55,56 Our solution studies demonstrate an increase
in fluorescence up to 150-fold greater than background. In vivo,
although affected by the absorbance and scattering effects of
biological tissue, an ∼4-fold increase in radiance was observed
and a 2-fold increase in tumor to muscle fluorescence ratio.
This signal increase over the background compares well with
other recently reported enzyme-activated NIR probes used for
imaging tumors in vivo, such as a cathepsin-sensitive probe56

and a caspase 1 selective probe,57 which display 3−4-fold and
1.7-fold tumor increases, respectively. These results establish
Pyro-PtdEtn-BHQ as an excellent candidate for molecular
imaging.
The in vivo results described in this work indicate that PC-

PLC may be an important molecular marker for cancer. The
additional coregistration of images obtained using phospholi-
pase-activated NIR fluorescent probes with choline metabolite
levels obtained from in vivo MRS could critically impact the
field of cancer detection by offering a sensitive and specific
method of examining the lipid catabolic pathways linked to the
malignant phenotype.
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Figure 8. PC-PLC activity measured by Amplex Red. (A) Activity
measured in relative fluorescence units per minute (RFU/min) as a
function of protein (mg) from extracts of DU145 tumor xenografts.
(B) Inhibition of PC-PLC activity in supernatants by D609.
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ABSTRACT: The therapeutic efficacies of radiolabeled biotin,
pretargeted by monoclonal antibody (mAb)−streptavidin
fusion protein CC49 scFvSA, were compared to those of
radiolabeled mAb CC49, using the three radiolanthanides in
an animal model of human colon cancer. The purpose of the
present study was to compare antibody pretargeting to
conventional radioimmunotherapy using 149Pm, 166Ho, or
177Lu. Nude mice bearing LS174T colon tumors were injected
sequentially with CC49 scFvSA, the blood clearing agent
biotin-GalNAc16, and

149Pm-, 166Ho-, or 177Lu-DOTA-biotin.
Tumor-bearing mice were alternatively administered 149Pm-, 166Ho-, or 177Lu-MeO-DOTA-CC49. Therapy with pretargeted
149Pm-,166Ho-, and 177Lu-DOTA-biotin increased the median time of progression to a 1 g tumor to 50, 41, and 50 days post-
treatment, respectively. Therapy with 149Pm-,166Ho-, and 177Lu-MeO-DOTA-CC49 increased the median time to progression to
53, 24, and 67 days post-treatment, respectively. In contrast, saline controls showed a median time to progression of 13 days
postinjection. Treatment with pretargeted 149Pm-, 166Ho-, and 177Lu-biotin or 149Pm-, 166Ho-, and 177Lu-CC49 increased tumor
doubling time to 18−36 days, compared to 3 days for saline controls. Among treated mice, 23% survived >84 days post-therapy,
and 11% survived 6 months, but controls survived <29 days. Long-term survivors showed tumor growth inhibition or partial
regression, extensive necrosis in residual masses, and no evidence of nontarget tissue toxicity at necropsy. Both pretargeted and
conventional RIT demonstrated considerable efficacy in an extremely aggressive animal model of cancer. Our results identified
177Lu as an optimal radiolanthanide for future evaluation of these agents in toxicity and multiple-dose therapy studies.

■ INTRODUCTION
Radiolabeled monoclonal antibodies have been used extensively
for radioimmunotherapy (RIT), most notably treatment of
non-Hodgkin’s lymphoma.1 However, RIT is generally
unsuccessful in solid tumor therapy due to insufficient tumor
uptake without bone marrow toxicity. In addition, high tumor-
to-background ratios generally cause radiolabeled mAbs to
exhibit relatively poor imaging contrast.
The mAb CC49 is a pancarcinoma antibody2 that targets the

tumor-associated glycoprotein-72 (TAG-72).3 Immunohisto-
chemical studies demonstrated that its first-generation mAb,
B72.3, binds to the majority of human epithelial malignan-
cies,4−9 including 82% of colon carcinomas,10 while being
essentially nonreactive with most normal human tissues.11 The
mAb CC49 has the same range of immunoreactivity as
B72.3.2,11 However, CC49 has a 6.4-fold higher binding affinity
for TAG-72 than B72.3,2 enabling it to react with a greater
number of malignant cell types.11

Compared to B72.3, 131I-labeled CC49 showed greater
tumor xenograft targeting12 and improved therapeutic efficacy13

in nude mouse models. Clinical RIT trials of 131I-CC49
demonstrated high tumor uptake, but did not produce any
substantial responses.14−16 Therefore, a single-chain (scFv)
construct of CC49 was developed and shown to have promise
for tumor therapy in tumor-bearing mouse models.17 Addi-
tional improvements in RIT will likely require novel
approaches, such as the use of different radionuclides, new
antibody constructs, and novel delivery platforms.
First, the development of new therapeutic radionuclides, such

as radiolanthanides, should be explored. The decay character-
istics of three radiolanthanides for tumor therapy are compared
to traditionally used 131I and 90Y in Table 1. All of these
radiolanthanides have γ emissions suitable for tracking RIT
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agents in living systems and estimating absorbed radiation
doses to normal and malignant tissues. The radiolanthanides
149Pm, 166Ho, and 177Lu have a range of half-lives and β−

energies for therapy. An advantage to using these radio-
lanthanides is that their chemistries are quite similar. DOTA, a
macrocyclic chelating agent, complexes many radiometals,
including lanthanides, with extremely high thermodynamic,
kinetic, and in vivo stability.18 DOTA can be used for stable
attachment of 149Pm, 166Ho, or 177Lu to RIT constructs.
Antibody pretargeting is a RIT approach in which an

antibody conjugate or fusion protein is attached to an artificial
“receptor”. Such an agent is administered first and allowed to
accumulate in tumors. Then, radionuclide therapy is given in
the form of a small molecule that binds rapidly with high
affinity to the mAb-receptor construct prelocalized to tumor
cells. This process can cause immediate accumulation of
therapeutic radiation in tumors, allowing for considerable
improvements in tumor-to-background ratios, tumor absorbed
dose, therapeutic efficacy, and normal organ toxicity.
Strategies for pretargeting include mAb/hapten,19−25 biotin/

avidin or streptavidin,26−39 and oligonucleotide/antisense
oligonucleotide analogue40−43 approaches. The high-affinity
binding of biotin to streptavidin (∼1013 M−1) makes this
system especially attractive for pretargeted RIT. Both mAb−
biotin and mAb−streptavidin conjugates have been investigated
for pretargeting of radiolabeled streptavidin and biotin,
respectively. However, radiolabeled streptavidin has been
shown to result in high kidney uptake and high liver uptake
resulting from cross-linking of circulating biotinylated mAb,
compromising tumor targeting.36 Clearance of biotinylated
mAb with cold streptavidin or avidin have only slightly
increased tumor-to-blood ratios.44,45 Furthermore, radiolabeled
streptavidin diffuses slowly into tumors over a 24 h period.38

Thus, radiolabeled streptavidin can show considerable
retardation in its tumor penetration. Pharmacokinetic modeling
studies46 indicated that a protocol involving radiolabeled biotin
and mAb−streptavidin conjugates produces the highest tumor-
to-blood ratio and residence time of radioactivity in tumors.
Small, hydrophilic, and rapidly diffusible pretargeting agents
undergoing rapid renal elimination, with minimal uptake in
normal tissues, are ideal.47

A chemical streptavidin conjugate48 of CC49 was labeled ex
vivo with 111In-DTPA-biocytin. This conjugate showed very
similar tumor uptake and biodistribution as 111In-DTPA-CC49.
These studies suggested that streptavidin-CC49 constructs have
potential for pretargeting applications.
As opposed to a whole antibody chemical conjugate, the use

of a fusion protein based on the murine CC49 scFv construct
and streptavidin (CC49 scFvSA)49,50 was evaluated. CC49
scFvSA forms a 176 kDa tetramer with high immunoreactivity

and high biotin binding efficiency and stability.49,51 Evidence of
in vivo stability of the fusion protein was suggested by specific
tumor uptake, as well as intended uptake in the liver following
administration of a synthetic clearing agent.49 The biodis-
tribution of CC49 scFvSA-pretargeted 111In-DOTA-biotin in
nude mice bearing LS174T human colon cancer xenografts
demonstrated very similar tumor uptake as a chemical
conjugate, but with an increase in tumor-to-blood ratio.52

CC49 scFvSA has also been used to pretarget 149Pm-, 166Ho-,
and 177Lu-DOTA-biotin to LS174T colorectal tumors in nude
mice.35 Maximum tumor uptakes of 149Pm (22.9% ID/g),
166Ho (30.2% ID/g), and 177Lu (35.4% ID/g) were achieved at
1 to 4 h postinjection. Extremely rapid blood clearance was
accompanied by urinary excretion of 59−66% ID within 1 h. In
LS174T-bearing nude mice, the biodistributions of CC49
scFvSA-pretargeted 149Pm-, 166Ho-, and 177Lu-DOTA-biotin
were very similar. Most normal tissue uptakes were nearly
identical for all three radiometals at all time points. Thus, this
pretargeting system provided a highly uniform delivery
platform for the evaluation of new therapeutic lanthanide
radionuclides.
However, the three radiolanthanides showed some significant

differences in maximum LS174T xenograft uptake and washout
of radioactivity from the tumor with time. Areas under the
time−activity curves showed that 177Lu had the highest tumor-
to-blood ratio, an indication that it might provide the best
“therapeutic index” for pretargeted RIT. Yet, preliminary
dosimetry estimates suggested that washout reduced the
mouse tumor absorbed dose from 177Lu by 4- to 5-fold,
compared to 149Pm and 166Ho. Therefore, differences in tumor
uptake and retention, physical half-lives, and β− particle path
lengths may play important roles in determining the
effectiveness of pretargeted RIT with these radiolanthanides.
In the present studies, the therapeutic efficacies of radiolabeled
biotin, pretargeted by CC49 scFvSA, were compared to those
of intact radiolabeled mAb CC49, using the three radio-
lanthanides, 149Pm, 166Ho, and 177Lu, in nude mice bearing
human colon cancer xenografts.

■ EXPERIMENTAL PROCEDURES

General. 149PmCl3 (50 mCi in 25−50 μL of 0.05 M HCl),
166HoCl3 (80 mCi in 50−80 μL of 0.05 M HCl), and 177LuCl3
(25 mCi in 10−20 μL of 0.05 M HCl) were obtained from the
University of Missouri (MU) Research Reactor (MURR;
Columbia, MO). The mAb−streptavidin fusion protein CC49
scFvSA,51 clearing agent biotin−GalNAc16,

51 and DOTA−
biotin were obtained from NeoRx Corporation (Seattle, WA).
Methoxy-DOTA (MeO−DOTA)53 was provided by the DOW
Chemical Company (Freeport, TX). CC49 was produced from
the hybridoma cell line provided by Dr. Jeffrey Schlom at the
National Cancer Institute (Bethesda, MD). Reversed-phase
thin-layer chromatography (TLC) was performed on Whatman
(Clifton, NJ) MKC18F plates. The TLC plates were developed
in 10% (w/v) ammonium acetate/methanol (1:1). Radio-TLC
detection was accomplished using a Bioscan (Washington, DC)
AR-2000 imaging scanner. The purity of the conventional
radioimmunoconjugates was confirmed by gel filtration HPLC
(GF-HPLC), using a Waters Delta 600 (Waters, Milford, MA)
chromatograph equipped with a manual Rheodyne injector, a
Waters 2487 dual-wavelength UV detector, a Packard 500TR
Flow Scintillation Analyzer (Packard, Downers Grove, IL) with
a LQ flow cell for 149Pm, 166Ho, and 177Lu, a Waters busSAT/

Table 1. Decay Characteristics of Radionuclides for Tumor
Therapy

radionuclide t1/2 (h) β− MeV (%) γ keV (%)
range in tissue

(mm)
149Pm 53.1 0.78 (9) 286 (3.1) 5

1.06 (90)
166Ho 26.9 1.76 (47) 81 (5.4) 9

1.84 (52)
177Lu 159.6 0.497 (90) 208 (11) 2
131I 192 0.606 (87) 364 (82) 3
90Y 64.0 2.27 (100) --- 11
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IN analog−digital interface, and the Waters Millennium 32
software package. A Superose 12 HR 10/30 (Amersham
Pharmacia, Torrance, CA) column (300 × 10 mm), an isocratic
mobile phase of 100 mM NaH2PO4/0.05% NaN3, pH 6.8, and
a flow rate of 0.50 mL/min were used. All solutions were
prepared using ultrapure water (18 MΩ-cm resistivity). All
other reagents were purchased Fischer Scientific (Pittsburgh,
PA). Outbred female nu/nu mice (4−6 weeks of age) were
obtained from Harlan Sprague−Dawley (Indianapolis, IN).
Tumors were measured using Vernier calipers (Scienceware, D-
2922/B/KWB).
Cell Line. The LS174T cell line was obtained from the

American Type Culture Collection (Manassas, VA). Immedi-
ately prior to implantation into nude mice, the cells were tested
for mycoplasma and screened for a panel of 13 murine
pathogens by PCR. All test results were negative, and all
sentinel mice in the facility housing the nude mice tested
negative for these pathogens during the course of the studies.
Radiolabeling of Pretargeting RIT Conjugates. The

labeling procedure used was previously described by Lewis et
al.35 Briefly, to 32.0 mCi of 149Pm, 10.0 mCi of 166Ho, or 25.0
mCi of 177Lu in 80 μL of 0.20 M ammonium acetate, pH 5.0,
containing approximately 1 mg/mL of gentisic acid, was added
32 μg of DOTA−biotin, 10 μg of DOTA−biotin, and 25 μg of
DOTA−biotin, respectively. The reaction mixtures were
incubated at 80 °C for 1 h, after which 1 mM DTPA, pH
6.0, was added. The reaction mixtures were incubated at room
temperature for 10 min, after which radiochemical purity was
assessed by reversed-phase radio-TLC. Typical labeling
efficiencies were 99−100%.
Radiolabeling of Conventional RIT Conjugates. A

modified method previously described by Mohsin et al. was
used to label MeO-DOTA-CC49.53 MeO−DOTA has been
shown to bind 149Pm, 166Ho, and 177Lu with high kinetic
stability, as demonstrated by an in vitro hydroxyapatite assay.53

An initial specific activity of 5 μCi/μg was used for 149Pm-,
166Ho-, and 177Lu labeling reactions. In the labeling reactions,
320−365 μL of 1.0 M ammonium acetate, pH 4.5, was added to
6.5 mCi of 149PmCl3 in 24.0 μL of 0.05 M HCl, 3.0 mCi of
166HoCl3 in 2.0 μL of 0.05 M HCl, or 7.0 mCi of 177LuCl3 in
3.0 μL of 0.05 M HCl, followed by 1.04−1.42 mg of MeO-
DOTA-CC49 in 320−370 μL of 0.25 M ammonium acetate,
pH 7.0. The reaction mixture was incubated at 43 °C for 1 h,
and DTPA, pH 6.0, was added to a final concentration of 1
mM. The reaction mixture was allowed to stand for 15 min at
room temperature and then purified using a Bio-Spin 6 column
(Bio-Rad, Hercules, CA) equilibrated with 10 mM Na2HPO4/
150 mM NaCl. Labeling efficiencies ranged from 65% to 80%.
The specific activity was adjusted to 1 μCi/μg after purification,
by dilution with unmodified CC49. Radiochemical purity was
determined after purification by GF-HPLC.
Therapy Studies. All therapy studies were conducted in

compliance with the guidelines established by the Animal Care
and Use Committee of the University of Missouri-Columbia
Animal Care Quality Assurance Office. Female athymic nude
mice (20−25 g) were implanted subcutaneously (s.c.) in the
hind flank with 2 × 106 LS174T human colon cancer cell
suspensions (0.15 mL) in Hank’s Balanced Salt Solution. The
tumor xenografts grew to100−400 mg by day 15. All mice were
fed a biotin-deficient diet (Purina Biotin Deficient Diet 5836,
Purina Mills, Richmond, IN) for 6 days prior to radio-
pharmaceutical administration and up to 7 days postinjection.

For pretargeted RIT, groups of 8−10 mice were given a
single injection of CC49 scFvSA (600 μg, 3.4 nmol), i.v. via the
tail vein (t = 0). After 20−24 h, the synthetic clearing agent,
biotin-GalNAc16 (100 μg, 12.5 nmol), was given i.v. via the tail
vein. Four hours after the clearing agent was administered, the
mice received a tail vein injection of 149Pm-, 166Ho-, or 177Lu-
DOTA-biotin, at doses of 1.25 mCi/1.25 μg, 1.0 mCi/1.0 μg,
and 1.5 mCi/1.5 μg, respectively. For conventional RIT, groups
of 8−10 mice were given a single tail vein injection of 149Pm-,
166Ho-, or 177Lu-MeO-DOTA-CC49, at doses of 250 μCi/250
μg, 200 μCi/200 μg, and 300 μCi/300 μg, respectively. Tumor
growth was assessed by taking three-dimensional measurements
of tumor volume using Vernier calipers. Tumor volume was
calculated using the formula: V = (length × width × depth) ×
π/6.
Tumor Dosimetry. Mouse xenograft absorbed doses were

calculated as described previously54 using a modification of the
method of Hui et al.55 The model of Hui et al. is based on the
dimensions and masses of organs in a nude mouse of
approximately 25 g body weight. All organs were modeled as
ellipsoids, with the exception of bone and bone marrow. Whole
femur was selected to represent the bone and bone marrow,
which were modeled as concentric cylinders. Radioactivity was
assumed to be uniformly distributed within each of the organs,
the carcass, and the tumor. Self-organ tumor absorbed radiation
energy was determined as the amount of absorbed energy
remaining in the tumor per radioactive decay. Cross-organ
tumor absorbed radiation energy was determined using the
approximation that the energy of β− particles that escaped the
source organ was deposited in adjacent organs.55 The ratios of
energy deposited in the tumor from adjacent organs were
assumed to be approximately proportional to the ratios of the
surface areas that overlapped with the tumor. To better
simulate the geometry of a flank xenograft, it was assumed that
the tumor was a sphere, with half the volume in contact with
the remainder of body and half, covered with 0.5 mm of skin,
protruding above the surface.
The Monte Carlo radiation transport code MCNP-4C56 was

used to obtain absorbed fractions for monoenergetic β−

particles. MCNP-4C was run in photon electron mode, in
order to track both β− particles and Bremsstrahlung radiation
produced by the particles. For each monoenergetic β energy,
104 histories were run on a standard desktop personal
computer, resulting in absorbed energy uncertainties on the
order of 1%. When the absorbed fractions are averaged over the
25 to 50 energy bins representing a β spectrum, the final
uncertainties are smaller than 1%. Standard energy cutoffs
(0.001 MeV) and weight cutoffs for both β− particles and
photons were used. To calculate absorbed fractions for the
polyenergetic β− spectra of 149Pm, 166Ho, and 177Lu, absorbed
fractions were first determined at 51 energies from 0.025 to 2.5
MeV. β spectra were then calculated using the NUCDECAY
code57 and these monoenergetic responses were numerically
integrated over the respective radiolanthanide spectra. An S-
value was calculated for an average tumor weight of 200 mg,
assuming radioactivity to be uniformly distributed within a
sphere of unit density. This approach assumes that tumors of
similar size in different animals have similar uptake character-
istics, and the resulting absorbed dose is an average of that
absorbed by each tumor.
Statistical Analysis. Response to therapy was assessed

based on the number of days required for tumor volume to
reach 1 g, using one-way analysis of variance (ANOVA) using
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statistical software SPSS 12.0.1 (Chicago, IL). The survival
fraction of each treatment group was evaluated by Kaplan−
Meier density analysis using SPSS 12.0.1, with a confidence
interval of 95% (p < 0.05).

■ RESULTS AND DISCUSSION
An optimized pretargeting protocol,49 based on the use of
CC49 scFvSA, was employed for these studies. Injection of 600
μg (3.4 nmol) of CC49 scFvSA was sufficient to saturate
tumors, as previously shown by the biodistribution of 125I-
labeled fusion protein.49 After maximum tumor uptake at
approximately 24 h, a molar excess of 100 μg (12.5 nmol) of
the synthetic clearing agent biotin-GalNAc16 was administered.
This dose allowed for maximum clearance of circulating fusion
protein to the liver for metabolic degradation, while having no
effect on tumor retention.51 After a sufficient time for clearance
(4 h later), radiolanthanide-labeled DOTA−biotin was injected.
DOTA−biotin was labeled to the same specific activity with all
three radiometals, so different amounts of DOTA−biotin were
administered using 149Pm, 166Ho, and 177Lu. However, in each
case the dose of fusion protein was in molar excess, allowing
efficient binding of differing amounts of radiolabeled DOTA−
biotin.
In the case of intact CC49,53 we found that radiolanthanide

labeling of the antibody at 5 μCi/μg, followed by dilution to 1
μCi/μg, gave superior radiolabeling and biodistribution results.
Therefore, all CC49 doses were prepared according to this
procedure.53 While the amounts of radiolabeled CC49
administered differed among the three lanthanides, for each
radiometal the tumor targeting would occur under conditions
of antigen excess, allowing efficient uptake of the radiolabeled
mAb.
The present studies compared directly, versus saline controls,

the therapeutic efficacies of 149Pm, 166Ho, and 177Lu for both
pretargeted and conventional RIT in the same animal model of
cancer. Initial single-dose therapy studies of CC49 scFvSA-
pretargeted 149Pm-, 166Ho-, and 177Lu-DOTA-biotin (Figure 1),
as well as 149Pm-, 166Ho-, and 177Lu-MeO-DOTA-CC49 (Figure
2), were performed in nude mice bearing LS174T human colon
carcinoma xenografts. Animals were injected with radiophar-
maceuticals or control vehicle on day 15 of tumor growth. After
CC49 scFvSA pretargeting, mice were injected with 1.25 mCi
of 149Pm-DOTA-biotin, 1.0 mCi of 166Ho-DOTA-biotin, or 1.5
mCi of 177Lu-DOTA-biotin. For conventional RIT, mice
received 0.25 mCi of 149Pm-MeO-DOTA-CC49, 0.2 mCi of
166Ho-MeO-DOTA-CC49, or 0.3 mCi of 177Lu-MeO-DOTA-
CC49.
Because these studies were not taken to toxicity, the relative

injected doses of each of the radiopharmaceuticals had to be
estimated from previously obtained biodistribution data.35,53 A
major consideration was blood uptake, which would result in
whole body irradiation and potential toxicity. A second
consideration was tumor uptake, taking into account the half-
life of the radionuclide and the maximum time of tumor
localization. Due to its slow blood clearance, these factors were
especially important for the intact antibody. For example, 166Ho
has a half-life of 26.9 h and a maximum tumor uptake at 96 h,
meaning that most radioactive decays will occur in the blood
and result in whole body irradiation. Thus, blood-to-tumor
ratios were used to estimate injected doses of radiolanthanide-
labeled CC49. Using 0.2 mCi of 166Ho-, 0.25 mCi of 149Pm-,
and 0.3 mCi of 177Lu-MeO-DOTA-CC49, the area under the
curve (AUC) blood-to-tumor ratios53 were each approximately

0.1. The respective doses of 166Ho-, 149Pm-, and 177Lu-DOTA-
biotin were five times higher than those administered using the
intact antibody, based on approximate whole body clearance of
the pretargeting protocol. In the conventional and pretargeted
RIT studies, no animals showed any signs of overt systemic
toxicity, such as weight loss >20%, lethargy, or diarrhea.
We previously determined that the most statistically relevant

end point criterion in this model is time to progression to a
tumor burden of 1 g.58 Figures 3 and 4 show the Kaplan−Meier
plot of time to progression to a 1 g tumor for pretargeted and
conventional RIT groups, respectively. Therapy with pretar-
geted 149Pm-, 166Ho-, and 177Lu-DOTA-biotin increased the
median time to progression to 50 ± 10, 41 ± 5, and 50 ± 10

Figure 1. Tumor growth curves for LS174T-bearing nude mice treated
with CC49 scFvSA-pretargeted 149Pm-, 166Ho-, and 177Lu-DOTA-
biotin.
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days post-treatment, respectively. Therapy with 149Pm-, 166Ho-,
and 177Lu-MeO-DOTA-CC49 increased the median time to
progression to 53 ± 7, 24 ± 2, and 67 ± 9 days post-treatment,
respectively. In contrast, saline controls showed a median time
to progression of 13 ± 1 days postinjection and a mean tumor
volume doubling time of only 3 days. Treatment with
pretargeted 149Pm-, 166Ho-, and 177Lu-biotin increased the
average tumor volume doubling time to 27, 38, and 36 days,
respectively. Therapy with 149Pm-, 166Ho-, and 177Lu-CC49
increased mean tumor volume doubling time to 18, 10, and 36
days, respectively.
The mean times to progression to a 1 g tumor were lowest

for 166Ho pretargeted and conventional RIT, compared to the

other two radiolanthanides. For conventional RIT, a possible
explanation for this result could be that it takes 96 h to reach
maximum tumor uptake, and the half-life of 166Ho is only 26.9
h. Most of the 166Ho decay would then occur in the blood and
not at the tumor site. In the case of pretargeting, maximum
tumor uptake occurs within 4 h.35 However, the 1.76 and 1.84
MeV β− particles of 166Ho have a maximum range of
approximately 9 mm in soft tissue, meaning that proportionally
less radiative energy, compared to 149Pm and 177Lu, would be
deposited in the LS174T xenograft.
For pretargeted RIT using 149Pm and 177Lu, the mean times

to progression to a tumor burden of 1 g were statistically
identical. However, a significant difference was observed
between 149Pm and 177Lu in the case of conventional RIT,
with 177Lu-MeO-DOTA-CC49 showing superior tumor growth
inhibition. With these two radiolanthanides, both pretargeted
and conventional RIT effected highly durable therapeutic
responses in an extremely aggressive animal model of human
colon cancer. Because 177Lu and 149Pm were statistically
equivalent for pretargeting, but 177Lu was superior for
conventional RIT, 177Lu was selected as an optimal radio-
lanthanide for future evaluation of both delivery platforms in
toxicity and multiple-dose therapy studies.

Figure 2. Tumor growth curves for LS174T-bearing nude mice treated
with 149Pm-, 166Ho-, and 177Lu-MeO-DOTA-CC49.

Figure 3. Time to progression to a tumor burden of 1 g in LS174T-
bearing nude mice (n = 8−10 per group) treated with CC49 scFvSA-
pretargeted 149Pm-, 166Ho-, and 177Lu-DOTA-biotin, compared to
saline controls.

Figure 4. Time to progression to a tumor burden of 1 g in LS174T-
bearing nude mice (n = 8−10 per group) treated with 149Pm-, 166Ho-,
and 177Lu-MeO-DOTA-CC49, compared to saline controls.
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Among mice treated with CC49 scFvSA-pretargeted 149Pm-,
166Ho-, and 177Lu-DOTA-biotin and 149Pm-, 166Ho-, and 177Lu-
MeO-DOTA-CC49, 23% survived >84 days post-therapy, and
11% survived 6 months, at which time the studies were
terminated. All saline controls had to be sacrificed within 29
days of injection, with a median survival of only 18 days
postinjection, demonstrating the highly aggressive nature of the
LS174T model. Median survival in both the pretargeted 149Pm
and 177Lu treatment groups was 82 days post-therapy, while in
the conventional 149Pm and 177Lu RIT groups, median survival
was 89 and 98 days, respectively. A summary of the therapy
results is given in Table 2.

Some of the best previously reported outcomes of any
therapeutic interventions in nude mice bearing established
(>100 mg) LS174T xenografts have been a 63.2 day mean
survival59 following administration of 90Y-labeled anti-CEA
mAb ZCE025 and bone marrow transplantation and a 95.5 day
median survival60 after multiple bolus injections of 131I-CC49,
both of which were optimized treatment regimens. A more
direct comparison of the CC49scFvSA pretargeting system can
be found in an evaluation of the intraperitoneal model of
LS174T colon cancer. Buchsbaum et al.51 used the same
CC49scFvSA protocol, injected intraperitoneally, to obtain very
similar biodistributions of 177Lu, compared to our intravenous
administration of 149Pm, 166Ho, and 177Lu in the flank xenograft
model.35 In pretargeted 177Lu therapy studies, Buchsbaum and
co-workers achieved 57 and 60 day median survivals, following
single injections of 600 or 800 μCi, respectively. These results
were superior to those obtained with 90Y. The 177Lu doses they
used were also considerably lower than the dose employed in
our experiments, and death was used as the end point for their
studies. In contrast, we injected 1.5 mCi of pretargeted 177Lu-
DOTA-biotin and measured time to progression to a 1 g tumor,
as frequent ulcerations complicated further evaluation of the
flank xenograft model. Regardless of these differences, the
results of our initial single-dose therapy studies of pretargeted
and conventional RIT with radiolanthanides compare favorably
with the best results in the literature. In addition to studies in
tumor-bearing mice, a CC49scFvSA/90Y-DOTA-biotin pretar-
geting protocol has also been evaluated in patients with
metastatic colon cancer, demonstrating the potential clinical
utility of pretargeting with this fusion protein.61

All 6-month survivors showed no macroscopic or micro-
scopic evidence of nontarget tissue toxicity at necropsy. These
animals experienced tumor growth inhibition, partial regression,
and, in one instance, complete regression. However, the mouse
microscopically free of disease after 6 months initially had a 38
mg tumor treated with 166Ho-MeO-DOTA-CC49, which was

an anomalous outcome. Histopathology of the residual masses
from all other 6-month survivors (Figure 5) revealed extensive

(80−90%) tumor necrosis, with multifocal areas of pyogranu-
lomatous inflammatory infiltrates. Conversely, 10−20% of each
mass also consisted of viable and, with one exception, well-
vascularized tumor cells exhibiting mitotic rates of 8−10 or 10−
12 per 400 power field. However, these long-term survivors all
had complete tumor growth inhibition or partial regression at 6
months post-therapy, suggesting that, in spite of the relatively
high mitotic rates, the tumor cell-loss factor substantially
outweighed the degree of proliferation.

■ CONCLUSIONS
These studies provide impetus to investigate why these
experimental therapies demonstrate such considerable efficacy
and how they can be improved further in an adjuvant setting.
All animals with residual malignancy remained healthy with
stable disease or in partial remission for a period corresponding
to at least 25% of their life expectancy. This remarkable finding
raises the possibility that radiolanthanide agents for pretargeted
and conventional RIT may one day allow colorectal cancer
patients to experience relatively normal longevity and quality of
life. The future implementation of optimized radiolanthanide
treatment regimens, such as multiple-dose therapy, has the
potential to be even more efficacious for cancer treatment.

■ AUTHOR INFORMATION
Corresponding Author
*Phone: (573) 814-6000, ext. 53703. FAX: (573) 814-6551. E-
mail: LewisMic@missouri.edu.

■ ACKNOWLEDGMENTS
This research, under Award Number DAMD 17-02-1-0103, was
supported by the Department of Defense Prostate Cancer

Table 2. Summary of Therapy Results

radiopharmaceutical
median survival

(days)
survival at 84
days (%)

survival at 6
months (%)

149Pm-DOTA-
biotin

82 40 20

166Ho-DOTA-
biotin

70 25 0

177Lu-DOTA-biotin 82 40 20
149Pm-CC49 89 50 0
166Ho-CC49 53 10a 10a

177Lu-CC49 98 75 12.5
aRepresents one animal with a 38 mg tumor that survived 6 months.

Figure 5. Hematoxylin- and eosin-stained section of the residual mass
of a mouse 6 months after treatment with 1.5 mCi of CC49 scFvSA-
pretargeted 177Lu-DOTA-biotin, showing extensive necrosis (N),
viable tumor tissue (T), and blood vessels (V).

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc200258x | Bioconjugate Chem. 2011, 22, 2444−24522449



Research Program, which is managed by the U.S. Army Medical
Research and Materiel Command. This work was also funded
by Grant URB-01-015 from the University of Missouri
Research Board and a grant from the University of Missouri
College of Veterinary Medicine Committee on Research. The
authors would like to thank Dr. Jeffrey Schlom for providing
the CC49 hybridoma cell line, as well as Dr. Christopher
Johnson for assistance with statistical software SPSS 12.0.1. We
also acknowledge the support of the U.S. Department of
Veterans Affairs, for providing resources and the use of facilities
at the Harry S. Truman Memorial Veterans’ Hospital in
Columbia, MO.

■ ABBREVIATIONS:
CC49, pancarcinoma monoclonal antibody; B72.3, pancarcino-
ma monoclonal antibody; scFv, single-chain antibody; SA,
streptavidin; LS174T, human colon cancer cell line; GalNAc16,
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ABSTRACT: We present a highly selective approach for the
targeting of inflammation with a multivalent polymeric probe.
Dendritic polyglycerol was employed to synthesize a
polyanionic macromolecular conjugate with a near-infrared
fluorescent dye related to Indocyanine Green (ICG). On the
basis of the dense assembly of sulfate groups which were
generated from the polyol core, the resulting polyglycerol
sulfate (molecular weight 12 kD with ∼70 sulfate groups)
targets factors of inflammation (IC50 of 3−6 nM for inhibition
of L-selectin binding) and is specifically transported into
inflammatory cells. The in vivo accumulation studied by near-
IR fluorescence imaging in an animal model of rheumatoid
arthritis demonstrated fast and selective uptake which enabled
the differentiation of diseased joints (score 1−3) with a 3.5-fold higher fluorescence level and a signal maximum at 60 min post
injection. Localization in tissues using fluorescence histology showed that the conjugates are deposited in the inflammatory
infiltrate in the synovial membrane, whereas nonsulfated control was not detected in association with disease. Hence, this type of
polymeric imaging probe is an alternative to current bioconjugates and provides future options for targeted imaging and drug
delivery.

■ INTRODUCTION
Macromolecular conjugates are ideal entities for the delivery of
drugs or diagnostics to diseased organs, tissues, and cells, as
they can be effectively optimized for uptake, binding, release,
and tolerability. Today, novel targeted macromolecules
encompass mostly proteins and antibodies, which are
recombinantly produced and either operate directly as
therapeutics or are employed as carrier molecules for the
delivery of conjugated effector molecules. A fundamental
challenge with targeting molecules of biological origin is their
inability in multipathway inhibition often leading to insufficient
efficacy in the complex in vivo situation of disease treatment.1

An alternative to biological targeting molecules is provided
by fully synthetic nanosized polymeric entities, which are
accessible by comparably simple and economical chemical
procedures. Many approaches using nanoparticles, dendrimers,
and self-assembling systems as carriers for therapeutic drugs
and diagnostic effectors are currently being followed.2

Particularly, dendritic macromolecular polymers offer interest-
ing applications for drug delivery and targeting. The multi-
functional surface of dendritic structures is ideal to modify the
physiological properties of the macromolecule by changing the

surface properties, e.g., through conjugation with targeting
structures or the assembly of charged moieties.3,4 Most
recently, we demonstrated that polyanionic, dendritic poly-
glycerol sulfates (dPGS) exert strong binding affinity to cellular
targets involved in the inflammatory process, such as L- and P-
selectins, which are bound with nanomolar affinity as
demonstrated by a concentration-dependent SPR assay in
vitro.5,6 By inhibiting leucocyte infiltration in vivo, the substance
exhibited efficient anti-inflammatory efficacy in a mouse
dermatitis model.5 Furthermore, dPGS binding to selectins
was shown to increase with molecular weight and number of
sulfate groups.6 Polyanionic analogues employing polyglycerol
sulfonates, carboxylates, or phosphates exert only weak binding
to selectins (around μM), thereby revealing the particular
specificity of dPGS.7

The underlying rationale of our studies described herein
encompasses, on one hand, the evaluation of dPGS as carrier
molecule for the targeting of diagnostic molecules to sites of
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inflammation and, on the other hand, to gain information on
the in vivo distribution of such polymers. Thus, our aim was to
generate a novel type of imaging probe involving near-IR dyes
of the kind of Indocyanine Green (ICG). By visualizing the
interaction of the polyanionic macromolecular conjugate within
inflammatory processes, a novel molecular targeting mechanism
is translated from the in vitro biological behavior to the
performance as in vivo contrasting probe.

■ EXPERIMENTAL SECTION
Materials. All chemicals used were reagent grade, used as

received, and purchased from Acros Organics (Belgium) or
Sigma-Aldrich (Germany) unless stated otherwise. 11-Bromo-
1-undecanol (>97%) was purchased from Fluka (Germany),
and 4-(2-carboxyethyl)-phenylboronic acid from Alfa Aesar
(Germany). Dendritic polyglycerol (dPG, compound 1) with a
molecular weight of 6000 g/mol and a PDI < 1.6 was
synthesized according to literature via an anionic multi-
branching ring-opening polymerization of glycidol and
pentaerythritol as starter.8,9 The ICC propargyl dye 5 was
synthesized as published,10 and is commercially available
through IRIS Biotech, Germany. Dialysis was performed with
regenerated cellulose tubings (MWCO 2000) purchased from
Carl Roth. Reversed phase chromatographic purification was
performed using RP-18 Redisep flash columns (ISCO
CombiFlash Rf system). 1H NMR and 13C NMR spectra
were recorded at 25 °C at concentrations of 100 g·L−1 on a
JEOL ECX 400 spectrometer, operating at 400 and 101 MHz,
respectively. NMR chemical shifts δ are reported in ppm and
the deuterated solvent peak was used for calibration. Mass
spectra were obtained from an ESI-Time-of-Flight LC/M mass
spectrometer 6210 (Agilent Technologies) operating at a flow
rate of 10 μL/min. Combustional analysis to determine degrees
of sulfation was performed on a Vario EL III elemental
analyzer. IC50 values were determined by SPR as published.5

Synthesis of Conjugates. 11-Azidoundecyl-polyglycer-
ol (2). dPG 1 (0.83 mmol, 5 g) was dissolved in dry DMF (40
mL) and statistically deprotonated with sodium hydride (60%
in mineral oil, 2.08 mmol, 83 mg, 2.5 equiv) at 80 °C under Ar
atmosphere for 30 min. 11-Azido-1-undecanyl-tosylate11 (1.5
mmol, 0.54 g, 1.8 equiv) was added to the mixture and the
reaction was kept for further 24 h at 80 °C. Subsequently, the
solvent was removed under reduced pressure, the residue
redissolved in aqua dest. (50 mL), and repeatedly extracted
with DCM (3 × 50 mL). The aqueous phase was concentrated
and further purified by dialysis in MeOH for 48 h, while the
solvent was replaced three times. After concentration under
reduced pressure and drying in high vacuum, 4.6 g (88%) of the
title compound was obtained as a slightly yellow, viscous oil.

1H (400 MHz, MeOH-d4) δ 4.03−3.40 (m, dPG-backbone);
1.70−1.50 (m, alkyl-CH2CH2O, alkyl-CH2CH2N3); 1.47−1.26
(m, 7×CH2-alkyl).

13C (101 MHz, MeOH-d4) δ 81.5, 81.3,
79.7, 73.9, 72.8, 72.4, 72.2, 70.9, 70.6, 64.4, 63.0, 62.7 (PG-
backbone), 52.4 (CH2N3), 31.7, 31.0, 30.6, 30.3, 29.9, 29.0,
28.6, 27.8, 27.0 (alkyl CH2). IR (KBr) ν/cm−1 3365 (s), 2927
(m), 2871 (m), 2071 (vs), 1122 (s), 1098 (s), 977 (m), 822
(m). Elemental analysis: calcd. C 49.065, H 8.250, N 0.680;
found C 47.37, H 8.632, N 0.528.

11-Azidoundecyl-polyglycerolsulfate (3). Azidoundecyl-
dPG 2 (0.63 mmol, 4.0 g) was dissolved in dry DMF (25
mL) and a solution of sulfurtrioxide pyridine complex (0.05
mol, 8.0 g, 80 equiv) in dry DMF (50 mL) was slowly added to
the solution via a dropping funnel at 60 °C under Ar

atmosphere and stirred for 5 h. Then, the reaction mixture was
allowed to cool to room temperature and to react for further 24
h. The reaction was quenched by the addition of aqueous
NaOH (1 M) until pH 8 was reached. The solvent was
removed under reduced pressure and the crude product was
dialyzed against water for 24 h while the solvent was replaced 3
times. After concentration under reduced pressure and drying
in high vacuum, 8.1 g (92%) of the title compound was
obtained as colorless solid. 1H (400 MHz, D2O) δ 4.58−4.17
(m, CH2−OSO3Na) 4.16−3.55 (m, dPG-backbone); 1.83−
1.62 (m, alkyl-CH2CH2O, alkyl-CH2CH2N3); 1.57−1.31 (m,
7×CH2-alkyl).

13C (101 MHz, D2O) δ 79.1, 78.0, 76.6, 71.0,
70.3, 69.1, 68.4, 67.7 (PG-backbone), 52.1 (CH2N3), 29.5, 29.4,
29.3, 29.2, 29.0, 28.9, 29.8, 26.8, 26.1 (CH2-alkyl). IR (KBr) ν/
cm−1 3481 (m), 2929 (m), 2871 (m), 2099 (m), 1653 (s),
1472 (m), 1255 (s), 1074 (s), 1048 (s), 939 (m), 779 (m).
Elemental analysis: calcd. C 21.94, H 3.14, N 0.29, S 17.37;
found C 19.48, H 3.204, N 0.238, S 17.20.

Meso-4-(2-carboxyethyl)phenyl NIR Dye from IR-820. A
mixture of IR-820 (0.59 mmol, 0.5 g) and 4-(2-carboxyethyl)-
phenylboronic acid (1.06 mmol, 0.21 g) in water (15 mL) was
heated to 90 °C for 48 h in the presence of Pd(PPh3)4 (0.09
mol, 0.1 g). The reaction mixture was poured into diethyl ether
and the resulting precipitate isolated by centrifugation.
Purification was achieved by RP-18 chromatography (Combi-
Flash) using water/methanol as eluent. Evaporation of
methanol followed by lyophilization afforded 0.2 g (37%) of
the product as green amorphous solid. 1H (400 MHz, DMSO-
d6) δ 1.41 (s, 12H), 1.66−1.86 (m, 10H), 1.98 (t, 2H), 2.65−
2.81(m, 8H), 3.10 (t, 2H), 4.24 (t, 4H), 6.28 (d, 2H), 7.23 (dd,
4H), 7.45 (t, 2H), 7.56 (dd, 4H), 7.71 (d, 2H), 8.01 (dd, 4H),
8.09 (d, 2H). MS (ESI-TOF) m/z calcd for C55H59N2NaO8S2
[M]+ 962.3611, found 962.3591; calcd [M+Na]+ 985.3508,
found 985.3491; calcd [M-H+2Na]+ 1007.3328, found
1007.3308.

Meso-propargyl NIR Dye (4). To as solution of meso-4-(2-
carboxyethyl)phenyl heptamethine dye (0.1 mmol, 100 mg)
and 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium
hexafluorophosphate (HATU; 0.18 mmol, 67 mg) in dry DMF
(3 mL) was added diisopropylethylamine (0.2 mmol, 35 μL).
After 30 min stirring at room temperature, a mixture of
propargylamine (0.16 mmol, 10 μL) and diisopropylethylamine
(0.3 mmol, 50 μL) was added and the reaction stirred at room
temperature for 20 h. The product was precipitated with diethyl
ether and isolated by centrifugation. Purification was achieved
by RP-18 chromatography (CombiFlash) using water/meth-
anol as eluent. Lyophilization afforded 55 mg (53%) of the
product as green amorphous solid. 1H (400 MHz, DMSO-d6) δ
1.41 (s, 12H), 1.65−1.78 (m, 10H), 1.96 (t, 2H), 2.65−2.85
(m, 8H), 3.15 (t, 2H), 4.15−4.35 (m, 6H), 3.30 (t, 1H), 6.30
(d, 2H), 7.25 (dd, 4H), 7.45 (t, 2H), 7.58 (dd, 4H), 7.72 (d,
2H), 8.05 (dd, 4H), 8.10 (d, 2H). MS (ESI-TOF) m/z calcd
for C58H61N3NaO7S2 [M]+ 999.2406, found 999.3692; calcd
[M+Na]+ 1022.2298, found 1022.3827; calcd [M+K]+

1038.3384, found 1038.3559.
Polyglycerol Sulfate−NIR Dye Conjugate (6). 11-Azidoun-

decanyl-polyglycerolsulfate 3 (7.0 μmol, 100 mg) and propargyl
dye 4 (21 μmol, 21 mg) were dissolved in a 1:1 mixture of
PBS/ethanol (1.2 mL). To this solution was added
CuSO4·5H2O (3.0 μmol, 100 μL of a stock solution of 7.8
mg in 1 mL PBS), sodium ascorbate (6.0 mmol, 100 μL of a
stock solution of 12.4 mg in 1 mL PBS) and another 200 μL of
ethanol. The mixture was allowed to react at 40 °C for 72 h.
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After evaporation of ethanol, the residue was stirred in
methanol/ethanol 1:1 and the supernatant decanted after
precipitating the nonsoluble product by centrifugation. Finally,
the product was isolated by RP-18 chromatography (Combi-
Flash) eluting as first fraction with water as eluent.
Lyophilization afforded 165 mg (77%) of 6 as green solid.
1H (400 MHz, D2O/DMSO-d6 1:1) δ 8.40−6.20 (m, dye
aromatic and polymethine groups, triazol group); 4.55−4.25
(m, CH2−OSO3Na); 4.20−3.60 (m, dPG-backbone); 2.20−
1.80 (m, dye methylene groups); 1.65−1.20 (m, alkyl-
CH2CH2O, alkyl-CH2CH2N3, CH2-alkyl linker, dye methyl
groups). Elemental analysis: calcd. C 25.04, H 3.35, N 0.55, S
16.66; found C 22.41, H 2.412, N 0.539, S 17.93.

Polyglycerol Sulfate−ICC Dye Conjugate (7). 11-Azidoun-
decanyl-polyglycerolsulfate 3 (7.0 μmol, 100 mg) and propargyl
ICC dye 5 (21 μmol, 15 mg) were reacted in a 1:1 mixture of
PBS/ethanol (1.2 mL) and the product isolated as described for
compound 6. Lyophilization afforded 180 mg (85%) of 7 as red
solid.
Photophysical Characterization. Absorption spectra

were recorded on a Lambda 950 spectrophotometer (Perkin-
Elmer), fluorescence spectra were measured with a JASCO FP-
6500 spectrofluorometer (150 W xenon lamp, R928
Hamamatsu photomultiplier). Fluorescence quantum yields
are calculated relative to the standard dye ICG in DMSO,

which has a value of 13%.12 Dye-to-polymer ratio was estimated
from the UV−vis spectrum of a 5 μM conjugate solution
prepared with the initial assumption of a dye-to-polymer molar
ratio of 1 and a molecular weight of 13 000 g/mol.
Cell Culture. The epithelial human lung cancer cell line

A549 was routinely propagated as follows: DMEM medium,
with 10% fetal calf serum, 2% glutamine, and penicillin/
streptomycin (all from PAN Biotech) added. Cells were seeded
into medium at 1 × 105 cells/mL, cultured at 37 °C with 5%
CO2, and split 1:5 two times a week. Peripheral blood
mononuclear cells (PBMC) were prepared from peripheral
blood of different healthy donors by a sequence of differential
centrifugation on Ficoll-Hypaque, adherence to polystyrene
culture flasks for 2 h, and subsequent washing with RPMI
containing 10% fetal calf serum (both from PAN Biotech) to
remove nonadherent cells. The cells were stimulated with 100
ng/mL lipopolysaccharide (LPS; Sigma) for 24 h to prime
proinflammatory processes.13

In Vivo Fluorescence Imaging. Animal Model. Ani-
mals in this study were maintained in accordance with the
Guide for the Care and Use of Laboratory Animals published
by the U.S. National Institute of Health (NIH publication no.
85−23, revised 1996). All experiments were approved by the
local animal welfare committee. For arthritis studies, we used
female Lewis rats with a body weight of (150 ± 10) g on arrival

Figure 1. Chemical structures of conjugates and synthetic pathway: (a) NaH, 11-azido-1-undecanyltosylate, DMF, 80 °C, 24 h; (b) SO3-pyridine,
DMF, 60 °C, 5 h; (c) CuSO4, Na-ascorbate, PBS/ethanol, 40 °C, 72 h.
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(Charles River) fed a normal diet. Collagen-induced arthritis
(CIA) was induced as described before.14−16 After fluorescence
imaging, the animals were killed in deep anesthesia by
intravenous injection of T61 ad us. vet. (Intervet) at a dose
of 2 mL/animal.

Clinical Scoring. Clinical symptoms of the ankle joints after
induction of arthritis are disposed in scores from 0 to 3. The
ankle joints were scored in the following way: 0 − no clinical
symptoms, 1 − low grade swelling, 2 − middle grade swelling
and reddening, and 3 − high grade swelling, reddening, and
mobility reduction.

Administration of Conjugates. The imaging probe 6 was
dissolved in sterile PBS (PAN Biotech, Berlin, Germany) and
administered i.v. via the tail vein at a dose of 4 mg/kg
(corresponding to 0.15 μmol dye per kg). Animals included for
later histology additionally received ICC conjugate 7 at a dose
of 1 mg/kg.

Imaging Device and Image Processing. A camera-based
fluorescence imaging system (Camera: EMCCD-Camera,
IXON BV887, Andor) was used for imaging of animals. As
excitation source, a light emitting diode (LED) array with λmax

of 750 nm illuminating an area of 20 cm × 20 cm and a short
pass filter (λ = 750 nm, LCLL 750) were used. The following
parameters were adjusted: exposure time, 100 ms; EM gain,
3000; delay, 18.8 ms; shift time, 0.9 ns/line; preamplifier, 4.6;
detector temperature, −65 °C; binning, 2 pixel by 2 pixel; film,
kinetic series with 3000 frames, kinetic cycle time, 200 ms, 1
accumulation; images, accumulation series with 100 frames,
accumulation cycle time 200 ms. Two long pass filters (λ50% =
800 nm, 5 OD, 800 LP, 800 ALP) were applied to suppress
excitation light. The images were analyzed as published.16

Briefly, regions of interest (ROI) were set and illumination
intensities corrected for background. Images are normalized to
the mean intensity from an ROI placed over the reference
standard. Mean and 90th percentile values are determined in
ROI for the right and left ankles, the area of the whiskers, and
the eye.16

Cytochemistry. In the present study, cells were seeded at 5
× 104 cells/mL in a 24-well culture plate on glass coverslips
(Sigma), and cultured for 24 h at 37 °C. Thereafter, cells were
cultured with medium containing 10−6 M 6, 7, and 10−5 M
polyglycerol-ICC (nonsulfated control)17 for different times at
37 °C. Afterward, cells were fixed with cold acetone, rinsed, and
covered with 4,6-diamidino-2-phenylindole (DAPI, Abcam,
Cabridge, UK) for nuclear counterstain. Image acquisition was
performed using a Leica DMRB microscope (Leica, Solms,
Germany). Images were taken with a digital camera (Spot 32,
Diagnostic Instruments).
Histochemistry. Histochemical staining was performed on

paraffin sections (10 μm) of tissue of liver fixed with formalin
or cryosections (5 μm) of tibiotarsal articulations. Tissues were
removed 3 h post injection (p.i.) of dPGS-ICC or polyglycerol-
ICC from control animals or rats with CIA. Tissue sections
were deparaffinated and fixed with acetone. Non-decalcified
tissues of tibiotarsal articulation were shock-frozen using liquid
nitrogen. Microtome sections were removed from the block
with cellotape and then transferred to slides, dried overnight,
and fixed with acetone for 30 s.18 DAPI was used for nuclear
counterstain. Image acquisition was performed using a Leica
DMRB microscope (Leica). Images were taken with a digital
camera (Spot 32, Diagnostic Instruments).

■ RESULTS AND DISCUSSION

Synthesis of Polyglycerol Sulfate Conjugates with
Cyanine Dyes. The synthetic path involves the derivatization
of dendritic polyglycerol (dPG) with a reactive linker in a
fashion in which approximately only one dye molecule on
average is conjugated to the polymer. Dye conjugation via
“Click” chemistry after sulfation of the majority of hydroxyl
groups leads to the desired near-IR imaging conjugate. The
synthesis is illustrated in Figure 1. The synthesis of dPG
(compound 1 in Figure 1) was achieved by a one-step anionic
multibranching ring-opening polymerization of glycidol started
on the initiator pentaerythritol. After purification by dialysis, a
highly viscous oil was obtained with a typical PDI of 1.4−1.6
and a number average molecular weight Mn of approximately
6000 g/mol.8,9 Before the sulfation reaction to the desired
polyglycerol sulfate, a small proportion of the hydroxyl groups
was modified by reaction with 11-azidoundecanyl-1-tosylate
forming an ether linkage between polymer and aliphatic chain.
The appearance of the azide functionality in 2 was supported by
IR (characteristic band at 2100 cm−1). According to 1H NMR
signal integration (see Supporting Information), 60% of
polymer carried a linker moiety on average. Subsequently, the
material was sulfated with SO3·pyridine complex5,19 giving the
azidoundecanyl-modified sulfated polyglycerol 3 in high yield.
Elementary analysis revealed a high degree of sulfation of 92%
(75 of theoretically 80 hydroxyl functions converted for Mn
6000 g/mol); thus, the Mn of the sulfated species is
approximately 12 000 g/mol. Conjugation for near-infrared
imaging in the spectral range of Indocyanine Green (ICG) was
accomplished with the novel propargyl derivative 4. We
prepared this fluorescence label from the commercial dye IR-
820 referring to a recently published procedure by Achilefu et
al. who applied the Suzuki method of aryl-halide substitution to
the central chloro function in the IR-820 structure.20 In our
approach, we used 4-(2-carboxyethyl)phenylboronic acid as
reaction component, thereby introducing a carboxyethyl linker
symmetrically into the chromophore. Amidation with prop-
argylamine under standard conditions led to the desired
derivative 4 for conjugation to the polyglycerolsulfate 3.
Coupling of 4 was achieved by copper-mediated 1,3-dipolar
cycloaddition (“Click”-conjugation) between the azide group at
the polymer and the propargyl residue at the dye. The resulting
conjugate 6 was characterized by 1H NMR and by photooptical
methods. The conjugation reaction yielded a dye-to-polymer
ratio of approximately 0.66 estimated from the absorption
spectra (see below). We included furthermore a VIS
fluorophore into our studies and synthesized an analogous
conjugate (7) employing the indocarbocyanine (ICC)
propargyl moiety 5 already published in other studies.7,10 The
influence of dye conjugation on target binding was determined
by SPR (Biacore)5,6 yielding inhibition (IC50) values for L-
selectin similar to nonconjugated dPGS of identical sulfation
but without linker modification (conjugate 6, IC50 3 nM;
conjugate 7, IC50 6 nM; nonconjugated dPGS, 4 nM). Hence,
dye conjugation does not hamper target affinity of the resulting
conjugate.
Photophysical Properties. In order to characterize the

conjugate 6 with respect to its optical properties, we were
interested in the dye-to-polymer ratio and in the resulting
fluorescence quantum yield. The data for conjugate 6 in
comparison with the free dye are summarized in Table 1. First,
absorption measurements were conducted in phosphate-
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buffered saline and in serum as most relevant physiological
media. The spectra depicted in Figure 2 illustrate that the
conjugate exhibits a pronounced tendency to form aggregates.
For comparison, the theoretically optimal absorbance profile of
the fluorophore is obtained by measuring the free dye in
DMSO. Unfortunately, 6 is not soluble in DMSO or methanol
due to the extremely high anionic charge, so we had to exclude
this solvent. In PBS, strong aggregation is apparent from the
collapsing extinction of the absorbance maximum of 6 at 792
nm and growth of the dimer shoulder at 730 nm, together with
sign of a J-band at 886 nm. Also, the fluorescence yield is rather
low at 0.6% (excitation 720 nm). This behavior has been
studied intensively for protein and antibody conjugates with
lipophilic fluorescent labels, mainly dyes of cyanine type.21,22 In
serum as the more physiologically relevant medium, we
obtained a slightly restored main absorption band, accom-
panied by an increased fluorescence quantum yield of 1.8%.
Despite insolubility in DMSO, a mixture of PBS/DMSO of 1:1
gave a similar spectrum and a quantum yield of 2.7%.
Compared to other covalent conjugates of the ICG

chromophore type21,23 and also unmodified ICG in nano-
formulations,24 however, this level appears sufficient for further
biological studies.
For the free dye, a very high extinction coefficient in DMSO

was measured at 195 000 M−1 cm−1 representing the
theoretically optimal condition to determine optical properties
due to the absence of aggregation phenomena. Assuming an
extinction coefficient of 150 000 M−1 cm−1 from the spectral
shape in serum or PBS/DMSO (Figure 2) to estimate the dye-
to-polymer ratio in 6, a concentration of 3.3 μM, which
corresponds to a dye loading of 66%, can be calculated. This is
in approximate agreement with the maximal achievable loading
based on 60% linker attachment (see above). The difficulty in
accurately determining the ratio between a carrier unit and a
dye is similar to observations with antibody conjugates with
rather lipophilic heptamethine dyes, such as ICG.21 In fact, as
discussed by Villaraza et al., the clear analysis of dye loading as
well as supposedly successfully achieved separation of
covalently attached dye from aggregated nonattached impurities
is difficult, as in size exclusion chromatography (SEC) both
specimens may elute similarly. Furthermore, our polymer
carriers do not exhibit UV absorption, thus lacking a method to
quantify the polymer concentration by spectrophotometry.
Cellular Uptake. On the in vitro level, we have already

demonstrated the ability of polyglycerol sulfates to inhibit L-
and P-selectin binding with high specificity over other anionic
groups, such as sulfonate and carboxylate.7 Applying conjugates
6 and 7, both of which exhibit high binding to L-selectin with
conjugated fluorophore (see above) allows the translation to
the cellular level. We found that the polymer clearly localizes
within tumor cells, as well as in activated mononuclear cells, as
shown in cell culture and tissue specimens.
Figure 3A illustrates that the NIR conjugate 6 appears

comparably in A549 cells when setting up a microscope with
excitation and detection technique capable of exciting and
imaging the near-IR fluorophore permitting direct visualization
of 6. Compound 7, employing ICC dye7,10 with typical
fluorescence properties fitting the Cy3-filter (550 nm/580 nm),
allows the same subcellular localization with a sharper image

Table 1. Photophysical Properties of Free Dye and
Polyglycerolsulfate Conjugate 6

compound solventa
absorption max.

(nm)b
fluorescence
max. (nm) FQc

free dye DMSO 806 836 0.052
DMSO/PBS
(1:1)

800 823 0.097

6 DMSO/PBS
(1:1)

728, 804,− 823 0.027

PBS 730, 792, 886 817 0.006
serum 738, 806, 886 818 0.018

7 PBS 518, 553, − 568 n.d.
serum 526, 559, − 572 n.d.

aData for free dye in PBS and conjugate 6 in DMSO are not
determined due to insolubility, and no reasonable spectra were
obtainable. bSpectral data for 6 and 7 from left to right: dimer band,
monomer band, J-band. cFluorescence quantum yield relative to ICG
in DMSO (0.13).12

Figure 2. Absorbance spectra of conjugate 6 in different solvents compared to free dye in PBS/DMSO 1:1. Fluorescence emission spectrum of 6 in
serum (excitation: 760 nm).
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impression (Figure 3B). As expected, no cellular signals after
incubation with polyglycerol-ICC as control could be detected
(Figure 3C). Due to the absence of technical routine solutions
for microscopic imaging in the near-IR, we continued to
employ compound 7 as standard probe for microscopic studies,
hereby assured that 6 and 7 exhibit identical cellular uptake
behavior as proven by the above-described bridging compar-
ison. Accordingly, uptake of conjugate 7 could be demonstrated
in vitro in human peripheral blood mononuclear cells
stimulated with LPS to induce for inflammatory processes
(Figure 3D). Moreover, intracellular localization after targeting
to macrophages in the living organism was proven by studying
liver tissue 3 h post i.v. injection of conjugate 7 into rats. As
shown in Figure 3E, enrichment in rat liver macrophages
(Kupffer cells) with a certain level of fluorescence signals also
detectable in activated endothelial cells and hepatocytes can be
followed ex vivo by fluorescence microscopy of liver tissue
specimens.
In Vivo Imaging. Conjugate 6 was employed as imaging

probe for in vivo studies using the well-established arthritis rat
model in which joint inflammation is induced by the injection
of bovine type II collagen.15,16 After i.v. administration of the
probe (dose: 4 mg/kg of polymer corresponding to 0.2 μmol/
kg fluorophore), fluorescence images were generated up to 24 h
post injection. Images from a time series of a control and two
CIA animals are shown in Figure 4. The false colors allow easy
identification of the diseased joints. As is typical in the disease
progression of this animal model, a certain number of joints
remains either unaffected or at a low disease score. In the
fluorescence imaging setting, we were able to differentiate dye
probe uptake depending on the acuteness of the inflammation
within the same animal. In Figure 4, the middle row
impressively shows that the absence of clinical signs (score 0)
does not lead to pronounced fluorescence enhancement.
For further quantification, images were analyzed by applying

appropriate regions of interest (ROIs) to the area of ankle
joints, eyes, and a fluorescent reference cube. Accordingly, a
total of 10 joints in control rats and 20 joints in arthritic
animals were evaluated. The fluorescence intensity from the
eyes is helpful as a basic signal indicating the pharmacokinetic
behavior of the injected probe in the blood compartment.

Figure 3. Uptake of dPGS conjugated with fluorescence dyes (red):
A549 lung cancer cells cultured for 4 h with 6 (A) or 7 (B). (C)
Monocytes isolated from human peripheral blood stimulated with 100
ng/mL LPS (24 h) and cultured for 4 h with 7. (D) Control with
polyglycerol-ICC on A549 lung cancer cells. (E) Paraffin-embedded
tissue of rat 3 h p.i. of 7. M − Liver macrophages (Kupffer cells), E
−endothelial cells, H − hepatocyte, CV − central venule. Nuclear
staining with DAPI (blue). Objective lens 40× (A−D), 100× (E).

Figure 4. Comparison of fluorescence images in false colors (normalized to a fluorescence reference cube) of a control rat and rats with collagen-
induced rheumatoid arthritis (different clinical scores are indicated) after 10 min, 1 h, and 24 h post injection of 6 (4 mg/kg b.w.). One
representative example of at least n = 5.
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Figure 5 illustrates the resulting average signal kinetics of joints
of healthy animals, and joints of treated animals, grouped into

score 0 and scores 1−3, as well as in the eye. The results show
that conjugate 6 generates an almost 3.5-fold signal increase in
the affected joint (score 1−3) at the time of maximal intensity
at 60 min. Interestingly, for joints of the treated group with no
clinical signs (score 0) a 2-fold signal enhancement in
comparison to the healthy group can still be calculated (n =
3). Data of fluorescence intensity of ICG derived from ROIs
over ankle joints at defined time intervals of each animal group
were analyzed employing the Mann−Whitney test for
independent samples. At 10 min after bolus injection, the
significance of fluorescence intensity values between controls
and diseased joints (score 1−3) was calculated (MedCalc, vers.
11.1.0.0) and the two tailored probability yielding p < 0.0001.
The significance is even more pronounced at later time points,
as can be seen from the difference of means in Figure 5. These
findings indicate that the molecular targeting of the polyanionic
macromolecule is effectively directed to early signs of the
disease before clinical manifestation can be evidenced. In fact,
the targeting of early signs in joint inflammation, involving the
formation of autoantibodies activating macrophages, the release
of proinflammatory cytokines, the activation of endothelial
cells, and finally the infiltration of inflammatory cells in the
articulation,25 remains a challenge in diagnosis and treatment
before clinical manifestation (edema, destruction of cartilage,
and bone) occurs.26

The fluorescence signal measured over the eye, as a rough
estimate for the change of dye concentration in the blood,
reaches almost its minimal level at the time of maximal signal in
the joints. This allows an explanation of the high and early
contrast in the images. Typically, macromolecular targeting for
diagnostic imaging purposes might be hampered by long-
circulating probe fractions and resulting high signal back-
ground, so that the required target-to-blood signal ratios are not
sufficiently developed. By employing the eye fluorescence as a
provisional solution to monitor blood kinetics, a roughly
estimated blood half-life is shorter than 1 h, fast enough for
reasonable contrast enhancement.

Histological Examination of Tissues. To enable a
postmortem histological recovery of the dPGS conjugate and
confirm the in vivo imaging data, we analyzed tissues of the
tibiotarsal articulation by fluorescence microscopy using the
550 nm channel (Cy3) to excite the ICC dye (Figure 6). No

fluorescence signals were detectable in the articulations of
healthy animals 3 h post i.v. administration of 7. In the tissues
of rats with CIA, conjugate 7 was enriched in the inflammatory
infiltrate in the synovial membrane. The treatment of both
control and CIA rats with nonsulfated polyglycerol−ICC
conjugate17 as control did not lead to uptake into the cells of
the synovial membrane, thus further supporting the specific
targeting behavior of dPGS observed with the near-IR
fluorescent version 6 as in vivo imaging probe.

■ CONCLUSION
We have demonstrated that dendritic polyglycerol sulfate
(dPGS) acts as a novel type of synthetic nanocarrier suited for
inflammation-specific molecular imaging. The polymer was
readily synthesized by a polymerization and sulfation procedure
and conjugated with either a near-infrared dye or a VIS dye to
facilitate in vitro and in vivo detection in disease models. Both
conjugates behave similarly regarding its cellular uptake into
epithelial cells and macrophages. The specific intracellular
localization is yet to be further elucidated with respect to the
mechanism involved. Our ongoing work involves studies on
uptake possibly via transporter proteins and scavenger
receptors into inflammatory cells, as well as the impact of the
type of anionic group on cellular interaction.7 Translation into
the diagnostic application was accomplished by in vivo

Figure 5. Temporal behavior of means of normalized fluorescence
intensity derived from 90th percentiles of ROIs covering the ankle
joints and the opened eye of the rats post injection of conjugate 6. The
error bars indicate the single standard deviation derived from the
number of measured values n (individual joints as independent
events).

Figure 6. Conventional and fluorescence histology of tissues from
tibiotarsal articulation of rats with collagen-induced rheumatoid
arthritis (CIA) or healthy controls 3 hs post i.v. injection of dPGS-
ICC (7) or nonsulfated PG-ICC.17 Arrowhead: synovial membrane. B:
bone. C: cartilage. Nuclear staining with DAPI (blue), compounds in
red.
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fluorescence imaging in a rat arthritis model, demonstrating fast
and selective targeting of tissue inflammation and permitting
the differentiation of early onset of disease progression. We
conclude that dendritic macromolecules provide interesting
opportunities beyond the usually employed drug delivery
systems with nanoparticles and other high molecular weight
systems based on passive targeting. Here, we utilized highly
dense anionic charge to impart specific interaction with factors
of inflammation, ultimately generating carrier systems for
targeted diagnostics and therapeutics.
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ABSTRACT: With the aim of developing dendrimer nano-
vectors with a precisely controlled architecture and flexible
structure for DNA transfection, we designed PAMAM
dendrimers bearing a triethanolamine (TEA) core, with
branching units pointing away from the center to create void
spaces, reduce steric congestion, and increase water accessibility
for the benefit of DNA delivery. These dendrimers are shown to
form stable nanoparticles with DNA, promote cell uptake
mainly via macropinocytosis, and act as effective nanovectors for
DNA transfection in vitro on epithelial and fibroblast cells and,
most importantly, in vivo in the mouse thymus, an exceedingly
challenging organ for immune gene therapy. Collectively, these results validate our rational design approach of structurally
flexible dendrimers with a chemically defined structure as effective nanovectors for gene delivery, and demonstrate the potential
of these dendrimers in intrathymus gene delivery for future applications in immune gene therapy.

■ INTRODUCTION
DNA-based gene therapy and the recently developed small
interfering RNA (siRNA)-based gene silencing show great
promise as therapeutic approaches for treating and controlling
inherited as well as acquired diseases. The main obstacle to
successful gene therapy is the lack of safe and effective vectors
for nucleic acid delivery. To date, the most efficient vectors are
viral; however, these do have fatal drawbacks relating to
immunogenicity and toxicity, in addition to practical problems
concerning large-scale production and quality control. There-
fore, developing safe and efficient nonviral vectors for nucleic
acid delivery is urgently needed and of paramount importance
for gene therapy.1−4 Nonviral vectors are noninfectious and
elicit only weak immune responses; thus, repeated injections

can be used for the treatment of chronic diseases. Other
important advantages include their convenient preparation and
use, as well as their reasonable manufacturing cost. Their major
disadvantage relates to a lower transfection efficiency compared
to viral vectors. Therefore, improving the tranfection efficiency
of nonviral vectors constitutes the ultimate aim and challenge.
Nonviral vectors are usually divided into two main classes

cationic lipids and polymers.5 In both cases, the positive
charges of the vectors interact with anionic nucleic acids and
form stable complexes that protect the nucleic acid from
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degradation and promote cell uptake. Among the nonviral
vectors, cationic dendrimers, characterized by a unique
nanoscale spherical architecture, regular dendritic branching,
and radial symmetry, are a special family of polymeric
vectors.6−8 The most extensively studied dendrimers for
nucleic acid delivery are poly(amidoamine) (PAMAM)
dendrimers,9−13 which bear primary amines at the dendrimer
surface and tertiary amines at the branching units inside.14,15

Positively charged at physiological pH, these primary amines
yield a high charge density at the dendrimer surface, which is
responsible for ionic condensation with nucleic acids and
binding to the cell surface. After entering the cells through
endocytosis, the dendrimer delivery complexes are entrapped in
endosomes where they are reported to release DNA into the
cytosol via a “proton sponge” effect.16,17 The released DNA
molecules are eventually trapped in the nucleus where
transcription can occur.
Paradoxically, DNA transfection with partially degraded and

structurally fractured PAMAM dendrimers is 2 orders of
magnitude higher than that of nondegraded ones.13 This could
be ascribed to the fact that partially degraded dendrimers are
endowed with a more flexible and open structure compared to
their intact counterparts, and are thus more accessible for
interaction with DNA via both electrostatic interactions and
mutual accommodation in space. In addition, the open and
flexible structure allows water molecules to pervade the
nanovector interior more easily, consequently increasing the
availability of the inner tertiary amines for protonation. This, in
turn, may result in an enhanced buffering capacity via a proton
sponge effect, ultimately leading to more efficient DNA release
and hence a better transfection efficiency.
Partially degraded and fractured PAMAM dendrimers are

obtained either by thermal degradation or by alkaline hydrolysis
of the intact dendrimers. However, these processes cannot offer
precise control over structure. In addition, dendrimer synthesis
is a time-consuming and painstaking process involving stepwise
construction as well as tedious workup for separation and
purification. Therefore, deliberately degrading a laboriously
synthesized perfect dendrimer is neither satisfactory nor
economical, and results in a waste of both manpower and
energy. With this in mind, we wished to investigate whether
rationally designed genuine (i.e., nondegraded) PAMAM
dendrimers with flexible structures might behave similarly to
their partially degraded rigid counterparts, thus enabling their
use as efficient nanovectors for nucleic acid delivery.
We therefore conceived and synthesized structurally flexible

PAMAM dendrimers starting with triethanolamine (TEA) as
the dendrimer core (Figure 1A).18−21 Our rationale for molec-
ular design of structurally flexible dendrimers is rather straight-
forward: with TEA as the dendrimer core, the branching units
start at a distance of 10 successive bonds away from the central
amine, whereas the prototype NH3-core PAMAM dendrimers
branch out immediately at the central nitrogen of the NH3
core.14 Consequently, TEA-core dendrimers feature an
extended core and are expected to be less congested in space,
with their branching units and terminal end groups being less
densely packed than those of NH3-core dendrimers. We have
previously reported these dendrimers for their efficient
interaction with RNA molecules18,19 and their effective delivery
of small interfering RNA molecules.20−23 However, their struc-
tural flexibility and their DNA delivery ability have not been
investigated yet. Here, we report that these dendrimers have
indeed flexible structure and are also effective nanovectors for

DNA transfection in vitro and in vivo in the mouse thymus. It is
worth mentioning here that the thymus is an attractive organ
for immune gene therapy, as it is the primary site of production
of functional T lymphocytes playing a crucial role in adaptive
immune responses.24 Owing to the potential use of an intra-
thymic gene transfer strategy for immune modulation, it is of
primary importance to develop nanocarriers for effective DNA
transduction in thymus.25 Historically, gene transfer in the
thymus has been a challenge with respect to efficiency and
safety. Intrathymic transfection using viral26−28 or nonviral28

vectors or electroporation29 was previously reported to be
either inefficient or technically demanding. The results reported
here provide the first experimental evidence that the struc-
turally flexible PAPAM dendrimers are effective nanocarriers
for DNA delivery and gene transfer in mouse thymus, which
may introduce new perspectives to immune gene therapy via
intrathymic dendrimer-mediated DNA delivery.

■ EXPERIMENTAL PROCEDURES

General. Plasmid DNA containing the luciferase gene was a
gift from Prof. Barbara Demeneix (CNRS, Paris, France).
EGFP plasmid pEGFP-N1 was purchased from Clontech
(Clontech laboratories, Inc. CA, USA). Poly(lysine), ethidium
bromide, endocytosis inhibitors (cytochalasin D, genistein, and
chlorpromazine), paraformaldehyde, and bovine serum albumin
(BSA) were supplied by Sigma (Sigma−Aldrich, Lyon, France).
YOYO-1 iodide, endocytosis markers (Alexa-Fluor 647-labeled
dextran, transferrin, and cholera toxin B), Alexa-Fluor 647-
labeled Phalloidin, DAPI, and Hoechst 34580 were purchased
from Invitrogen (Invitrogen Ltd., Paisley, UK). HeLa and
LMTK− cells were grown in MEM with Earle’s salt (Eurobio,
Paris, France) and supplemented with 10% fetal bovine serum
(FBS, Perbio, France), 2 mM Glutamax (Eurobio), 100 units/
mL penicillin (Eurobio), and 100 μg/mL streptomycin
(Eurobio). Cells were maintained at 37 °C in a 5% CO2
humidified atmosphere.
NMR DOSY Experiments. DOSY experiments were

performed at 300 K on a Bruker Avance spectrometer operating
at 500 MHz for the 1H Larmor frequency with a 5 mm triple-
resonance inverse Bruker cryoprobe optimized for 1H detection
and equipped with an actively shielded z-gradient coil. D2O
solutions were prepared at 1 mg mL−1 by weighing the proper
amount of dendrimer sample directly into the NMR sample
tube and adding 0.6 mL of deuterated solvent. Note that the
D2O viscosity was taken as 1.05 cP. The NMR pulse sequence
was based on a simulated echo and incorporated bipolar
gradients and a longitudinal eddy current delay.30 Typically, the
diffusion time was kept constant at 700 ms and bipolar sine
gradient pulses between 0.8 and 2.3 ms were employed. The
gradient pulse recovery time and the longitudinal eddy current
delay were set to 0.25 and 25 ms, respectively. To determine
the weight average molecular weight of the dendrimers, the
following procedure was followed. Because the lower
generation TEA-core PAMAM dendrimers (G1−G3) have
well-defined and fully characterized molecular weights, they
were selected and used as references in order to obtain the
corresponding scaling law (and hence the calibration curve)
between the self-diffusion coefficients and the molecular weight
of TEA-core dendrimers:

(1)
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By using eq 1, the molecular weight of all the TEA-core
PAMAM dendrimers (G1−G7), including those used to build
the calibration curve (G1−G3), were subsequently estimated
(Figure 1B) from their self-diffusion coefficients D, and the

results agreed very well (roughly ±5%) with those obtained
previously by MS and GPC (Figure 1B).

Potentiometric pH Titration of Dendrimer. The G5,
G6, or G7 dendrimer was diluted to a concentration of primary
amine of 1.25 mM. pH titration was carried out with 50 mM
HCl using a Mettler Toledo 320-S pH meter.
Molecular Modeling. All MD simulations were performed

using the sander and pmemd modules of the AMBER 9 suite of
programs,31 and the new version of the Dreiding force field
recently developed by the Goddard group and specifically
optimized for dendrimers in water solutions.32,33 The free
energy of binding between the dendrimers and the DNA was
calculated according to a previously validated approach34,35

based on the Molecular Mechanics−Poisson−Boltzmann
methodology.36 Calculations were carried out in parallel on
128 processors of IBM/BCX calculation cluster of the
CINECA supercomputer facility, Bologna, Italy. The meso-
scopic simulations were carried out with the DPD modulus of
Materials Studio (v 4.4, Accelrys Inc., USA), according to a
multiscale procedure developed by our group.35

Preparation of the Plasmid DNA/Dendrimer Com-
plexes. The dendrimers were diluted to an appropriate
concentration in 20 mM Tris-HCl buffer (pH 7.6) and 150 mM
NaCl, with all solutions stored at 4 °C. The plasmid DNA
was diluted to 20 ng/μL in 150 mM NaCl solution. Both
solutions were mixed at various N/P (= [total end amines in
dendrimer]/[phosphates in DNA]) and incubated at 37 °C for
30 min. The final concentration of plasmid DNA was adjusted
to 10 ng/μL.
Gel Retardation Assays of the DNA/Dendrimer

Complexes. Each complex (4 μL) containing 250 ng plasmid
DNA and the corresponding dendrimer was kept at 37 °C in
buffer solution for 30 min before loading on a 0.7% agarose gel
in standard TAE buffer for electrophoresis. The DNA bands
were stained by ethidium bromide and then detected by a
Herolab EASY CCD camera (type 429K) (Herolab, Wiesloch,
Germany).
Stability of DNA/Dendrimer Complex Against

DNase. An aliquot of 1.8 μg of DNA and the indicated
amounts of dendrimers was kept at 37 °C for 30 min. Then, the
complexes were incubated in the presence of 1 unit DNase/μg
DNA for 0, 5, 10, 20, 30, 45, 60, 75, and 90 min at 37 °C, and
aliquots (4 μL) of the corresponding solution containing
200 ng of DNA were withdrawn, added to 0.44 μL 10% SDS
solution on the ice, and then subjected to electrophoresis in
1.2% agarose gel in standard TAE buffer. The DNA bands were
stained as described above.
Transmission Electron Microscope (TEM) Imaging.

Studies were performed with a JEM-1230 electron transmission
microscope. Ten microliters of a solution of plasmid DNA
(5 ng/μL) were mixed with 10 μL of a solution of dendrimer in
50 mM Tris-HCl buffer (pH 7.4). After equilibration (30 min),
4 μL of this mixture were dropped on a standard carbon-coated
copper TEM grid, and then allowed to evaporate (1 h at 30 °C,
ambient pressure). The grid was then stained with uranyl
acetate (2% in 50% alcoholic solution) for 3 min. Imaging was
performed immediately after air−drying for 20 min.
Dynamic Light Scattering Measurement. The plasmid

DNA solution was mixed with indicated amount of dendrimer
solution at different N/P ratios. The final concentration of
the plasmid DNA was 50 ng/μL. After incubating at 37 °C for
30 min, dynamic light scattering (DLS) measurements were
performed using Zetasizer Nano-ZS (Malvern, Ltd., Malvern,
UK) with a He−Ne ion laser of 633 nm.

Figure 1. (A) TEA-core PAMAM dendrimer (G2 was drawn for
clarity). (B) General information of the synthesized TEA-core
PAMAM dendrimers together with their self-diffusion coefficient D
and hydrodynamic radius Rh obtained from DOSY NMR experiments.
(C) DOSY-derived self-diffusion coefficient D as a function of the
calculated molecular weight M for TEA-core PAMAM dendrimers
G1−G7 (triangles). The best-fit was obtained as described in the
Experimental Section.
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Uptake of DNA/Dendrimer Complexes in HeLa Cells.
To evaluate cellular uptake and subsequent intracellular routing
of complexes, pCMVLuc was used and labeled with YOYO-1.
Briefly, 20 μg of pCMVLuc was mixed with 5 μL of YOYO-1
(80 μM) and incubated at room temperature for 10 min in the
dark. One day before use, HeLa cells were seeded at a density
of 5 × 104 cells/chamber in 8-well glass chamber slides (Labtek,
Nunc, USA). Preparation of the plasmid DNA/dendrimer
complexes was performed as described before. Then, the
complex containing YOYO-1-labeled plasmid DNA was added
to the cells in Opti-MEM transfection medium.

Confocal Microscopy. After incubation for 1.5 h at 37 °C,
the cells were washed with PBS and staining with Hoechst
34580. Zeiss LSM 510 Meta laser scanning confocal micro-
scope equipped with inverted Zeiss Axiovert 200 M stand (Carl
Zeiss GmbH, Jena, Germany) was used for visualization.
Images were acquired using LSM 510 software (Carl Zeiss
GmbH, Jena, Germany). For cell uptake in the presence of
endocytosis markers, the Alexa-Fluor 647-labeled markers were
added during the final 15 min incubation of DNA/dendrimer
nanaoparticles prior to nuclear staining with Hoechst. For
observation of actin rearrangement, after incubation for 15 min
at 37 °C with DNA/dendrimer nanaoparticles, cells were fixed
in 4% paraformaldehyde, permeabilized with 0.1% Triton,
incubated with 1% bovine serum albumin (BSA), and stained
with Alexa-Fluor 647 phalloidin to label actin fibers, then with
DAPI to label the nuclei.

Flow Cytometry. The uptake mechanism of the DNA/
dendrimer nanoparticles was examined by means of specific
inhibitors of different endocytotic pathways. For inhibition
experiments, the cells were seeded at a density of 5 × 105 cells
in 3.5 cm dishes (Nunc, USA) one day before, then they were
incubated with one of following inhibitors: cytochalasin D (to
inhibit macropinocytosis), genistein (to inhibit caveolae-
mediated endocytosis), or chlorpromazine (to inhibit clathrin-
mediated endocytosis) for 1 h in completed medium before the
DNA/dendrimer complexes were added. Inhibitors were used
at concentrations in which they were not cytotoxic for HeLa
cells. After incubation for 15 min at 37 °C with YOYO-1-
labeled DNA/dendrimer complex, the cell uptake efficiency was
measured using flow cytometry analysis (Beckman Coulter
Epics Elite, Beckman Inc., Miami, FL). Each assay was
performed in triplicate.
Luciferase Transfection in HeLa Cells. Transfection

experiments were carried out using the protocol described
previously.37 Briefly, 24 h before transfection, 5 × 104 HeLa
cells were seeded in 24-well tissue culture plates. The desired
amount of dendrimer reagent or jetPEI (2 μL per μg of DNA)
(Polyplus-Transfetion, Illkirch, France) and 1 μg of pCMVLuc
were diluted separately in 50 μL of 150 mM NaCl solution.
After 10 min, the transfection reagent solution was added to the
DNA solution. The solution was homogenized and left 30 min.
Before transfection, cells were incubated with 1 mL of MEM
without serum. Then, 100 μL aliquots of pCMVLuc/dendrimer
complex solution were added per well and the plates were
incubated at 37 °C. After 4 h of incubation, 100 μL aliquots of
FBS were added per well and the plates were further incubated
at 37 °C for 24 h. Each experiment was done in triplicate.
Luciferase gene expression was measured using a commercial

kit (Promega, France). After removing the complete medium,
three washings with 1 mL of PBS solution were made. Then,
100 μL aliquots of 1× lysis buffer were added per well, and the
plate was incubated at room temperature for 30 min. The

lysates were collected and centrifuged at 14 000 g for 5 min.
The luciferase assay was assessed with 5 μL of lysate after
injection of 100 μL of luciferin solution. The luminescence
(RLU) was monitored with an integration over 10 s with a
luminometer (Berthold, France). Results are expressed as light
units integrated over 10 s (RLU), per mg of cell protein using
the BCA assay (Pierce, France).
EGFP Transfection in HeLa Cells. In vitro transfection

efficiency was evaluated on HeLa cell line using a plasmid
containing a reporter gene enhanced green fluorescence protein
(EGFP). Cells were seeded into a 24-well plates at a density of
1 × 105 cells per well in 500 μL of complete medium 24 h prior
to transfection. After the DNA/dendrimer complexes contain-
ing 1 μg of DNA were incubated with cells at 37 °C for 4 h,
50 μL FBS was added. After 48 h, cells were washed in PBS and
immediately visualized by using an inverted fluorescence
microscope Olympus IX70 equipped with an AxioCam HR
digital camera from Carl Zeiss. Images were acquired using
AxioVision software (Olympus Corp., NY, USA). For
quantification, the cells were washed twice with PBS and
collected. The fluorescent intensity of positive cells was
measured with the flow cytometer (Beckman Coulter Epics
Elite, Beckman Inc., Miami, FL).

Effect of Bafilomycin A1. The transfection experiments
involving bafilomycin A1 were performed as described above
except that the HeLa cells were preincubated with 200 nM
bafilomycin A1 at 37 °C for 1 h.
EGFP Transfection in LMTK− Fibroblasts. Twenty-four

hours before transfection, 1 × 104 LMTK− cells were seeded in
96-well tissue culture plates. The desired amount of dendrimers
G5−G7 and DNA plasmid pEGFP-N1 (Clontech) were diluted
separately in 50 μL of MEM media. Dendrimers were added to
DNA and the solution was homogenized and left for 30 min.
Then, 100 μL of pEGFP-N1/dendrimer complex solution was
added per well and the plate was incubated at 37 °C. After 4 h,
10 μL of FBS was added per well and the plate was left for 48 h at
37 °C. Cells were visualized under fluorescence microscopy for
the observation of EGFP positive cells and transfection efficiency
was quantified by Image-J software. Cell viability was determined
by MTT assay. Each experiment was carried out in triplicate.
EGFP Transfection in Mouse Thymus. C57/BL6 Wild

Type (WT) mice (Charles River) were bred and maintained
under specific-pathogen-free conditions. All experiments were
done in agreement with the French and European ethical rules
(authorization number: 13−27). Thymic in vivo gene transfer
was performed at 5−6 weeks of age. Animals were anesthe-
tized by intraperitoneal injection with a mixture of ketamine
(100 mg/kg body weight; Imalgene 500; Rhone-Merieux) and
xylazine (10 mg/kg body weight; Rompun 2%; Centravet). A
20 μL formulation containing 10 μg of pEGFP-N1 or pEGFP/
dendrimer complexes prepared in 0.9% NaCl was slowly
injected with an insulin syringe in each thymic lobe. Untreated
mice were taken as negative control. Animals were kept warm
until recovery. After 48 h, mice were sacrificed, and thymi were
removed from anaesthetized animals and washed in PBS (1×),
then analyzed for EGFP expression by confocal microscopy and
flow cytometry.

Western Blot. Proteins were extracted by using the Nuclear
Protein Extraction Kit (Panomics). Protein concentrations were
measured using the Pierce BCA protein assay. Protein samples
were run on SDS polyacrylamide gel (Invitrogen) and
transferred to nitrocellulose membranes (BioRad). Incubation
with the GFP antibody (1:1000, Roche) was performed
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overnight at 4 °C. Mouse polyclonal anti-β-actin was used as
loading control (Santa Cruz Biotechnology). Proteins were
visualized using horseradish peroxidase-conjugated secondary
antibody (1:1000; Amersham Pharmacia Biotech) and the
enhanced chemiluminescence (ECL) detection system
(Pierce).

Immunofluorescence. To identify the distribution and
EGFP cell expression, 12 μm thymic sections were prepared
by cryosectioning after embedding the organs in OCT (Sakura
Finetech) and mounted on glass slides. Sliced samples were
kept in a humidified chamber and were not allowed to dry
during staining. Sections were fixed with 4% paraformaldehyde
(Sigma Aldrich) in phosphate buffer for 1 h. Frozen sections
were stained with anti-CD3 hybridomas (OKT3) (kindly
provided by Dr. B. Malissen, CIML, Marseille, France). Alexa
546 goat anti-mouse IgG was used as secondary antibody. As
negative control, untreated thymi were used in all experiments.
Tissues were counterstained with 4′,6′-diamidino-2-phenyl-
indole (DAPI) at 1 mg/mL and mounted with Mowiol
fluorescent mounting medium (Calbiochem). Fluorescent
images were acquired by a Zeiss LSM 510 confocal microscope
with a 515−525 nm bandpass filter set to view EGFP, a 560 nm
long-pass filter set to view Alexa-546, and a 420 nm long-pass
filter set to view DAPI. All images were exposed using the same
exposure time under the same magnification.

Flow Cytometry. Mice thymi were minced in FACS buffer
(PBS 1×, 3% FCS, 0.02 sodium azide) to obtain thymocytes.
Cell suspension was filtered through 200 μm nylon mesh and
centrifuged at 1500 rpm for 5 min. Precipitated cells were
resuspended in FACS buffer. One to two million thymocytes
were first incubated with the 2.4G2 hybridoma supernatant to
block nonspecific binding of labeled antibodies. Then, cells
were stained with a mixture of PE-labeled CD4 and APC-
labeled CD8 mAbs (BD Pharmingen). Viable and EGFP
positive cells were examined using a FACScalibur flow
cytometer and data analyzed with FlowJo software (Tree Star,
Inc.).
Statistical Analysis. Statistical analysis was performed by a

one-way ANOVA test followed by Fisher’s protected least
significant difference (PLSD) test (Statview 512, Brain Power
Inc., Calabases, CA). p ≤ 0.05 was considered significant (*);
p ≤ 0.01 (**); p ≤ 0.001 (***).

■ RESULTS AND DISCUSSION

DOSY NMR Study of TEA-Core Dendrimers. The TEA-
core PAMAM dendrimers of generation 1 to 7 (G1−G7) were
synthesized and characterized in terms of structure and
molecular weight as previously described (Figure 1).18−22 In
this work, we further studied their behavior in solution and
their sizes and molecular weights using diffusion ordered NMR
spectroscopy (DOSY).38,39 DOSY is based on the pulsed
gradient spin echo (PGSE) experiment,40 which labels the
spatial position of the nuclear spins using pulsed magnetic field
gradients and allows us to infer the molecular self-diffusion
coefficient from their translational displacement over a given
time period. Specifically, DOSY38 allows the self-diffusion
coefficient D to be measured, which in turn is related at infinite
dilution to the molecular size through the well-known Stokes−
Einstein equation

(1)

where k is Boltzmann’s constant, T is the absolute temperature,
η is the solvent viscosity, and Rh is the hydrodynamic radius of
the molecule (spherical approximation). In addition, DOSY
data can be used to estimate the weight average molecular
weight of macromolecules,39 because calibration curves can be
established to correlate the self-diffusion coefficient to the
molecular weight of macromolecules under specific exper-
imental conditions for a given set of compounds.
The self-diffusion coefficients D obtained for TEA-core

dendrimers in D2O solutions are reported in Figure 1B,
together with the corresponding hydrodynamic radius Rh
estimated for G1−G7 by using eq 1. As can be seen, the higher
the dendrimer generation, the smaller the self-diffusion
coefficient and the greater the hydrodynamic radius (Figure 1B).
This is in line with the molecular construction of PAMAM
dendrimers, higher-generation dendrimers displaying a greater
weight and a larger size.
The hydrodynamic radii of TEA-core dendrimers as obtained

by DOSY experiments were also compared to those reported in
the literature for the NH3-core dendrimers (Table S1 in
Supporting Information).41 Although both types of dendrimers
exhibit similar chemical composition and molecular weights,
these data showed that TEA-core dendrimers systematically
had larger hydrodynamic radiihence, larger molecular size
than the corresponding NH3-core dendrimers.39 Moreover, the
difference in size between these two series of dendrimers
increased significantly with increasing dendrimer generation, a
clear indication that the TEA-core dendrimers assume a more
extended conformation in solution. This can be explained by
the larger core of the TEA-core dendrimers and by the
branching units not directly connected to the focal point of the
core, as opposed to NH3-core dendrimers that exhibit highly
compact structures due to the most closely and densely packed
branching units. In other words, the molecular structure of
TEA-core dendrimers in solution is much less compact than
that of NH3-core dendrimers, which in turn suggests that the
former may comparatively possess higher structural flexibility.
We further studied the evolution of the measured self-

diffusion coefficients as a function of their molecular weights
for TEA-core PAMAM dendrimers. On a double-logarithmic
D = f(Mw) plot, all data are perfectly aligned (Figure 1C).
Using the corresponding scaling law for TEA-core dendrimers
(see Experimental section), we could estimate the molecular
weights for dendrimers (G1−G7) from their corresponding self-
diffusion coefficients D (Figure 1B). The molecular weights
obtained in this way for the TEA-core dendrimers parallel the
results previously determined by MS and are even closer to the
calculated values than the GPC-derived values (Figure 1B).19,20

This further confirms the quality of the TEA-core dendrimers
synthesized in this work.
TEA-Core Dendrimers Have Flexible Structures Favor-

ing Interaction with DNA. We next studied the structural
flexibility of the TEA-core dendrimers and their complexes with
DNA molecules by computer modeling using atomistic
molecular dynamics (MD) and mesoscale simulation techni-
ques. Due to the large size of dendrimers of generation 7 that
would lead to extensive calculation and data processing, we
performed MD simulations on isolated TEA-core dendrimers
of generations 4, 5, and 6 (G4, G5, and G6), NH3-core
dendrimers of generations 4, 5, and 6 (G4′, G5′, and G6′) and
their respective complexes with DNA. Here, we focus our
comments only on the results obtained with dendrimers of
generation 6.
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Figure 2A,B shows two equilibrium MD snapshots of G6 and
G6′ respectively, and Figure 2C,D illustrates the superposition
of different snapshots taken from their respective MD

trajectories. The structural differences between these two
dendrimers are blindingly obvious: while G6 exhibits an open
flexible conformation featuring void spaces within its interior
(Figure 2A), G6′ is more rigid and compact, with uniformly
distributed monomer units and no restricted void spaces in the
entire molecule (Figure 2B). The enhanced flexibility of TEA-
core dendrimers is well-testified by the wider conformational
space visited by G6 (Figure 2C) during the entire MD
simulation with respect to the NH3-core G6′ counterpart
(Figure 2D). It is noted that the presence of hollow spaces in
G6 allows a significantly larger number of water molecules to
penetrate into the dendrimer interior with respect to G6′. This
property makes the tertiary amine groups in the dendrimer
interior more accessible to water molecules, and therefore more
readily available for protonation and subsequent ammonium
cation hydration in G6. This, in turn, may lead to a higher
buffering capacity, which was further confirmed by the results
of potentiometric titration experiments, as the dendrimers G5−
G7 displayed flat monotonic titration curves (see Figure 5D).
Additional insightful structural information on DNA/

dendrimer complexes was again obtained using atomistic
molecular dynamics. The conformation of the TEA-core
dendrimer G6 is such that the outer branches can readily
move toward the phosphate backbone of DNA during complex
formation, and the surface amino groups can arrange
themselves via “induced-fit” for optimal binding with DNA
(Figure 2E). This observation is somehow reminiscent of
histones undergoing an induced fit conformational change
when binding to DNA to form the nucleosome. In contrast, the
more rigid and compact structure of the NH3-core dendrimer
G6′ (Figure 2F) prevents this molecule from undergoing
significant “induced-fit” conformational readjustment, and
consequently, not all terminal amine groups are available to
self-orient for optimal DNA binding.
Further evidence for the difference in structural flexibility

between these two dendrimer series stem from the mesoscale
simulations of their complexes with DNA molecules. A typical
result of mesoscale simulation is the morphology and the
structure of the matter at nanoscale level at the desired
conditions of temperature and composition. Figure 2G,H
compares the nanoscale morphology of the DNA/G6 and
DNA/G6′ systems, whereas Figure 2I,J highlights the different
distribution of DNA and water within the self-assembled DNA/
G6 and DNA/G6′ nanoscopic systems. In the DNA/G6
structure, the dendrimers are able to complex the DNA
efficiently and homogeneously (Figure 2G,I). On the contrary,
for G6′, some DNA chains are less well enwrapped in the
system, and DNA bundles are still present (Figure 2H,J). The
water density mapping at the mesoscale level also supports the
hypothesis of a higher degree of hydration and a more uniform
water molecule distribution in the DNA/G6 system (Figure 2I)
with respect to the DNA/G6′ one (Figure 2J). These results are
in line with those obtained by MD, demonstrating the easy
accessibility of water molecules to the interior of structurally
flexible dendrimers.
TEA-Core Dendrimers Form Stable Nanoparticles

with DNA and Protect DNA from Degradation. Knowl-
edge of cationic dendrimers to self-assemble with anionic DNA
via electrostatic interaction is well-established, and the
formation of stable and nanoscale DNA/dendrimer complexes
is a prerequisite for efficient cell uptake, intracellular delivery,
and transgene expression.

Figure 2. Equilibrium MD snapshots of (A) TEA-core dendrimer G6
and (B) NH3-core dendrimer G6′ (In the MD snapshots, dendrimer
atoms are portrayed as colored sticks, except for the terminal units,
which are portrayed as yellow sticks-and-balls. Atom color code: white,
hydrogen; red, oxygen; blue, nitrogen; gray, carbon. Cl− ions and
water molecules have been omitted for clarity). Superposition of
different conformations of TEA-core dendrimer G6 (C) and NH3-core
dendrimer G6′ (D) taken as snapshot along the entire MD trajectory
(The different dendrimer conformations are portrayed with different
colors, while water and counterions are omitted for clarity). MD
snapshots of (E) TEA-core dendrimer G6 and (F) NH3-core
dendrimer G6′, in complex with a small fragment of double-helix
DNA (Dendrimers are depicted as in panels (A) and (B), and DNA is
highlighted as a magenta ribbon). Mesoscale morphologies of the self-
assembled systems between TEA-core dendrimers G6 and DNA (G),
and NH3-core G6′ and DNA (H) (The dendrimers are portrayed as
gray beads except for the terminal units, which are painted in yellow.
The DNA chains are represented as magenta sticks). Panels (I) and (J)
highlight the different distribution of DNA and water within the self-
assembled DNA/G6 and DNA/G6′ nanoscopic systems (DNA is
portrayed in magenta as in panels (G) and (H), while water is
represented as colored density fields: according to the scale reported in
the lower left corner of the panels, low density values are blue, while
high density values are red).
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We first studied the complex formation between plasmid
DNA and TEA-core dendrimers using gel electrophoresis, a
widely used technique for assessing complex formation with
nucleic acids. Due to the cooperative electrostatic interactions,
cationic dendrimers G5−G7 were able to fully condense
negatively charged DNA at an N/P ratio above 2.5 (Figure 3A),
totally preventing DNA from migration. This suggests the
formation of positively charged and stable dendriplexes
between dendrimers and plasmid DNA at an N/P ratio ≥2.5.
In addition, the complex formation depended on the dendrimer
generation: all DNA molecules were complexed with G7 at
N/P = 1,whereas free DNA was observed in trace and consider-
able amounts with G6 and G5, respectively (Figure 3A).
This indicates that dendrimers of higher generations form more
stable DNA/dendrimer complexes, presumably due to their greater
cooperativity and tighter DNA binding domains.42,43

The size of the DNA/dendrimer complex is also critical for
gene delivery. Due to their compatibility with both extracellular
diffusion and endocytosis, small DNA/dendrimer nanoparticles
would be an advantage for in vivo experiments. We examined
the size and morphology of the DNA/dendrimer complexes
using transmission electron microscopy (TEM). Compact,
uniform, and nanoscale spherical particles were observed for
the DNA/dendrimer complexes using dendrimers G5−G7 at
N/P ratio of 10, with diameters around 100 nm (Figure 3B).
This was further confirmed by dynamic light scattering (DLS),
a technique which provides the size, size distribution, as well as
surface potential (ζ-potential) of DNA/dendrimer complexes
in solution. Results from DLS measurement showed that the
DNA/dendrimer complexes have sizes around 100 nm using
dendrimers G5−G7 at N/P ratios of 10 (Figure 3C). Moreover,
ζ-potential measurement gave positive values around +30 mV
for the DNA/dendrimer complexes. Taken together, these
results demonstrate that the structurally flexible TEA-core
PAMAM dendrimers readily condense plasmid DNA into
compact and stable colloidal nanoparticles.

We then verified the ability of the DNA/dendrimer
nanoparticles to protect DNA against enzymatic degradation.
As shown in Figure 3D, naked DNA was completely digested
by DNase within 10 min, whereas DNA complexed with
dendrimer G5−G7 remained intact even after 90 min incubation
with the DNase. This result demonstrates that the dendrimer
nanoparticles effectively protect DNA from enzymatic degra-
dation, which is a basic prerequisite for efficient DNA delivery.
Cell Uptake of DNA/Dendrimer Nanoparticles Mainly

via Macropinocytosis. Cell uptake of DNA/dendrimer
nanoparticles is one of the early events in gene delivery. We
studied the internalization of DNA/dendrimer complexes in
HeLa cells using live cell confocal microscopy with green
fluorescent dye YOYO-1 labeled DNA. The green fluorescent
DNA/G6 nanoparticles were effectively internalized in the cells
(Figure 4A), whereas no green particles could be observed in
the absence of dendrimer under the same experimental
conditions (data not shown). Consequently, the effective cell
uptake of negatively charged DNA is unambiguously mediated
by the cationic dendrimer which acts as nanocarrier.
It has been reported that several pathways can drive cell

uptake of nanoparticles with sizes around 50−300 nm, such as
macropinocytosis, clathrin-mediated endocytosis, and caveolae-
mediated endocytosis.44−49 We therefore used specific
inhibitors and biomarkers of various endocytotic pathways to
distinguish which pathway is taking DNA/dendrimer nano-
particles into cells. As illustrated in Figure 4B, cytochalasin D, a
macropinocytosis inhibitor, reduced the cell uptake of DNA/G6
in a dose-dependent manner. Genistein, an inhibitor specifically
involved in caveolae-mediated endocytosis, had no notable
inhibitory effect on cell uptake; whereas chlorpromazine, a
specific inhibitor of clathrin-mediated endocytosis, led only to a
slight uptake decrease. In addition, the YOYO-1 labeled DNA
colocalized with a macropinocytosis marker dextran but not
with transferrin or cholera toxin B (Figure 4C), markers of
clathrin- and caveolae-mediated endocytosis, respectively.

Figure 3. Formation of plasmid DNA/dendrimer complexes as revealed by agarose gel (A), transmission electron microscopy (B), dynamic light
scattering (C), and the resulting complexes protect DNA from DNase degradation (D). (A) Migration of luciferase plasmid DNA (250 ng per well)
in the presence of G5−G7 at charge ratios N/P 1/5−10/1 in 50 mM Tris-HCl buffer pH 7.4. (B) Transmission electron microscopic image of
DNA/dendrimer complexes prepared in 50 mM Tris-HCl buffer pH 7.4 using 5 ng/μL plasmid DNA and G5−G7 at an N/P ratio of 10. Scale bars
represent 200 nm. (C) Light scattering analysis of plasmid DNA/dendrimer complexes prepared using 50 ng/μL plasmid DNA and G5−G7 at an
N/P ratio of 10. (D) Compared to the naked DNA (200 ng/well), which was degraded within 10 min in the presence of DNase, DNA complexed
with G5−G7 at an N/P ratio of 2.5 was resistant to DNase and remained stable even after 90 min incubation.
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Furthermore, actin depolymerization, a hallmark of macro-
pinocytosis, was observed after the application of the DNA/G6

particles using phalloidin marker (Figure 4D). Altogether, these
results clearly demonstrate that macropinocytosis is the major
uptake pathway.
Effective DNA Transfections in Vitro. For dendrimer-

mediated DNA transfection in vitro, we first evaluated the

luciferase gene expression in HeLa cells. Significant luciferase
expression was obtained with dendrimers G5, G6, and G7

(Figure 5A), whereas the lower-generation dendrimers G1−
G4 yielded dramatically reduced expression (data not shown).
Moreover, DNA transfection was dependent on the N/P
charge ratio. The most efficient gene transfection was observed
with G6 at an N/P ratio of 10, with the efficiency being almost

Figure 4. Uptake of YOYO-1-labeled DNA/G6 complexes in HeLa cells analyzed by live-cell-confocal microscopy (A), using specific inhibitors (B),
and fluorescent endocytosis markers (C) of different uptake pathways and phalloidin probe for actin rearrangement (D). (A) Green channel image
of the YOYO-1-labeled DNA/G6 nanoparticles, blue channel image of the nuclei of HeLa cells stained by Hoechst 34580, and merged image of both.
(B) Effect of cytochalasin D (to inhibit macropinocytosis), genistein (to inhibit caveolae-mediated endocytosis), and chlorpromazine (to inhibit
clathrin-mediated endocytosis) on the cell uptake of the YOYO-1-labeled DNA/G6 complexes on HeLa cells. (C) Cell uptake of YOYO-1-labeled
DNA/G6 complexes in the presence of different endocytosis markers: dextran (marker of macropinocytosis), cholera toxin B (marker of caveolae-
mediated endocytosis), and transferrin (marker of clathrin-mediated endocytosis). (D) Fluorescent labeling of actin fibers using phalloidin reveals actin
depolymerization, a hallmark of macropinocytosis. *, ** and ***, differ from control (p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001 respectively) by Student’s t test.
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2-fold higher than that of poly(ethylene imine) (PEI), one of
the most effective nonviral transfection reagents available to
date.16 It should be mentioned here that the thermally
degraded fractured PAMAM dendrimers have a transfection
activity similar to that of PEI.9 We also compared the
transfection efficiency of the TEA core dendrimer with the
commercially available structurally rigid ethylenediamine
(EDA) core dendrimer (Figure S1 in Supporting Information).
Our results confirmed that TEA core dendrimer is more
efficient for DNA transfection than the corresponding EDA-
core dendrimer. With all the results presented here, we
conclude that genuine (i.e., nondegraded), structurally flexible
TEA-core dendrimers having precisely controlled structures are
effective nanovectors for DNA transfection, with efficiencies
similar or superior to PEI and hence to fractured PAMAM
dendrimers.

In order to further assess the transfection efficacy in
individual cells, we carried out assays for enhanced green
fluorescent protein (EGFP) expression in HeLa cells using
mock-transfected cells as negative control and Lipofectamine as
a positive control (Figure 5B). Lipofectamine is one of the
most commonly used lipid vectors, characterized also by its
well-known cytotoxicity. Under our experimental conditions,
most HeLa cells died after treatment with DNA/Lipofect-
amine; whereas G5−G7 dendrimers led to excellent EGFP
expression, particularly G6 being the most efficient vector, with
a level of transfection up to 60%.
The above transfection results perfectly correlate with those

previously obtained with fractured and degraded PAMAM
dendrimers,13 namely, that only higher-generation dendrimers
mediate effective transfection. These higher-generation den-
drimers contain larger DNA binding regions,42,43 thus creating
stronger interactions between DNA and dendrimer via

Figure 5. (A) Luciferase transfection in HeLa cells using TEA-core dendrimers G5−G7 as vectors (at various N/P ratios) and 1 μg of pCMVLuc
plasmid. Luciferase activity was determined 24 h after transfection and expressed as RLU/mg protein of cell lysates. (B) Images of EGFP transfected
HeLa cells using G5−G7 as vectors and 1 μg pEGFP-N1 plasmid at an N/P ratio of 10, compared to nontreatment control and cells treated with
DNA/Lipofectamine complexes. (C) Effects of bafilomycin A1 on dendrimer-mediated and poly(lysine)-mediated transfection of EGFP in HeLa
cells as measured by FACS flow cytometry. (D) pH titration curves of the dendrimers G5−G7. (E) EGFP transfection efficiencies of G5−G7 and
Lipofectamine in mouse fibroblast LMTK− cells in the absence of serum. (F) MTT assay of the toxicity of DNA/dendrimer complexes in mouse
fibroblast LMTK− cells. * and *** differ from control (p ≤ 0.05 and p ≤ 0.001, respectively) by Student’s t test.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc200275g | Bioconjugate Chem. 2011, 22, 2461−24732469



cooperative amplification. However, interactions that are too
strong between DNA and dendrimer may prevent DNA release
from complexes, thereby compromising transfection efficiency.
This may explain why G6 has the best transfection efficiency
compared to both the lower-generation dendrimer G5 and the
higher-generation dendrimer G7.
We further examined whether the buffer-based endo-

somolytic activity plays an important role using bafilomycin
A1. Bafilomycin A1 is a proton pump inhibitor and selectively
inhibits vacuolar H+-ATPase and prevents acidification of
endosomes. Figure 5C shows a significant decrease of EGFP
expression level in HeLa cells in the presence of bafilomycin A1
for dendrimer-mediated DNA delivery, suggesting that
dendrimer-mediated DNA transfection was dependent on the
endosomal acidification process. This is in line with the
structural features of TEA-core PAMAM dendrimers, which
harbor a large number of tertiary amines in the interior able to
produce a robust buffer capacity and proton sponge effect for
endosomal release. Additional support for this hypothesis
comes from the result obtained from the pH titration
experiment (Figre 5D) where indeed the dendrimers G5−G7
displayed flat titration curves, an indication of high buffer
capacity. Since we had no NH3-core PAMAM dendrimers
available in our hands as a control, we then asked whether
poly(lysine), which contains only primary amine groups and
has been reported to be devoid of proton-sponge effect, could
be used as a negative control. We therefore determined
poly(lysine)-mediated EGFP expression in HeLa cells in the
presence and absence of bafilomycin A1 (Figure 5C). As
expected, there was no notable change of EGFP expression in
the presence of bafilomycin A1, suggesting the absence of
proton-sponge effect in poly(lysine)-mediated DNA trans-
fection. These results demonstrate unambigously that the
“proton-sponge” effect played an important role for our
dendrimer mediated DNA transfection.
We next performed assays for EGFP expression in mouse

fibroblast LMTK− cells. LMTK− fibroblasts are known to be
difficult to transfect using nonviral vectors. Gratifyingly, our
dendrimers G5−G7 led to effective EGFP expression (Figure
5E). The highest tranfection efficiency was achieved again using
G6 at N/P = 10, with a transfection level of up to 40%, better
than the commercial transfection reagent lipofectamine (Figure
5E). Under the serumless transfection conditions used, no
significant toxicity was observed for G5−G7 (Figure 5F). The
transfection efficiency was decreased in the presence of 10%
serum in the transfection medium (Figure S2 in Supporting
Information). This observation may limit their in vivo
applications via systemic administration but much less by
direct injection (vide infra).
Efficient DNA Transfection in Vivo via Intrathymic

Injection. We further evaluated in vivo DNA transfection in
the mouse thymus as a model. We used both G6 and G7 for the
in vivo delivery of the EGFP plasmid as a proof-of-concept,
since G6 showed the best DNA tranfection efficiency in vitro,
whereas G7 was successfully used in siRNA delivery in various
systems.20−22 In addition, the DNA complexes with G6 and G7
were more stable and retained their size and surface potential
values even at high salt concentration (Table S2 in Supporting
Information). It should be mentioned that our dendrimers have
reduced transfection efficiency in the presence of serum (Figure
S2 in Supporting Information); we therefore sought to employ
means that do not depend on blood circulation to reach the

target organ. We thus chose direct intrathymic injection of
DNA/dendrimer complexes.
In vivo DNA transfection experiments were carried out on

C57/BL6 WT mice. Mice were first anesthetized, and a volume
of 20 μL (containing 10 μg EGFP plasmid complexed with
dendrimer at N/P ratio of 10) was then slowly injected into
each thymic lobe. All mice survived well during and after the
intervention; no signs of toxicity were observed. Strong EGFP
expression in the thymi following injection of DNA/dendrimer
complexes was revealed by Western blot analysis using an
antibody against EGFP (Figure 6A), whereas only weak EGFP
levels were detected following naked DNA injection. Therefore,
the observed high expression of EGFP in mice thymi is a direct
consequence of dendrimer-mediated DNA delivery.
We next examined the transfected thymi by confocal

microscopy (Figure 6B). Untreated mice exhibited no EGFP
signal (control in Figure 6B); mice with naked DNA injection
showed a very weak EGFP signal, whereas EGFP expression
mediated by G6 was significantly stronger (Figure 6B). In
addition, costaining analysis with the CD3 thymocyte marker
showed a colocalization with the green EGFP signal within
these thymocytes (Figure 6B and enlarged in Figure 6C).
Consequently, these results demonstrate an efficient and
effective dendrimer-mediated DNA transfection in mouse
thymus, specifically in thymocytes.
We further analyzed EGFP expression in the different

subpopulations of thymocytes. It is known that thymocyte
differentiation can be divided into three major stages defined by
the expression of CD4 and CD8 markers. The most immature
or double-negative stage is characterized by the lack of
expression of CD4 and CD8 markers (CD4−CD8−, double-
negative, DN). Double negative cells progress to a stage where
there is expression of both CD4 and CD8 markers
(CD4+CD8+, double-positive, DP) before lineage commitment
to single-positive (SP) cells which express either CD4 (SP
CD4+) or CD8 (SP CD8+) marker. We therefore immuno-
phenotyped EGFP expression within the four main thymocyte
subpopulations, namely, CD4−CD8− double-negative (DN),
CD4+CD8+ double-positive (DP), CD4+ and CD8+ single-
positive (SP) (Figure 6D). We found high percentages of
transfection (25.1% of DN, 1.59% of DP, 1.20% of SP CD4+,
and 6.96% of SP CD8+ cells) in mice thymi treated with
injection of DNA/dendrimer complexes. As expected, no signal
was detected in untreated mice thymi, nor was any notable
EGFP expression observed in mice thymi treated with naked
DNA injection. This finding strongly confirms transgene
expression to be a direct consequence of dendrimer-mediated
DNA delivery. Finally, it is to be noted that the DN thymocytes
were preferentially transfected. This is because immature DN
thymocytes undergo rapid proliferation, and therefore lead to
higher transfection with respect to the other three subpopu-
lations. Additionally, notable transfection was also observed
with more mature SP CD8+ cells, which are considered
relatively quiescent. Collectively, our results demonstrate that
the structurally flexible TEA-core PAMAM dendrimers studied
in this work are safe and effective nanovectors for intrathymic
DNA delivery and gene expression. To our knowledge, this is
the first experimental evidence that dendrimers could act as
efficient nanovectors for DNA transfection in mouse thymus,
opening new avenues for future applications of dendrimer-
mediated gene therapy for both inherited and acquired
immunodeficient diseases.
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■ CONCLUSION

We have developed triethanolamine (TEA) core PAMAM
dendrimers as structurally flexible nanovectors for nucleic acid
delivery. As shown in the present work, these dendrimers have
greater structural flexibility and a more open conformation with
void spaces in the interior. They self-assembled with DNA
molecules into nanoparticles via an “induced fit” process,
resembling histone/DNA interaction in nature. The resulting
DNA/dendrimer nanoparticles could effectively protect DNA
from degradation and facilitate cell entry mainly via macro-
pinocytosis. Furthermore, due to their open and void structure,
these dendrimers are well-adapted to act as 3D protons sponges
per se with easier access of water molecules inside the
dendrimer interior and leading to increased protonation of
interior tertiary amines. This enhances the buffering capacity
thus benefiting DNA endosome release. Fulfilling our expect-
ations, these dendrimers were efficient nanovectors for gene
delivery in vitro to transfection-resistant fibroblasts as well as in
vivo to the mouse thymus, an extremely challenging organ for
DNA transfection.

It has been previously reported that the thermally degraded
fractured PAMAM dendrimers have an activity similar to PEI.9

Our results demonstrate that genuine (i.e., nondegraded),
structurally flexible dendrimers with precise structural features
also are effective nanovectors for DNA transfection, with
efficiencies similar or superior to PEI and hence to fractured
PAMAM dendrimers. The experimental results presented here,
coupled with computer-aided molecular simulations, provide
evidence for the development of functional dendrimers for
DNA transfection using rational design of structurally flexible
dendrimers.50−52 Compared to random thermal or alkaline
degradation, a process which does not allow precise control
over the structure, rational design based synthesis allows the
development of dendrimer nanovectors with a defined yet
flexible structure. Consequently, these dendrimers have a
higher potential of becoming vectors for nucleic acid-based
therapies in general.
It is important to note that these dendrimers are particularly

effective in delivering and expressing a gene in the thymus. The
thymus is an attractive organ for immune gene therapy, and yet,

Figure 6. In vivo EGFP expression in thymi was assessed by Western blot (A), immunofluorescence (B and C) and flow cytometry (D). (A)
Western blot analysis of EFGP protein expressed in mice thymi in the presence and absence of dendrimer compared to nontreated control. (B) The
EGFP fluoresence was analyzed using confocal microscopy with thymi sections derived from mice that were nontreated (control), injected with
naked DNA, or injected with DNA/dendrimer complexes: nuclei appear as blue (DAPI staining) and thymocytes as red (anti-CD3 antibody
labeling). (C) Enlarged image showing EGFP transfected thymocytes costained with anti-CD3 antibody (red) and DAPI (blue for nuclei laebling).
(D) Thymocyte profile stained with CD4 and CD8 monoclonal antibodies was analyzed by flow cytometry 48 h after injection. The percentage of
each population of thymocytes is indicated within each quadrant. The different populations of thymocytes expressing EGFP protein were analyzed
for thymi derived from mice that were nontreated (control), injected with naked DNA, and injected with DNA/G6 complexes, respectively. The
percentage of EGFP transfected cells is indicated in red within the quadrant of each population. DN: CD4−CD8− double-negative cells; DP:
CD4+CD8+ double-positive cells; SP CD4+: single-positive cells which express CD4 marker; SP CD8+: single-positive cells which express CD8
marker.
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gene transfer in the thymus is exceedingly challenging with
respect to efficiency and safety. Previous work on intrathymic
transfection using viral26−28 and nonviral28 vectors as well as
electroporation29 was either inefficient or technically demand-
ing. We demonstrate here for the first time that the structurally
flexible PAPAM dendrimers could effectively deliver DNA and
reach a high level gene expression in the mouse thymus.
Therefore, structurally flexible dendrimer-mediated gene trans-
fer is a promising tool for further development of strategies
aimed at immune gene therapy via intrathymic DNA delivery.
In addition, as these dendrimers are also efficient nanovectors
for siRNA delivery in vitro and in vivo,20−22 they hold great
potential for both in vitro (functional genomics) and in vivo
(therapeutic) applications of nucleic acid delivery in general.
Last but not least, structure-controlled, size-tailored dendrimers
should provide useful tools for use in various applications in
biotechnology such as targeted drug delivery systems and drugs
based on mimicking the functions of certain natural
biomacromolecules.53
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ABSTRACT: A nanoparticle formulation of docetaxel (DTX)
was designed to address the strengths and limitations of
current taxane delivery systems: PEGylation, high drug
conjugation efficiency (>30 wt %), a slow-release mechanism,
and a well-defined and stable nanoparticle identity were
identified as critical design parameters. The polymer conjugate
was synthesized with carboxymethylcellulose (CMC), an
established pharmaceutical excipient characterized by a high
density of carboxylate groups permitting increased conjugation
of a drug. CMC was chemically modified through acetylation
to eliminate its gelling properties and to improve solvent
solubility, enabling high yield and reproducible conjugation of DTX and poly(ethylene glycol) (PEG). The optimal conjugate
formulation (Cellax) contained 37.1 ± 1.5 wt % DTX and 4.7 ± 0.8 wt % PEG, exhibited a low critical aggregation concentration
of 0.6 μg/mL, and formed 118−134 nm spherical nanoparticles stable against dilution. Conjugate compositions with a DTX
degree of substitution (DS) outside the 12.3−20.8 mol % range failed to form discrete nanoparticles, emphasizing the importance
of hydrophobic and hydrophilic balance in molecular design. Cellax nanoparticles released DTX in serum with near zero order
kinetics (100% in 3 weeks), was internalized in murine and human cancer cells, and induced significantly higher toxic effects
against a panel of tumor cell lines (2- to 40-fold lower IC50 values) compared to free DTX.

■ INTRODUCTION

The taxanes paclitaxel (PTX) and docetaxel (DTX) are
common cancer therapy agents with a broad spectrum of
antitumor activity, and are currently formulated with
Cremophor EL/ethanol/saline1 and Tween80/ethanol/saline,
respectively, due to their water insolubility, each of which
causes hypersensitivity reactions, requiring premedication
regimes.2,3 DTX is replacing PTX in clinical applications due
to enhanced action,4 and reports on polymeric formulations of
DTX are indicating that the drug can be more effectively and
safely delivered.5−7 The use of polymers to improve solubility,
pharmacokinetics (PK), pharmacodynamics (PD), bioavail-
ability, efficacy, and toxicity profiles is commonly defined as
polymeric therapeutics, and is a thriving field of study.8−10 It
has been demonstrated that soluble macromolecules with
molecular weights (MW) above 40 kDa circulate longer than
small molecule drugs in the bloodstream due to reduced renal
clearance.11,12 Further, Matsumura and Maeda observed that
tumor vasculature is highly permeable, and that high MW
polymers or nanoparticles can selectively accumulate in these
tissues as a result.13 Neovascular structures in malignant tissues
tend to contain gaps through which <400 nm particles can
extravasate,14,15 and furthermore, lymphatic drainage in tumors
is usually absent: particles can readily enter but not exit the
tumor compartment.16−18 The enhanced permeability and
retention (EPR) effect provides significant motivation to

develop polymer therapeutics, and has also given rise to
nanomedicine, where structures comprising liposomes,19−21

polymeric micelles,22−24 polymersomes,25−27 and den-
drimers28−30 can effectively deliver drug through this passive
targeting effect.31 However, polymers and particles can be
readily opsonized and cleared in the reticulo-endothelial system
(RES, bone marrow, liver, and spleen), reducing the
effectiveness of these delivery systems.19,32 PEGylation of a
polymer or nanoparticle can reduce interaction of opsonins
with the underlying chemistry through steric hindrance and
reduction of hydrophobic and electrostatic interactions,
minimizing clearance of the particle in the RES.19,33−36

Hydrophobic drugs such as PTX can be loaded non-
covalently in nanoparticle formulations. Notable within this
field are the PEG-PLA micelles (Genexol, now in phase II
clinical trials)37 and NK105, a PEG-aspartic acid formulation.23

Both formulations improve upon administration of PTX
through elimination of the Cremophor-based delivery vehicle,
which causes hypersensitivity issues in human patients,19 and by
enabling treatment with an increased dose to improve efficacy.
In comparison to Genexol and NK105, Opaxio (also known as
Xyotax and Poliglumex) is a PTX−polyglutamate conjugate.
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The PK profiles of PTX (Taxol), NK105 (micelle), Genexol
(micelle), and Opaxio (conjugate) have been compared, and
half-lives were measured to be 13.3, 10.6, 11.4, and 120 h,
respectively, in humans.22,38 As hydrophobic drugs such as PTX
and DTX rapidly partition from micelles to plasma proteins,
depleting the nanoparticles of drug content,39 conjugation of
taxanes to the polymeric carrier to control release can be
desirable.40,41 The PK profiles of NK105 and Genexol were
nearly identical to that of free PTX, whereas the Opaxio
polymer conjugate was the only mode by which PK was
substantially improved. Although the toxicity of PTX was
substantially reduced with Opaxio in preclinical models,
hypersensitivity is reported as one of the dose-limiting toxicities
in clinical trials,42 which might arise due to the polymer.
Furthermore, Opaxio is not PEGylated, and 24 h postinjection
was completely cleared from the blood circulation in mice.43

The polyglutamate polymer chain is also hydrolytically labile,
and is known to break down rapidly into lower MW fragments,
leading to significant accumulation of PTX-containing identities
in the kidney, heart, and lungs in addition to tumor and liver
accumulation.43 This nonspecific biodistribution may contrib-
ute to Opaxio’s toxicity.
Developing a biocompatible polymer backbone with a good

safety profile for drug delivery remains challenging. Poly-
saccharides have potential due to their known safety profiles
and use as excipients in a variety of pharmaceutical products.
Certain classes of polysaccharides are approved as excipients for
oral, transcutaneous, and parenteral drug administration (FDA
inactive ingredients database),44 but when referenced against
the synthetic polymer field, little work has been done with these
biocompatible polysaccharides in the contemporary nano-
particle drug delivery field.45−48 Cera et al. conjugated
doxorubicin and daunomycin to carboxymethylcellulose
(CMC) and hyaluronic acid (HA), and reported that these
compounds were toxic to cells in vitro, but with lower potency
compared to the free drug. In addition, the degree of CMC acid
group substitution with doxorubicin was low (DS 9 mol %).49

Uglea et al. conjugated benzocaine to CMC (DS >50 mol %)
and oxidized CMC, and tested the effects of these polymers on
s.c. sarcoma tumors in rat models, and reported moderate
antitumor effect from a single i.p. injection.50 Auzenne et al.
conjugated PTX to HA (DS 10 mol %), and performed in vitro
and in vivo efficacy assays.51 Mice were implanted with ovarian
carcinoma xenografts in the peritoneal cavity, and were treated
with an intraperitoneal injection of 200 mg/kg PTX-HA, a
treatment which effectively cured the mice and was well
tolerated. Inoue et al. reported on a camptothecin analogue
(DX-8591) conjugated to a carboxymethyldextran via a peptide
spacer (DS 40 mol %), which demonstrated strong action
against tumors in mice models and human patients.52,53 Wang
et al. conjugated PTX to heparin (20 wt %), but could only
form nanostructures when coformulated with free PTX. 54 In
short, polysaccharides appear to have potential as polymer
therapeutics, with positive outcomes being reported for selected
compositions. However, polysaccharides are generally water-
soluble and are incompatible with organic solvents, limiting
drug conjugation chemistry, resulting in low coupling yields for
hydrophobic drugs (<20 wt %).53,55 Low drug coupling appears
to be linked with rapid drug release: the efficacy of
polysaccharide conjugates may be improved through increased
drug content. In addition, increasing drug content in the
polymer conjugate may facilitate its assembly into stable
nanoparticles that provide enhanced protection for the drug,

improving PK and efficacy. In this work, we focus on using
CMC as a polymer backbone for the delivery of DTX. There
are several advantages to the use of CMC: (a) CMC finds
widespread use in biomaterials (e.g., OP-1 putty), pharmaceut-
ical formulation (FDA Inactive Ingredients Database), and food
(FDA database of Select Committee on GRAS substances
reviews); (b) CMC has been approved by FDA for parenteral
use in products such as Vivitrol, Sandolog, and Sandostatin, and
is known to be bioeliminable;44 (c) there is no known
biological activity compared to hyaluronan and heparin; and
(d) CMC presents as an attractive candidate polymer due to a
high carboxylate DS (0.8) compared to other polysaccharides
(0.2−0.5), enabling the incorporation of high drug content and
increased particle-forming properties. This report describes the
synthesis and characterization of a nanoparticle forming
PEGylated carboxymethylcellulose−DTX conjugate (Cellax),
and provides in vitro evidence of an enhanced cytotoxicity
against a panel of cancer cell lines.

■ MATERIALS AND METHODS
Sodium carboxymethylcellulose (CEKOL 30000, MW = 275K,
degree of substitution (DS) = 0.82) was received from CPKelco
(Atlanta, Georgia, USA), and is an FDA and EU foodgrade
material. Glacial acetic acid, acetic anhydride, sulfuric acid,
acetone, acetonitrile, poly(ethylene glycol) methyl ether
(mPEG−OH, MW = 2000), 1-ethyl-3-(3-dimethylaminoprop-
yl)-carbodiimide HCl (EDC HCl), N-hydroxysuccinimide
(NHS), 4-dimethylaminopyridine (DMAP), and diethyl ether
were purchased from Sigma Aldrich (Oakville, ON). DTX was
purchased from LC Laboratories (Woburn, MA, USA). Slide-a-
Lyzer dialysis cartridges were purchased from Pierce Bio-
technology (Rockford, IL). Vivaspin 10 kDa MWCO ultra-
centrifugation filters were purchased from Fisher (Ottawa, ON,
Canada). Cell culture materials (media and supplements) were
purchased from Invitrogen (Burlington, ON, Canada). All
other reagents were purchased from Sigma Aldrich (Oakville,
ON).

1H NMR Analysis. Samples were dissolved in deuterated
chloroform (CDCl3), deuterium oxide (D2O), or N,N-
dimethylsulfoxide (DMSO), and were analyzed on a Bruker
500 instrument. Spectra were processed using TOPSpin
software.
HPLC, UPLC/MS, and GPC Analysis. DTX analysis was

performed on an HPLC system consisting of a Waters e2696
Separation Module, 2414 RI and 2998 PDA detectors, and
operated by Empower Pro 2 software. The samples were
injected onto an Agilent XDB-C18 column (1.8 μm, 4.6 × 50
mm) column with 0.35 mL/min 95/5 acetonitrile (MeCN)/
water isocratic program. The method for analysis and detection
of taxanes was derived from several published reports,56−58

adapted for the instrumentation in the lab. For routine analysis,
known taxane identities (docetaxel, paclitaxel, and 7-epidoce-
taxel) were identified by PDA detector with a selected
wavelength of 274 nm. During method development, samples
were analyzed by a Waters Acquity UPLC/MS system
equipped with a PDA and SQ MS detector. In these analyses,
samples were injected on an Acquity UPLC BEH C18 column
(1.7 μm, 2.1 × 50 mm), at a flow rate of 0.4 mL/min, with a
gradient program of 95/5 to 10/90 water/MeCN over 5 min.
Detection of taxanes was in ES+ mode. Polymers were analyzed
by a GPC system consisting of a Waters e2696 Separation
Module, 2414 RI and 2998 PDA detectors, and operated by
Empower Pro 2 software. THF soluble samples were injected
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Figure 1. (a) Schematic of polymer modifications. Note that the distribution of anhydroglucose monomer substitutions is random: for ease of
depiction, monomers are drawn in simplified form. Multiple carboxylic acid substitution per monomer is possible. a: Treatment of CMC-Na with
H2SO4 followed by aqueous washes and acetic acid dehydration. b: Reaction of CMC−COOH with acetic anhydride in acetic acid solvent. c:
Conjugation of docetaxel (DTX) and mPEG−OH (MW = 2000) with EDC/NHS/DMAP reagents to yield Cellax. (b) Preparation of a Cellax
Cy5.5 conjugate. a: conjugation of PEG Bisamine to Cy5.5-NHS ester. b: Conjugation of DTX and PEG and Cy5.5 PEG with EDC/NHS/DMAP
reagents to yield Cellax Cy5.5.
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onto Waters Styragel HR5E and HR 3 columns (in series) with
0.35 mL/min THF flow rate. Water-soluble samples were
analyzed using a Waters Ultrahydrogel 1000 column with a 1
mL/min flow rate of water. Detection of free DTX and PEG
was by PDA (274 nm) and RI, respectively.
Calculation of Stoichiometry for the CMC Polymers.

The CMC-Na polymer was modified with carboxymethyl
groups, and was supplied by the manufacturer with an analyzed
DS value of 0.82: each galactose monomer unit contained 0.82
mol carboxylic acid and 2.18 mol hydroxyl. The molecular
weight of each monomer was approximated as 162 g/mol
(galactose) + (59.01 g/mol (acid group) × 0.82) = 210 g/mol.
These chemical composition values were used to calculate the
stoichiometry of reactions performed on CMC polymers.
Acetylation of the CMC. The method for acetylation of

CMC was adapted from a method reported by Namikoshi.59

According to Figure 1, sodium carboxymethylcellulose (CMC-
Na, 10 g) was weighed into a round-bottom flask, and was
suspended in 20% sulfuric acid (200 mL) with vigorous stirring
at room temperature for 2 h. The slurry of CMC−COOH was
washed with water until the water tested neutral, and then
washed with 3 × 30 mL glacial acetic acid volumes. The CMC−
COOH was transferred to a round-bottom flask placed in an ice
bath, and suspended in glacial acetic acid (50 mL). Acetic
anhydride (30 mL) and sulfuric acid (1.2 mL) were added to
the chilled slurry, the temperature was raised to 50 °C, and the
solution was vigorously stirred for 3 h, or until the solution
clarified. The reaction solution was concentrated by rotary
evaporation (58 °C, 58 mbar) and was precipitated in
deionized water. The water was extracted by centrifuging the
suspension, the pellet was resuspended in water, and the
process was repeated until reaching a neutral pH. The
acetylated CMC (CMC-Ac) powder was dried under vacuum
overnight, dissolved in minimal acetone, and precipitated
through water. The polymer was centrifuged out of solution,
dried by lyophilization, and analyzed by 1H NMR in DMSO.
Synthesis of Cellax. The preparation of Cellax discussed

throughout this report is described here (40 mol % DTX feed,
30 mol % PEG feed), followed by related reactions producing
compositions across a range of DTX feeds. 40/30 Synthesis:
acetylated carboxymethylcellulose (CMC-Ac, 300 mg, 1.2
mmol acid) was weighed into a 25 mL glass vial, and dissolved
in MeCN (2 mL). EDC HCl (448 mg, 2.3 mmol) was
dissolved in a mixture of MeCN (12 mL) and water (0.5 mL).
NHS (269 mg, 2.3 mmol) and DMAP (29 mg, 0.23 mmol)
were dissolved in MeCN (1 mL). mPEG−OH (702 mg, 0.35
mmol) was dissolved in MeCN (2 mL). DTX (378 mg, 0.47
mmol) was dissolved in a mixture of MeCN (12 mL) and DMF
(1 mL). The EDC HCl, NHS, and DMAP reagents were added
to the CMC-Ac solution, followed by addition of the mPEG−
OH and the DTX (Figure 1a). The solution was stirred
overnight at room temperature with protection from light. The
solvent was removed by rotary evaporation (55 °C, 5 mbar),
and the product (Cellax) was dissolved in MeCN (3 mL), and
precipitated through 40 mL diethyl ether. The polymer was
dried, redissolved in MeCN, and the precipitation was repeated
twice. The solvent was removed by vacuum, and the fine
powder was twice triturated with water (25 mL) and recovered
by centrifugation. The product was analyzed by GPC for
uncoupled PEG and DTX, and washing was repeated if residual
reagent was detected. 1H NMR analysis (CDCl3) was
conducted to confirm the presence of DTX and PEG, and to
estimate molecular composition. 1H NMR (CDCl3) δ, 40 mol

% DTX feed: 8.12 (d, 2H, C25 and C29), 7.61 (t, 1H, C27),
7.51 (t, 2H, C26 and C28), 7.41 (m, 4H, C31, C32, C34, C35),
7.34 (m, 1H, C33), 6.23 (m, 1H, C13), 5.71 (m, 1H, C2), 5.25
(m, 1H, C4′), 5.10 (br, 1H, C10), 4.98 (d, 1H, C5), 4.32 (m,
1H, C20-A), 4.25 (m, 1H, C7), 4.19 (br, 1H, C20−B), 3.64 (s,
4H, PEG), 3.38 (s, 3H, PEG), 3.0−5.5 (m, CMC polymer),
2.57 (m, 1H, C6-A), 2.38 (3H, C22), 2.02 (m, 3H, acetyl), 1.86
(m, 4H, C6 and C18), 1.75 (br, 3H, C19), 1.34 (s, 9H, C7′,
C8′, C9′), 1.29 (s, 3H, C16), 1.14 (s, 3H, C17). In related
syntheses, the feed ratio of DTX was varied (10, 20, 30, 50, and
90 mol %) to generate polymer compounds with differing levels
of DTX content and constant PEG content. Synthesis and
purification processes were identical to the 40 mol % feed
described above. Compounds were dissolved in CDCl3 for

1H
NMR analysis, and composition was estimated by integration of
selected signals.
Synthesis of CMC-Ac-PEG (control polymer). A CMC-

Ac-PEG control molecule was synthesized using the same
conditions as described for Cellax. CMC-Ac (100 mg, 0.38
mmol acid) was reacted with mPEG−OH (230 mg, 0.12
mmol) in the presence of EDC HCl (147 mg, 0.77 mmol),
NHS (88 mg, 0.77 mmol), and DMAP (9 mg, 0.08 mmol) in
MeCN (6 mL). After overnight reaction, the solvent was
removed by rotary evaporation (55 °C, 5 mbar), dissolved in
water (5 mL), and dialyzed against multiple exchanges of water
using 20 kDa MWCO Slide-a-lyzer dialysis cartridges. The
purified product was recovered by lyophilization, and analyzed
by aqueous-phase GPC to verify that unreacted PEG had been
entirely extracted. Analysis of chemical composition was by 1H
NMR in D2O.
Synthesis of Cy5.5 Labeled Cellax. Conjugation of

Cy5.5 to Cellax was adapted from Wang at al. (Figure 1b).54

PEG Bisamine2000 (169 mg, 0.084 mmol) was dissolved in
MeCN (2 mL), to which was added DMAP (1 mg, 0.008
mmol) and Cy5.5 NHS ester (50 mg, 0.084 mmol, 0.5 mL
MeCN). The solution was stirred for 4 h at room temperature
and protected from light. Acetylated carboxymethylcellulose
(CMC-Ac, 100 mg, 0.39 mmol acid) was weighed into a 25 mL
glass vial, and dissolved in MeCN (2 mL). EDC HCl (149 mg,
0.78 mmol) was dissolved in MeCN (4 mL) and water (0.15
mL). NHS (90 mg, 0.78 mmol) and DMAP (10 mg, 0.08
mmol) were dissolved in MeCN (0.5 mL). mPEG2000−OH
(156 mg, 0.08 mmol) was dissolved in MeCN (1 mL) with
mild heating. DTX (157 mg, 0.19 mmol) was dissolved in
MeCN (4 mL) and DMF (0.25 mL). The EDC HCl, NHS, and
DMAP reagents were added to the CMC-Ac solution, followed
by addition of the Cy5.5-PEG reaction solution and the
mPEG2000−OH and the DTX. The solution was stirred
overnight at room temperature with protection from light.
The product (Cy5.5 Cellax) was purified by the same
procedure used to purify Cellax. 1H NMR analysis (CDCl3)
was conducted to confirm the presence of DTX and PEG.
Cellax Particle Preparation. Cellax polymer conjugate

(CMC-Ac-DTX-PEG) (2 mg) was dissolved in MeCN (0.2
mL), and added dropwise to a vortexing solution of 1.8 mL
normal saline in a 15 mL conical tube. Vortexing was
maintained for 1 min after solution addition. The resulting
Cellax particle solutions were transferred to a Slide-a-lyzer 10
000 MWCO cartridge, and dialyzed against normal saline (100
mL) for 3 h, with two exchanges of dialysate. The particles were
filtered through a 25 mm Millipore PVDF filter, and transferred
to a Vivaspin centrifugal filter unit (10 000 MWCO), and spun
at 3000 rpm to concentrate the particles. The size of the
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particles was determined by dynamic light scattering with a
particle analyzer (Zetasizer Nano-ZS, Malvern Instruments
Ltd., Malvern, UK). DTX content of the Cellax nanoparticles
was determined by diluting the sample 20× in 90/10 saline/
DMSO, measuring UV absorbance at 274 nm (Nanodrop,
ThermoScientific) and calculating DTX concentration using a
DTX calibration curve.
Cellax-Cy5.5 particles were prepared with 95 wt % Cellax

and 5 wt % Cellax-Cy5.5: Cellax (1.9 mg) and Cellax-Cy5.5
(0.1 mg) in MeCN (10 mg/mL) were added dropwise to a
vortexing solution of 1.8 mL normal saline, and were purified
and characterized for particle size and DTX content.
TEM Analysis. Cellax particles were diluted 100× in

deionized water, and a 2 μL aliquot of solution was pipetted
onto the surface of Formvar coated copper TEM grids
(TedPella, Redding, CA) and allowed to air-dry. Analysis was
performed on a Hitachi HD-2000 STEM at the Centre for
Nanostructure Imaging (Department of Chemistry, University
of Toronto), using a high angle annular dark field detector, with
an activation voltage of 200 kV and a current of 10 mA.
Determination of Critical Aggregation Concentra-

tion. The fluorescence-based method for determination of
the critical aggregation concentration (CAC) was adapted from
Zhang.6,60 1,6-Diphenyl-1,3,5-hextriene (DPH, 1.175 mg) was
dissolved in MeCN (10 mL) to form a stock solution. Cellax
(10 mg) was dissolved in 1 mL of the DPH stock solution to
form a 10 mg/mL solution, and was serially diluted with the
DPH solution to form a series of 10 concentrations of Cellax in
a constant concentration of DPH. One hundred microliter
aliquots of each sample were precipitated dropwise in 900 μL
normal saline on a vortexer at room temperature for 1 min.
Fifty microliter aliquots of each particle solution were
transferred to a black 96 well microplate, and fluorescence
was measured (Ex 360, Em 460) on a Chameleon plate reader.
Two distinct linear curves on a fluorescence vs log
concentration plot converged, and the CAC was calculated by
using linear algebraic solution for intersection of curves. To
demonstrate the stability of Cellax nanoparticles on dilution,
particles were diluted with normal saline to form a series of
dilutions above and below the CAC, were incubated at 37 °C
for 12 h, and particle size was analyzed (Zetasizer).
In Vitro Release of DTX from the Cellax Nano-

particles. Cellax particles were assayed for DTX content by
UV assay and were spiked with PTX as an internal standard
before mixing with an equal volume of fetal bovine serum
(FBS) under aseptic conditions (final DTX and PTX contents
were 100 μg/mL and 5 ug/mL, respectively, in 50% FBS).55

Samples were incubated at 37 °C, and at selected time points
(1, 2, 3, 4, 7, 14, and 21 days), 1 mL volumes were taken and
combined with 3 mL ethyl acetate, the samples were mixed well
for 30 min, and centrifuged at 4000 rpm for 5 min to separate
the layers. The ethyl acetate layer was taken off, the solvent was
evaporated off, and the residue resuspended in 0.5 mL MeCN
and analyzed by HPLC. DTX and PTX peaks appeared at 7.8
and 8.1 min, respectively. A calibration curve for DTX was
prepared by spiking a saline/FBS solution with DTX and the
PTX internal standard, followed by the same extraction
protocol, and this calibration was used to calculate the DTX
content in the incubated samples. A new peak appeared in the
analysis of incubated samples at 8.4 min, and by LC/MS
analysis was determined to be an isomer of DTX (ES+ 878
mass). The isomer was quantified in a manner similar to DTX.

In Vitro Analysis of DTX Toxicity (IC50 Analysis).
EMT-6 murine mammary carcinoma cells and LL/2 murine
Lewis lung cell carcinoma cells were cultured in DMEM media
supplemented with 10% FBS, penicillin (100 U/mL), and
streptomycin (100 μg/mL). The mouse mammary carcinoma
cell line EMT-6 was a generous gift from Dr. David Stojdl at
the CHEO Research Institute and Dr. Douglas Mahoney at the
University of Ottawa. All other cell lines were purchased from
the NCI. The MDA-MB-231, PC3, and PAN02 lines were
cultured in RPMI 1640 media supplemented with 10% FBS.
For plating, cells were released from the culture flask with
trypsin, resuspended at a concentration of 1 × 104 cell/mL, and
100 μL of cell suspension was added to the wells of 96 well
polystyrene plates. A slight modification (5 × 104 cell/mL) was
made for the MDA-MB-231 analysis, as these cells were slow-
growing compared to the other cell lines. The cells were
maintained for 24 h in culture (37 °C, 5% CO2, humidified)
before addition of particles. DTX solutions were made up in
DMSO and diluted with media to form a 100 nM stock
solution with 0.1% DMSO content (0.1% DMSO was
determined to be nontoxic to the cell lines). These DTX
samples were 2× serially diluted with 0.1% DMSO media.
Cellax particles were assayed for DTX content, and 10× serially
diluted with media. Polymer control (CMC(Ac)-PEG)
solutions were prepared to match the mass concentration of
the Cellax dilutions. The cultures were maintained for 3 days, at
which time cell viability was assayed by the XTT assay. Briefly,
a 1 mg/mL solution of XTT reagent and 1.53 mg/mL solution
of phenazine methylsulfate in water were prepared, and 5 μL of
phenazine methylsulfate was added to each mL of XTT
solution. Fifteen microliter aliquots of the XTT solution were
added to each well, the culture plates were incubated for 2 h at
37 °C, and absorbance of each well at 480 nm was then read.
Wells treated with media (or 0.1% DMSO media) represent
100% viable cultures, and wells containing no cells represent
background signal. In a parallel experiment, the DTX solutions
added to the cultures were fractionated over two days, with
addition of 1/4 the dose every 12 h for 2 days. The viability
data were analyzed in GraphPad Prism, and the IC50 for each
system was calculated.
In Vitro Analysis of Cellax Particle Uptake. EMT-6,

LL/2, PAN02, PC3, and MDA-MB-231 cells were adjusted to 1
× 105 cell/mL, and 1 mL of cell suspension was added to 24
well plates containing sterile glass coverslips. After 24 h of
incubation, media in each well was aspirated, and replaced with
media containing Cellax-Cy5.5 (0.1 mg DTX/mL). Two
parallel experiments were conducted with 10% FBS or 10%
heat deactivated FBS containing media. The cell cultures were
incubated for 12 h, after which the media was aspirated, and
cells were fixed with 500 μL of methanol for 1 min. The
methanol was aspirated, the wells were washed 2× with PBS,
and 500 μL of 0.5 μg/mL DAPI solution was added. After 5
min, the DAPI solution was aspirated, and the slips were rinsed
twice with PBS. The coverslips were mounted on glass slides
with 95% glycerol/5% PBS, and imaged on an Olympus
Fluoview confocal microscope (AOMF, Toronto, ON).

■ RESULTS AND DISCUSSION
Nanomedicine approaches to the detergent-free delivery of
taxanes include polymeric micelles (NK10523 and Genexol37),
protein complexes such as Abraxane,61 and polymer conjugates
such as Opaxio.40 While micelle-based PTX formulations such
as NK105 increase the dose of PTX that can be safely
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administered and improve antitumor efficacy and the PK profile
in mouse models, the PK profile of the micelle formulated PTX
in clinical trials is not improved over Taxol,23,37 likely due to
rapid plasma partitioning.39 Similarly, Abraxane improves
antitumor efficacy compared to Taxol by increasing the
maximum tolerated dose, but the PK profile is not enhanced.62

Conjugation of the drug to a polymeric carrier can control drug
migration, and can enhance the PK and efficacy provided that
the polymer is biocompatible and has low renal and RES
clearance. Furthermore, the polymer should travel in blood in a
state that enables permeation into malignant tissues by the EPR
effect, exhibits a low volume of distribution, and contains a
drug−polymer linker that is cleavable in tumor tissues. A
clinically known example of this approach is a PTX−
polyglutamic acid conjugate (Opaxio), which improves PK
and has exhibited promise in phase I clinical trials.42 However, a

signal for needed improvement to the polymer therapeutic
design is given by unpromising phase III clinical trial outcomes
(www.celltherapeutics.com). The Opaxio polyglutamate back-
bone is labile, and the polymer is readily digested into low
molecular weight fragments containing PTX, which widely
distribute to normal organs including the kidneys, lungs, and
heart:43 if the polymer breaks down during transport to the
tumor, the polymer therapeutic advantage is diminished.43,63,64

Furthermore, Opaxio could not be detected 24 h postinjection
in mice,43 suggesting the need for improved PK, possibly via
PEGylation. Prolonged blood circulation is a prerequisite for
enhanced tumor uptake, the well-supported central hypothesis
of the EPR effect.32 Further, no published reports indicate that
this polymer conjugate assembles into protective nanoparticles,
and it is likely then that polymer amide linkages and the ester
drug linkages are readily exposed to enzymatic degradation

Figure 2. 1H NMR of Cellax and Components. (a) Spectra of DTX, sodium carboxymethylcellulose (CMC-Na), acetylated CMC, and the Cellax
product. (b) DTX with the carbon numbering scheme.
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during blood transport. Our objective in design of a polymer
therapeutic was to prepare biocompatible cellulose-based
nanoparticles to leverage the EPR effect and protect the drug
from early release or alteration, to incorporate PEG to reduce
RES clearance, and to release DTX in a controlled and slow
release mechanism in the target tissue. CMC was selected based
on its known safety profile as an excipient, and due to the
reasonable stability of the backbone in human physiological
conditions, ensuring maintenance of macromolecule integrity
during circulation. In addition, CMC represents a viable
backbone chemistry for conjugation due to its high DS (0.8). In
our initial screening of known biocompatible polysaccharides,
conjugation of DTX to carboxymethyl dextran (DS of 0.2)
failed to yield particle forming identities, likely due to a low DS
and corresponding low hydrophobic drug content. CMC
presents with a minor limitation, however, as sodium CMC is
water-soluble and gels in water, and is only sparingly soluble in
organic solvents such as DMF or DMSO,65 limiting synthesis
options for non-water-soluble drugs. In the method develop-
ment process, the sodium counterion on the carboxylic acid was
exchanged with triethylamine (TEA) or tetrabutylammonium
(TBA) in order to generate solvent-soluble polysaccharide as
described by others.54,66 However, the coupling efficiency of
carboxylate groups to DTX and PEG esters using EDC/NHS
chemistry was low (<10%), and particles formed using these
materials were heterogeneous in size and prone to self-
aggregation. Therefore, we first acetylated the hydroxyl groups
of CMC using acetic anhydride with sulfuric acid catalysis to
produce a solvent-soluble version of CMC.
Acetylation of CMC. The DS per anhydroglucose unit, as

specified by the manufacturer, was 0.8 mol acid per mol
anhydroglucose and, by inference, 2.2 mol hydroxyl per mol
anhydroglucose. We calculated the theoretical moles of
hydroxyl (converted to acetyl) groups and acid groups, and
designed conjugation schemes accordingly. The reaction
solution transitioned from a suspension to a clear yellow
solution after 2 h of reaction, and by 1H NMR analysis,
conversion was quantitative and yields >90%. The resulting
CMC-Ac polymer was a powdery white solid, readily soluble in
DMF, THF, and MeCN, with no gelling properties. Figure 2A:
1H NMR (DMSO) δ: 3.0−5.5 (m, CMC H), 2.02 (m, acetyl
CH3).

1H NMR analysis confirmed the DS calculations: by
integration of the 1H NMR spectra, the ratio of anhydroglucose
protons and acetyl protons was found to conform to prediction.
Acetylation of the CMC polymer was quantitative provided
that the CMC polymer was scrupulously washed in each stage
of the protocol to remove residual sulfuric acid (to minimize
discoloration) and residual water (inhibition of anhydride
reaction).
Conjugation of DTX and PEG to CMC. CMC-Ac was

soluble in DMF, but pilot DTX and PEG coupling reactions
performed in DMF with EDC/NHS/DMAP did not exhibit
good yields, and particles formed from these materials were
unstable and nonuniform. In solvent screening, MeCN
promoted higher conversions, and subsequently, all conjugation
reactions were performed in MeCN. In addition, to minimize
the dilution of reagents, 1.5 vol % water was added to dissolve
EDC, and 3.0 vol % DMF was added to dissolve the DTX in
the MeCN solvent. Purification of the polymer by dialysis was
initially attempted, but as PEG, DTX, and the CMC reagents
exhibit different solubility profiles, problems with precipitation
and low purification efficiency occurred. Triturating finely
ground Cellax product with water effectively extracted

uncoupled PEG, and precipitation of MeCN solutions of
Cellax through diethyl ether extracted uncoupled DTX.
Complete extraction of the uncoupled PEG and DTX was
confirmed by GPC analysis of the product. However, the Cellax
polymer absorbed to the polystyrene columns, and GPC
analysis was restricted to identification of impurities. The final
product for all feed ratios was a fine white powder, readily
soluble in acetonitrile, DMF, THF, and chloroform. Typical
reactions yielded ∼80 wt % of theoretical recovery. See Figure
2A for the NMR spectra of Na-CMC, CMC-Ac intermediate,
DTX, and the final Cellax polymer, and Figure 2B for the DTX
carbon numbering scheme. The relative mol % of each unit
(CMC, PEG, and DTX) in the conjugate was estimated by
integration of the spectra, and by back-calculation using the
molecular weight of each component, mole and weight
percentages were calculated. Polymer conjugates were prepared
with a range of DTX mol % feeds (10, 20, 30, 40, 50, and 90
mol %). By 1H NMR analysis, the peak assignments were
identical in all polymer products, varying only in the integration
of peaks assigned to PEG and DTX. As shown in Figure 3a, all

conjugates exhibited a similar DS for PEG (1.8 to 2.4 mol %,
∼7% coupling conversion), and the DS for DTX varied in a
linear relationship (R 2 = 0.98) with increasing molar feed.
Docetaxel coupling conversion was ∼50% of feed (Figure 3a).
The MW of the Cellax polymer is estimated from NMR data to
be 4.75 × 105 g/mol. The capability to perform the reaction in
organic phase, the reproducible and high level of DTX coupling
to the polymer, and the elimination of gelling properties
confirmed the benefits of the CMC acetylation. All polymer

Figure 3. Optimization of Cellax formulation. (a) DTX was fed into
the reactions at different ratios relative to the carboxylic acid content
of the CMC(Ac) polymer, and PEG was maintained at a feed of 30
mol %. The resulting polymers were characterized for substitution with
DTX and PEG. Good correlation between DTX feed and resulting
Cellax composition was observed (R 2 = 0.94). (b) Cellax polymers
formed nanoparticles when they contained a defined range of DTX
content. Polymers with compositions outside this range formed larger
less defined particles, or precipitated.
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conjugates (10−90 mol % DTX feeds) were water-insoluble,
and the formation of defined particles or disorganized
precipitates depended on their specific composition. For the
preferred composition (40 mol % DTX feed), the Cellax
polymer contained 20.8 ± 1.6 mol % DTX (37.3 ± 1.5 wt %)
and 1.1 ± 0.2 mol % PEG (4.7 ± 0.8 wt %). Polymers prepared
across the 10−90 mol % feed range of composition were tested
for particle forming characteristics (size and polydispersity
index (PDI)): as seen in Figure 3b, polymers prepared with
20−40 mol % DTX feed (12.3−20.8 mol % DTX, 26.2−37.3
wt % DTX) yielded particles ranging 105−118 nm, with low
PDI (<0.1). Outside this specific range of DTX composition,
particle size exceeded 200 nm, particle PDI values were >0.3,
and much of the polymer precipitated. Although PEG DS was
low compared to DTX DS (1.8−2.4 mol %), increasing PEG
content (either through >30 mol % feed or use of higher MW
PEG5000) disrupted particle forming properties. For effective
nanoparticle forming properties, the hydrophobic (DTX) and
hydrophilic (PEG) elements of the Cellax macromolecule were
balanced, so that when these amphiphilic structures contacted
isotonic aqueous solution, they would assemble into stable
nanoparticles and protect the drug cargo from direct exposure
to serum enzymes.
Particle Formulation and Stability. Nanoparticles were

prepared using the well-established nanoprecipitation method67

by slow addition of a MeCN or THF solution of Cellax
polymer conjugate into aqueous media (10× dilution), and
desired particles were produced provided the concentration of
Cellax in the organic solvent solution ranged between 10 and
25 mg/mL. It was observed that particles formed from 25 mg/
mL solutions were approximately 150 nm in size, and particles
formed from 10 mg/mL solutions were smaller (105−120 nm).
For all subsequent work, the 10 mg/mL MeCN polymer
solution and 10× dilution parameters (1 mg/mL polymer in
particle solution) were set so as to provide for the smallest-
sized population of nanoparticles. As described in Table 1,

Cellax nanoparticles could be formed in a variety of isotonic
solutions with defined diameter (118−134 nm, PDI < 0.1).
TEM analysis (Figure 4) of the particles in normal saline (104
± 15 nm) supported the Zetasizer measurement (118 nm ±1.5
nm). The critical aggregation concentration (CAC), deter-
mined by the DPH assay, was 0.6 μg/mL. In comparison,
hyaluronic−paclitaxel conjugates have a reported critical micelle
concentration (cmc) of 7.8 μg/mL,68 poly(glutamylgultamine-
PTX) has a cmc of 25 μg/mL,69 and PEG-polyesters typically
have cmcs of the same order of magnitude (μg/mL levels) as
Cellax.70−72 Cellax particles were diluted serially to 0.5 μg/mL
and examined for size stability: as dilution occurred, particle
size exhibited only a minor increase when diluted to the limits
of Zetasizer particle size detection, and did not disassemble
(Figure 5). As Cellax was stable at the CAC, it is probable that
these particles will remain stable at high dilution in biological
systems. For example, in a 20 g mouse model treated at 40 mg
DTX/kg, 200 μL of Cellax administered i.v. (10 mg Cellax/mL,

4 mg DTX/mL) would be diluted in ∼2 mL blood volume to 2
mg Cellax/mL. Considering the scenario when 90% of particles
are out of circulation, the concentration of Cellax would be still
well above CAC, and the DTX cargo would remain protected
from serum esterases. In addition to stability against dilution,
Cellax particles were stable in storage (>2 months, ongoing
study) in saline, in contrast to reports on Abraxane and various
PTX micelle formulations which exhibit limited stability in
suspension.73,74

In Vitro DTX Release. The release of DTX from Cellax
nanoparticles in serum was analyzed to affirm that hydrolysis of
the ester bonds would occur. By LC/MS analysis, two identities
with an ES+ MS value of 808.8 m/z were detected,
corresponding to DTX and a DTX isomer, 7-epidocetaxel:
these peaks were analyzed to generate a total taxane release
value.57,75,76 The isomerization of Taxol (PTX) and Taxotere
(DTX) in serum and the decreased activity are well-
documented metabolic phenomena,57,77,78 partly due to the
unavoidable metabolism of taxanes in biological systems which
supports the need to create a protective formulation for taxanes
(i.e., nanoparticle encapsulated). As shown in Figure 6, the
release of DTX over the course of 21 days (3.6%/day) was
sustained, culminating in full release, with half of the total
taxane released as active DTX. This data was contextualized

Table 1. Cellax Particle Size Characteristics in Different
Aqueous Systems (Zetasizer Measurements)

solution size (nm) PDI

PBS 134.0 ± 3.4 0.1 ± 0.08
Saline (0.9%) 118.2 ± 1.8 0.08 ± 0.02
Sucrose (10%) 128.5 ± 3.2 0.10 ± 0.04

Figure 4. TEM analysis. Cellax particles were applied to Formvar
coated copper grids, and analyzed by dark-field TEM (500 000×
magnification). Six randomly picked particles were imaged, and the
size was measured: particle diameter = 104 ± 15 nm.

Figure 5. Dilution stability. Cellax particles were diluted from 47 mg/
mL to 0.1 μg/mL (below the critical aggregation concentration and at
the limits of particle size detection) and were stored for 24 h prior to
analysis. Particle diameter increased slightly as the particles were
diluted.
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with respect to published reports on taxane conjugates. For
example, release of PTX from water-soluble carboxylmethyl
dextran conjugates (5.5−6.5 wt % PTX) is rapid, with total
release occurring within 3−4 days.55 Release of DTX from
water-soluble albumin conjugates (1.5 wt % DTX) is likewise
rapid, with 40% release in 1 day.7 Release of DTX from PEG
conjugates (26 wt % DTX) is more controlled, with full release
in 6 days.6 Release of PTX from polyglutamic acid conjugates
(35.8 wt % PTX) is slow and similar to Cellax, with 15−30%
release recorded in 4−5 days.43,79 It is posited that ready access
of hydrolytic enzymes to the ester bonds linking the taxane to
the macromolecule may drive the high rate of hydrolysis in low
DS (<30 wt %) polymer conjugates. Conjugates with low drug
content appear to exhibit rapid release profiles which might
lead to reduced blood circulation time and efficacy. For Cellax,
the high degree of substitution, the condensed state of the
nanoparticle, and the addition of PEG shielding appears to
effectively control the rate of hydrolysis, so that 3 weeks of
sustained release were observed. Although the drug release rate

Figure 6. Release of DTX from Cellax particles in FBS containing
saline (50 vol %). Particles were incubated at 37 °C in a 5% CO2
atmosphere. At selected time points, samples were extracted and
analyzed for taxanes by HPLC. Two peaks were detected: DTX and 7-
epidocetaxol. Total taxanes refers to the combined release of DTX and
the isomer, and indicates when full release had been reached.

Figure 7. IC50 analysis of DTX toxicity. (a) LL/2. (b) PAN02. (c) EMT-6. (d) MDA-MB-231. (e) PC3. Cells were cultured on tissue culture
polystyrene (1000 cell/well, 5000 cell/well for MDA-MB-231) for 1 day, followed by addition of media containing DTX, Cellax, or drug-free
polymer controls. Polymer controls at each selected DTX concentration are matched to the Cellax sample by weight concentration (mg/mL). For
fractionated treatment of free DTX, the dose was administered in four parts over two days, for a total dose matched to a bolus dose. Cultures were
maintained for 3 days, until the no-treatment control wells approached confluence. Cell viability was determined by the XTT assay, with no-cell
background signal being subtracted. IC50 curves were calculated in GraphPad Pro. Each group was n = 9, and error bars are ± standard deviation.
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from Opaxio is well-controlled in vitro, the rapidly degradable
backbone of the conjugate led to relatively short blood half-life
in vivo (5.3 h)40 and increased drug accumulation in normal
tissues compared to conventional long-circulating nano-
particles.32

In Vitro Analysis (IC50 and uptake study). The
cytotoxicity of different DTX formulations was measured by
following cancer cell line viability. The concentration of control
CMC(Ac)-PEG polymer in cell culture was matched to the
concentrations of Cellax, and at no level were there any
indications of cytotoxic effects on these cells (Figure 7). The
cancer cell lines exhibited sensitivity to free DTX in conformity
with published reports:80,81 IC50 analysis confirmed an
enhanced cytotoxic effect of Cellax against LL/2, PAN02, and
EMT-6 lines, compared to free DTX, and a slightly superior
effect against the PC3 and MDA-MB-231 lines (Table 2 and
Figure 7). The Cellax treatment was 40× more toxic against
LL/2, 24× more toxic against PAN02, 9× more toxic against
EMT-6, and 2× more toxic against the MD-MBA-231 and PC3
lines. Increased Cellax toxicity was approximately related to the
chemosensitivity of each cell line (a higher DTX IC50
correlated to a larger fold increase in toxicity when treated
with Cellax). The same panel of cells exposed to fractionated
matched doses of DTX over 2 days displayed IC50 values
similar to the Cellax treated cells (Table 2). Cellax is a member
of a small class of conjugates that are more effective than free
drug in vitro,82 as free drug tends to be more potent than
conjugates or micelle formulations.40,69 DTX is an anti-mitotic
anti-neoplastic drug which binds to tubulin and impedes cell
replication, ultimately inducing apoptosis and cell death.83

Compared to a single bolus dose of DTX, the Cellax polymer
released DTX continuously, and this sustained-release model
represents a preferred dosing modality for this drug. A number
of recent reports have emphasized the benefit of metronomic
(fractionated) DTX exposure, as opposed to burst release. For
example, De Souza et al. reported that a chitosan/
laurinaldehyde/egg phosphatidylcholine/DTX gel (DTX-Po-
Ligel) slow-releasing DTX in the i.p. cavity exhibited significant
activity against SKOV3-luc xenograft ovarian tumors compared
to intermittent treatment with DTX.84 In preclinical and clinical
studies, the administration of lower and more frequent doses of
chemotherapeutic has been observed to improve efficacy and
reduce toxicity, with efficacy effects being attributed to
increased cell death and anti-angiogenesis effects.85,86 In this
study, we confirmed a similar toxicity benefit with fractionated
therapy against the chemo-insensitive cell lines (EMT-6, LL/2,
and PAN02), with a smaller benefit observed for the
chemosensitive PC3 and MDA-MB-231 lines. In addition to
the benefits of slow release, internalization of the polymer-
conjugate and enhanced release in lysosomes may further
enhance the action of DTX. For example, Opaxio is reportedly
internalized in the cytoplasm, and this process is understood to
deliver more drug to the cell via accelerated hydrolysis of ester

bonds (pH and enzyme mediated), enhancing the bioavail-
ability of the taxane.42 Similarly, the dendrimer conjugate of
PTX developed by Khandare et al. also displayed significantly
enhanced intracellular uptake leading to increased cytotoxicity
compared to the free drug.82 In our study, we found that Cy5.5-
labeled Cellax nanoparticles were internalized in all five cell
lines, both human and murine: the signal was punctate,
suggesting uptake in vesicles, possibly through pinocytosis or
phagocytosis (Figure 8). To control for the possibility that

Cy5.5 label was being cleaved extracellularly by FBS-sourced
esterases and being internalized independent of the Cellax
particle, we incubated the Cellax Cy5.5 particles in both active
and heat-inactivated FBS-containing media: no difference in
uptake was observed between the two groups. By NMR analysis
of Cellax-Cy5.5 polymer, no significant deviations in
composition compared to Cellax could be detected, but to
minimize the influence of Cy5.5 chemistry on the biological
behavior of Cellax particles, particles were prepared with a
mixture of 95% Cellax and 5% Cellax-Cy5.5, yielding highly
fluorescent particles with no alteration in physiochemical
properties.

Table 2. In Vitro Cytotoxicity Analysis (IC50 Analysis)

cell line
IC50 DTX (nM) bolus

dose
IC50 DTX (nM) fractionated

dose
IC50 Cellax

(nM)
fold increase in toxicity (Cellax vs bolus

DTX)

LL/2 (murine, lung) 767 ± 10 12 ± 4 19 ± 3 40
PAN02 (murine, pancreatic) 71 ± 1 10 ± 8 3 ± 1 24
EMT-6 (murine, mammary) 80 ± 3 6 ± 3 9 ± 3 9
MD-MBA-231 (human,
breast)

10 ± 4 3 ± 1 5 ± 1 2

PC3 (human, prostate) 6 ± 1 6 ± 1 3 ± 1 2

Figure 8. Cellular uptake of Cy5.5-labeled Cellax particles. Cells were
cultured on glass coverslips in 12 well plates (1 × 104 cell/well),
maintained for 24 h in FBS or denatured-FBS supplemented media,
treated with Cellax particles (0.3 mg polymer/mL, 0.1 mg DTX/mL),
and incubated for 24 h. Postincubation, cells were fixed, stained with
DAPI, and visualized by confocal microscopy at 40× magnification.
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■ CONCLUSION
In summary, we have developed a new polymer conjugate of
docetaxel with the following unique features: (A) the
carboxymethylcellulose polymer backbone is biocompatible
and reasonably stable with a proven safety profile, (B) the
CMC was acetylated to facilitate high hydrophobic drug
coupling (37 wt %) compared to other polysaccharide
conjugates that have been reported, (C) the composition of
the CMC polymer was optimized to form stable nanoparticles,
and (D) the Cellax conjugate was PEGylated. The synthesis
outcomes were low in variation with good control over
composition and physical properties. Cellax released DTX at a
slow and controlled rate of 3.8 wt % per day: in vitro, the
cytotoxicity of Cellax was improved by 2−40-fold compared to
free DTX, possibly arising due to the slow release mechanism
and cellular internalization.
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ABSTRACT: Cancer cells can be killed by photosensitizing
agents that induce toxic effects when exposed to nonhazardous
light, but this also causes significant damage to surrounding
healthy cells. The specificity of photodynamic therapy can be
increased by conjugating photosensitizing agents to antibodies
and antibody fragments that bind specifically to tumor cell
antigens. However, standard conjugation reactions produce
heterogeneous products whose targeting specificity and
spectroscopic properties can be compromised. In this study,
we used an antibody fragment (scFv-425) that binds to the
epidermal growth factor receptor (EGFR) as a model to
investigate the use of SNAP-tag fusions as an improved
conjugation strategy. The scFv-425-SNAP-tag fusion protein
allowed the specific conjugation of a chlorin e6 photosensitizer
modified with O(6)-benzylguanine, generating a homoge-
neous product that was delivered specifically to EGFR+ cancer
cells and resulted in significant, tumor cell-specific cytotoxicity.
The impact of our results on the development of photodynamic therapy is discussed.

■ INTRODUCTION

Photodynamic therapy (PDT) is a promising and minimally
invasive approach for the treatment of cancer. Following the
introduction of improved photosensitizers and clinical
application protocols, several FDA-approved PDT drugs have
become available and others are in various stages of preclinical
and clinical development.1,2 The photosensitizing agent can
exert its effect when activated by nonhazardous light directly, by
becoming cytotoxic, or indirectly, by initiating the in situ
production of toxic free radicals or reactive oxygen species
(ROS). These processes cause damage to cells and ultimately
induce cell death by apoptosis or necrosis.3 The site of cellular
damage depends on the photosensitizer type, the incubation
period, and the mode of delivery.4 In general, anionic
photosensitizers localize in lysosomes, whereas cationic photo-
sensitizers accumulate in mitochondria and cause damage there.5

One of the greatest challenges in PDT is the lack of
specificity. Photosensitizers damage healthy tissue as well as
tumor tissue after activation by light, and also can result in
prolonged skin photosensitivity.6 To increase the specificity of
PDT, photosensitizers have been conjugated to tumor-specific

monoclonal antibodies or single chain antibody fragments
(scFv), resulting in so-called photoimmunoconjugates that
deliver the photosensitizer directly to the tumor tissue, this
approach is known as photoimmunotherapy (PIT).7 Standard
coupling reactions are unsuitable for the conjugation of
photosensitizers and antibodies because there is no reliable
way to ensure that antibody−photosensitizer conjugates are
produced in the optimal stoichiometric ratio.8,9 Furthermore,
the chemical properties of the photosensitizer (e.g., hydro-
phobicity and the number and arrangement of charged groups)
can alter the pharmacokinetic properties and biodistribution of
the antibody, and may cause nonspecific binding and internal-
ization behavior. Random conjugation can also cause the self-
quenching of photosensitizer excited states, thus reducing
photodynamic activity.7 More controlled conjugation reactions
are therefore required to overcome these limitations.
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The epidermal growth factor receptor (EGFR, erbB1, HER1),
one of four members of the ErbB family of tyrosine kinase
growth factor receptors, is overexpressed in approximately 30%
of epithelial cancers and has thus become an attractive target for
cancer immunotherapy.10,11 The recombinant anti-EGFR anti-
body fragment scFv-425 binds to EGFR expressing cancer cells
and internalized upon binding.12 We used scFv-425 as a model
for the development of a new conjugation strategy to improve
the specificity and efficacy of PIT. To achieve these aims, we
used scfv-425 as a targeting moiety fused to the SNAP-tag to
enable site-specific conjugation with the photosensitizer chlorin
e6. The SNAP-tag is a 20 kDa protein tag that binds covalently
to substrates containing O(6)-benzylguanine (BG)13,14 and has
previously been used to modify scFv fusion proteins with
fluorophores for optical imaging.12,15 Chlorin e6 was modified
with BG bridged by a (PEG-24) spacer to increase the distance
between the photosensitizer and the protein. The target specific
toxicity was analyzed in vitro with four tumor cell lines with
varying amounts of EGFR expression.

■ EXPERIMENTAL PROCEDURES
Cell Culture. The human epidermal carcinoma cell line

A431 (ATCC no.: CRL-259), human Hodgkin lymphoma cell
line L540 (DSMZ no.: ACC 72), Chinese hamster ovary cell
line CHO-K1 (ATCC: CCL-6), and human embryonic kidney
cell line HEK-293T cells (ATCC: CRL-11268) were cultured in
RPMI-1640 medium supplemented with 2 mM L-glutamine,
10% (v/v) fetal bovine serum (FBS), and 100 U/mL penicillin−
streptomycin. The human breast carcinoma cell lines MDA-MB-
468 (ATCC: HTB-132) and MDA-MB-231 (ATCC: HTB-26),
and human cervical carcinoma cell line SiHa (ATCC: HTB-35)
were cultured in DMEM with 10% (v/v) fetal bovine serum
(FBS) and 100 U/mL penicillin−streptomycin. All cells were
incubated at 37 °C in a 5% CO2 atm. All media and additives
were obtained from Invitrogen, Darmstadt, Germany.
Protein Expression and Purification. The sequence for

each scFv was inserted into the SfiI and NotI-digested site
of eukaryotic expression vector pMS-SNAP providing an
N-terminal binding ligand (scFv-425 or scFv-Ki4) and a
C-terminal SNAP-tag sequence. The TGA stop codon is
generated immediately after His6 tag sequence. His6-tagged
fusion proteins were purified from cell-free supernatants on an
Äkta FLPC system with a 5 mL Ni-NTA Superflow cartridge
(Qiagen, Hilden, Germany) after equilibration with 4× buffer
(200 mM NaH2PO4, 1.2 M NaCl, 40 mM imidazole, pH 8).
Bound His-tagged proteins were eluted with elution buffer
(50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8).
After elution, proteins were dialyzed at 4 °C overnight against
phosphate-buffered saline (PBS) containing 1 mM dithioery-
thritol (Carl Roth GmBH, Karlsruhe, Germany). Ectoine
cryopreservative was added to a final concentration of 50
mM, and aliquots were stored at −20 °C.
Modification of Ce6 with Benzylguanine. The carboxyl

groups of Ce6 (Porphyrin Products, Logan, UT) were modified
with benzylguanine by mixing 2 mg Ce6 in dimethylformamide
for 30 min at room temperature with 5-fold molar excess of
EDC and sulfo-NHS (Sigma-Aldrich, St. Louis, MO). The
activated mixture was then mixed with a 2-fold molar excess of
the benzylguanine linker BG-PEG24-NH2 (Covalys Biosciences
AG, Witterswil, Switzerland) in the dark at room temperature
overnight. The modified Ce6 was purified by HPLC using a
Shimadzu Prominence HPLC system and a 2.5 μm (4.6 × 50
mm) Water XBridge OSTC18 column (Waters, Milford, MA) at

a flow rate of 1 mL/min. Separations were carried out using a
20 min gradient from 0.1 M TEAA to 100% acetonitrile,
monitored at 280 and 410 nm. The masses of Ce6, BG-PEG24-
NH2, and BG-PEG24-Ce6 were confirmed using a Micromass
QTOFII mass spectrometer with an electrospray ion source
Advion Nanomate (Advion, Ithaca, NY, USA) 7 μL sample
volume, 1.4 kV. Accurate masses were derived from mass spectra
in the range 300−2500 m/z using the MaxEnt3 algorithm
(Micromass) in the range 400−2000 Da.
Protein Labeling. The purified SNAP-tag fusion proteins

were conjugated with BG-modified dyes (Covalys Biosciences
AG, Witterswil, Switzerland) or BG-modified Ce6 by
incubation in the dark with a 1.5−3-fold molar excess of dye
for 2 h at room temperature. Residual dye was removed by gel
filtration chromatography using Zeba Spin Desalting Columns,
7K MWCO (Thermo Fisher Scientific, Rockford, IL). The
theoretical extinction coefficient of the proteins and the extinc-
tion coefficients of the fluorescence dyes were used to
determine the coupling efficiency photometrically.
Labeled proteins were visualized after separation by SDS-

PAGE with either a UV transilluminator Gel Doc XR gel
documentation (Bio-Rad Laboratories, Mu ̈nchen, Germany) or
a CRi Maestro imaging system (CRi, Woburn, MA, USA) using
the blue and yellow filter sets.
Flow Cytometry. The binding efficiency of the labeled and

unlabeled fusion proteins was determined by flow cytometry
using a FACSCalibur device and CellQuest software (Becton &
Dickinson, Heidelberg, Germany). EGFR+ cell lines A431,
MDA-MB468, MDA-MB-231, and SiHa were used to test the
binding efficiency of scFv-425-SNAP, and EGFR− cell lines
L540 and CHO-K1 were used as negative controls. The control
fusion protein scFv-Ki4-SNAP recognizes the antigen CD30
and should therefore bind to L540 cells but not to the other cell
lines. Approximately 4 × 105 cells were incubated in 200 μL
PBS containing 0.5 μg of labeled protein for 20 min on ice.
The cells were then washed twice with 1.8 mL PBS in a
conventional cell washer and analyzed by flow cytometry.
Confocal Microscopy. Cells were visualized with a TCS

SP5 confocal microscope (LEICA Microsystem, Wetzlar,
Germany). Cells were prepared as described above for flow
cytometry. Binding efficiency was determined by incubating cells
with the labeled fusion proteins for 30 min on ice. Internalization
was monitored by incubating cells with the labeled fusion
proteins for 30 min at 37 °C.
Phototoxicity of scFv-425-SNAP-Ce6. A431, MDA-

MB468, MDA-MB-231, SiHa, and CHO-K1 cells (2 × 104)
cultured in 96 well plates as described above were washed twice
in PBS and then treated with increasing concentrations of either
Ce6, scFv-425-SNAP-Ce6, or Ki4-scFv-SNAP-Ce6 followed by
incubation for 3 h at 37 °C. Control cultures were incubated
with 500 μg/mL zeocin instead of the photosensitizer. Cells
were washed three times with PBS, then resuspended in 100 μL
of fresh phenol red free culture medium. The cells were then
irradiated with visible light (VIS) plus water-filtered infrared
light A (wIRA) using the Hydrosun type 505 radiator with a
water-containing cuvette and an orange filter OG590, with a
spectrum in the range 580−1400 nm (Hydrosun Medizintech-
nik GmbH, Müllheim, Germany). The irradiation experiments
were performed taking into account the physical and photo-
biological laws described by Piazena and Kelleher.16 The cells
were placed in a water-bath and temperature was controlled
during irradiation (total irradiance: 112 mW/cm2, dose: 25 J/cm2a
VIS, 76 J/cm2 wIRA, exposure time: 15 min). Thereafter, cells
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were incubated for a further 24 h at 37 °C in a 5% CO2
atmosphere.
Cell viability was determined using the XTT cell proliferation

kit II (Roche, Mannheim Germany), 24 h after irradiation.
Cells were incubated with 2,3-bis(2-methoxy-4-nitro-5-sul-
phonyl)-5[(phenyl-amino)carbonyl]-2H-tetrazolium hydroxide
reagent (1 mg/mL), and incubated for 4 h at 37 °C. Reduction
of XTT to formazan by viable tumor cells was monitored
colorimetrically at an absorbance wavelength of 450 nm and a
reference wavelength of 630 nm using an ELISA plate reader
Elisareader ELx808 (Bio-TEK, Bad Friedrichsahll, Germany).
Caspase-3/7 activity in cell lysates was determined using the

Apo-ONE Caspase-3/7 assay (Promega, Mannheim, Germany)
24 h after light activation. Briefly, 100 μL of Apo-ONE reagent
was added to the cells, and they were incubated for 6 h before
fluorescence readings were taken with an ELISA plate reader
Elisareader ELx808 (Bio-TEK, Bad Friedrichschall, Germany)
using an excitation wavelength of 485 nm and an emission
wavelength of 535 nm. The concentration of ROS was
determined by measuring the 485/535 nm fluorescence ratio
of H2DCFDA (Invitrogen, Darmstadt, Germany). Briefly, 2 ×
104 cells were incubated in the presence of 50 nM Ce6 or
200 nM scFv-425-SNAP-Ce6 and 10 μM H2DCFDA for
30 min in PBS containing 1% FCS. The cells were washed
twice with warm PBS containing 2.5% FCS, cultured for 2 h in
RPMI-160 medium and illuminated as described above.
Fluorescence readings were taken directly after illumination.
A blank probe (cells and medium) reading was used as the
background and subtracted from all the sample readings.
Data Analysis. Statistical analysis and curve fitting were

performed with GraphPad Prism software (GraphPad, San
Siego, CA). Data are presented as the mean ± MES. Student’s t
test and two-way analysis of variance were used to assess the
significance of independent experiments. The criterion p < 0.05
was used to determine statistical significance.

■ RESULTS
Expression, Purification, and Functional Analysis of

scFv-SNAP-Tag Fusion Proteins. The coding sequences for
the EGFR-specific scFv-425 antibody fragment12 and a control
fragment (scFv-Ki4)15 that binds to a different antigen (CD30)
were transferred to the pMS-SNAP bicistronic vector to
generate the complete scFv-425-SNAP and scFv-Ki4-SNAP
cassettes, as shown in Figure 1A. The constructs were
introduced into HEK-293T cells by transfection and stably
transformed cells were identified by selection on zeocin and by
monitoring green fluorescent protein (GFP) activity. The
fusion proteins were isolated from the culture supernatant to a
final purity of ∼90% by affinity chromatography (using the
C-terminal His6 tag) and the final yield was 18 mg/L of protein
in the supernatant (Figure 1B).
The activity of the SNAP-tag was confirmed in each of the

fusion proteins by mixing the unprocessed culture supernatant,
the flowthrough fraction, and the eluate from the chromatog-
raphy step with BG-modified Vista Green (Figure 1C). The
binding activity of the scFv-425-SNAP protein was confirmed
by flow cytometry using one target cell line expressing EGFR
(A431) and one control cell line lacking this antigen but
expressing CD30 (L540). Binding was detected with a
secondary anti-His5 Alexa 488 antibody. Flow cytometry data
confirmed the rapid and efficient binding of scFv-425-SNAP
specifically to EGFR+ target cells, whereas scFv-Ki4-SNAP
bound only to the CD30+ L540 cells (Figure 1D).

Modification of the Photosensitizer Chlorin e6 with
Benzylguanine. The photosensitizer chlorin e6 (Ce6) was
modified successfully using N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC), the sodium salt of
hydroxysulfosuccinimide (sulfo-NHS), and a BG-PEG24-NH2
linker. Ce6 carboxyl groups were modified to BG groups, and
the BG-modified Ce6 was purified using HPLC (data not
shown). Ce6 modification with BG was confirmed by mass
spectrometry. The accurate masses of Ce6 (597.215 Da), BG-
PEG24-NH2 (1398.761 Da), and BG-PEG24-Ce6 (1979.004 Da)
were detected on a Micromass QTOFII mass spectrometer,
which confirmed that purified BG-PEG24-Ce6 had the same

Figure 1. Construction, expression, and binding of the SNAP-tag
fusion proteins. (A) Schematic diagram of the bicistronic eukaryotic
expression cassettes for the recombinant SNAP-tag fusion proteins.
Under the control of the cytomegalovirus (CMV) promoter, the pMS-
scFv-425-SNAP vector encodes the antigen binding domain (scFv-
425) joined in-frame to the SNAP-tag. The control vector is the same
as described above, but the binding domain is replaced by scFv-Ki4.
The fusion proteins are secreted by an immunoglobulin κ leader
(Ig-κ-L) sequence, and a TGA stop codon is placed immediately after
the C-terminal His6-tag. The additionally transcribed internal
ribosome entry site (IVS-IRES) mediates the cotranslational
expression of enhanced fluorescent protein (EGFP). (B) Coomassie
brilliant blue-stained SDS-PAGE of the purification fractions 1−4
(eluted with an imidazole concentration up to 250 nM) of scFv-425-
SNAP protein and (C) corresponding BG-Vista Green-mediated in-gel
UV visualization of the fusion protein (indicated by a black arrow). M,
Prestained Protein Marker, Broad Range (7−175 kDa); 5,
flowthrough; 6, supernatant of HEK-293T cells. (D) Flow cytometric
binding analysis of scFv-425-SNAP and scFv-Ki4-SNAP control to
EGFR+ A431 and EGFR− L540 cells. Filled gray curves represent
untreated cells. Cells were incubated with 0.5 μg/mL of the purified
fusion protein scFv-425-SNAP (light gray curve) and scFv-Ki4-SNAP
(black curve). Fluor 488-conjugated anti-Penta-His monoclonal
antibody was used as the secondary antibody. To exclude nonspecific
staining of the secondary antibody, omission of the His-tagged fusion
protein served as control (dotted black curves).
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mass as the theoretical mass calculated for coupled Ce6 and
BG-PEG24-NH2 (Figure 2A).

Protein Labeling with BG-Modified Fluorophores and
Ce6. The functionality of the SNAP-tag was tested by coupling

Figure 2. Analysis of Ce6 photosensitizer by mass spectrometry before and after modification with benzylguanine (BG). (A) ESI mass spectrum of
Ce6, BG-PEG24-NH2, and BG-PEG24-Ce6. The top panel represents Ce6 (597.215 Da), the middle panel represents BG-PEG24-NH2 (1398.761
Da), and the bottom panel represents BG-PEG24-Ce6 (1979.004 Da), indicated by asterisks. The diagram presents the relative frequency (%) on the
y-axis correlated to the mass-to-charge (m/z) ratio on the x-axis. (B) Coomassie brilliant blue-stained SDS-PAGE of coupling of BG-PEG24-Ce6 or
BG-Vista Green to scFv-425-SNAP and (C) corresponding in-gel fluorescence visualization of the fusion proteins (indicated by a black arrow). The
different dye spectra were unmixed based on their spectral patterns using CRi Maestro multispectral imaging system. M, Prestained Protein Marker,
Broad Range (7−175 kDa); 1, scFv-425-SNAP incubated with a 1.5-fold molar excess of BG-Vista Green; 2, scFv-425-SNAP first blocked with
bromothenylpteridine (BTP), then incubated with a 1.5-fold molar excess of BG-Ce6 for 2 h and then postincubated with a 1.5-fold molar excess of
BG-VISTA Green; 3, scFv-425-SNAP first incubated with a 1.5-fold molar excess of BG-Ce6, and then incubated with a 1.5-fold molar excess of BG-
Vista Green.
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to BG-modified fluorescent dye, which revealed a labeling
efficiency of 85−90% after a 2 h incubation at room temperature
(data not shown). The reaction was repeated using BG-
modified Ce6. The photosensitizer reacted solely with the active
SNAP-tag in the fusion proteins and the reaction could be
irreversibly blocked with bromothenylpteridine (BTP), as
shown by postincubation with a 1.5-fold molar excess of BG-
Vista Green. Analysis with the CRi Maestro imaging system
showed no fluorescence associated with the previously blocked
fusion protein and saturated SNAP binding to BG-Ce6 in
nonblocked fusion proteins (Figure 2B, C).
Flow Cytometry and Confocal Microscopy. To deter-

mine the activity of labeled scFv-425-SNAP fusion proteins,
flow cytometry analysis was carried out using proteins that had
been labeled with either BG-Vista Green or BG-Ce6. All the
labeled proteins showed a strong fluorescence signal on the
corresponding target cell line (A431, MDA-MB-468, MDA-
MB-231 and SiHa) but not on control cells (L540 and CHO-
K1) after a 30 min incubation on ice (Figure 3). As expected,
labeled scFv-Ki4-SNAP showed a strong fluorescence signal on
L540 but not on A431 and CHO-K1 cells.
Confocal microscopy revealed strong, specific, and homoge-

neous membrane staining on A431, MDA-MB468, MDA-MB-
231, and SiHa cells incubated with scFv-425-SNAP-Ce6
(Figure 4). The labeled fusion protein was specifically and
efficiently taken up into EGFR+ cell lines after a 30 min
incubation at 37 °C but not at 4 °C. In contrast, no signal was
detected when the EGFR− cell lines L540 and CHO-K1 were
incubated with scFv-425-SNAP-Ce6 under the same conditions.

Photocytotoxicity of scFv-425-SNAP-Ce6. The cyto-
toxic effects of scFv-425-SNAP-Ce6 and unconjugated BG-Ce6
were evaluated using an XTT-based colorimetric cell
proliferation assay with the four EGFR+ cell lines and CHO-
K1 as a negative controls. The viability of A431, MDA-MB-468,
MDA-MB-231, and SiHa cells treated with scFv-425-SNAP-
Ce6 was reduced significantly, in a concentration-dependent
manner, after a 24 h incubation followed by light activation.
The IC50 values were 48 nM (A431), 38 nM (MDA-MB-468),
200 nM (MDA-MB-231), and 218 nM (SiHa). CHO-K1 cells
remained unaffected even when exposed to 800 nM of the
conjugated fusion proteins, and the control construct scFv-Ki4-
SNAP-Ce6 had a negligible effect in both A431 and CHO-K1
cells (Figure 5A). In contrast, unconjugated Ce6 was toxic
toward all the cell lines, with IC50 values of 16 nM (A431), 22
nM (MDA-MB-468), 22 nM (MDA-MB-231), 26 nM (SiHa),
and 18 nM (CHO-K1). These data are shown in Figure 5C.
Both the conjugated and unconjugated forms of Ce6 were

toxic only after light activation, as confirmed by carrying out
parallel experiments without the light activation step. No
significant reduction in viability was observed in any of the cell
lines (Figure 5B,D).
To determine whether scFv-425-SNAP-Ce6 selectively

induced programmed cell death in target cells by triggering
the apoptotic pathway, we analyzed the activity of caspase-3
and caspase-7 in A431, MDA-MB-231, MDA-MB468, SiHa,
and CHO-K1 cells 24 h after light activation. Both scFv-425-
SNAP-Ce6 (200 nM) and unconjugated Ce6 (50 nM)
increased the levels of caspase-3 and caspase-7, whereas no

Figure 3. Binding activity of scFv-425-SNAP-Vista Green and scFv-425-SNAP-Ce6 to several EGFR+ cell lines. Flow cytometry analysis was carried
out after incubating 4 × 105 cells (filled gray curves) with each fusion protein for 20 min at 37 °C in PBS. Specific binding of (A) scFv-425-SNAP-
Vista Green and (B) scFv-425-SNAP-Ce6 (light gray curves) to A431, MDA-MB-468, MDA-MB-231, SiHa, L540, and CHO-K1 cells were evaluated
in parallel. As a control, scFv-Ki4-SNAP-Vista Green (black curves) was tested against L540 CHO-K1 and A431cells. Vista Green fluorescence (A)
was analyzed in the FL-1 channel and Ce6 (B) in the FL-4 channel.
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significant increase was observed in A431 cells treated with 200
nM scFv-Ki4-SNAP-Ce6 (Figure 5E).
The production of ROS in photoactivated A431 cells was

investigated by measuring the 485/535 nm fluorescence of
DCF, produced by the oxidation and deacetylation of 6-carboxy-
2′,7′-dichlorodihydrofluoresceindiacetatedi(acetoxymethyl)ester
(H2DCFDA). We found that a burst of ROS synthesis follows
light activation in the presence of 200 nM of the conjugated Ce6
and 50 nM of the unconjugated Ce6, but there was only a small
increase in ROS levels in nonirradiated cells, barely above the
background level observed in cells that were not treated with the
photosensitizer (Figure 5F).

■ DISCUSSION

Photodynamic therapy (PDT) is a minimally invasive treatment
that uses nontoxic photosensitizers and harmless visible light in
combination with oxygen to produce cytotoxic reactive oxygen
species that kill malignant cells by apoptosis and/or necrosis.17

Many different photosensitizers have been developed, but we
chose Ce6 as a model because it has been evaluated extensively in
PDT studies and also has advantageous physical and chemical
properties. Ce6 has an absorption maximum at 664 nm, which
is a good compromise between photon efficacy and cell
penetration,18 and the presence of carboxyl groups allows further
functionalization.7

One of the main drawbacks of PDT is the scattergun effect of
activated photosensitizers, which tends to damage healthy as
well as tumor cells. Targeted therapy using antibodies has
revolutionized cancer treatment, and several antibodies that
bind to tumor cell antigens have achieved blockbuster status.
The efficacy of therapeutic antibodies can be improved by
covalently linking them to additional effector molecules (e.g.,
radionuclides, drugs, or toxins),19 as this achieves selective
delivery and should reduce the systemic toxicity traditionally
associated with small molecule drugs.20 The same principle can
be applied to photosensitizers, an approach known as
photoimmunotherapy (PIT). Effector molecules are generally
conjugated to antibodies using either the reduced sulfhydryl
groups of cysteine residues or amino groups in lysine side
chains. However, both methods yield heterogeneous products,
comprising a mixture of conjugated antibodies with the effector
attached at different sites and a variable number of effectors
attached to each antibody resulting in a range of molar rations
and very different pharmacokinetic, efficacy, and safety profiles.
Hamblett and colleagues21 have studied the toxicity, pharma-

cokinetic properties, and therapeutic efficacy of heterogeneous
antibody−drug conjugates by purifying three antibody frac-
tions containing two, four, and eight conjugated molecules of
monomethyl-auristatin E (MMAE). The fraction with eight
MMAE groups was poorly tolerated and rapidly cleared
compared to the other fractions and demonstrated the lowest

Figure 4. Binding and internalization of scFv-425-SNAP-Ce6 analyzed by confocal microscopy. Confocal images were obtained for the EGFR+ cell
lines A431, MDA-MB-468, MDA-MB-231, and SiHa, and for the EGFR− cell lines L540 and CHO-K1. All cells were incubated with 0.5 μg scFv-
425-SNAP-Ce6 for 30 min at 4 °C (upper panel) or for 60 min at 37 °C (lower panel). (1) Ce6 fluorescence signal; (2) transmitted light; (3)
overlay of fluorescence signal and transmitted light. Magnification is indicated by the white scale bars.
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efficacy. This suggests that the key design parameter for
antibody−drug conjugates is the number of drug molecules
attached to the antibody. However, even purifying antibodies
that carry the same number of drug molecules still generates a

complex mixture because of the many alternative attachment
sites.21 For example, there are approximately 40 lysine residues
in a typical antibody, potentially resulting in more than one
million different conjugated antibody species. Similarly, there

Figure 5. Evaluation of photodynamic therapeutic efficiency. Cell proliferation and apoptosis assays were carried out using the scFv-425-SNAP-Ce6.
The cytotoxicity of scFv-425-Ce6 was determined against cell lines A431 (■), MDA-MB-468 (▲), MDA-MB-231 (⧫), SiHa (●), and CHO-K1
(▼) using the XTT proliferation assay on (A) irradiated cells and (B) nonirradiated cells. The cytotoxicity of scFv-Ki4-SNAP-Ce6 against A431
cells (-X-) was tested as a control. The same cells were treated with different concentrations of unconjugated Ce6 and cell viability was analyzed (C)
with and (D) without light activation. (E) Apoptosis was evaluated using the Apo-ONE Homogeneous Caspase-3/7 Assay, with 50 nM Ce6, 200 nM
scFv-SNAP-Ce6, and 200 nM scFv-Ki4-SNAP-Ce6. (F) The generation of reactive oxygen species (ROS) due to illumination of photosensitized
A431 cells was detected using the dichlorofluorescein derivative carboxy-H2DCFDA reagent.
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are between one and eight cysteine residues, typically
generating approximately 100 conjugated variants. Each version
of the antibody−drug conjugate typically displays a unique and
unpredictable pharmacokinetic profile.20

To avoid the issues discussed above, we investigated the use
of SNAP-tag technology to provide a unique conjugation site
on the antibody, allowing the production of a homogeneous
conjugate preparation. We engineered a construct in which the
coding sequence of a scFv antibody that binds specifically to
EGFR was genetically fused to the SNAP tag cassette, which
endows the antibody with a SNAP-tag and therefore allows site-
specific conjugation BG-modified substrates, in this case Ce6.
This conjugation method can be applied to any antibody−
photosensitizer combination as long as the antibody carries the
SNAP-tag and the substrate is modified with a BG group.
We therefore also prepared a control construct in which the
scFv-Ki4, which binds to CD30 and is thus irrelevant for the
treatment of EGFR+ tumors, was also labeled with Ce6.
The conjugation reaction was successful, allowing the

preparation of homogeneous samples of scFv-425-SNAP-Ce6
and scFv-Ki4-SNAP-Ce6. We then tested these preparations for
their ability to kill tumor cells specifically. We found that scFv-
425-SNAP-Ce6 selectively killed EGFR+ cells in four human
tumor-derived cell lines representing epidermal, breast, and
cervical carcinomas (A431, MDA-MB-231, MDA-MB468, and
SiHa) after exposure to light. The phototoxicity of scFv-425-
SNAP-Ce6 was dependent on the presence of EGFR, receptor
internalization and light, and toxicity was most potent in A431
and MDA-MB468 cells, which express the largest amount of
the receptor [(1−1.3) × 106 receptors/cell].22,23 The other
cells lines expressed less EGFR (1.3 × 105 receptors/cell for
MDA-MB-231 and (2 × 104)−(2 × 105) receptors/cell for
SiHa),23,24 and the toxicity of scFv-425-SNAP-Ce6 was
concomitantly reduced, although not to the point where the
fusion protein would be therapeutically ineffective. This means
that scFv-425-SNAP-Ce6 can target a wide range of EGFR+

cells, not only those with the highest expression levels. No
toxicity was observed when EGFR− cells (CHO-K1) were
exposed to scFv-425-SNAP-Ce6.
We have previously shown that scFv-425-SNAP accumulates

directly in mouse kidneys after injection, and is subsequently
detected in the bladder, indicating clearance by renal filtration.
Despite the rapid clearance, the accumulation and retention of
scFv-425-SNAP in tumor tissue was evidently sufficient to yield
very high tumor to background ratio 10 h postinjection.12

In conclusion, we have demonstrated for the first time the
conjugation of photosensitizers to a scFv antibody using SNAP-
tag technology. This rapid and efficient method produces a
homogeneous conjugate with define pharmacokinetic and
therapeutic profiles. This provides proof of the principle that
SNAP-tag technology can be used to produce targeted
photoimmunotherapeutic agents for cancer therapy, avoiding
the off-target effects that have thus far limited the development
of PDT.
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ABSTRACT: Skeletal diseases have a major impact on the worldwide
population and economy. Although several therapeutic agents and treatments
are available for addressing bone diseases, they are not being fully utilized
because of their uptake in nontargeted sites and related side effects. Active
targeting with controlled delivery is an ideal approach for treatment of such
diseases. Because bisphosphonates are known to have high affinity to bone and
are being widely used in treatment of osteoporosis, they are well-suited for
drug targeting to bone. In this study, a targeted delivery of therapeutic agent to
resorption sites and wound healing sites of bone was explored. Toward this
goal, bifunctional hydrazine-bisphosphonates (HBPs), with spacers of various
lengths, were synthesized and studied for their enhanced affinity to bone.
Crystal growth inhibition studies showed that these HBPs have high affinity to
hydroxyapatite, and HBPs with shorter spacers bind more strongly than
alendronate to hydroxyapatite. The HBPs did not affect proliferation of MC3T3-E1 preosteoblasts, did not induce apoptosis, and
were not cytotoxic at the concentration range tested (10−6−10−4 M). Furthermore, drugs can be linked to the HBPs through a
hydrazone linkage that is cleavable at the low pH of bone resorption and wound healing sites, leading to release of the drug. This
was demonstrated using hydroxyapatite as a model material of bone and 4-nitrobenzaldehyde as a model drug. This study
suggests that these HBPs could be used for targeted delivery of therapeutic agents to bone.

■ INTRODUCTION
Active targeting of therapeutic agents to bone reduces drug
toxicity and improves drug bioavailability at the desired site.1

Bone tissue is characterized by constant remodeling, whereby it
continuously undergoes formation and resorption; perturba-
tions in bone remodeling are associated with several metabolic
bone diseases, such as osteoporosis.2−4 Therefore, molecules
that inhibit bone resorption or stimulate bone formation show
drug activity against various skeletal disorders.5 Although a
range of therapeutic agents is available to treat skeletal
disorders,6 their clinical application is hampered by their
uptake in nontargeted sites and the consequent undesired side
effects.7

Several bisphosphonates (BPs) show antiresorptive proper-
ties and are being prescribed in the treatment of skeletal
diseases.6,8,9 BPs are stable analogues of naturally occurring
pyrophosphate and have high affinity to bone and hydrox-
yapatite (HA).10 Besides the two phosphonate groups, BPs
have two other substituents (R1 and R2) on their geminal
carbon. BPs with a hydroxyl or an amine group at R1 facilitate
tridentate binding to bone and HA, and show an increased
affinity to these materials.11,12 The overall nature of the R2

substituent also contributes toward enhancing the bone-seeking
ability and pharmacological properties of BPs.10,13

Recently, a number of drug targeting and drug delivery
strategies have been reported using a range of delivery vehicles,

such as polymer scaffolds, liposomes, dendrimers, micelles,
hydrogels, peptides, and antibodies.14−21 However, drug
targeting to bone sites requires molecules that have high
affinity to bone. Besides BPs, other molecules, such as D-
aspartic acid octapeptide,20,21 polymalonic acid,22 and tetracy-
cline,23,24 show affinity to bone. BPs have advantage over other
molecules because their affinity can be tuned by changing their
R1 and R2 substituents. Moreover, in addition to being
prescribed as drugs, BPs are also being studied for drug
targeting and drug delivery to bone,25−30 including the
administration of radiopharmaceuticals and imaging agents to
bone for diagnostic applications.31−35 For the purpose of drug
targeting to bone, various strategies of BP-drug conjugation
have been investigated by us and others.29,35−38 Ideally, for
targeted drug delivery to bone, BP-drug conjugates should have
a stable linkage between the BP and drug molecule that can
survive during systemic circulation of the conjugate following
parenteral administration, and at the same time be labile at the
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bone surface to release the drug locally. Most of the strategies
mentioned above employ agents that are conjugated to BPs
through stable, noncleavable linkages resulting in the
administration of the complete conjugate to the treatment
site.25,29,31−33,35 Current approaches that employ cleavable
linkages either are too labile to ensure delivery of the drug to
the desired site26,27 or show limited release providing
inadequate availability of drug for action.26 A strategy that
involves labile conjugation to one of the phosphonate groups of
BP could compromise the affinity of the corresponding BP-
drug conjugate toward bone, because it is through the
phosphonate groups that BPs bind to the mineral matrix.27

Herein, we report a novel strategy for targeted delivery of
therapeutic agents to sites of low pH, such as bone resorption
lacunae and areas of wound healing, through their conjugation
to enhanced affinity bifunctional BPs with a pH-triggered
cleavable linkage. In particular, we have synthesized seven novel
hydrazine-bisphosphonates (HBPs) (2−8), which have a
hydroxyl group as R1, while R2 contains a hydrazine
functionality attached through spacers of various length and
hydrophobicity (Table 1). Furthermore, experiments were

performed to explore the binding affinity, cytotoxicity, drug
conjugation, and pH triggered drug release of HBPs.

■ EXPERIMENTAL PROCEDURES
Materials. The osteoblastic cell line MC3T3-E1 was

obtained from American Type Culture Collection (CRL-
2593; ATCC, Rockville, MD). Alpha minimum essential
medium (αMEM) and fetal bovine serum (FBS) were
purchased from GIBCO-Invitrogen (Carlsbad, CA). The
BCA protein assay kit was obtained from ThermoFisher
Scientific (Rockford, IL). The cell proliferation reagent WST-1
was purchased from Roche (Mannheim, Germany). Ac-DEVD-
AFC was obtained from Enzo Life Sciences (Plymouth
Meeting, PA). 4-Aminobutanoic acid, 6-aminohexanoic acid,
8-aminooctanoic acid, glycine, glycylglycine, glycylglycylglycine,
methanesulfonic acid, phosphorous acid, phosphorus trichlor-
ide, and 2,3,5,6-tetrafluorophenol (TFP) were purchased from
Alfa Aesar (Ward Hill, MA). N,N′-Dicyclohexylcarbodiimide
(DCC), triethylamine (TEA), tri-BOC-hydrazinoacetic acid
(TBHA), reagent grade hydroxyapatite powder, potassium
hydroxide, sodium acetate, sodium chloride, sodium hydroxide,
etoposide, tris(hydroxymethyl)aminomethane hydrochloride
(Tris-HCl), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES), 3-[(3-cholamidopropyl)dimethylamino]-1-pro-
panesulfonate (CHAPS), ethylenediaminetetraacetic acid diso-
dium salt dihydrate (EDTA), sodium fluoride (NaF), sodium
orthovanadate, leupeptin hemisulfate salt, aprotinin bovine,
phenylmethylsulfonylfluoride, DL-dithiothreitol (DTT), glyc-
erol, and Triton X-100 were purchased from Sigma-Aldrich (St.
Louis, MO). Calcium chloride, hydrochloric acid, and
potassium dihydrogen phosphate were obtained from EMD
Chemicals (Gibbstown, NJ). Acetonitrile, chloroform, dichloro-
methane, diethyl ether, dimethyl sulfoxide (DMSO), hexane,
and phosphoric acid were purchased from Mallinckrodt
(Hazelwood, MO). The NMR solvents deuterium oxide and
deuterated chloroform were purchased from Cambridge
Isotope Laboratories (Andover, MA).
Apparatus. 1H NMR, 31P NMR, and 13C NMR spectra

were obtained on a Varian INOVA 400 MHz spectrometer
(Palo Alto, CA). Electrospray ionization mass spectrometry was
performed on a ThermoFinnigan LCQ mass spectrometer
(Waltham, MA). HA crystal growth experiments were
performed using an Isotemp Refrigerated Circulator and pH
meter (Fisher Scientific, Pittsburgh, PA). UV−vis spectra were
obtained with an Agilent 8453 UV−visible spectrophotometer
(Agilent Technologies, Santa Clara, CA). Deionized water was
produced using a Milli-Q water purification system (Millipore,
Bedford, MA).

Table 1. Structure of Alendronate (1) and Hydrazine-
Bisphosphonates (HBPs) (2−8)

Scheme 1. Synthesis of Alendronate 1 and HBP 2
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Synthesis of (4-Amino-1-hydroxybutylidene)-
bisphosphonic Acid Monosodium Salt (1). (4-Amino-1-
hydroxybutylidene)bisphosphonic acid monosodium salt or
monosodium alendronate (1) was synthesized in an inert
atmosphere according to a previously reported procedure from
4-aminobutanoic acid (9)39,40 as outlined in Scheme 1. A 25
mL flask was fitted with an addition funnel and a reflux
condenser. Ice-cold water was circulated through the
condenser. The system was flushed with nitrogen; and 4-
aminobutyric acid (9) (4.0 g, 38.7 mmol), phosphorous acid
(3.18 g, 38.7 mmol), and methanesulfonic acid (16 mL) were
added to the flask. The mixture was heated for 5 min at 65 °C.
PCl3 (9.0 mL, 85.3 mmol) was added over 20 min, and the
mixture was stirred for 18 h at 65 °C. The solution was cooled
to 25 °C and quenched into 0−5 °C water (40 mL) with
vigorous stirring. The reaction flask was rinsed with an
additional 16 mL of water, and the combined solution was
refluxed for 5 h at 110 °C. The solution was cooled to 23 °C,
and the pH was adjusted to 4−4.5 with 50% (v/v) NaOH. The
resulting mixture was allowed to react for 10−12 h at 0−5 °C.
The white solid obtained was filtered and washed with cold
water (20 mL) and 95% ethanol (20 mL). The solid was dried
under vacuum at room temperature (RT) to obtain compound
1 as a white solid in 87.1% (9.22 g) yield. 1H NMR (D2O): δ
3.02 (t, 2H), δ 2.00 (m, 4H). 13C NMR (MeCN/D2O): δ 72.9
(t), δ 39.33 (s), δ 29.94 (s), δ 21.48 (t). 31P NMR (H3PO4/
D2O): δ 18.53. MS (MALDI-TOFMS): 272 [M+H+Na]+.
Synthesis of Tri-tert-butyl 2-(2-oxo-2-(2,3,5,6-

tetrafluorophenoxy)ethyl)hydrazine-1,1,2-tricarboxy-
late (11). Tri-BOC-hydrazinoacetate (10) (90.0 mg, 0.231
mmol) and TFP (42.1 mg, 0.254 mmol) were dissolved in 5
mL chloroform. DCC (52.3 mg, 0.254 mmol) in 5 mL
chloroform was added dropwise to the reaction mixture and
stirred at RT. The progress of the reaction was followed by thin
layer chromatography (TLC). After complete consumption of
10 (3 h), the 1,3-dicyclohexyl urea formed in the reaction
mixture was removed by filtration, and the filtrate was
evaporated in vacuo. The residue was then suspended in an
adequate amount of hexane, the remaining 1,3-dicyclohexyl
urea was removed by filtration, and the filtrate was evaporated
in vacuo to obtain crude compound 11. The crude material was
purified by column chromatography (hexane/acetone 85/15 v/
v) to obtain pure compound 11 as a pale yellow liquid in 97%
(120.5 mg) yield. 1H NMR (CD3CN): δ 7.25 (m, 1H), δ 3.20
(s, 2H) δ 1.45 (m, 27H). 13C NMR (CDCl3): δ 168.01 (s), δ
154.35 (s), δ 153.75 (s), δ 150.54 (s), δ 148.70 (s), δ 147.10
(s), δ 146.40 (s), δ 102.10 (s), δ 84.22 (s), δ 83.27 (s), δ 82.21
(s), δ 54.33 (m), δ 28.20 (s).
Synthesis of (4-(2-Hydrazinylacetamido)-1-hydroxy-

butane-1,1-diyl)bisphosphonic Acid (2). Compound 1
(50.0 mg, 0.154 mmol) was suspended in 1 mL of deionized
water, and TEA (93.2 mg, 0.923 mmol) was added to the
suspension. After a few seconds of stirring at RT, the
suspension became clear. The reaction was stirred at RT for
5 min. Compound 11 (124 mg, 0.231 mmol) was dissolved in
1.5 mL of acetonitrile and added to the reaction mixture. TEA
(15.5 mg, 0.154 mmol) was added, and the reaction mixture
was stirred at RT for 12 h. The reaction mixture was washed
with diethyl ether (10 mL) and evaporated in vacuo. The
obtained solid was treated with 2 mL of 2.5 M HCl, and the
solution was stirred at RT for 24 h. The solvent was removed in
vacuo, and the crude product was sonicated twice in ethanol at
RT for 2 h and filtered to obtain a white solid of pure

compound 2 in 62% (31 mg) yield. 1H NMR (D2O): δ 3.78 (s,
2H), δ 3.28 (t, 2H), δ 1.99 (m, 2H), δ 1.84 (m, 2H). 13C NMR
(MeCN/D2O): δ 170.41 (s), δ 74.17 (t), δ 51.58 (s), δ 40.50
(s), δ 31.75 (s), δ 24.17 (s). 31P NMR (H3PO4/D2O): δ 19.08.
MS (+ ESI): 322 [M+H]+.
General Procedure for Synthesis of Compounds 13a−

13f. Compound 12a−12f (0.401 mmol, 1.2 equiv) was
suspended in 1 mL of deionized water, and TEA (0.668
mmol, 2.0 equiv) was added to the suspension. After a few
seconds of stirring at RT, the suspension became clear. The
reaction was stirred at RT for 5 min. Compound 11 (0.334
mmol, 1.0 equiv) was dissolved in 1.5 mL of acetonitrile, and
the solution was added to the reaction mixture. TEA (0.167
mmol, 0.5 equiv) was added, and the reaction mixture was
stirred at RT for 12 h. The reaction mixture was washed with
diethyl ether, and the solvent was evaporated in vacuo to obtain
crude compound 13a−13f. The crude product 13a−13f was
used in the next reaction without further purification.

Compound 13a. Following the procedure shown for 13a−
13f, compound 13a was obtained by amide coupling of
compound 11 and glycine (12a) as a paste in 95% yield. 1H
NMR (CDCl3): δ 4.10 (s, 2H), δ 3.98 (s, 2H), δ 1.45 (m,
27H). 13C NMR (CDCl3): δ 174.56 (s), δ 168.46 (s), δ 154.46
(s), δ 153.86 (s), δ 150.65 (s) δ 84.52 (s), δ 83.16 (s), δ 82.45
(s), δ 54.93 (m), δ 45.91 (m), δ 28.22 (s).

Compound 13b. Following the procedure shown for 13a−
13f, compound 13b was obtained by amide coupling of
compound 11 and 4-aminobutenoic acid (12b) as a paste in
97% yield. 1H NMR (CDCl3): δ 4.10 (s, 2H), δ 3.60 (d, 2H), δ
2.35 (m, 2H), δ 1.30 (m, 2H), δ 1.45 (m, 27H). 13C NMR
(CDCl3): δ 182.70 (s), δ 170.70 (s), δ 154.30 (s), δ 153.40 (s),
δ 150.56 (s) δ 84.24 (s), δ 83.56 (s), δ 82.10 (s), δ 54.30 (m), δ
39.41 (m), δ 35.60 (m), δ 28.41 (s), δ 23.42 (m).

Compound 13c. Following the procedure shown for 13a−
13f, compound 13c was obtained by amide coupling of
compound 11 and glycylglycine (12c) as a paste in 94% yield.
1H NMR (CDCl3): δ 4.02 (s, 2H), δ 3.99 (s, 2H), δ 3.80 (s,
2H), δ 1.45 (m, 27H). 13C NMR (CDCl3): δ 174.44 (s), δ
169.24 (s), δ 168.43 (s), δ 154.34 (s), δ 153.55 (s), δ 151.20
(s), δ 85.12 (s), δ 83.66 (s), δ 83.05 (s), δ 55.15 (m), δ 45.24
(m), δ 43.31 (m), δ 28.15 (s).

Compound 13d. Following the procedure shown for 13a−
13f, compound 13d was obtained by amide coupling of
compound 11 and 6-aminohexanoic acid (12d) as a paste in
96% yield. 1H NMR (CDCl3): δ 4.03 (s, 2H), δ 3.33 (d, 2H), δ
2.21 (t, 2H), δ 1.61 (m, 2H), δ 1.45 (m, 27H), δ 1.28 (m, 2H).
13C NMR (CDCl3): δ 178.04 (s), δ 170.20 (s), δ 154.44 (s), δ
153.34 (s), δ 151.84 (s), δ 85.11 (s), δ 83.24 (s), δ 83.48 (s), δ
54.35 (m), δ 38.92 (m), δ 34.32 (m), δ 29.15 (s), δ 28.40 (s), δ
26.37 (s), δ 24.75 (s).

Compound 13e. Following the procedure shown for 13a−
13f, compound 13e was obtained by amide coupling of
compound 11 and glycylglycylglycine (12e) as a paste in 93%
yield. 1H NMR (CDCl3): δ 4.01 (s, 2H), δ 3.98 (d, 2H), δ 3.91
(d, 2H), δ 3.80 (d, 2H), δ 1.42 (m, 27H). 13C NMR (CDCl3):
δ 174.45 (s), δ 169.75 (s), δ 169.51 (s), δ 168.01 (s), δ 154.55
(s), 151.40 (s), 151.14 (s), δ 85.40 (s), δ 85.29 (s), δ 83.51 (s),
δ 55.49 (m), δ 45.30 (m), δ 43.77 (m), δ 43.34 (s), δ 28.19 (s).

Compound 13f. Following the procedure shown for 13a−
13f, compound 13f was obtained by amide coupling of
compound 11 and 8-aminooctanoic acid (12f) as a paste in
95% yield. 1H NMR (CDCl3): δ 4.02 (s, 2H), δ 3.23 (m, 2H),
δ 2.22 (t, 2H), δ 1.59 (m, 4H), δ 1.45 (m, 27H), δ 1.25 (m,
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6H). 13C NMR (CDCl3): δ 178.40 (s), δ 170.05 (s), δ 154.14
(s), 151.25 (s), 151.19 (s), δ 85.17 (s), δ 85.39 (s), δ 83.89 (s),
δ 38.90 (m), δ 34.00 (t), δ 30.10 (m), δ 29.12 (s), δ 29.65 (s),
δ 26.58 (s), δ 24.54 (s).
General Procedure for Synthesis of Compounds 14a−

14f. Compound 13a−13f (0.386 mmol, 1.0 equiv) and TFP
(0.425 mmol, 1.1 equiv) were dissolved in 15 mL chloroform.
DCC (0.425 mmol, 1.1 equiv) in 10 mL chloroform was added
dropwise to the reaction mixture and stirred at RT. The
progress of the reaction was followed by TLC. After complete
consumption of 13a−13f (3 h), the 1,3-dicyclohexyl urea
formed in the reaction mixture was removed by filtration, and
the filtrate was evaporated in vacuo. The residue was then
suspended in an adequate amount of hexane, the remaining 1,3-
dicyclohexyl urea was removed by filtration, and the filtrate was
evaporated in vacuo to obtain crude compound 14a−14f. The
crude product was purified by column chromatography
(CH2Cl2/MeOH 90/10 v/v) to obtain the pure compound
as a pale yellow liquid.

Compound 14a. Following the procedure shown for 14a−
14f, compound 14a was obtained from 13a by treatment of
TFP and DCC as a sticky liquid. 1H NMR (CDCl3): δ 6.60 (s,
1H), δ 4.25 (s, 2H), δ 4.10 (s, 2H), δ 1.42 (m, 27H). 13C NMR
(CDCl3): δ 174.02 (s), δ 168.32 (s), δ 154.21 (s), δ 153.14 (s),
δ 150.78 (s), δ 148.72 (d), δ 146.89 (d), δ 146.10 (s), δ 101.80
(s), δ 84.12 (s), δ 83.85 (s), δ 82.64 (s), δ 54.41 (m), δ 45.00
(m), δ 28.44 (s).

Compound 14b. Following the procedure shown for 14a−
14f, compound 14b was obtained from 13b by treatment of
TFP and DCC as a sticky liquid. 1H NMR (CDCl3): δ 6.60 (s,
1H), δ 4.05 (s, 2H), δ 3.20 (d, 2H), δ 2.67 (m, 2H), δ 1.97 (m,
2H), δ 1.42 (m, 27H). 13C NMR (CDCl3): δ 182.47 (s), δ
170.12 (s), δ 154.10 (s), δ 153.45 (s), δ 151.10 (s), δ 148.69
(d), δ 147.23 (d), δ 146.80 (s), δ 102.10 (s), δ 84.58 (s), δ
83.74 (s), δ 82.36 (s), δ 54.33 (m), δ 39.45 (m), δ 33.56 (m), δ
23.47 (s), δ 28.56 (s).

Compound 14c. Following the procedure shown for 14a−
14f, compound 14c was obtained from 13c by treatment of
TFP and DCC as a sticky liquid. 1H NMR (CDCl3): δ 6.98 (s,
1H), δ 4.38 (s, 2H), δ 4.11 (s, 2H), δ 3.41 (s, 2H), δ 1.45 (m,
27H). 13C NMR (CDCl3): δ 170.28 (s), δ 169.52 (s), δ 167.00
(s), δ 156.00 (s), δ 151.12 (s), δ 150.02 (s), 148.23 (d), δ
147.45 (d), δ 146.69 (s), δ 102.47 (s), δ 85.67 (s), δ 85.00 (s),
δ 83.90 (s), δ 55.87 (s), δ 45.65 (s), δ 43.06 (m), δ 28.14 (s).

Compound 14d. Following the procedure shown for 14a−
14f, compound 14d was obtained from 13d by treatment of
TFP and DCC as a sticky liquid. 1H NMR (CDCl3): δ 6.97 (s,
1H), δ 4.05 (s, 2H), δ 3.95 (s, 2H), δ 2.31 (m, 2H), δ 2.62 (m,
4H), δ 1.80 (m, 2H), δ 1.45 (m, 27H). 13C NMR (CDCl3): δ
177.12 (s), δ 170.89 (s), δ 154.69 (s), δ 153.78 (s), δ 151.11
(s), 148.60 (d), δ 147.05 (d), δ 146.44 (s), δ 102.10 (s), δ
85.25 (s), δ 83.73 (s), δ 83.92 (s), δ 54.33 (m), δ 38.96 (m), δ
33.56 (m), δ 29.78 (s), δ 28.40 (s), δ 26.58 (s), δ 24.45 (s).

Compound 14e. Following the procedure shown for 14a−
14f, compound 14e was obtained from 13e by treatment of
TFP and DCC as a sticky liquid. 1H NMR (CDCl3): δ 6.75 (s,
1H), δ 4.42 (d, 2H), δ 4.10 (m, 4H), δ 3.85 (d, 2H), δ 1.50 (m,
27H). 13C NMR (CDCl3): δ 170.81 (s), δ 170.10 (s), δ 170.05
(s), δ 165.87 (s), δ 156.00 (s), 154.80 (s), 151.20 (s), 148.48
(d), δ 147.23 (d), δ 146.10 (s), δ 103.76 (s), δ 85.79 (s), δ
85.51 (s), δ 84.07 (s), δ 55.96 (m), δ 49.46 (s), δ 43.61 (s), δ
40.82 (s), δ 28.11 (s).

Compound 14f. Following the procedure shown for 14a−
14f, compound 14f was obtained from 13f by treatment of TFP
and DCC as a sticky liquid. 1H NMR (CDCl3): δ 6.98 (s, 1H),
δ 4.05 (s, 2H), δ 3.95 (s, 2H), δ 2.40 (s, 2H), δ 1.65 (m, 4H), δ
1.38 (m, 6H), δ 1.45 (m, 27H). 13C NMR (CDCl3): δ 178.58
(s), δ 170.89 (s), δ 154.45 (s), 151.69 (s), 151.51 (s), 148.72
(d), δ 147.20 (d), δ 146.40 (s), δ 102.10 (s), δ 85.93 (s), δ
85.54 (s), δ 83.12 (s), δ 38.95 (m), δ 33.50 (t), δ 30.32 (m), δ
29.45 (s), δ 29.10 (s), δ 26.70 (s), δ 25.73 (s).
General Procedure for Synthesis of Compounds 3−

8. Compound 1 (0.154 mmol, 1.0 equiv) was suspended in 1
mL of deionized water, and TEA (1.077 mmol, 7.0 equiv) was
added to the suspension. After a few seconds of stirring at RT,
the suspension became clear. The reaction was stirred at RT for
5 min. Crude compound 14a−14f (0.231 mmol, 1.5 equiv) was
dissolved in 1.5 mL of acetonitrile and added to the reaction
mixture. TEA (0.154 mmol, 1.0 equiv) was added, and the
reaction mixture was stirred at RT for 12 h. The reaction
mixture was washed with diethyl ether (10 mL) and evaporated
in vacuo. The obtained solid was treated with 2 mL of 2.5 M
HCl, and the solution was stirred at RT for 24 h. The solvent
was removed in vacuo; the crude product was sonicated twice in
ethanol at RT for 2 h, and filtered to obtain pure compounds
3−8.

Compound 3. Following the procedure shown for 3−8,
compound 1 was coupled to compound 14a by amide linkage,
followed by an acid treatment to obtain pure compound 3 as a
white solid in 55% yield. 1H NMR (D2O): δ 3.95 (s, 2H), δ
3.84 (s, 2H), δ 3.26 (t, 2H), δ 1.98 (m, 2H), δ 1.84 (m, 2H).
13C NMR (MeCN/D2O): δ 172.10 (s), δ 171.74 (s), δ 74.15
(t), δ 51.40 (s), δ 47.62 (s) δ 40.60 (s), δ 31.70 (s), δ 24.09 (s).
31P NMR (H3PO4/D2O): δ 19.16. MS (+ ESI): 379 [M+H]+.

Compound 4. Following the procedure shown for 3−8,
compound 1 was coupled to compound 14b by amide linkage,
followed by an acid treatment to obtain pure compound 4 as a
white solid in 63% yield. 1H NMR (D2O): δ 3.73 (s, 2H), δ
3.22 (t, 4H), δ 2.25 (t, 2H), δ 1.95 (m, 2H), δ 1.80 (m, 4H).
13C NMR (MeCN/D2O): δ 176.87 (s), δ 170.46 (s), δ 74.16
(t), δ 51.54 (s), δ 40.66 (s), δ 39.52 (s), δ 34.04 (s), δ 31.84
(s), δ 25.66 (t), δ 24.16 (s). 31P NMR (H3PO4/D2O): δ 19.32.
MS (+ ESI): 407 [M+H]+.

Compound 5. Following the procedure shown for 3−8,
compound 1 was coupled to compound 14c by amide linkage,
followed by an acid treatment to obtain pure compound 5 as a
white solid in 56% yield. 1H NMR (D2O): δ 4.04 (s, 2H), δ
3.92 (s, 2H), δ 3.86 (s, 2H), δ 3.25 (t, 2H), δ 1.96 (m, 2H), δ
1.84 (m, 2H). 13C NMR (MeCN/D2O): δ 171.55 (s), δ 170.79
(s), δ 170.62 (s), δ 72.82 (t), δ 50.04 (s), δ 42.15 (s) δ 41.88
(s), δ 39.26 (s), δ 30.06 (s), δ 22.71 (s). 31P NMR (H3PO4/
D2O): δ 19.08. MS (+ ESI): 436 [M+H]+.

Compound 6. Following the procedure shown for 3−8,
compound 1 was coupled to compound 14d by amide linkage,
followed by an acid treatment to obtain pure compound 6 as a
white solid in 59% yield. 1H NMR (D2O): δ 3.73 (s, 2H), δ
3.22 (q, 4H), δ 2.25 (t, 2H), δ 1.98 (m, 2H), δ 1.82 (m, 2H), δ
1.59 (t, 2H), δ 1.52 (t, 2H), δ 1.30 (m, 2H). 13C NMR
(MeCN/D2O): δ 177.70 (s), δ 169.94 (s), δ 73.95 (t), δ 51.36
(s), δ 40.43 (s) δ 39.86 (s), δ 36.37 (s), δ 31.64 (s), δ 28.62 (s),
δ 26.15 (s), δ 25.68 (s), δ 23.99 (s). 31P NMR (H3PO4/D2O):
δ 19.14. MS (+ ESI): 435 [M+H]+.

Compound 7. Following the procedure shown for 3−8,
compound 1 was coupled to compound 14e by amide linkage,
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followed by an acid treatment to obtain pure compound 7 as a
white solid in 54% yield. 1H NMR (D2O): δ 3.73 (s, 2H), δ
3.22 (q, 4H), δ 2.25 (t, 2H), δ 2.00 (m, 2H), δ 1.82 (m, 2H), δ
1.55 (t, 2H), δ 1.45 (t, 2H), δ 1.30 (s, 6H). 13C NMR (MeCN/
D2O): δ 178.82 (s), δ 170.70 (s), δ 74.58 (t), δ 52.25 (s), δ
49.01 (s), δ 41.25 (s), δ 40.95 (s), δ 37.36 (s), δ 32.54 (s), δ
29.73 (s), δ 29.57 (s), δ 27.41 (s), δ 26.88 (s), δ 24.81 (s). 31P
NMR (H3PO4/D2O): δ 19.38. MS (+ ESI): 493 [M+H]+.

Compound 8. Following the procedure shown for 3−8,
compound 1 was coupled to compound 14f by amide linkage,
followed by an acid treatment to obtain pure compound 8 as a
white solid in 57% yield. 1H NMR (D2O): δ 4.06 (s, 2H), δ 4.0
(s, 2H), δ 3.92 (s, 2H), δ 3.86 (s, 2H), δ 3.25 (t, 2H), δ 1.98
(m, 2H), δ 1.84 (m, 2H). 13C NMR (MeCN/D2O): δ 173.19
(s), δ 172.01 (s), δ 172.17 (s), δ 171.92 (s), δ 74.15 (t), δ 51.45
(s) δ 43.73 (s), δ 43.49 (s), δ 43.15 (s), δ 40.60 (s), δ 31.67 (s),
δ 24.15 (s). 31P NMR (H3PO4/D2O): δ 19.15. MS (+ ESI):
463 [M+H]+.
Crystal Growth Inhibition Assay for Binding Affinity

Study. As BPs target bone surfaces under active formation and
resorption of HA,41 a crystal growth inhibition assay was
performed to measure the affinities of HBPs to HA. This
method has commonly been used to examine BP binding
affinity.42,43 Kinetic experiments of HA crystal growth were
performed in a nitrogen atmosphere in magnetically stirred
(400 rpm) double-jacketed vessels at pH 7.4 and 37.0 ± 0.1 °C,
as described in a previously reported procedure.42,43 In brief,
the reaction solution with final ionic strength of 0.15 M was
prepared by mixing calcium chloride (2.0 mmol), potassium
dihydrogen phosphate (2.0 mmol), and sodium chloride (132.0
mmol) followed by degassing and filtration. The titrant with
final ionic strength of 0.15 M was prepared by mixing calcium
chloride (2.0 mmol), potassium hydroxide (10.0 mmol), and
sodium chloride (134.0 mmol) followed by degassing and
filtration. The reaction was initiated by adding 5 mg seed mass
of HA crystallites into 100 mL of reaction solution. The
constant thermodynamic driving force for growth of HA
crystals was maintained by keeping the pH constant at 7.4 with
addition of titrant. The volume of titrant added was recorded as
a measure of HA crystal growth. Crystal growth inhibition
experiments were performed in presence of at least six different
concentration of each of HBPs (2−8). For positive control,
experiments were performed in presence of six different
concentrations of alendronate (1), whereas for negative control,
experiments were performed in the absence of any BP.
Cell Culture. The MC3T3-E1 cells were cultured in

prewarmed αMEM medium that was supplemented with 10%
FBS at 37 °C in a humidified atmosphere composed of 5%
CO2. The cells were seeded into 96-well plates at a density of 1
× 104 cells/well for in vitro quantification of intracellular
protein and caspase activity. One day after seeding, the cultures
were treated with various concentrations (1 × 10−6, 1 × 10−5,
and 1 × 10−4 M) of HBPs. Cells without HBPs were used as a
negative control, while cells treated with 10−6, 10−5, or 10−4 M
of etoposide were used as positive controls. The plates were
incubated again for 24, 48, and 72 h before use for further
analysis. The experiments were conducted in triplicate and
repeated at least three times to ascertain the reproducibility of
the results.
Intracellular Protein Quantification. Intracellular pro-

tein was measured using a commercially available BCA assay
kit. Briefly, the medium was removed, and the adherent cells
were washed with PBS. The cultures were lysed by 10 min

incubation in 50 μL of lysate buffer (20 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1 mM EDTA, 10 mM NaF, 1 mM sodium
orthovanadate, 5 μg/mL leupeptin, 0.14 U/mL aprotinin, 1
mM phenylmethylsulfonylfluoride, and 1% (v/v) Triton X-
100), followed by 2 s of sonication. Volumes of 10 μL of the
cell lysate samples and standards (solutions of known
concentrations of bovine serum albumin) were added to the
wells of a 96-well microtiter plate followed by addition of 200
μL of the working reagent; the well contents were mixed
thoroughly by shaking the plate for 2 min. The plate was
incubated at 37 °C for 30 min and then cooled to RT. The
absorbance of the samples was measured at 562 nm on a plate
reader. The amount of protein in the sample was calculated
using a standard plot.
Cell Cytotoxicity Assay. The cytotoxicity of the HBPs

was determined using a colorimetric WST-1 assay. The assay
was conducted after 72 h of HBP treatment in accordance with
the manufacturer’s instructions. In brief, cultures in 96-well
plates were incubated with 10 μL/well of cell proliferation
reagent WST-1 at 37 °C for 60 min in a humidified atmosphere
composed of 5% CO2. The plate was cooled to RT, and the
absorbance of the samples was measured at 450 nm on a plate
reader.
Apoptosis Assay. Apoptosis was determined by measuring

the intracellular caspase-3 activity. The cultures were lysed by
10 min of incubation in 50 μL of lysate buffer (20 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 10 mM NaF, 1 mM
sodium orthovanadate, 5 μg/mL leupeptin, 0.14 U/mL
aprotinin, 1 mM phenylmethylsulfonylfluoride, and 1% (v/v)
Triton X-100), followed by 2 s of sonication. The cell lysate was
treated with 50 μM Ac-DEVD-AFC in 50 mM HEPES buffer
(pH 7.4, 100 mM NaCl, 0.1% CHAPS, 10 mM DTT, 1 mM
EDTA, and 10% (v/v) glycerol) at RT for 60 min in the dark.
The caspase-3 activity was determined by measuring the
fluorescence at λem = 510 nm (λex = 485).
Synthesis of Compound 16. Compound 2 (10.0 mg,

0.028 mmol) was suspended in 10 mL of deionized water. The
reaction mixture was acidified with 10 μL of acetic acid. 4-
Nitrobenzaldehyde (15) (8.4 mg, 0.056 mmol) was dissolved in
DMSO and added to the above suspension. The reaction was
stirred at RT for 48 h. The solvent was evaporated in vacuo to
obtain crude product 16. Compound 16 was dissolved in water
and washed with ethyl acetate to remove excess reactant 15.
The water layer containing 16 was used in the next reaction
without further purification.
Synthesis of Compound 19. 4-Nitrobenzoic acid (18)

(100.0 mg, 0.598 mmol) and TFP (109.3 mg, 0.658 mmol)
were dissolved in 5 mL acetone. DCC (135.8 mg, 0.658 mmol)
in 5 mL acetone was added dropwise to the reaction mixture
and stirred at RT. The progress of the reaction was followed by
TLC. After complete consumption of 18 (3 h), the 1,3-
dicyclohexyl urea formed in the reaction mixture was removed
by filtration, and the filtrate was evaporated in vacuo. The
residue was then suspended in an adequate amount of
acetonitrile, the remaining 1,3-dicyclohexyl urea was removed
by filtration, and the filtrate was evaporated in vacuo to obtain
crude compound 19. Compound 19 was used in the next
reaction without further purification.
Synthesis of Compound 20. Compound 1 (60.0 mg,

0.185 mmol) was suspended in 1 mL of deionized water and
TEA (111.9 mg, 1.108 mmol) was added to the suspension.
After a few seconds of stirring at RT, the suspension became
clear. The reaction was stirred at RT for 5 min. Crude
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compound 19 (92.2 mg, 0.277 mmol) was dissolved in 1.5 mL
of acetonitrile and added to the reaction mixture. TEA (18.7
mg, 0.185 mmol) was added, and the reaction mixture was
stirred at RT for 12 h. The reaction mixture was washed with
10 mL diethyl ether several times, and the water layer was
lyophilized to obtain a sticky solid. The reaction product was
then sonicated twice in ethanol for 2 h at RT and filtered to
obtain pure compound 20. 1H NMR (D2O): δ 8.33 (d, 2H), δ
7.95 (d, 2H), δ 3.45 (t, 2H), δ 1.98 (m, 4H). 31P NMR
(H3PO4/D2O): δ 18.23. MS (- ESI): 397 [M-H]−.

In Vitro Studies of Drug Targeting and Drug Release.
Compound 16 is a HBP-drug conjugate, where a model drug
(4-NBA) is conjugated to HBP 2 via hydrazone linkage. The
conjugate was immobilized on HA surface and studied for its
release at various pH solutions. In brief, compound 16 (1 mg)
in water was equally distributed into three Eppendorf tubes and
diluted to get 1.0 mL of total volume each. Excess of HA (50.0
mg) was added to each Eppendorf tube, and the tubes were
stirred at RT for 0.5 h. After centrifugation at 1000 rpm for 5
min, the supernatant was discarded. The HA was washed twice
with 1.0 mL water, followed by centrifugation, and the
supernatant was discarded. A volume of 1.0 mL acetate
solution (0.1 M sodium acetate, 0.05 M sodium chloride) of
pH 5.0, 6.0, and 7.4 was added in three Eppendorf tubes,
respectively. The Eppendorf tubes were incubated at 37 °C
with continuous shaking. The suspensions were centrifuged at
particular time points, and the absorbance of the supernatants
was measured (λ = 265 nm, 1 cm cuvette) to calculate the
amount of 4-NBA released from the immobilized conjugate.
For the control studies, the above experiment was repeated

with compound 20. Compound 20 is a BP-drug conjugate,
where the model drug (4-NBA) is conjugated to alendronate
via amide linkage. The conjugate was immobilized on the HA
surface and studied for its release at various pH solutions. In
brief, compound 20 (1 mg) in water was equally distributed
into three Eppendorf tubes and diluted to get 1.0 mL of total
volume each. Excess of HA (50.0 mg) was added to each
Eppendorf tube, and the tubes were stirred at RT for 0.5 h.
After centrifugation at 1000 rpm for 5 min, the supernatant was
discarded. The HA was washed twice with 1 mL water,
followed by centrifugation, and the supernatant was discarded.
A volume of 1.0 mL acetate solution (0.1 M sodium acetate,
0.05 M sodium chloride) of pH 5.0, 6.0, and 7.4 was added in
three Eppendorf tubes, respectively. The Eppendorf tubes were
incubated at 37 °C with continuous shaking. The suspensions
were centrifuged at particular time points, and the absorbance
of the supernatants was measured (λ = 265 nm, 1 cm cuvette)
to calculate the amount of 4-NBA released from the
immobilized conjugate.

■ RESULTS AND DISCUSSION
BPs have high affinity toward bone and HA. After
administration, BPs bind to bone surfaces where they can be
internalized into osteoclasts and cause their apoptosis.44−46 In
other words, BPs control bone resorption through apoptosis of
osteoclasts. However, this could be a drawback of the BP
treatment because it disturbs the bone remodeling cycle. In
general, bone remodeling is a lifelong process, whereby
osteoblasts and osteoclasts work simultaneously for bone
formation and bone resorption, respectively. Bone formation
and bone resorption are interdependent processes, and
therefore, osteoblastic function of bone formation also gets
affected by controlling osteoclastic bone resorption. Along with

controlling bone resorption, subsequent bone formation at
resorption sites is crucial; this can be achieved by delivering
therapeutic agents to bone resorption sites using bisphospho-
nates. Active drug targeting at sites of bone metastases and
calcified neoplasms using polymeric carrier was reported
previously. Alendronate and an antiangiogenic agent, TNP-
470, were conjugated to N-(2-hydroxypropyl)methacrylamide
(HPMA) through a cathepsin K sensitive tetrapeptide (Gly-
Gly-Pro-Nle).47,48 Because of alendronate conjugation, HPMA
was found to be distributed to bone tumors and the endothelial
compartments of bone metastases with a good antitumor
efficacy. However, one could eliminate the polymeric carrier
and make a simpler and smaller conjugate by coupling drugs
directly to high affinity BPs via hydrolyzable bonds. Therefore,
our overall goal is to make BPs capable of delivering drug
molecules, including bone growth factors, at bone resorption
sites. The first goal was to design novel BPs that demonstrate
high binding affinity to HA and contain a functional group that
could be used to conjugate therapeutic agents to BPs through
an acid-labile linkage. Substituents (R1 and R2) at the germinal
carbon of the BP contribute toward bone affinity; in particular,
the presence of a hydroxyl at R1 enhances bone affinity by
enabling tridentate binding to HA.10−12 In that regard, we
chose 1-hydroxy-1,1-bisphosphonic acid as the basic backbone
of bifunctional BPs.
The designed 1-hydroxy-1,1-bisphosphonic acid backbone

has a hydroxyl at R1, while the R2 substituent was used to
introduce a different functional group that could be
subsequently used for attachment of therapeutic agents. The
attachment of a therapeutic agent to BP is possible through
several reversible and irreversible linkages such as amide, ester,
imine, hydrazone, ether, and thioether coupling. However for
drug delivery at wound healing sites and resorption sites, where
the pH is acidic,49,50 acid-labile linkages such as those provided
by hydrazones and imines are more appropriate. Imine
hydrolyses rapidly at pH ≤ 7.0,51 while hydrazone is stable at
physiological pH. Further, the rate of hydrolysis of the
hydrazone linkage increases gradually with decrease in pH
from 7.4.52,53 Therefore, the hydrazone linkage presents
advantages over the imine linkage when sustained drug release
is desired at the bone surface. Hence, the hydrazine
functionality was introduced in 1-hydroxy-1,1-bisphosphonic
acid at R2 to obtain bifunctional HBPs.
It is important that the HBP-drug conjugate should not only

be stable during systemic circulation, but should also bind to
the bone surface before releasing the drug at the desired site.
The attached drug may sterically affect this interaction between
the BP and the bone surface. Consequently, a spacer was
introduced in the synthesized HBPs between the BPs and the
terminal hydrazine. HBPs with several spacers of varying length
and hydrophobicity were synthesized.
A straightforward synthesis was used to create the desired

HBPs (2−8). Compound 2 has the shortest spacer attaching
hydrazine to 1-hydroxy-1,1-bisphosphonic acid. To synthesize
HBP 2, monosodium alendronate was prepared first in an inert
atmosphere according to a previously reported procedure from
4-aminobutanoic acid by reaction with phosphorous acid and
phosphorus trichloride in methanesulfonic acid and subsequent
hydrolysis.39,40 The reactive ester of TBHA (10) was prepared
by dropwise addition of DCC in chloroform to a mixture of
TBHA and TFP in chloroform at RT. This reactive ester was
then coupled with monosodium alendronate in basic condition
at RT to obtain BOC-protected HBP 2. The BOC-protection
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of the hydrazine group was removed with treatment of 2.5 M
HCl to obtain HBP 2. The crude product was sonicated twice
in ethanol at RT for 2 h and filtered to obtain pure HBP 2
(Scheme 1).
Using a similar strategy, six other analogues of HBP 2 (3−8)

with spacers of different length and hydrophobicity were
synthesized by introducing various amino acids, such as glycine
(12a), 4-aminobutanoic acid (9), glycylglycine (12c), 6-
aminohexanoic acid (12d), glycylglycylglycine (12e), and 8-
aminooctanoic acid (12f), respectively (Scheme 2). All seven
HBPs were obtained and were characterized with 1H NMR, 31P
NMR, 13C NMR, and electrospray ionization mass spectrom-
etry.
The binding affinities of the HBPs were measured and

compared with alendronate, which is a commercially available
BP having high affinity to HA. BPs are known to inhibit the
crystal growth of HA and target bone surfaces under active
formation and resorption of HA.41 Therefore, a crystal growth
inhibition assay, which is a widely used method for
determination of binding affinity of BP,42,43 was performed to
measure the affinities of HBPs to HA. During the experiments,
a favorable environment for crystal growth of HA was
maintained. The crystal growth of HA was measured in the
presence of various concentration HBPs. The pH was
maintained at 7.4 by addition of titrant, and the volume of
titrant added was recorded as a measure of HA crystal growth.
A range of experiments were performed in presence of various
concentrations (0, 1.0 × 10−7, 2.5 × 10−7, 5.0 × 10−7, 7.5 ×
10−7, and 1.0 × 10−6 M) of HBPs and alendronate. For every
experiment of HA crystal growth, a plot of the volume of titrant
added vs time was generated. A typical set of plots is depicted
in Figure 1. The growth rate (R) at any instant can be described
by

(1)

where dV/dt is the rate of titrant addition, and β is a constant
whose value reflects the titrant concentration with respect to
the surface area of HA during crystal formation; β was
considered as constant for all experiments.

It can be noted from Figure 1 that the HA crystals appear to

grow nonlinearly during the early stage of the experiment due

to initial seeding of the HA crystals. The flat line parallel to the

X-axis indicates the complete prevention of crystal growth. A

pseudo-Langmuir adsorption isotherm can be used to describe

the rates of HA crystal growth and can be expressed by

(2)

Scheme 2. Synthesis of HBPs 3−8

Figure 1. (A) Plot of HA crystal growth in the presence of varying
concentrations of HBP 2 at pH 7.4 and 37 °C (seed mass = 5 mg). (B)
Relative adsorption affinity constants (KL) of alendronate (1) and
HBPs 2−8 measured at varying concentrations of BPs (C = 1.0 ×
10−7, 2.5 × 10−7, 5.0 × 10−7, and 7.5 × 10−7 M) at pH 7.4 and 37 °C.
Data are the average ± one standard deviation (n = 4).

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc2003132 | Bioconjugate Chem. 2011, 22, 2496−25062502



where C is the concentration of BP added, and R0 and Ri are the
rates of HA crystal growth in the absence and presence of BP,
respectively.
By rearranging eqs 1 and 2, the relative adsorption affinity

constants (KL) can be described by

(3)

where dV0/dt and dVi/dt are the rates of titrant addition at
early stage of the experiment in the absence and presence of
BP, respectively.
The relative trend of binding affinities of alendronate (1) and

HBPs (2−8) at various concentrations of BPs is shown in
Figure 1. The shorter length HBPs (2 and 3) showed
significantly higher binding affinities than alendronate (p <
0.05). Overall, all seven HBPs showed high binding affinities to
HA, which makes them suitable for drug targeting.
Apart from its targeting ability, the ideal drug-carrier should

not induce unnecessary toxic effects, especially against bone-
forming cells (osteoblasts). HBPs could also have toxic affects
toward other cells and tissues or affect cell differentiation,
which could cause substantial morbidity.54 The primary
purpose of this study was to demonstrate the potential of
HBPs for targeted delivery of the attached drugs at bone-
resorption sites through in vitro experiments. Therefore, HBPs
at various concentrations (10−6−10−4 M) were evaluated for
their possible cytotoxicity and apoptotic effect against
preosteoblasts. The intracellular protein measured after 24,
48, and 72 h treatment of HBPs showed no abnormal changes
in cell proliferation (Figure 2). The amount of protein in the
HBP-treated cells was similar to the control over a period of 72
h. Cell viability studies were performed and metabolic activity
was quantified using the commercially available WST-1 kit.
MC3T3-E1 cells exposed to HBPs for 72 h showed activity
similar to that of control (Figure 3). Although the metabolic
activity of cells exposed to 10−4 M HBPs for 72 h showed 10%
decrease in cell viability, the difference was not statistically
significant.
Because caspases are required for cell apoptosis, the

possibility of HBP-induced cell apoptosis was evaluated by
measuring caspase-3 activity. Caspase-3 is a cysteine-aspartic
acid protease and cleaves Ac-DEVD-AFC releasing the
fluorogenic AFC, which can be quantified by fluorescence
spectroscopy.55 Apoptosis of MC3T3-E1 preosteoblasts was
confirmed by treatment with 10−6, 10−5, or 10−4 M etoposide
for 72 h, which resulted in 2−3-fold increase in caspase-3
activity (results not shown). As shown in Figure 4, however,
HBPs did not induce apoptosis in MC3T3-E1 preosteoblasts
after 72 h of exposure; all treatments resulted in statistically
similar levels of caspase activity. Because HBPs showed no
apoptotic and cytotoxic effects on preosteoblasts, HBPs could
be utilized as a vehicle for drug delivery applications.
HBP 2 was used to demonstrate the targeted delivery of

therapeutic agents to bone. In particular, in vitro drug targeting
to HA and drug release from the HA surface was demonstrated
using 4-NBA as a model drug. 4-NBA was conjugated with
HBP 2 in DMSO/water, and then the conjugate was
immobilized on HA by adding excess of HA particles to the
reaction mixture at RT. HA with the attached conjugate was
separated by centrifugation and washed thoroughly with water
to remove unconjugated 4-NBA (Scheme 3). The triggered

release of 4-NBA from the immobilized 4-NBA-HBP conjugate
on HA was demonstrated at various pH as shown in Figure 5.
HA with the attached conjugate was resuspended in 0.1 M
sodium acetate (pH 5.0, 6.0, or 7.4) and incubated at 37 °C.
The suspensions were centrifuged at particular time points, and

Figure 2. Intracellular protein contents showing MC3T3-E1 cell
growth for 72 h after HBP treatment. Plots A, B, and C show results
for exposure to HBPs at 1 × 10−6, 1 × 10−5, and 1 × 10−4 M,
respectively. Error bars denote standard deviation.

Figure 3. MC3T3-E1 cell viability measured after 72 h of incubation
with no HBP (CON) and HBPs 2−8 at different concentrations (1 ×
10−6, 1 × 10−5, and 1 × 10−4 M). The data are expressed as percentage
of the control. The white, blue, orange, and green bars represent
treatment of no HBP (control), 1 × 10−6, 1 × 10−5, and 1 × 10−4 M
HBPs, respectively. Error bars denote standard deviations.
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the absorbance of the supernatants was measured at 265 nm
using a UV−vis spectrophotometer to calculate the amount of
released 4-NBA. It was observed that, in the first 12 h of
incubation, there was approximately 60%, 30%, and 20% of 4-
NBA released from the immobilized conjugate at pH 5.0, 6.0,
and 7.4, respectively. Since HBPs have higher affinity for bone
than does alendronate, they are expected to carry and deliver
the attached drug at bone resorption sites as well as calcified
bone tumors. Similar to this study, drug release at resorption
sites was previously reported using a polymeric system with a
spacer composed of a cathepsin K sensitive tetrapeptide (Gly-
Gly-Pro-Nle).56 Cathepsin K, which is expressed at higher level

in osteoclasts, could cleave the polymer at the cathepsin K
sensitive tetrapeptide and initiate drug release. However,
cleavage of the polypeptide by cathepsin K could be affected
by steric hindrance, which could change the rate of drug release.
On the other hand, HBPs are not crowded molecules, and
therefore, the rate of hydrolysis of the hydrazone and
consequent drug release is expected to be affected less by
steric effects.
To confirm that release of 4-NBA occurs via hydrazone

cleavage rather than through desorption of the conjugate from
the HA surface, 4-NBA was conjugated to alendronate (1)
through formation of an amide bond. The conjugate was
immobilized on HA surface by adding excess of HA particles,
and then the particles were washed thoroughly with water to

Figure 4. Apoptosis of MC3T3-E1 cells measured 72 h following
addition of no HBP (CON) and HBPs 2−8 at three different
concentrations (1 × 10−6, 1 × 10−5, and 1 × 10−4 M). The data are
expressed as percentage of the control. The white, blue, orange, and
green bars represent treatment of no HBP (control), 1 × 10−6, 1 ×
10−5, and 1 × 10−4 M HBPs, respectively. Error bars denote standard
deviations.

Scheme 3. Synthesis, Immobilization of Model Drug−BP Conjugate, and Incubation at 37 °C in Acetate Solutions of Various
pHa

aHatched area represents HA particles.

Figure 5. Percent release of 4-NBA (percentage of cleaved hydrazone
bonds) from the immobilized conjugate on HA surface at 37 °C. Solid
line and dotted line represent 4-NBA release from 17 and 21,
respectively.
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remove unconjugated 4-NBA and nonspecifically adsorbed
conjugate molecules. HA with the attached conjugate was
treated similarly as described above, and the amount of released
4-NBA was measured by UV−vis spectroscopy (Scheme 3).
From the control experiments, it was observed that there was
no significant release of 4-NBA through desorption from the
immobilized conjugate 21 (Figure 5).

■ CONCLUSION
In conclusion, we have reported the synthesis of novel,
bifunctional HBPs (2−8), which show high binding affinities
to HA. Through in vitro experiments, HBPs demonstrated no
apoptotic and cytotoxic effects on MC3T3-E1, a preosteoblast
cell. 4-NBA, a model drug, was bound to HA through a HBP,
and its in vitro release at various pH was recorded. It was
observed that hydrolysis of hydrazone bonds in the conjugate
and subsequent release of 4-NBA was slow at physiological pH
but much faster at pH lower than physiological, such as the pH
in bone resorption sites and sites of wound healing.49,50

Consequently, HBP−drug conjugates could be useful in local
delivery of attached drugs to the resorptive microenvironment
of bone tissue. Overall, this approach should improve the
therapeutic index by boosting pharmacological efficacy and
diminishing undesirable side effects.
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A., and Lönnberg, H. (2008) Bisphosphonate derivatives of nucleoside
antimetabolites: Hydrolytic stability and hydroxyapatite adsorption of
5′-β,γ-methylene and 5′-β,γ-(1-hydroxyethylidene) triphosphates of 5-
fluorouridine and ara-cytidine. J. Org. Chem. 73, 4123−4130.
(28) El-Mabhouh, A., Angelov, C., McEwan, A., Jia, G., and Mercer, J.
(2004) Preclinical investigations of drug and radionuclide conjugates
of bisphosphonates for the treatment of metastatic bone cancer. Cancer
Biother. Radiopharm. 19, 627−640.
(29) Herczegh, P., Buxton, T. B., McPherson, J. C. I., Kovaćs-
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Kopecěk, J. (2006) Water-soluble HPMA copolymerprostaglandin
E1 conjugates containing a cathepsin K sensitive spacer. J. Drug
Targeting 14, 425−435.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc2003132 | Bioconjugate Chem. 2011, 22, 2496−25062506



Cell-Penetrating Conjugates of Coproporphyrins with Oligoarginine
Peptides: Rational Design and Application for Sensing Intracellular
O2

Ruslan I. Dmitriev,† Honorata M. Ropiak,† Gelii V. Ponomarev,‡ Dmitri V. Yashunsky,‡

and Dmitri B. Papkovsky*,†

†Biochemistry Department, University College Cork, Cavanagh Pharmacy Building, Cork, Ireland
‡Institute of Biomedical Chemistry, Russian Academy of Medical Sciences, Pogodinskaia Ul. 10/2, 119992 Moscow, Russia

*S Supporting Information

ABSTRACT: A panel of phosphorescent oligoarginine
conjugates of tetracarboxylic Pt(II)-coproporphyrin I dye
(PtCP), monosubstituted with long peptides or tetra-
substituted with short peptides and having different linkers
and peripheral groups, is described. Their photophysical
properties, cell loading efficiency, and mechanisms of transport
into the cell were investigated and compared. The conjugates
were seen to rely on endocytotic mechanisms of cell entry,
which are different from that of the unconjugated oligoarginine
peptide, and show diverse patterns of intracellular distribution. On the basis of this study, the tetra-substituted PtCP conjugate
displaying whole cell distribution was selected for the sensing of intracellular O2. This probe has been tested in biological
experiments on a fluorescence plate reader, including the monitoring of in situ oxygenation of respiring cells and their responses
to metabolic stimulation. Similar conjugates of the phosphorescent Pd(II)-coprorphyrin and fluorescent coproporphyrin-ketone
were also synthesized and assessed for the sensing of low levels intracellular O2 and ratiometric pH-sensing, respectively. The
results produced and the structure−activity relationships determined can facilitate the rational design of new bioconjugates of
porphyrin dyes tailored to specific applications.

■ INTRODUCTION

Targeted delivery of molecules into the cell is required for
many research (probes and effectors), diagnostic (imaging
agents), and therapeutic (drugs) purposes. The main strategies
to achieve this include direct (passive) translocation across the
plasma membrane, facilitated transport through receptor or
drug-mediated endocytosis, and the use of liposomes, delivery,
and targeting vectors.1−3 To date, significant progress has been
achieved with nucleic acid and protein structures,2 whereas the
delivery of small molecules such as drugs, fluorophores, and
other macrocyclic structures still require a better understanding
of the mechanisms of intracellular transport and structure−
activity relationships.4−7

Tetrapyrrols represented by numerous natural (porphyrins,
heme, and vitamin B12) and synthetic compounds are actively
used as drugs (e.g., SOD mimetics8), photosensitizers in tumor
photodynamic therapy (PDT),9−11 oxygen-sensitive probes,9,12

and labels.13 For some of these applications, targeted delivery of
the tetrapyrrol into the cell, tissue, or a particular subcellular
compartment is an essential requirement. Thus, in PDT, the
initial focus on the improvement of photophysical properties of
drug candidates and distribution between normal and
malignant tissue is now shifting toward more specific delivery
of sensitizer molecules to a particular location within the cells
(e.g., mitochondria rather than lysosomes11,14).

In quenched-phosphorescence sensing of molecular oxygen
(O2), where Pt(II)- and Pd(II)-porphyrins are commonly
used,15 there is a need to have both extracellular, cell-
impermeable probes for imaging tissue and vasculature,12,16

and intracellular probes targeted to subcellular compartments,
particularly the mitochondria where most of the O2 gets
consumed.17 However, hydrophobic tetrapyrrols show poor
selectivity of intracellular accumulation and distribution, limited
solubility in aqueous media, and high nonspecific binding to
various biomolecular and cellular structures. Cationic porphyr-
ins often possess cyto- and genotoxicity (via interaction with
the DNA), and therefore, anionic dyes such as coproporphyrin
and substituted tetraphenylporphyrin derivatives are more
frequently used. However, these structures have low intrinsic
ability to penetrate the plasma membrane of mammalian
cells.4,18

Aiming to improve intracellular delivery and distribution of
the porphyrins, several approaches have been proposed
including functionalization with hydrophobic polyethylenegly-
cols19 or sugars,20 preparation of dendrimers and nanoparticles,
or conjugation with other fluorophores such as rhod-
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amine,16,21−25 the use of escort peptide sequences (such as
cyclic RGD),26 or cell-penetrating peptides.19,27 Thus, mono-

substituted conjugates of porphyrins with Arg- and Pro-rich
peptides have shown improved cell penetration, intracellular

Table 1. Description of Conjugates Prepared in This Studya

porphyrin dye
peptide sequence and conjugation site

(underlined)
name of the
conjugate

molecular
weight

total number of R/
charge

RP-HPLC retention
time (min)

PtCPTE-MI CFRRRRRRRRR PEPP1 2830 9/8 12
PtCPTE-PEG850-MI CFRRRRRRRRR PEPP2 3700 9/8 12
PtCPTE-PEG850-MI MGRTVVVLGGGISGLAAGCGRRRRRRRRR PEPP4 5200 10/9 15
PtCPTE-MI MGRTVVVLGGGISGLAAGCGRRRRRRRRR PEPP5 4350 10/9 16
PtCP(NH-
CH2CH2OH)3-PFP

NH2-GRRRRRRRRR PEPP6 2497 9/8 10.5

PtCP(PFP)4 NH2-RR-amide PEPP3 2093 8/8 11
PdCP(PFP)4 NH2-RR-amide PEPP3B 2004 8/8 N/D
CPK(PFP)4 NH2-RR-amide PEPP3C 1916 8/8 N/D
PtCP(PFP)4 NH2-RRA-amide T1 2378 8/8 N/D
PtCP(PFP)4 NH2-RRS-amide T2 2442 8/8 N/D
PtCP(PFP)4 NH2-RGR-amide T3 2322 8/8 N/D
PtCP(PFP)4 NH2-RRR T4 2722 12/8 N/D
PtCP(PFP)4 NH2-Arg-OMe T5 1529 4/4 11.5
aStructures of PtCP-conjugates are presented in Figure 1, and initial porphyrin dyes are shown in Supporting Information.

Figure 1. Structures of the PtCP conjugates. All conjugates have the same coproporphyrin core but different side groups. The position of
conjugation with the peptide is designated by R. A, conjugates PEPP1 and PEPP5; B,: conjugates PEPP2 and PEPP4; C, conjugate PEPP6; and D,
branched conjugates PEPP3 and T1-T5.
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accumulation, and retention of the key functionality in oxygen
sensing applications or PDT.28−31 However, this strategy
requires a more detailed knowledge of structure−activity
relationships.
Here, we describe a panel of new cell-penetrating conjugates

of Pt-coproporphyrin I (PtCP) with oligoarginine peptides.
Considering the cell penetrating behavior of oligoarginine
peptide vectors32 and the initial studies with monosubstituted
PtCP conjugates with relatively long peptides (9−11 amino
acids long),28−31 we hypothesized that tetra-substituted
(branched) PtCP conjugates with short Arg-rich peptides
may also possess cell-penetrating ability. Therefore, we
synthesized an extended panel of both mono- and tetra-
substituted PtCP conjugates and evaluated them comparatively
to establish structure−activity relationships. We demonstrate
that depending on the substitution, linkers, peripheral groups,
and hydrophilicity, the resulting conjugates can show different
cell penetrating properties and intracellular distribution while
retaining the important functional properties of the porphyrin
moiety. These results provide the basis for the development of
new porphyrin structures with controlled cell permeation and
distribution for a range of biological applications.

■ EXPERIMENTAL PROCEDURES
Materials. The reactive derivatives of coproporphyrin I

containing the amino (pentafluorophenyl, PFP)- and thiol-
reactive (maleimido, MI) modifications (PtCPTE-MI, PtCP-
(PFP)4, PtCPTE-PEG850-MI, PdCP(PFP)4, CPK(PFP)4, and
PtCP(NH-CH2CH2-OH)3-PFP) were synthesized in our lab.
Their synthesis procedures and molecular structures are given
in Supporting Information. Fluorescent probes MitoTracker
Green, MitoTracker Red, LysoTracker Green, LysoTracker
Red, and Alexa488-transferrin were from Invitrogen (USA),
and phosphorescent probe MitoXpress was from Luxcel
Biosciences (Cork, Ireland). Synthetic peptides (purity >85%
by HPLC; structures confirmed by mass spectrometry) were
from Genscript (Piscataway, NJ, USA). Luminescent cell
viability kit CellTiter-Glo was from Promega (Madison, WI,
USA), and H2NPEG850NHBoc was from RAPP Polymere
(Tubingen, Germany).
Standard cell culture 96 well plates from Sarstedt (Wexford,

Ireland) were used for growing the cells and for time-resolved
phosphorescence measurements. White 96 well plates from
Greiner Bio-One (Frickenhausen, Germany) were used for the
luminescent ATP assay. All other reagents were from Sigma-
Aldrich Ltd. (Dublin, Ireland).
Preparation of Conjugates. The monosubstituted con-

jugates PEPP1−2, PEPP4−6 were prepared by mixing
equimolar quantities (0.1−1.0 μmol scale) of the reactive
porphyrin derivative and the corresponding peptide in DMSO
(in the presence of triethylamine for amino-coupling),
incubating for 24 h at room temperature, and purifying by
RP-HPLC on a Discovery C18 column (1 × 25 cm, 5 μm,
Sigma) using a gradient of CH3CN in 0.1% TFA. The
conjugate fractions were collected, vacuum-dried, reconstituted
in DMSO, and stored in small aliquots at −18 °C. Typical
yields were 30−90%.
The tetra-substituted conjugates PEPP3, PEPP3B, PEPP3C,

and T1-T5 were prepared via amino-coupling in DMF in the
presence of molar excess of triethylamine, using PtCP(PFP)4
and peptide or L-Arg methyl ester at a 1:10 molar ratio, and
incubating for 6−16 h at room temperature; 1−5 mg scale.
Then, the mixture was diluted 1:10 with water, applied on the

Discovery DSC-18 20 mL/5 g column (Supelco-Sigma),
washed with MeOH/H2O (1:1), and eluted with MeOH/
H2O/CH3COOH (50:48:2). The conjugate fractions were
vacuum-dried and reconstituted in water or DMSO. The yield
was typically ∼90% with respect to the porphyrin. Purity of the
conjugates was confirmed by RP-HPLC (see Supporting
Information). The composition, chemical structure, and
abbreviations of the conjugates are given in Table 1 and Figure
1.
Spectral Measurements. Absorption spectra were re-

corded on a 8453 UV−vis diode-array spectrophotometer
(Agilent) and luminescence spectra on a LS50B luminescence
spectrometer (PerkinElmer). Phosphorescence quantum yields
were measured in PBS, containing 10% FBS (21% O2) or with
additional 5 mg/mL KH2PO4 and 5 mg/mL Na2SO3 (0% O2)
using PtCP as a reference.33 Phosphorescence lifetimes of the
conjugates were measured on a Cary Eclipse spectrometer
(Varian-Agilent) using phosphorescence decay application and
single-exponential fit. The pH-sensitive fluorescence of CPK
and PEPP3C probes was measured at 0.25 μM concentration in
a citrate−phosphate buffer system at pH 3−8 using 406 nm
excitation wavelength with fluorescence emission collected at
600−700 nm. For measurement of the fluorescence of free
base, the probes were dissolved in DMSO.
Cell Culture. Human colon carcinoma HCT116, rat

pheochromocytoma PC12, human epithelial carcinoma HeLa,
human neuroblastoma SH-SY5Y, human hepatocellular liver
carcinoma HepG2, and murine embryonic fibroblasts MEF
cells were from ATCC (Manassas, VA, USA). The cells were
cultured in standard tissue culture flasks, collagen IV-coated 96-
well microplates, 35 mm Petri dishes or collagen-poly-D-lysine-
coated glass bottom dishes (MatTek, Ashland, MA), and 12-
well chambers (Ibidi, Martinsried, Germany) using DMEM
medium supplemented with 10% FBS (SH-SY5Y, HepG2,
MEF, and HeLa cells) or McCoy 5A with 10% FBS (HCT116).
PC12 cells were grown and differentiated as described
previously.29

For the assessment of cellular uptake efficiency, cells were
grown to a confluence 75−100%, incubated with 1 μM of the
conjugate for 16 h, washed three times with medium, and
measured on the TR-F plate reader. For the analysis by flow
cytometry, cells were grown on 35 mm Petri dishes, similarly
stained with conjugates, washed with PBS, trypsinized, and then
analyzed.
Mechanisms of Cellular Uptake Studies. MEF and

HCT116 cells were grown on glass-bottom dishes to a
confluence 30−50% and incubated with the conjugates (5
μM PEPP3 or 2 μM PEPP4) for 6 h at 37 °C, then washed, and
analyzed by fluorescence microscopy. Inhibitors of endocytosis
were used as described previously28 at concentrations 50 μM
(EIPA, inhibits macropinocytosis), 5 mM (MBCD, inhibits
lipid-raft dependent endocytosis), and 10 μg/mL (CPZ,
inhibits clathrin-mediated endocytosis) with 30 min of
preincubation. The influence of surface proteoglycans on
cellular uptake was assessed by 1 h of preincubation and
subsequent incubation with the conjugate in the presence of 50
μg/mL heparin sulfate (Sigma H6279). To see the effect of
competition with unlabeled oligoarginine, cells were incubated
with the probe in the presence of 10 μM GR9 peptide.
Temperature effect was studied by incubating the cells for 30
min at 4 °C and then with the conjugate for 6 h at 4 °C. ATP
depletion was achieved by preincubating cells in glucose-free
medium (DMEM/10% FBS/10 mM Galactose and 20 mM
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HEPES, pH 7.2) for 1 h 45 min, followed by 15 min of
incubation with 10 μM oligomycin, and then incubation with
the conjugate for 6 h. To block the function of lysosomes, a 30
min preincubation with 0.25 μM concanamycin A was used.
In flow cytometry analysis, loaded cells were trypsinized,

washed with Phenol Red-free DMEM with 10% FBS and 20
mM HEPES, pH 7.2, and measured on a Guava PCA-96 flow
cytometer (Millipore, Billerica, MA, USA) under 532 nm laser
and 675 nm emission filters, as recommended.28

Live cell microscopy was performed on a wide-field
fluorescence microscope Axiovert 200 (Carl Zeiss, Goettingen,
Germany) equipped with a 390 nm LED and filter cube (ex.,
390/40 nm; em., 655/40 nm) for imaging of PtCP, PdCP, and
CPK dyes. PEPP3B probe was imaged at decreased (2%) O2.
Staining with organelle-specific markers MitoTracker Green/
Red (50 nM), LysoTracker Green/Red (100 nM), and
transferrin-Alexa488 (0.5 μM) was performed for 30 min,
followed by one washing.
Cell viability was assessed via total ATP levels using a

CellTiter-Glo luminescent kit (Promega) and the manufac-
turer’s protocol.
TR-F intensity and lifetime measurements were conducted

on a Victor2 reader (Perkin-Elmer) as described previously34

using D340 excitation and D642 emission filters, counting at
two delay times, 30 μs (t1) and 70 μs (t2), gate time 100 μs, and
integration time 1 s. For the PEPP3B probe, the D665 emission
filter, t1 = 400 μs and t2 = 450 μs, gate time 1200 μs, and
counting time 2 s were used. Lifetime was calculated as: τ = (t2
− t1)/ln(F1/F2), where F1 and F2 correspond TR-F readings at
delay times t1 and t2.
Conjugate uptake efficiency by dPC12, HCT116, HeLa, and

MEF cells was assessed by comparing F1 signals for the
different probes and conditions.
Monitoring of Respiration and icO2. Differentiated

PC12 cells were stained with 2 μM PEPP3 (or PEPP3B) for
16 h in RPMI1640 supplemented with 1% HS and 100 ng/mL
NGF and washed three times with the same medium then with
Phenol Red-free DMEM containing 10 mM Glucose (or 10
mM Galactose instead), 1 mM Na-pyruvate, 20 mM HEPES,
pH 7.2, and 100 ng/mL NGF. The cells were incubated for 2 h
and then measured on a Victor2 plate reader. After baseline
stabilization (∼20−60 min depending on O2), mitochondrial
effectors were added to the cells (1/10 volume of 10× stock),
and monitoring was resumed.
Calibration of PEPP3 phosphorescence lifetime was

performed in the hypoxia chamber at 37 °C and different
pO2. Cells stained with the probe were treated with 10 μM
AntA (to block respiration and local O2 gradients) were
monitored kinetically to determine steady-state τ values. These
values were plotted against dissolved O2 concentration (200
μM at 20.9% O2, 37 °C35), from which, using Origin 6.0
(Microcal, USA) software, the following analytical function was
obtained (r 2 = 0.9807): [O2] = 1551.73− 57.55·τ + 0.5347·τ 2.
Data Assessment. The microplate reader results are

presented as the mean values with the standard deviation
(error bars on the plots) obtained from at least 6 replicates. In
cellular uptake experiments, the variability in each group was
analyzed by one-tailed t test (significance level 0.05). The
microscopy experiments were performed in triplicate. This
ensures the consistency of the results.

■ RESULTS

Design and Synthesis of Cell-Penetrating PtCP
Conjugates. Cell-penetrating ability of oligoarginine peptides
and their conjugates mostly depends on the total number of
Arg residues (7−9 are required for efficient transport), while
their sequence and length are less important.32 The conjugates
of coproporphyrins demonstrate rather low cell-penetration for
tricarboxylic PtCP and improved accumulation for the neutral
derivatives (PtCPTE-CFR9, PEPP1); however, the latter
structures are quite hydrophobic and show a high degree of
nonspecific binding and localization similar to those of
lysosomes and endosomes.29 Aiming to overcome these
drawbacks, we prepared modified monosubstituted conjugates
with (i) an additional hydrophilic PEG850 moiety (PEPP2), (ii)
mitochondrial targeting sequence36 with (PEPP4), and (iii)
without PEG850 (PEPP5). In order to increase hydrophilicity
and reduce nonspecific binding, three ester groups in PtCPTE
were also replaced with ethanolamine (PEPP6) (Figure 1).
Four propionic acid residues allow simple tetra-substitution

of the PtCP moiety. It was shown that branched oligoarginine
sequences can also provide efficient intracellular delivery.32,37

Therefore, we prepared tetra-substituted PtCP conjugates with
eight (PEPP3), four (T5), and 12 (T4) Arg, and also with
additional Ala (T1), Ser (T2), and Gly (T3) residues (Figure
1d).
The conjugations were performed by thiol or amino coupling

using the reactive MI and PFP derivatives of PtCP, respectively,
with purification by RP-HPLC29 (Figure S1, Supporting
Information). Some of the peptides were amidated at C-
termini to eliminate zwitterionic structures and retain molecular
charge at around +8 (except for T5, PEPP4, and PEPP5; see
Table 1). The branched conjugates showed shorter retention
times on the C18 column and higher hydrophilicity than the
monosubstituted conjugates with a similar charge (e.g., PEPP5
and PEPP3). PEPP6 conjugate with ethanolamine modification
was also quite hydrophilic (Table 1).
Photophysical Properties. All tetra-substituted conju-

gates displayed absorption spectra similar to those of free
PtCP and its oligonucleotide conjugates.38 For the mono-
substituted conjugates, absorption maxima were slightly blue-
shifted similar to those of protein conjugates,13 which is
indicative of J or H stacking interactions of the PtCP moiety 39

(Figure S2A-B, Supporting Information). Excitation and
emission spectra remained unaffected for all the conjugates;
however, the conjugation with peptides had a significant effect
on the emission yield (Figure S2, Supporting Information). In
10% FBS (typical culturing conditions), quantum yields for the
monosubstituted conjugates decreased at a higher length of the
peptide (e.g., PEPP1 vs PEPP5) and the addition of the PEG
spacer. For PEPP6 with three ethanolamine residues, the
absorption spectra shift and internal quenching were much
greater. Internal quenching, which was also high for tetra-
substituted conjugates, can be largely reduced by the anionic
surfactants (0.5 mM SDS), which solubilize the PtCP moiety
(for PEPP3 in deoxygenated conditions, the quantum yield was
0.55; not shown). Similar interactions may occur with the
conjugate inside the cells (see below). Despite the differences
in quantum yields, all the PtCP conjugates displayed similar
phosphorescence lifetimes: 20−23 μs in air-saturated and ∼80
μs in deoxygenated media (DMEM with 10% FBS, Figure S2D,
Supporting Information), i.e., similar to the other PtCP based
probes.34 The PEPP3 conjugate measured in DMEM at 0, 1,
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10, 50, and 100% FBS showed no changes in phosphorescence
emission lifetime (not shown).
Uptake of the Conjugates by Mammalian Cells.

Cellular uptake of the conjugates was first analyzed in cell
populations on the TR-F reader. Most of the conjugates
showed efficient cell loading with MEF, HeLa, HCT116, and
dPC12 cells at 1 μM and 16 h incubation (Figure 2). Linear
and branched conjugates PEPP1 and PEPP3 produced high
loading signals in all cell lines, whereas the PEG-modified
PEPP2 showed a lower degree of loading. The more
hydrophobic PEPP4 and PEPP5 with the mitochondrial
targeting sequence displayed cell-specific penetration, while
conjugates PEPP6 (ethanolamine-modified) and T5 (four Arg)
showed poor accumulation in all cell lines tested. The tetra-
substituted T1−T4 conjugates showed cell-specific loading:
high for HCT116, moderate for dPC12, and poor for HeLa
cells. The presence of additional amino acids in branched
conjugates (Ala in T1 or Gly in T3) did not interfere with cell
loading; however, the presence of Ser in T2 reduced it. As
expected, the higher number of Arg in T4 did not improve
loading. Therefore, we can conclude that 8−9 Arg ensure
optimal cell penetration of coproporphyrin conjugates and that
hydroxyl groups can decrease it (conjugates T2, PEPP6, and
PEG-containing PEPP2 and PEPP4).
The above results on cell loading were verified by

fluorescence microscopy and flow cytometry, which allow
single cell analyses. Flow cytometry was not as sensitive as TR-
F, and only highly loaded cells were detectable. For such
samples, the whole population gave rather uniform fluorescent
signals, and unloaded cells (scattering, but no fluorescence)
were not seen. Fluorescence microscopy also confirmed the
positive loading of HCT116 and MEF cells with the
monosubstituted conjugates at 1 and 10 μM concentrations
(Figures 3 and S3 (Supporting Information)), except for

PEPP6, which was undetectable even at 10 μM and 16 h of
incubation. Loading with T2 was marginally lower than that for
T1, T3, or PEPP3 (Figure 4) confirming that hydroxyl groups
interfere with cell penetrating ability. For T5, loading was
detectable only at 10 μM, but with clear signs of toxicity and
the appearance of a round cell shape.
Similar efficiency and loading patterns were observed with

the other cell lines: rather weak for HeLa, moderate for PC12
and HCT116, and high for MEF, HepG2, and SH-SY5Y (data
not shown). The differences can be explained by the different
shape, size, membrane composition, and mechanisms of
transport for these cells.
Intracellular Distribution of the Conjugates. Wide-

field fluorescence microscopy imaging revealed that different
conjugates show different intracellular distribution in HCT116,
MEF, PC12, SH-SY5Y, and HepG2 cells (see representative
data in Figures 3 and S3 (Supporting Information)). Compared
to PEPP1, PEPP2 displayed a more diffused cytoplasmic
distribution, while PEPP3 gave a more uniform distribution
across the cell including the nucleus (Figure 4), with higher
accumulation in the nucleus at 10 μM (Figures 3 and S3
(Supporting Information)). PEPP4 and PEPP5 harboring the
mitochondrial targeting sequence (with or without PEG850

linker) displayed a better intracellular accumulation and
brightness than PEPP1, but they did not localize in the
mitochondria (Figure 4) and had localization similar to that of
the endosomal marker transferrin (data not shown). All
branched conjugates T1−T4 and PEPP3 showed very similar
intracellular distribution, and the addition of Ala (T1), Gly
(T3), or extra Arg (T4) had no visible effects (Figures 3, 4, and
S3 (Supporting Information)). T2 with the Ser residue gave
only a faint punctuated cytosolic pattern, and localization of T5
could not be assessed as the cells quickly died at high probe
concentrations (not shown).

Figure 2. Uptake of conjugates by different mammalian cell lines. Cells were seeded onto collagen IV-coated 96 well plates, incubated with
conjugates (1 μM) for 16 h, washed three times, and measured on a microplate reader.
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Mechanisms of Cellular Uptake for Mono- and Tetra-
Substituted Conjugates. Knowledge of the mechanisms of
cellular uptake and cell entry pathways allows the regulation of
transport of the cargo inside the cell. Such studies involve the
inhibition of specific uptake pathways with drugs using the
shortest treatment time to minimize the disruption of cellular
function.40,41 Since the flow cytometry method cannot
distinguish between internalized and surface-bound probes,
fluorescence microscopy which allows direct observation of the
cell phenotype and the qualitative effect of inhibitors, was
applied to study HCT116 and MEF cells. Two representative
conjugates from each class were chosen for these experiments:
PEPP3 (branched) and PEPP4 (linear). PtCP conjugates show
rather slow rates of cellular uptake,18,31,32,37,42 which were 4−6
h for PEPP3 and PEPP4 (Figure S4, Supporting Information).
The unlabeled oligoarginine did not have a measurable effect
on the loading of the conjugates (Figures 5 and S5 (Supporting
Information)), thus indicating a different mechanism of uptake.

The main mechanisms of cell entry reported for
oligoarginine, endocytosis and direct translocation,37,40,43,44

can be assessed by analyzing the temperature and ATP
dependence of the uptake. For PEPP3 and PEPP4, the loading
at 4 °C was almost completely inhibited; however, weak
staining of the cell surface for PEPP4 indicates that interaction
with the cell membrane still occurs (Figures 5 and S5
(Supporting Information)). Uptake of PEPP3 and PEPP4 by
the cells depleted in ATP (olygomycin and absence of glucose)
was reduced significantly. We therefore concluded that both
branched PEPP3 and linear PEPP4 rely on an endocytosis
mechanism of cell entry.
Furthermore, inhibition of macropinocytosis by EIPA slightly

reduced the uptake of branched conjugate PEPP3 by HCT116
and MEF cells, with the loss of nuclear localization (Figure 5).
Inhibition of the clathrin-mediated pathway by CPZ reduced
the uptake even more strongly, and inhibition of lipid-raft
formation by MBCD had no effect. Noteworthy, 6 h of
treatment with EIPA and CPZ still left a high percentage of

Figure 3. Fluorescence microscopy analysis of HCT116 cells stained with different PtCP conjugates. Cells were seeded onto collagen-poly-D-lysine
coated glass bottom dishes at a concentration of 30,000/dish, incubated for 16−18 h with conjugates at specified concentrations, washed, and
imaged. Brightfield and fluorescent (390 nm excitation/650 nm emission) images are shown. Scale bar = 50 μm.
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Figure 4. High resolution microscopy images of PEPP3−PEPP5 conjugates in HCT116 cells. Cells were loaded with PEPP4, PEPP5 (1 μM), and
PEPP3 (5 μM) conjugates for 16 h, washed, and counter-stained with organelle-specific markers: MitoTracker Green (MTG, mitochondria) and
transferrin-Alexa488 (TFN, pool of clathrin-dependent recycling endosomes). Scale = 50 μm.

Figure 5. Effects of temperature, ATP depletion, the presence of unlabeled GR9, and inhibitors of endocytosis on the cellular uptake of PEPP3 and
PEPP4. MEF cells were incubated at 37 °C (or at 4 °C) with 5 μM PEPP3 or 2 μM PEPP4 for 6 h in the presence of GR9 peptide and inhibitors or
subjected to ATP depletion, then washed, and analyzed. Scale bar = 50 μm.
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viable cells, whereas treatment with MBCD changed cell
morphology (round shape phenotype) and caused cell
detachment. Similarly, treatment with EIPA and CPZ
moderately decreased the uptake of monosubstituted PEPP4,
and MBCD had no visible effect (Figure.5). Since the uptake of
PEPP3 was significantly affected by CPZ, we performed a
competition experiment with transferrin (marker of clathrin-
mediated endocytosis41) and observed a partial (∼30%)
reduction of loading of the conjugate (Figure S5, Supporting
Information).
These results indicate that PEPP3 and PEPP4 utilize both

macropinocytosis and clathrin-mediated uptake pathways. This
means that after internalization they should remain in recycling
endosomes or undergo endosomal escape followed by
migration to the cytoplasm and other compartments. Endo-

somal escape can be inhibited by agents that disturb the
function of acidic compartments.45−47 We treated MEF cells
with concanamycin A (V-ATPase inhibitor) and observed that
PEPP3 lost its nuclear localization, remaining only in the
cytoplasm. This drug had no effect on PEPP4 (Figure S5,
Supporting Information), thus suggesting that PEPP4 stays in
recycling endosomes.
Furthermore, the presence of heparin sulfate caused a partial

decrease of uptake and perinuclear localization of PEPP3,
whereas for PEPP4, the uptake was completely abolished with
the formation of visible aggregates (Figure S5, Supporting
Information). This suggests that interactions cell surface sugars
are important for the monosubstituted conjugates.
Monitoring of Intracellular O2 with the PtCP Con-

jugates. The PEPP3 conjugate was among the best in terms

Figure 6. Monitoring of icO2 with the PEPP3 probe in dPC12 cells. (A) Effect of PEPP3 (0−10 μM for 16 h, 37 °C) on the viability of dPC12 cells.
(B) Kinetics of the loading of dPC12 cells with PEPP3 (0−10 μM for 16 h) measured by TR-F. (C) Average phosphorescence lifetimes for dPC12
cells loaded with PEPP3 (0−10 μM for 16 h). (D) Phosphorescence lifetime (τ) at different O2 concentrations for dPC12 cells loaded with 2 μM
PEPP3 for 16 h and treated with 10 μM antimycin A. (E and F) Metabolic responses (presented in O2 scale) of PC12 cells loaded with PEPP3 and
measured in glucose-free media. (E) Responses to FCCP addition for the cells pretreated with 10 μM oligomycin (OM) at 21% of external O2. (F)
The same as E but at 10% of external O2.
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of cellular uptake and distribution; therefore, we decided to test
it as an O2-sensing probe with dPC12 cells. Optimal loading
was at around 2 μM producing minimal cell toxicity, high
phosphorescence intensity signals, and stable lifetime values in
resting cells (Figure 6a−c). To enable the determination of O2

concentration, we calibrated PEPP3 in live nonrespiring dPC12
cells35 by measuring its phosphorescence lifetime at different
levels of atmospheric pO2 and 37 °C. Calibration curve O2 =
f(τ) is shown in Figure 6d.
To test probe performance, the cells grown, differentiated,

and loaded in standard microplates were treated with metabolic
effectors: FCCP, oligomycin, and antimycin A (Figure 6e−f).
Prior to stimulation, resting dPC12 cells demonstrated stable
baseline signals, which reflect partial deoxygenation of the
monolayer compared to the bulk medium. The addition of
FCCP (mitochondrial uncoupler) induced a prominent
response: a large decrease in cellular oxygen due to increased

respiration (the cell layer is acting as a sink for dissolved O2 and
the medium layer as a diffusion barrier for atmospheric
oxygen35). The response had a bell shape, decreasing at high
concentration (4 μM) due to FCCP toxicity. Pretreatment of
cells with 10 μM oligomycin (complex V inhibitor) decreased
basal respiration (higher icO2) and the magnitude of response
(Figures 6e and S6, Supporting Information). Antimycin A
(complex III inhibitor) increased icO2 to ambient levels
(Figures 6f and S6, Supporting Information). These results
are in agreement with those of the other icO2 probes.28,29,34

They demonstrate that the PEPP3 conjugate works reliably as
an icO2 probe in the measurement of cell oxygenation and
metabolic responses of cell populations producing good quality
data in a simple format with high sample throughput.
Conjugates of the Other Coproporphyrin Dyes.

Compared to PtCP, PdCP has a significantly longer
unquenched phosphorescence lifetime (∼1 ms) and therefore

Figure 7. Properties of PEPP3B and PEPP3C conjugates. (A) Structures of the conjugates. (B) Fluorescence microscopy images of HCT116 cells
stained with the conjugates (5 μM, 16 h). Scale bar = 50 μm. (C) UV−vis absorption spectra of CPK, PEPP3B, and PEPP3C. (D) Phosphorescence
(PEPP3B) and fluorescence (PEPP3C) spectra. (E) Effect of pH on the fluorescence of PEPP3C measured at 0.25 μM in citrate−phosphate buffer.
(F) Average fluorescence at 640 nm for dPC12 cells loaded with 0−10 μM PEPP3C for 16 h. (G−H) Metabolic responses (in phosphorescence
lifetime scale) of PC12 cells loaded with PEPP3B in glucose-free media at 10% pO2. (E) Responses to 1 μM FCCP and 10 μM AntA. (F) Responses
to 1 μM FCCP for the cells pretreated with 10 μM OM.
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is better suited for the sensing of physiological O2 levels (0−50
μM9). In contrast to the phosphorescent dyes PtCP and PdCP,
coproporphyrin-ketone (CPK) shows bright longwave fluo-
rescence, structural and spectral similarity with chlorins, high
photostability, and characteristic changes to pH. This makes
CPK a promising candidate for use as a ratiometric pH probe48

or a photosensitizer in PDT.11 On the basis of PdCP and CPK
dyes, we synthesized structural analogues of PEPP3 conjugate,
PEPP3B and PEPP3C, respectively (Figure 7a), and inves-
tigated their properties.
PEPP3B and PEPP3C demonstrated absorption and

emission spectra similar to those of unconjugated CPK and
PdCP (Figure 7c−d). Thus, PEPP3B showed significantly
longer lifetimes and higher sensitivity to O2 than the PEPP3
probe, producing rather low phosphorescent signals at 21% O2
due to strong quenching. PEPP3C exhibited bright fluorescence
and pH-dependence, however, compared to those of free CPK,
and spectral changes in fluorescence occurred at more acidic
pH (pKa < 3), which did not match the cytosolic pH range
(7.0−7.4) (Figures 7e and S7, Supporting Information). As
expected, both PEPP3B and PEPP3C showed efficient uptake
by HCT116 cells and intracellular distribution similar to that of
PEPP3 (Figure 7b). In the case of PEPP3C, high fluorescent
signals were observed (Figure 7f), suggesting its potential
suitability for imaging and plate reader applications within the
optimized range of working concentrations (2−10 μM, similar
to PtCP-based branched conjugates). The behavior of the
PEPP3B conjugate in the experiments with dPC12 cells on a
microplate reader performed at 10% O2 (Figure 7g,h) was seen
to be similar to PEPP3. This conjugate produced similar signal
patterns: basal respiration levels produced phosphorescence
lifetimes of ∼500−600 μs, which dropped to ∼400 μs in
oligomycin and antimycin treated cells and increased to ∼700
μs upon mitochondrial uncoupling with FCCP. This indicates
that PEPP3B can be used for monitoring of icO2 under
hypoxia. Other conjugates of these two dyes with oligoarginine
moieties can also be prepared.

■ DISCUSSION
A number of PtCP conjugates with long linear and short
branched oligoarginine peptides, an additional mitochondria-
targeting sequence, different side groups, and linkers were
prepared and characterized. Testing these conjugates with
several common cell lines allowed us to establish structure−
activity relationships, which can aid in further rational design
and application of such structures. For the monosubstituted
conjugates with CFR9 peptides, the hydrophilic PEG850 linker
did not improve their cell loading and water solubility;
however, this was achieved with tetra-substituted PtCP
conjugates with the R2-R3 peptides. We also showed that the
overall structure can affect the photophysical properties of
PtCP moiety.
Analyzing the uptake of the conjugates by mammalian cells,

we observed a large variation in its efficiency and subsequent
intracellular distribution. The presence of hydroxyl groups
(PEPP6 and T2) and the PEG850 linker (Figures 2−3 and S3
(Supporting Information)) slightly reduced the efficacy of
cellular uptake. For the tetra-substituted conjugates, we found
that a minimum 8 Arg residues is required for efficient
internalization. Branched PtCP conjugates showed lower
brightness (emission quantum yields) in aqueous solutions;
however, TR-F signals in stained cells were comparable to the
signals produced by the linear conjugates. This can be explained

by the higher loading efficiency and/or elimination of internal
quenching upon their internalization.
Compared to the previously reported PEPP1,29 the new

conjugates show better and more diverse intracellular
distribution, ranging from endosomal to whole cell localization.
The cytoplasmic accumulation was demonstrated for the linear
oligoarginine conjugate with the PEG linker (PEPP2), while
whole cell location with nuclear accumulation at higher
concentrations was observed for branched (PEPP3, T1, T3,
and T4) conjugates. Surprisingly, the targeting sequence in
PEPP4 and PEPP5 did not lead to their mitochondrial
accumulation. This can be explained by (i) special requirements
for mitochondrial targeting of small molecules such as PtCP;
(ii) limitations imposed by the endosomal cell entry (e.g., no
escape from endosomes for PEPP4, Figure S5, Supporting
Information); and (iii) functional inactivation of the targeting
sequence within the supra-molecular structure (sterical factors).
Comparative analysis of branched (PEPP3) and linear

(PEPP4) conjugates shows that both types use temperature-
and ATP-dependent endocytosis mechanisms of cell entry. The
latter is unaffected by MBCD and partially inhibited by EIPA
and CPZ. This data points to the involvement of mixed uptake
mechanisms. For the two different cell lines, MEF and
HCT116, no significant differences were observed in cellular
uptake, suggesting low cell-specificity. Cell penetration of the
conjugates appears to be different from the unconjugated
oligoarginine peptide, for which the uptake can vary in different
cell lines.2,43

The structure−activity relationships established for the panel
of PtCP conjugates can be exploited to design new cell-
penetrating conjugates of porphyrin dyes with predetermined
properties. This was illustrated by investigating icO2 sensing
properties of one chosen conjugate, PEPP3, and preparing its
homologues from the PdCP and CPK dyes (PEPP3B and
PEPP3C conjugates, respectively).
In the icO2 sensing experiments, PEPP3 showed good

analytical performance. It can be used at lower concentrations
than the existing peptide-based probes,28,29 with equal or
shorter loading time (6−16 h) and without any significant
effect on cell viability (Figure6). Furthermore, cell staining with
PEPP3 did not interfere with the other cellular markers
(LysoTracker Red, LysoTracker Green, Transferrin, Mito-
Tracker Red, and MitoTracker Green; data not shown), thus
indirectly confirming the minimal impact of the former on the
function of these organelles. This probe was calibrated over
physiological O2 concentrations and tested in time-lapse
respiration experiments with live cells on a TR-F reader, both
under normoxic and hypoxic macro-environments. The profiles
of cell oxygenation and responses to model drugs and
metabolic stimulations measured with this conjugate were
consistent with results obtained with the other probes.28,34,49

PEPP3B and PEPP3C conjugates based on the analogues of
PtCP also demonstrated efficient accumulation in the cells and
gave localization patterns similar to those of PEPP3. The PdCP
based PEPP3B conjugate showed suitability for monitoring low
O2 under a hypoxic environment, while PEPP3C showed pH
sensitivity, which was shifted toward the acidic range probably
due to the multiple charges on R-residues. The latter should be
kept in mind when designing the intracellular probes with pH-
dependent properties. This study can also be used to develop
new cell-permeable porphyrin based probes and drugs (e.g.,
PDT photosensitizers) targeted to different subcellular
locations.
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ABSTRACT: Doxorubicin is an anthracycline anticancer agent that is commonly used in the treatment of a variety of cancers,
but its application is associated with severe side effects. Biodegradable and thermosensitive polymeric micelles based on
poly(ethylene glycol)-b-poly[N-(2-hydroxypropyl) methacrylamide-lactate] (mPEG-b-p(HPMAmLacn)) have been studied as
drug delivery systems for therapeutic and imaging agents and have shown promising in vitro and in vivo results. The purpose of
this study was to investigate the covalent coupling of a doxorubicin-glucuronide prodrug (DOX-propGA3) to the core of mPEG-
b-p(HPMAmLac2) micelles. This prodrug is specifically activated by human β-glucuronidase, an enzyme that is overexpressed in
necrotic tumor areas. To this end, an azide modified block copolymer (mPEG5000-b-p(HPMAmLac2-r-AzEMA)) was synthesized
and characterized, and DOX-propGA3 was coupled to the polymer via click chemistry with a high (95%) coupling efficiency.
Micelles formed by this DOX containing polymer were small (50 nm) and monodisperse and released 40% of the drug payload
after 5 days incubation at 37 °C in the presence of β-glucuronidase, but less than 5% in the absence of the enzyme. In vitro
cytotoxicity experiments demonstrated that DOX micelles incubated with 14C cells showed the same cytotoxicity as free DOX
only in the presence of β-glucuronidase, indicating full conversion of the polymer-bound DOX into the parent drug. Overall, this
novel system is very promising for enzymatically responsive anticancer therapy.

■ INTRODUCTION

Doxorubicin (or adriamycin) is an anthracycline cytotoxic
anticancer agent that is commonly used in the treatment of a
variety of cancers.1 Its activity is based on the killing of rapidly
dividing cells, but is not selective to cancer cells.2 Therefore, the
clinical use of doxorubicin is associated with several side effects,
the most important being cardiomyopathy, which can be life-
threatening, and therefore severely limits the (cumulative) dose
of the drug that can be administered.3,4 Tumor-selective and

efficient drug delivery systems are under investigation that
ideally mask the side effects of doxorubicin and simultaneously
increase its therapeutic efficacy.5,6 Among the developed
systems, liposomal doxorubicin (Doxil/Caelyx) has been the
most successful and is presently used in the clinic,7 while
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doxorubicin formulated in polymeric micelles has been inves-
tigated in clinical trials.8 Besides particulate carriers, important
work has also been done regarding drug−polymer conjugates,
where doxorubicin is attached to water-soluble polymers through
enzymatically or hydrolytically sensitive linkers.9−13

Alternatively, the therapeutic index of chemotherapeutics can
also be improved by prodrugs.14,15 A doxorubicin-glucuronide
prodrug (DOX-GA3) has been studied by Haisma et al., and
very promising in vitro and in vivo results have been
obtained.16−18 This prodrug is selectively activated in tumors
by β-glucuronidase, an enzyme which is released in the necrotic
tumor extracellular space.19 When DOX-GA3 was intra-
venously injected into OVCAR-3 tumor bearing mice, a 60-
fold higher maximum tolerated dose than free doxorubicin was
observed. Importantly, increased therapeutic efficacy was found
which was attributed to the decreased systemic toxicity of
the prodrug and the increased drug concentrations found in
tumor tissue after its administration, compared to mice treated
with the parent drug.18 However, DOX-GA3 displayed poor
pharmacokinetics; it was completely eliminated from systemic
circulation 4 h after i.v. injection.17 Therefore, to improve its
circulation kinetics, the same group investigated the more
lipophilic methylester derivative DOX-mGA3. This derivative
was shown to yield DOX-GA3 after hydrolysis of the methyl
ester by esterases in blood, which was subsequently converted
into DOX by activation by β-glucuronidase.17 Importantly, this
prodrug demonstrated an improved circulation half-life
compared to DOX-GA3,17 which was attributed to the slow
release of DOX-GA3 in blood after administration of DOX-
mGA3. Therefore, a better therapeutic efficacy was expected,
which has not yet been studied to date. However, as was also
concluded by de Graaf et al.,17 it is expected that the DOX-
mGA3 prodrug would be more therapeutically useful if its
solubility was increased, which can be achieved by the use of
suitable drug delivery systems. Therefore, by loading the
prodrug in a suitable nanoparticulate carrier the circulation half-
life can be substantially improved.
Biodegradable and thermosensitive diblock copolymers com-

posed of poly(ethylene glycol)-b-poly[N-(2-hydroxypropyl)-
methacrylamide-lactate] (mPEG-b-p(HPMAmLacn)) have been

studied as micelle-forming building blocks for the delivery of
hydrophobic agents.20,21 mPEG-b-p(HPMAmLacn) consists of
a permanently hydrophilic (mPEG) and a thermosensitive
(p(HPMAmLacn)) block, and forms polymeric micelles in
aqueous solutions above its critical micelle temperature
(CMT).22 The ease of loading of these micelles and their
tunable biodegradability, resulting from hydrolysis of the lactic
acid side chains under physiological conditions causing micelle
disintegration,23,24 as well as their size (60−80 nm, suitable for
passive targeting to tumors after i.v. administration through the
EPR effect25), render them very attractive systems for drug
delivery to tumors. In recent studies, mPEG-b-p(HPMAmLacn)
micelles have been successfully used to solubilize the cytostatic
drug paclitaxel, the photosensitizer Si(sol)2Pc, vitamin K, and
an MRI contrast agent.26−28 Importantly, core-cross-linking
resulted in remarkably improved circulation kinetics and
consequently in substantially enhanced EPR-mediated drug
targeting to tumors.29 In a recent study, we showed that when a
doxorubicin derivative was coupled to the cross-linked core of
mPEG-b-p(HPMAmLacn) micelles through a pH-sensitive
hydrolytically degradable linker and the formulation was
intravenously injected into tumor bearing mice, an increased
antitumor effect and prolonged survival of the animals as
compared to free doxorubicin (with no side effects) was
observed.30 This increased efficacy was attributed to the
hypothesis that, upon injection of micelles with covalently
bound DOX, a higher amount of the anticancer agent reached
the tumor, compared to i.v. injection of the free drug. Active
targeting of mPEG-b-p(HPMAmLacn) polymeric micelles has
also recently been demonstrated, via the conjugation of an anti-
EGFR nanobody on their surface, resulting in increased cellular
binding and uptake.31

The purpose of this study was to investigate the covalent
coupling of a doxorubicin-glucuronide prodrug to the core of
mPEG-b-p(HPMAmLac2) micelles. To this end, an azide
modified block copolymer (mPEG5000-b-p(HPMAmLac2-r-
AzEMA)) was synthesized (Schemes 1 and 2) and a propargyl
derivative of DOX-mGA3 (DOX-propGA3) was coupled to it
via click chemistry (Scheme 3), a synthetic methodology that
has been receiving great attention in the pharmaceutical field

Scheme 1. Two-Step Synthesis of 2-Azidoethyl Methacrylate (AzEMA) by Conversion of 2-Bromoethanol to 2-Azidoethanol
(A) and Subsequent Methacrylation Using Methacryloyl Chloride (B)

Scheme 2. Synthesis of mPEG5000-b-p(HPMAmLac2-r-AzEMA) Block Copolymer with Free Radical Polymerization Using
mPEG2ABCPA Macroinitiator and HPMAmLac2 and AzEMA as Monomers
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during the past years, due to its high efficiency and selecti-
vity.32−35 The obtained polymers were characterized for
coupling efficiency and critical micelle concentration. It was
demonstrated that DOX-propGA3 could be coupled in high
yields (95%) and the polymers obtained were able to form
micelles at low concentrations. Next, micelles of these block
copolymers were formed, and characterized for size and release
of doxorubicin in both the presence and absence of human
β-glucoronidase. Last, the cytotoxicity of these micelles against
UM-SCC-14C cells in the absence and presence of human
β-glucoronidase was examined and compared to that of DOX-
propGA3, DOX-GA3, and free DOX.

■ MATERIALS AND METHODS

General. Acetonitrile, dichloromethane, diethyl ether
(Et2O), and dimethylformamide (DMF) were purchased from
Biosolve Ltd. (Valkenswaard, The Netherlands). HPMAmLac2
was obtained from Syncom BV, Groningen, The Netherlands.
The mPEG2-ABCPA macroinitiator (4,4-azobis(4-cyanopentanoic
acid)) was synthesized as reported previously.21 2-Bromoethanol,
copper bromide (CuBr), copper sulfate (CuSO4), hydroquinone
monomethyl ether (MEHQ), methacryloyl chloride, sodium
ascorbate, sodium azide, and triethylamine were purchased
from Sigma-Aldrich Co. (Zwijndrecht, The Netherlands).
β-Glucuronidace from bovine liver (type B-10, ∼10 000 units/mg
solid) was purchased from Sigma-Aldrich Co. (Steinheim,
Germany). 1H NMR spectra were recorded using a Gemini
300 MHz spectrometer. FT-IR spectra of lyophilized samples
were acquired using KBr pellets with a Bio-Rad FTS6000 (BIO-
RAD, Cambridge, MA) system, by accumulating 512 scans per
spectrum at a data point resolution of 2 cm−1. GPC analysis was
performed using a Waters 2695 controller equipped with a RI
(for the detection of the polymer) and a UV (480 nm, for the
detection of doxorubicin) detector. Separation was performed
using a PLgel MIXED-D column (Polymer Laboratories) at
40 °C and DMF (with 10 mM LiCl) as the mobile phase, at
a flow rate of 0.7 mL/min. The molecular weights of the
polymers were determined using poly(ethylene glycol)
standards and RI detection. DOX-propGA3 was synthesized
essentially as described in ref 36 and DOX-GA3 as described
in ref 37.
Synthesis of 2-Azidoethanol. Sodium azide (23.4 g, 360

mmol) and 2-bromoethanol (27.0 g, 216 mmol) were dissolved
in a mixture of acetone (50 mL) and water (10 mL) and
refluxed at 75 °C for 3 days. After removing acetone under
vacuum, the product was 5 times extracted with 100 mL of
ethyl acetate. The organic phase was dried using anhydrous

MgSO4 and the solvent was removed under vacuum, resulting
in 10.4 g of 2-azidoethanol in the form of a slightly yellow oil
(55% yield).

1H NMR (CDCl3) δ (ppm) 1.8 (OH, br), 3.4 (CH2N3, t),
3.8 (CH2OH, t).
Synthesis of 2-Azidoethyl Methacrylate (AzEMA). 2-Azido-

ethanol (2.0 g, 23 mmol) and triethylamine (3.8 mL, 27 mmol)
were dissolved in 40 mL dichloromethane and cooled in an ice
bath. Next, methacryloyl chloride (2.6 g, 25 mmol) dissolved in
15 mL dichloromethane was slowly added for 20 min. The
reaction was allowed to proceed for 2 h at room temperature.
Next, 30 mL of a saturated NaHCO3 aqueous solution was
added and the mixture was stirred for 30 min in an ice bath to
deactivate methacryloyl chloride. The organic phase was
washed with 30 mL of a saturated NaCl solution once, dried
using anhydrous MgSO4, and concentrated under vacuum. The
crude product was purified by flash silica gel chromatography
(Acros silica gel 60 A, 0.030−0.075 mm, Geel, Belgium) with
dichloromethane as an eluent, resulting in 2.59 g of 2-azidoethyl
methacrylate (AzEMA) as a slightly yellow oil (73% yield). The
monomer was stabilized by 400 ppm of hydroquinone
monomethyl ether (MEHQ) to avoid premature polymerization
and stored at −20 °C.

1H NMR (CDCl3) δ (ppm) 2.0 (CH2C(CH3)CO, s), 3.5
(CH2N3, t), 4.3 (CH2CH2N3, t), 5.6 and 6.2 (CH2C(CH3)CO, t).
IR νmax 2106 cm−1 (N3).
Synthesis of mPEG5000-b-p(HPMAmLac2-r-AzEMA). The

synthesis of azide functionalized copolymers (mPEG5000-b-
p(HPMAmLac2-r-AzEMA) (2−20% of AzEMA)) was per-
formed by free radical polymerization using HPMAmLac2 and
AzEMA as monomers and (mPEG5000)2-ABCPA as radical
macroinitiator (ratio of monomer/initiator was 150:1),
according to a previously published procedure.22 Briefly, the
starting materials were dissolved in anhydrous acetonitrile in
airtight glass vials at a total concentration of 300 mg/mL. After
flushing with nitrogen for at least 10 min at room temperature,
the solution was heated to 70 °C and stirred for 24 h at this
temperature. Next, the formed polymers were precipitated by
dropwise addition of the solution to an excess of diethyl ether.
The supernatant was discarded and the precipitated polymers
were dissolved in water, dialyzed (membrane cutoff 12−14
kDa) against water for at least 24 h, and finally recovered by
freeze−drying.

1H NMR (CDCl3): δ (ppm) 6.5 (br, CONHCH2), 5.0 (br,
NHCH2CH(CH3)O and COCH(CH3)OH), 4.4 (br, COCH
(CH3)OH), 4.1 (br, OCH2 of AzEMA), 3.6 (br, PEG
methylene protons), 3.5 (br, CH2N3 of AzEMA), 3.4 (br,

Scheme 3. Click Reaction between mPEG5000-b-p(HPMAmLac2-r-AzEMA) Block Copolymer and DOX-propGA3
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NHCH2CH(CH3)), 2.0−0.6 (main chain protons of the
HPMAmLac2 block). The mole percentage of AzEMA (fAzEMA)
in the synthesized block copolymers was determined using 1H
NMR analysis using eq 1 and the number average molecular
weight of the thermosensitive (core-forming) block (Mn) using
eq 2

(1)

(2)

I4.1ppm, I4.4ppm, and I3.6ppm are the integrals of the protons at 4.1,
4.4, and 3.6 ppm, respectively, and 448 the number of protons
per PEG5000 chain. To calculate the Mn of the block copolymer,
the above calculated value was added to the molecular weight of
mPEG (5000).
Click Reaction of mPEG5000-b-p(HPMAmLac2-r-AzEMA)

Block Copolymer with DOX-propGA3. mPEG5000-
p(95%HPMAmLacn-r-5%AzEMA) (30 mg) and DOX-prop-
GA3 (6.6 mg, 2 equiv to azide) were dissolved in 100 μL DMF.
Then, CuBr (0.1−1 equiv to DOX-propGA3) dissolved in
300 μL DMF was added. After stirring at room temperature for
24 h under nitrogen, the polymer was precipitated in an excess
of diethyl ether and collected by centrifugation and drying
under nitrogen.
The above-described reaction was also performed in the

presence of CuSO4 and sodium ascorbate to yield Cu+ in situ.38

To this end, 5 mg of mPEG5000-b-p(HPMAmLac2-r-5%
AzEMA) and 1.1 mg of DOX-propGA3 (2 equiv to azide)
were dissolved in 90 μL DMF. Then, CuSO4 (0.1−1 equiv to
DOX-propGA3) and sodium ascorbate (1 equiv to CuSO4)
dissolved in 10 μL water were added. After stirring at room
temperature for 24 h under nitrogen, the polymer was
precipitated by addition of the mixture to an excess of diethyl
ether and collected by centrifugation and drying under
nitrogen.
DOX-propGA3 was also coupled to the polymer in a ratio of

1 mol of DOX-propGA3 per mol of polymer. Briefly, 50 mg of
mPEG5000-p(HPMAmLacn-r-AzEMA) (with 10 or 20 mol %
AzEMA relative to total monomers) and 2.5 mg DOX-
propGA3 (1 equiv to mole of polymer, 5% w/w) were
dissolved in 900 μL DMF. Next, CuSO4 (1 equiv to DOX-
propGA3) and sodium ascorbate (1 equiv to DOX-propGA3)
dissolved in 100 μL H2O were added, and the mixture was
stirred for 48 h under a nitrogen atmosphere. Finally, the
synthesized polymers were isolated by precipitation in diethyl
ether, dissolved in water, and dialyzed (membrane cutoff 12−
14 kDa) against water for at least 24 h, and finally recovered by
freeze−drying.
Determination of the Critical Micelle Temperature

(CMT). The CMT of the different polymers was determined
by the change in turbidity of an aqueous solution of each
polymer with temperature using a Shimadzu UV2450 UV/vis
spectrometer, essentially as described previously.39 The
polymers were dissolved in 120 mM ammonium acetate buffer
(pH 5.0) at 0 °C at a concentration of 2 mg/mL. The turbidity
at 650 nm was measured every 0.2 °C during heating (1 °C/
min). Onsets on the X-axis, obtained by extrapolation of the
turbidity−temperature curves during heating to turbidity zero,
were considered as the CMT.

Micelle Formation by the Rapid Heating Procedure. Mi-
celles were formed via the “rapid heating” procedure as
described previously.40 In brief, the block copolymers were
dissolved in 120 mM ammonium acetate buffer (pH 5.0) at a
concentration of 5 mg/mL at 0 °C. Next, the solution (1 mL)
was rapidly heated to 50 °C using a water bath under vigorously
shaking to form micelles.
Determination of the Critical Micelle Concentration

(CMC). The CMC of the azide containing block copolymers
before and after conjugation of DOX-propGA3 was
determined using pyrene as a fluorescent probe.41 Micelles
of the different block copolymers were formed as described
in the Materials and Methods section. The micellar
dispersions were cooled to room temperature and sub-
sequently diluted with 120 mM ammonium acetate buffer
(pH 5.0) yielding different polymer concentrations ranging
from 10−5 to 2.5 mg/mL. Next, 5 μL of pyrene dissolved in
acetone (concentration 0.18 mM) was added to 0.75 mL
polymer solution. The samples were incubated overnight at
room temperature in the dark to allow equilibration. Prior to
the measurements, the solutions were incubated at 37 °C for
at least 15 min.
Fluorescence excitation spectra of pyrene were obtained

using a Horiba Fluorolog fluorometer (90° angle). The exci-
tation spectra were recorded at 37 °C from 300 to 360 nm
with the emission wavelength at 390 nm. The excitation and
emission band slits were 4 and 2 nm, respectively. The intensity
ratio of I338/I333 was plotted against the polymer concentration
to determine the CMC.41 The excitation spectra of pyrene
incorporated in empty mPEG-pHPMAmLac2 micelles and in
micelles with conjugated DOX-propGA3 were identical (data
not shown), demonstrating that doxorubicin did not confound
the CMC measurements.
Dynamic Light Scattering. DLS measurements were

performed using a Malvern CGS-3 multiangle goniometer
with a JDS Uniphase 22mW He−Ne laser operating at 632 nm,
an optical fiber-based detector and a digital LV/LSE-5003
correlator. Autocorrelation functions were analyzed by the
cumulants method (fitting a single exponential to the
correlation function to obtain the mean size and the PDI)
and the CONTIN routine (fitting a multiple exponential to the
correlation function to obtain the distribution of particle sizes).
All measurements were performed at a 90° angle.
Release of Doxorubicin from Polymeric Micelles. Mi-

celles were formed as described in the Materials and Methods
section, using mPEG5000-b-p(90%HPMAmLacn-r-10%AzEMA)
containing 1 equiv of DOX-propGA3 per mol of total polymer.
The release of DOX and DOX-GA3 from the micelles and also
from free DOX-propGA3 (37 °C) was followed in time by
diluting the samples with PBS pH 7.4 containing 0.1% (w/v)
bovine serum albumin (final free DOX-propGA3 concentration
10 μg/mL, final polymer concentration in micelles 200 μg/mL
corresponding to 10 μg/mL of DOX-propGA3) followed by
addition of β-glucuronidase (final enzyme concentration was
20 μg/mL) and incubation at 37 °C. As a control, samples in
the same buffer were also prepared, without the addition of the
enzyme. Next, samples were taken at regular time points and
analyzed with gradient HPLC chromatography, using a C18
Sunfire column and potassium phosphate buffer pH 3 (20 mM)
with 5% acetonitrile as eluent A (75−60% in 12 min) and 100%
acetonitrile as eluent B (25−40% in 12 min). The detection
was performed using fluorescence at 480 nm excitation and 560
emission. The retention time of doxorubicin was 3 min, of
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DOX-GA3 6.6 min, and of DOX-propGA3 10 min. Calibration
was performed by injecting different volumes (0.3−50 μL) of a
doxorubicin standard to result in a range of 0.016−2.76 nmol of
DOX. The injection volume of the unknowns was 50 μL, and
the concentrations (μmol/mL) of DOX and DOX-GA3 were
calculated by comparing the area under the curve of the peak at
3 and 6.6 min, respectively, and comparing it to the doxorubicin
calibration curve.

In Vitro Cytotoxicity. Human head and neck squamous
carcinoma (HNSCC) cells UM-SCC-14C (abbreviated as 14C,
developed by Dr. T.E. Carey, Ann Arbor, MI, USA) were
seeded into 96-well plates (4 × 103 cells/well) and cultured
overnight in Dulbecco’s Modified Eagle’s medium (DMEM,
Invitrogen, Breda, The Netherlands) containing L-glutamine
(2 mM), 7.5% (v/v) fetal bovine serum, penicillin (100 IU/ml),
streptomycin (100 μg/mL), at 37 °C in a humidified atmo-
sphere containing 5% CO2. Next, the medium was replaced
with 100 μL of medium with or without β-glucuronidase
(20 μg/mL). Dilutions of samples of DOX, DOX-GA3, and
DOX-propGA3 and of mPEG-b-(90%pHPMAmLac2-r-10%
AzEMA) micelles with covalently bound DOX-propGA3 were
prepared in HEPES buffer 5 mM, pH 7.4, to obtain final DOX
concentrations 0.02−43.8 μM. Next, the dilutions were added
in quadriplicates (50 μL), followed by incubation for 72 h.
The viability of the adhered cells was determined using a
WST-1 assay (Cell Proliferation Reagent WST-1, Roche
Diagnostics GmbH, Roche Applied Science, 68298 Mannheim,
Germany).

■ RESULTS AND DISCUSSION
Synthesis of 2-Azidoethyl Methacrylate (AzEMA). 2-

Azidoethyl methacrylate (AzEMA) was synthesized as shown in
Scheme 1, using a slightly modified previously published
procedure.42 In the first step, 2-bromoethanol was reacted with
sodium azide and the formed compound, 2-azidoethanol, was
obtained in a yield of 55% after extraction in ethyl acetate. The
structure of 2-azidoethanol was confirmed by NMR analysis
that showed a shift of the methylene proton peaks of the
product compared to the starting material (2-bromoethanol)

from 3.9 to 3.8 and from 3.5 to 3.4 (Figure S1, Supporting
Information). Next, the alcohol moiety of 2-azidoethanol was
reacted with methacryloyl chloride resulting in 2-azidoethyl
methacrylate (AzEMA) which was obtained in a yield of 73%.
After methacrylation and purification, the 3 additional peaks at
6.2, 5.6, and 2 ppm of the protons of the methacrylate group
appeared. In addition, the peak at 3.8 ppm of the methyl proton
adjacent to the alcohol was shifted to 4.3 ppm, indicating
connection via esterification (Figure S2, Supporting Informa-
tion). Lastly, IR analysis of AzEMA showed the characteristic
peak of the azide at 2106 cm−1 43,44 (Figure 2A).
Synthesis of mPEG5000-b-p(HPMAmLac2-r-AzEMA)

Block Copolymer. mPEG5000-b-p(HPMAmLac2-r-AzEMA)
with various amounts of AzEMA (2−20 mol % relative to
total monomers) were synthesized by free radical polymer-
ization using HPMAmLac2 and AzEMA as monomers and
mPEG2ABCPA as radical macroinitiator (Scheme 2), using the
same procedure as reported previously.22 The characteristics of
the synthesized polymers are summarized in Table 1. The
different polymers were obtained in good yields (64−77%),
and had Mn values (calculated using 1H NMR analysis using
eq 2) ranging from 15 to 22 kDa and Mw/Mn of around 2 (GPC
analysis), which is a normal molecular weight distribution for
polymers synthesized with this type of free radical polymer-
ization.22 Importantly, 1H NMR analysis of block copolymers
containing AzEMA revealed a unique resonance peak at
4.1 ppm (Figure 1B, arrow) which was not observed in the
1NMR spectrum of the block copolymer without AzEMA
(Figure 1A), and is assigned to the methyl protons at the
β position to the azide group. The peaks of the methyl protons
adjacent to the azide group at 3.5 ppm could not be clearly seen
due to their overlap with the PEG peak. By integrating the peak
at 4.1 ppm, the mol % AzEMA in the different copolymers was
calculated using eq 1 and was found to be around 50% of
the feed ratio (Table 1). IR analysis also showed a peak at
2100 cm−1 characteristic for the azide vibration,43,45 the
intensity of which also increased with increasing AzEMA
content (Figure 2).

Table 1. Characteristics of mPEG5000-b-p(HPMAmLac2-r-AzEMA) with Various AzEMA Contents, as Well as Size
Characteristics of the Micelles Formed by the Rapid Heating Procedure40

mol % AzEMA
(NMR) Mn (NMR, kDa) Mw(GPC, kDa) Mn(GPC, kDa)

Mw/Mn
(GPC)

CMT
(oC)

Zave
(nm) PDI

mPEG-b-p(80%HPMAmLac2-r-20%AzEMA) 9.7 15.2 27.5 13.1 2.1 1.8 51 0.11
mPEG-b-p(85%HPMAmLac2-r-15%AzEMA) 6.5 16.6 27.8 13.9 2.0 3.0 51 0.11
mPEG-b-p(90%HPMAmLac2-r-10%AzEMA) 4.6 18.4 26.4 14.9 1.8 3.6 53 0.07
mPEG-b-p(95%HPMAmLac2-r-5%AzEMA) 2.9 20.1 24.3 12.0 2.0 4.7 54 0.10
mPEG-b-p(98%HPMAmLac2-r-2%AzEMA) - 21.1 25 13.7 1.8 5.2 63 0.05
mPEG-b-p(100%HPMAmLac2-r-0%AzEMA) - 22.4 27 15.9 1.7 5.3 61 0.04

Figure 1. NMR spectra (CDCl3) of (A) mPEG5000-b-p(HPMAmLac2) block copolymer and (B) mPEG5000-b-p(80%HPMAmLac2-r-20%AzEMA).
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The critical micelle temperature of the copolymer without
azide was 5.3 °C (Table 1) which is in agreement with previous
publications.22 The CMT decreased with increasing AZEMA
content, indicating that the incorporation of AzEMA increased
the hydrophobicity of the copolymer, as expected from the
incorporation of the more hydrophobic AzEMA (C log P of
AzEMA was 2.31, versus −0.27 for HPMAmLac2, as calculated
by ChemDraw Ultra 12.0 software).
Micelles of mPEG-b-p(HPMAmLac2-r-AzEMA) copolymers

were formed by a rapid heating procedure40 and the particle
size was measured by DLS (Table 1). The copolymers formed
small micelles with average diameters 50−60 nm and a low PDI
(∼0.1).
Click-Coupling of DOX-propGA3 to mPEG5000-b-p-

(HPMAmLac2-r-AzEMA). The conjugation of DOX-propGA3
to the polymer was carried out, as depicted in Scheme 3, using
mPEG5000-b-p(HPMAmLac2-r-AzEMA) containing 5 mol %
azide. CuBr as well as CuSO4/sodium ascorbate were used as
catalysts, and the reaction was performed for 24 h at room
temperature in DMF. A ratio of 1:2 azide to alkyne was used.
The reaction progress was monitored by IR (by the decrease of
the azide vibration at 2100 cm−1). When 0.1−1 equiv CuBr was
used as a catalyst, no conjugation was observed, as evidenced
from the observation that the intensity of the azide peak had
not dropped (data not shown). Neither 0.1 nor 0.5 equiv of
CuSO4 in the presence of ascorbate was sufficient to
accomplish the reaction (Figure 3B and C). The click reaction
only occurred when the amount of CuSO4 was increased to 1
equiv (relative to DOX-propGA3), as indicated by the
complete disappearance of the azide peak (Figure 3D). This
shows that, in the case of click reaction of the steric hindered
doxorubicin molecule with the bulky polymer, in situ reduction

of Cu2+ by ascorbate is required, as well as the presence of at
least 1 equiv of CuSO4.
The polymer−drug conjugate synthesized as described

above, however, lost its thermosensitivity and was insoluble
in water, most probably due to the high amount of hydrophobic
DOX-propGA3 coupled, which makes it unsuitable to prepare
micelles with the rapid-heating method (see Materials and
Methods). Therefore, coupling reactions were carried out using
diblock copolymers containing 20% and 10% AzEMA and 1
equiv of DOX-propGA3 per mol of polymer (corresponding to
5% w/w ratio of DOX-propGA3 to polymer), in the presence
of 1 equiv CuSO4 and ascorbate (relative to doxorubicin). IR
analysis showed that the azide peak did not disappear
completely, as expected from the excess of azide used (spectra
not shown). The polymers obtained were freely soluble in
water at 0 °C and had an CMT of ∼1 °C (Table 3) which is
slightly lower than the CMT of the azide polymer used for
derivatization (CMT of 2−3 °C, Table 2). This decrease in
CMT is probably due to the increased hydrophobicity of the
polymer due to its conjugation with DOX-propGA3.
To prove convincingly that doxorubicin was covalently linked

to the polymeric backbone, GPC analysis was performed using
dual UV (480 nm, characteristic absorption for doxorubicin)
and RI detection. The chromatograms of the polymers
obtained by the conjugation using the polymer with 10%
azide groups are shown in Figure 4. Figure 4A shows that
mPEG5000-b-p(90%HPMAmLac2-r-10%AzEMA) eluted at 18 min
(RI detection), while no signal was observed at 480 nm. On the
other hand, DOX-propGA3 eluted at 22.3 min (both RI and
UV (480 nm) detection) (Figure 4B). GPC analysis of the
conjugate showed that the majority of DOX-propGA3 eluted at
16.6 min (UV detection, Figure 4C), which is close to the
retention time of the polymer (17.8 min, Figure 4C; the slight
shift in the signal peaks can be attributed to the GPC system,
where the RI-detector was serially attached to the UV
detector). A small peak was observed at the retention time of

Figure 2. IR spectra of AzEMA monomer (A) and mPEG5000-b-
p(HPMAmLac2-r-AzEMA) block copolymers containing 0% (B), 2%
(C), 5% (D), 10% (E), 15% (F), and 20% (G) AzEMA.

Figure 3. IR spectra of mPEG5000-b-p(95%HPMAmLac2-r-5%AzEMA)
(A) and of conjugates of mPEG5000-b-p(95%HPMAmLac2-r-5%
AzEMA) with DOX-propGA3 using a azide/alkyne ratio of 1:2 and
0.1 equiv (B), 0.5 equiv (C), and 1 equiv (D) of CuSO4 (relative to
DOX-propGA3) as a catalyst, in the presence of sodium ascorbate
(1 equiv to CuSO4).
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free DOX-propGA3 (22.3 min, Figure 4C). From the area
under the curve of the free and coupled DOX-propGA3 peaks,
it was calculated that the coupling efficiency was 94%

(Table 2), indicating almost quantitative conjugation. Similar
results were obtained when the polymer containing 20% azide
was used (Table 2). When a physical mixture of polymer with
DOX-propGA3 was analyzed using GPC (22% w/w DOX-
propGA3 to polymer), the peaks of the polymer at 18 min (RI
detection) and of DOX-propGA3 at 22.3 min (UV detection)
were visible, but no shift of the DOX-propGA3 UV peak was
observed (Figure 4D), indicating that the conjugation observed
was due to the covalent coupling of DOX-propGA3 to the
polymer.
To check whether the synthesized conjugates were still able

to form micelles, the rapid heating procedure was applied and
the critical micelle concentration was determined using pyrene
as a fluorescent probe. The CMC was determined from the plot
of the intensity ratio I338/I333 as a function of polymer
concentration (Figure 5). A red shift was observed with
increasing polymer concentration, indicating the partitioning of
pyrene in the hydrophobic environment of the micellar
core.41,46 Azide-containing polymers had a slightly higher
CMC than the polymer without azide (Table 2). This is most
probably because the azide containing polymers have slightly
lower molecular weights (Table 1) and the CMC is known to
increase with decreasing molecular weight of the core forming
block.47,48

Conjugates of DOX with the azide block copolymers were
shown to have a slightly higher CMC than the corresponding
azide copolymers without DOX (Table 2). This was
unexpected, as these conjugates possessed lower CMTs than
the azide polymers, indicating that the thermosensitive block
became more hydrophobic upon DOX conjugation. The logP
of DOX-mGA3, which is structurally similar to DOX-propGA3,
has been measured and it was found to be 1.27 (and 0.52 for
DOX),17 which demonstrates the lipophilic nature of the
prodrug. It has been shown previously that the CMC decreases
when a more hydrophobic block is used.48 Therefore, we
anticipated a lower CMC for these DOX-conjugated polymers.
The fact that we did not observe a lower CMC for these
conjugates might be due to the detection limit of the
determination method used using pyrene partition.

Micelles formed by DOX-propGA3 conjugated polymers
(10% or 20% azide content) above their CMC were characterized
for size and polydispersity using DLS. Small (50 nm) mono-
disperse micelles were formed (Table 2) and DOX containing
polymers had similar size characteristics as the corresponding
polymers without DOX (Table 1), showing that the coupling of
DOX-propGA3 to the polymer backbone did not affect the size
of the micelles formed.
Release of Doxorubicin from mPEG5000-b-p-

(HPMAmLac2-r-AzEMA) Micelles with Conjugated DOX-
propGA3. As has been shown previously, the methyl ester
derivative of DOX-GA3 (DOX-mGA3) releases DOX in two
steps: First, DOX-mGA3 is converted into DOX-GA3 via
cleavage of the methyl ester group (by hydrolysis at pH 7.4 or
by esterase activity), and next, DOX-GA3 is enzymatically
converted into DOX by β-glucuronidase.17 The first step is
necessary, because DOX-mGA3 is a not good substrate for
β-glucuronidase. As DOX-propGA3 differs from DOX-mGA3
only by the presence of a propargyl group instead of a methyl
group, the same behavior was anticipated. The conversion of
DOX-propGA3 to DOX was studied by incubating the pro-
drug in PBS/0.1% BSA buffer pH 7.4 with or without
β-glucuronidase (20 μg/mL) and measurement using HPLC
(Figure 6A). DOX-propGA3 showed a peak in the HPLC
chromatogram at 10 min, while the retention time of
doxorubicin was 3 min and that of DOX-GA3 6.6 min. Upon
incubation of DOX-propGA3 for 24 h at pH 7.4 (37 °C), its
peak at 10 min shifted to 6.6 min (Figure 6A), which demon-
strates that DOX-propGA3 was quantitatively converted to the
more hydrophilic DOX-GA3 derivative by hydrolysis of the
propargyl ester. On the other hand, upon incubation for 24 h at
pH 7.4 (37 °C) in the presence of β-glucuronidase, the DOX-
propGA3 peak completely shifted to 3 min (Figure 6A), which
shows that the prodrug was converted into DOX. The amount
of DOX released was calculated from the peak area and
compared with the DOX content of the prodrug, and it was
demonstrated that after 24 h incubation at pH 7.4 (37 °C) in
the presence of enzyme the conversion was almost quantitative
(90%). Therefore, it is concluded that upon incubation in
buffer pH 7.4 containing β-glucuronidase, DOX-propGA3 is
converted into DOX-GA3 by hydrolysis of the propargyl
ester, which is then subsequently converted into DOX by
β-glucuronidase activity (Scheme 4).
HPLC analysis of the micelles with conjugated DOX-

propGA3 before any incubation showed no peaks correspond-
ing with DOX-propGA3, DOX-GA3, or DOX (Figure 6B),
demonstrating again that no significant amount of unreacted
DOX-propGA3 remained after conjugation and purification.
Upon incubation for 24 h at pH 7.4 (37 °C), a peak at 6.6 min
was observed corresponding with DOX-GA3, indicating that the
conjugated DOX-propGA3 was converted to free DOX-GA3,
most probably due to ester hydrolysis (Scheme 4). When the
incubation was performed in the presence of β-glucuronidase,
this peak shifted to 3 min indicating conversion into doxorubicin

Table 2. Results of Conjugation of mPEG5000-b-p(HPMAmLac2-r-AzEMA) to DOX-propGA3 (1 equiv DOX per mol of
polymer) Using 1:1 CuSO4/Sodium Ascorbate (1 equiv to DOX-propGA3) as Catalyst

polymer used
%

conjugation
CMT (oC) (before/after DOX

conjugation)
CMC (mg/mL) (before/after DOX

conjugation)
Zave
(nm) PDI

mPEG-b-p(80%HPMAmLac2-r-20%AzEMA) 95.8 1.8/0.9 0.06/0.08 48 0.06
mPEG-b-(90%pHPMAmLac2-r-10%AzEMA) 94.1 3.6/0.4 0.04/0.08 51 0.07
mPEG-b-pHPMAmLac2 - 5.3/- 0.03/- 61 0.04

Table 3. Concentration (μM) Required for 50% of Inhibition
(EC50) of Viability of 14C Cells Induced by Doxorubicin,
DOX-GA3, DOX-propGA3, and Micelles with Covalently
Bound DOX-propGA3 after Incubation for 72 h

EC50 (μM
DOX)

EC50 (μM DOX) with
β-glucuronidase

DOX 0.10 ± 0.06 0.16 ± 0.02
DOX-GA3 21.3 ± 4.8 0.19 ± 0.04
DOX-propGA3 44.8 ± 3.2 0.63 ± 0.02
DOX-propGA3 micelles 47.3 ± 6.2 0.22 ± 0.01
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by the enzyme (Figure 6B, Scheme 4). Determination of the
amount of DOX released from the micelles demonstrated that
after 5 days incubation in the presence of β-glucuronidase DOX
was still being released from the micelles and had reached 35% of
the total content, while less than 5% release was observed in the
absence of β-glucuronidase (Figure 7A). Moreover, a 10-fold
higher amount of enzyme gave no difference in release kinetics of
DOX (results not shown). It has been shown in the past that the
methyl ester of DOX-GA3 (DOX-mGA3) is not a good
substrate for β-glucuronidase and that conversion into DOX only
occurs after hydrolysis of the ester bond that yields DOX-GA3.17

Consequently, since a 10-fold higher amount of enzyme did not
accelerate the release, it is most likely that the conversion of
polymer-bound DOX-propGA3 to DOX-GA3 via hydrolysis is
the rate-limiting factor for the generation of DOX. To further
clarify this, the release of DOX-GA3 from the micelles in the
absence and presence of enzyme was also investigated. It was
observed that in the absence of β-glucuronidase the area under

the curve of DOX-GA3 peak (6.6 min) increased in time and
reached 40% of the total content after 5 days (Figure 7B),
demonstrating that DOX-GA3 was released from the micelles
with no conversion to DOX. The rate of DOX-GA3 formation in

Figure 5. I338/I333 for pyrene as a function of concentration of
conjugate of DOX-propGA3 with mPEG-b-p(90%HPMAmLac2-r-10%
AzEMA). The CMC was calculated from the intersection of the
horizontal line at low polymer concentrations with the tangent of the
curve at high polymer concentrations.

Figure 4. GPC analysis with dual RI and UV (480 nm) detection of (A) mPEG-b-p(90%HPMAm-r-10%AzEMA), (B) DOX-propGA3, (C) click
conjugate of mPEG-b-p(90%HPMAm-r-10%AzEMA) with DOX-propGA3, and (D) physical mixture of mPEG-b-p(90%HPMAm-r-10%AzEMA)
and DOX-propGA3.

Figure 6. HPLC analysis of (A) DOX-propGA3 (10 μg/mL) and of
(B) micelles with covalently bound DOX-propGA3 (200 μg/mL of
polymer) before incubation (0 h), after 24 h incubation in a PBS/BSA
0.1% pH 7.4 buffer, and after 24 h incubation in a PBS/BSA 0.1% pH
7.4 buffer containing 20 μg/mL β-glucuronidase. Doxorubicin had a
retention time of 3 min, DOX-GA3 6.6 min, and DOX-propGA3
10 min.
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the absence of enzyme (Figure 7B) was similar to the rate of
DOX formation in the presence of enzyme (Figure 7A)
indicating that once DOX-GA3 was produced it was directly
converted into DOX by the enzyme (also because in the
presence of β-glucuronidase less than 10% DOX-GA3 was
recovered). These observations confirm the hypothesis that the
hydrolysis of the ester bond to convert polymer-bound DOX-
propGA3 to free DOX-GA3 is the limiting factor for the DOX
generation. Likely, the generation of DOX-GA3 from polymer-
bound DOX-propGA3 is slower than from free DOX-propGA3
because the water activity in the hydrophobic core of the micelles
is lower than in bulk, and therefore, the hydrolysis process slows
down.23 Besides, the hydrolysis of the ester bond might be
slower due to the increased steric hindrance caused by its close
proximity to the polymer backbone.

In Vitro Cytotoxicity. The cytotoxicity of DOX, DOX-
GA3, DOX-propGA3, and micelles with covalently bound
DOX-propGA3 (prepared using mPEG-b-(90%pHPMAmLac2-
r-10%AzEMA)) against 14C cells was investigated both in
the presence and in the absence of β-glucuronidase (Figure 8
and Table 3). Micelles without DOX showed no cytotoxicity

(data not shown), which is in line with previous results.27,30 As
expected, DOX showed the highest cytotoxicity (EC50 of
0.10 μM; Table 3 and Figure 8A). In the presence of β-glu-
curonidase, approximately the same cytotoxicity was observed
(Figure 8A; EC50 of 0.16 μM; Table 3), demonstrating that the
enzyme did not affect the cytotoxic effect of free DOX. On the
other hand, when cells were incubated with DOX-GA3 and
DOX-propGA3 in the absence of enzyme, the observed
cytotoxicity was about 200−300 times less compared to DOX
(Table 3; EC50 21.3 μM for DOX-GA3, 44.8 μM for DOX-
propGA3). These results are in agreement with previous
publications17 and demonstrate that, in the culture medium, a
minimum amount of DOX was formed from the prodrugs,
which was also demonstrated in the previous section (Figure 7)
after incubation in a pH 7.4 buffer. When DOX-GA3 and
DOX-propGA3 were incubated with cells in medium
containing β-glucuronidase, an increased cytotoxic effect was
observed (Table 3, EC50 0.19 μM for DOX-GA3, 0.63 μM for
DOX-propGA3) which was in the same range as that of DOX.
Similar results have been published for DOX-mGA3 and DOX-
GA3.17,18 It has been shown that DOX-mGA3 is not a good

Scheme 4. Conversion of Free or Polymer-Bound DOX-propGA3 to DOX-GA3 by Chemical Hydrolysis and/or by Esterases
and Subsequent Release of DOX by β-Glucuronidase

Figure 7. HPLC analysis of the release of DOX (A) and DOX-GA3 (B) from micelles (200 μg/mL polymer) with covalently bound DOX-propGA3
in the presence and absence of β-glucuronidase.
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substrate for β-glucuronidase and that conversion only occurs
after hydrolysis of the ester bond,17 so the same behavior is
most likely also valid for DOX-propGA3. It can be assumed
that, either due to chemical hydrolysis in the culture medium
(as was observed in buffer; see previous section) or due to the
presence of esterases, DOX-propGA3 was converted to DOX-
GA3, which was then converted into DOX by β-glucuronidase.
Figure 8B shows the cytotoxicity results of 14C cells exposed

to polymeric micelles with covalently bound DOX-propGA3 in
the absence and presence of β-glucuronidase (Figure 8B).
Without the addition of enzyme, a low cytotoxicity effect was
observed (EC50 47.3 μM), demonstrating again, as observed
after incubation in a pH 7.4 buffer (Figure 7), that in the
medium only a low amount of DOX was released. Importantly,
in the presence of β-glucuronidase, the cytostatic activity
became very similar to that of DOX (Figure 8B, EC50 0.22 μM).
This finding is rather interesting, as in the previous section it
was demonstrated that the release of DOX from the micelles
is incomplete even after 5 days incubation in the presence of
β-glucuronidase at pH 7.4. This was attributed to the
incomplete release of DOX-GA3 from the micellar core as
compared to the release from free DOX-propGA3 (due to slow
hydrolysis in the hydrophobic micellar core), which resulted in
slow DOX release, because only DOX-GA3 is a good substrate
for β-glucuronidase and not the polymer-bound drug. In
previous studies, it has been demonstrated that conversion of
DOX-mGA3 to DOX-GA3 is much faster in the presence of
esterase than in buffer (t1/2 was ∼20 min in the presence of
carboxylesterase and 10 h in buffer pH 7.4).17 Therefore, most
probably, esterases in the culture medium contributed to the
complete conversion of polymer-bound DOX-propGA3 to
DOX-GA3, which was then subsequently converted into DOX
by the β-glucuronidase. This enzymatic conversion can occur
by penetration of esterases into the core of the micelles or by
cleavage of the produg form free polymer chains which are in
dynamic equilibrium, a mechanism suggested for the enzymatic
degradation of PEG-Oligo(ε-caprolactone) micelles by lipase.49

As a result of both the chemical and enzymatic hydrolysis,
micelles with covalently bound DOX-propGA3 released DOX-
GA3 in the culture medium, which was then converted to DOX
by the action of β-glucuronidase.

■ CONCLUSION

A novel, azide-modified block copolymer mPEG5000-b-p-
(HPMAmLac2-r-AzEMA) was synthesized and a propargyl
derivative of the DOX-GA3 prodrug (DOX-propGA3) was
coupled to this copolymer via click chemistry with a very high
(∼90%) coupling efficiency. Micelles formed by this polymer

were small (50 nm) and monodisperse. The glucuronide spacer
of the prodrug used is known to be selectively cleaved by
β-glucuronidase, an enzyme present in necrotic tumor areas.
Indeed, it was shown that DOX micelles demonstrated the
same cytotoxicity as free DOX when incubated with 14C cells
in the presence of serum and β-glucuronidase. Therefore,
improved in vivo antitumor efficacy is anticipated.
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ABSTRACT: Optical imaging is emerging as an important tool to visualize tumors. However, there are many potential choices
among the available fluorophores. Optical imaging probes that emit in the visible range can image superficial tumors with high
quantum yields; however, if deeper imaging is needed then near-infrared (NIR) fluorophores are necessary. Most commercially
available NIR fluorophores are cyanine based and are prone to nonspecific binding and relatively limited photostability. Silica-
containing rhodamine (SiR) fluorophores represent a new class of NIR fluorophores, which permit photoactivation via H-dimer
formation as well as demonstrate improved photostability. This permits higher tumor-to-background ratios (TBRs) to be
achieved over longer periods of time. Here, we compared an avidin conjugated with SiR700 (Av-SiR700) to similar compounds
based on cyanine dyes (Av-Cy5.5 and Av-Alexa Fluor 680) in a mouse tumor model of ovarian cancer metastasis. We found that
the Av-SiR700 probe demonstrated superior quenching, enabling activation after binding-internalization to the target cell. As a
result, Av-SiR700 had higher TBRs compared to Av-Cy5.5 and better biostability compared to Av-Alexa Fluor 680.

■ INTRODUCTION
Target-specific optical imaging probes are promising tools in
the molecular imaging of cancer. Optical imaging probes offer
high sensitivity, low cost, and portability, and do not entail
exposure to ionizing radiation. However, optical imaging is
limited by poor tissue penetration. The use of fluorophores that
absorb and emit in the near-infrared (NIR) range have less
absorption and scatter from tissue, permitting deeper tissue
penetration than is possible with fluorophores based on visible
light. Another critical feature of an optical imaging probe is that
it has high tumor-to-background ratios (TBRs). One way to
achieve this is to have extremely high binding affinities for the
tumor and rapid excretion of the unbound compound. Another,
more practical approach, is to activate the fluorescence only
upon binding to the target tissue; thus, unbound conjugates
yield a minimal signal while target-bound conjugates have a
high signal leading to very high TBR. Optical imaging is unique
in its ability to be activatable as opposed to radionuclide

imaging that is “always on”.1,2 A number of quenching
mechanisms have been implicated in fluorescence activation.
One method is the formation of H-dimers using xanthene
based fluorophores, such as rhodamine; H-dimer formation of
these fluorophores leads to efficient quenching.3

An optical probe must also be able to withstand
biodegradation after internalization since this affects the
durability of the signal. Rhodamine core fluorophores generally
demonstrate better photostability and biostability than cyanine-
based dyes and have high fluorescence quantum yield.4

Thus, the optimal imaging probe is one that is highly
activatable, yet photostable, and, absorbs and emits light in the
NIR. While several cyanine based optical probes are
commercially available, rhodamine based probes are not.

Received: July 10, 2011
Revised: October 10, 2011
Published: October 28, 2011

Article

pubs.acs.org/bc

© 2011 American Chemical Society 2531 dx.doi.org/10.1021/bc2003617 | Bioconjugate Chem. 2011, 22, 2531−2538



Recently, Koide et al. described silica-containing rhodamine
dyes (SiR), with excellent photophysical properties such as an
emission peak at over 650 nm.5 However, the ability of SiR
dyes to quench via H-dimer formation in vitro and in vivo, while
maintaining good in vivo photo- and biostability, has not been
evaluated. Here, we compare conjugates of avidin SiR
fluorophore (Av-SiR700) with two cyanine-based NIR
fluorophores conjugates Av-Cy5.5 and Av-Alexa Fluor 680
(Av-Alexa680) in a mouse model of metastatic ovarian cancer
during in vivo optical imaging.

■ EXPERIMENTAL PROCEDURES
Amino-Reactive NIR Fluorophores. Amino-reactive

Cy5.5- and Alexa Fluor 680-succinimidyl esters were purchased
from GE Healthcare (Piscataway, NJ) and Invitrogen Co.
(Carlsbad, CA), respectively. The synthesis method of SiR700-
succinimidyl esters has been published.5,6 The chemical
structures of all three NIR fluorophores are shown in (Figure
1).
Synthesis of Avidin-Conjugated NIR Fluorophores.

Avidin (6 nmol), was purchased from Pierce Biochemical, Inc.
(Milwaukee, WI), and was incubated with amino-reactive NIR
fluorophores (Cy5.5 and SiR700; 60 nmol, Alexa680; 40 nmol)
in 0.1 M phosphate buffer (pH 8.5) at room temperature for 15
min. Each mixture was purified with a Sephadex G25 column
(PD-10; GE Healthcare, Piscataway, NJ). The protein
concentration was determined by measuring the absorption at
280 nm with a UV−vis system (8453 UV−Visible Value
System; Agilent Technologies, Santa Clara, CA). The
concentration of NIR fluorophores was measured by absorption
with the UV−vis system to confirm the number of fluorophore
molecules conjugated to each avidin molecule.7 The number of
fluorophore molecules per all avidin conjugates was ∼3.
H-Dimer Formation and Quenching Efficiency of Av-

Cy5.5, Av-Alexa680, and SiR700 in Vitro. The quenching−
dequenching characteristics of each avidin-conjugate were
investigated by treating the conjugates with 5% SDS to
disassociate any molecular interaction between fluorophores.
The fluorescence signal intensity of each conjugate was
measured with a fluorescence spectrometer before and after
5% SDS (Perkin-Elmer LS55, Perkin-Elmer, Shelton, CT). The
absorption spectrum was measured with a UV−vis system
(8453 UV−Visible Value System; Agilent Technologies).
Cell Culture. An established ovarian cancer cell line known

to overexpress the β-D-galactose receptor, SHIN3, was used for
in vitro fluorescence microscopy, flow cytometry, and in vivo

optical imaging using a murine intraperitoneal disseminated
ovarian cancer model. The cell lines were grown in RPMI 1640
medium (Gibco, Gaithersburg, MD) containing 10% fetal
bovine serum (FBS) (Gibco), 0.03% L-glutamine at 37 °C, 100
units/mL penicillin, and 100 μg/mL streptomycin in 5% CO2.
Fluorescence Microscopy. SHIN3 cells (1 × 104) were

plated on a cover glass bottom culture well and incubated for
16 h. Then, Av-Cy5.5, Av-Alexa680, or Av-SiR700 was added to
the medium (3 μg/mL), and the cells were incubated for 4 h.
Cells were washed three times with phosphate-buffered saline
(PBS), RPMI 1640 medium was added back to all samples not
imaged immediately, and fluorescence microscopy was
performed immediately (T0), 24, 48, or 72 h later using an
Olympus BX61 microscope (Olympus America Inc., Melville,
NY) equipped with the following filters: excitation wavelength,
590 to 650 nm; emission wavelength, 665 to 740 nm.
Transmitted light differential interference contrast (DIC)
images were also acquired.
Flow Cytometry. Flow cytometry was performed to detect

the in vitro stability of Av-Cy5.5, Av-Alexa680, and Av-SiR700
in SHIN3 cancer cells. SHIN3 cells (1 × 104) were plated on a
6 well culture plate and incubated for 16 h. Av-Cy5.5, Av-
Alexa680, or Av-SiR700 was added to the medium (3 μg/mL),
and the cells were incubated for 8 h. Next, the cells were
washed three times with PBS, RPMI 1640 medium was
replaced, and cells were trypsinized either immediately, 24, 48,
or 72 h later. Then, flow cytometry was performed. A 635 nm
red diode laser was used for excitation, and fluorescence signal
from cells was collected using a 661/16 nm band-pass filter.
Cells were analyzed in a FACScan cytometer (Becton
Dickinson, Franklin Lakes, NJ), and all data were analyzed
using CellQuest software (Becton Dickinson). In vitro
biostability of each NIR-probe was measured as the rate of
change in mean fluorescence intensity (MFI) over time from 0
to 72 h.
Animal Model of Peritoneal Metastases. All procedures

were carried out in compliance with the Guide for the Care and
Use of Laboratory Animal Resources (1996), National
Research Council, and approved by the institutional Animal
Care and Use Committee. The tumor xenografts were
established by intraperitoneal injection of 4 × 106 SHIN3
cells suspended in 200 μL of PBS in female nude mice
(National Cancer Institute Animal Production Facility,
Frederick, MD). Experiments with tumor-bearing mice were
performed at 14−17 days after injection of the cells.

Figure 1. Chemical structures of NIR fluorophores compared in this study. SiR700 is a NIR fluorophore synthesized on a silica rhodamine core. We
compared this to two commercially available NIR fluorophores synthesized using a cyanine core, Cy5.5, and Alexa Fluor 680. Carboxyl residues are
modified to succinimidyl esters and used for functionalizing fluorophores.
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In Vivo Fluorescence Imaging. Twenty-five micrograms
each of Av-Cy5.5, Av-Alexa680, and Av-SiR700 was diluted in
300 μL of PBS and injected into the peritoneal cavities of
tumor bearing mice. Then, 4, 24, or 72 h after intraperitoneal
injection mice were euthanized with carbon dioxide inhalation.
Immediately afterward, the abdominal cavities were exposed,
and the 3 mice, each representing a different time point, were
placed side by side on a nonfluorescent plate to compare
fluorescence intensity for each NIR-probe over time. NIR
fluorescence imaging was performed with the Pearl Imager (LI-
COR Biosciences, Lincoln, NE). The instrument is a light-tight
chamber equipped with a cooled charge-coupled device (CCD)
camera. Illumination was provided by a 685 nm diode laser, and
the peak emission band is at 720 nm. Images were acquired and
processed using Pearl Cam Software v1.0 (LI-COR Bio-
sciences).
Determination of TBRs for Each NIR Probe. NIR

fluorescence images of the whole abdominal cavity were
obtained as described above. The TBRs of each NIR probe
were determined by placing a region of interest (ROI) over
tumors labeled 4 h after injection of NIR probe and an ROI of
equal size over surrounding normal abdominal tissue of the
same animal. ROI total signal intensity for tumors was then
compared with total signal intensity from the ROI of the
surrounding tissue. Image processing was performed with Pearl
Cam Software v1.0.

Ex Vivo Fluorescence Imaging For Quantitation.
Tumors were removed after in vivo imaging. Tumor explants
were placed on a nonfluorescent plate, and NIR imaging was
performed and processed.
Semi-Quantitative Analysis of In Vivo Stability of NIR-

Probes. NIR fluorescence images of the tumor explants were
obtained as described above. The in vivo stability of each NIR
probe was compared using semiquantitative analysis. Briefly,

ROIs were drawn around each tumor implant, and the average
fluorescence intensity was used to quantify signal for each NIR
probe at 4, 24, and 72 h after injection of the NIR probe. In vivo
stability of each NIR probe over time was determined by
comparing the percent decrease in the MFI relative to the MFI
measured at the 4 h time point.
Statistical Analysis. Comparison of TBR between NIR

probe and in vivo stability for each probe over time was done
using one-way ANOVA with Tukey’s multiple comparisons
post-test. All statistical analysis was performed using GraphPad
Prism, version 4.0c, for Macintosh (GraphPad Software, San
Diego CA, www.graphpad.com).

■ RESULTS
Av-SiR700 Demonstrates H-Dimer Formation and

Efficient Quenching in Vitro. The absorbance spectra of
Av-Cy5.5, Av-Alexa680, and Av-SiR700 are displayed in Figure
2a. A blue-shifted absorbance peak representing H-dimer
formation was observed for all three conjugates. The addition
of SDS was used to dissociate the H-dimers. Following SDS
addition, the absorption of Av-SiR700 demonstrated an
increase in absorption of the monomer peak and a decrease
in the blue-shifted H-dimer peak. Alternatively, Av-Cy5.5 and
Av-Alexa680 demonstrated decreases in the H-dimer peak after
the addition of SDS; however, there were small changes in the
absorbance of the monomer peak. The amount of H-dimer
formation was determined by the change in absorption of the
H-dimer absorption peak relative to the monomer peak for all
Av-Cy5.5, Av-Alexa680, and Av-SiR700 before and after the
dissociation of H-dimers by the addition of SDS as described
previously.8 The H-dimer ratios for Av-Cy5.5, Av-Alexa680,
and Av-SiR700 were 1.16, 1.29, and 2.13, respectively.
The amount of signal quenching from H-dimer formation

can be appreciated by the amount of fluorescence activation

Figure 2. (a) Absorbance spectra of NIR imaging probes, consisting of a NIR fluorophore conjugated to avidin, without SDS (dashed line) and with
SDS (solid line). The blue-shifted peak on the Av-Cy5.5 and Av-SiR700 curves without SDS represents H-dimer formation. Av-Alexa680 does not
demonstrate H-dimer formation. Following SDS treatment, an increase in the Av-SiR700 monomer peak is characteristic of the dissociation of
xanthene dimers forming excitons. (b) Emission spectra of NIR imaging probes without (dashed line) and with (solid line) SDS. Emission is
increased following SDS treatment for all fluorophores; however, Av-SiR700 demonstrates the greatest increase in emission following SDS.
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observed after the addition of SDS. Av-Cy5.5, Av-Alexa680, and
Av-SiR700 all demonstrate an increase in fluorescence intensity
after the addition of SDS (Figure 2b). The ratio of peak
fluorescence intensity after SDS addition to peak fluorescence

intensity before SDS addition for Av-Cy5.5, Av-Alexa680, and
Av-SiR700 was 1.9, 1.58, and 8.35, respectively.

In Vitro Stability of NIR Probes. Fluorescence Micros-
copy. After 4 h of incubation with 3 μg/mL of either Av-Cy5.5,

Figure 3. Serial fluorescence microscopy images of SHIN3 cells following incubation with NIR probes. SHIN3 cells were incubated with each NIR
imaging probe for 4 h, and fluorescent microscopy was performed immediately (T0) and at 24, 48, and 72 h after thorough washing with PBS. At T0,
SHIN3 cells could be identified after treatment with each probe, but Av-Cy5.5 and Av-Alexa680 demonstrated considerable background signal
represented by fluorescence detected where there were no cells (asterisks). 24, 48, and 72 h demonstrate a gradual decrease in fluorescent signal for
each NIR probe. Exposure time: Av-Cy5.5 and Av-SiR700 = 200 ms, and Av-Alexa680 = 500 ms.

Figure 4. Flow cytometry analysis of SHIN3 cells immediately (purple), 24 h (orange), 48 h (green), and 72 h (magenta) after PBS wash and
removal of (a) Av-Cy5.5, (b) Av-Alexa680, or (c) Av-SiR700, which demonstrates fluorescent signal degradation over time. Then, the amount of
MFI degradation relative to T0 was compared (d). Av-SiR700 demonstrates less of a decrease in MFI from T0 than Av-Cy5.5 and Av-Alexa680 at all
time points.
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Av-Alexa680, or Av-SiR700, live cell imaging demonstrated
intracellular uptake of each imaging probe documented by
discrete intracellular punctuate signals representing probe
uptake by lysosomes (Figure 3). At the initial time point
(T0), images of SHIN3 cells using Av-Cy5.5 and Av-Alexa680
demonstrate high background signal due to nonspecific binding
of Av-Cy5.5 and Av-Alexa680 to areas where there were no
SHIN3 cells present (asterisks). Fluorescence microscopy of
SHIN3 cells labeled with Av-SiR700 at T0 demonstrated
specific labeling of SHIN3 cells with minimal nonspecific
binding due to H-dimer formation and quenching. Serial
imaging performed at 24, 48, and 72 h after washing with PBS
demonstrated a progressive decrease in signal for all three NIR
probes. However, Av-Cy5.5 and Av-SiR700 were brighter than
Av-Alexa680 in vitro; therefore, live cell images were obtained at
200 ms for both Av-Cy5.5 and Av-SiR700, and images were
obtained at 500 ms for Av-Alexa680.

Flow Cytometry. To evaluate the in vitro NIR imaging
probe stability after target binding, we performed FACS on
SHIN3 cells after 8 h of incubation with either Av-Cy5.5 or Av-
Alexa680, or Av-SiR700. Then, we performed serial FACS
analysis at 24, 48, and 72 h after the removal of each NIR
imaging probe from the culture medium. The corresponding
histograms are shown (Figure 4a−c). The MFI values for Av-
Cy5.5, Av-Alexa680, and Av-SiR700 were used to determine the
relative decrease in fluorescence signal (Figure 4d). Time
course analysis was performed expressing MFI over time as a
percentage of MFI at 0 h, and MFI values decreased for each

NIR fluorophore by 35.8%, 44.9%, and 31%, respectively, at 24
h. At 48 h, the decrease in MFI from MFI at 0 h for Av-Cy5.5,
Av-Alexa680, and Av-SiR700 was 67%, 75.3%, and 55.8%,
respectively. After 72 h, the decrease in fluorescent intensity for
each of the NIR probes from baseline was 73.7%, 80.1%, and
61.6%, respectively.
Assessment of NIR Probes in Vivo. To evaluate the in

vivo characteristics of each NIR imaging probe, Av-Cy5.5, Av-
Alexa680, or Av-SiR700 were injected into the peritoneal
cavities of mice with disseminated peritoneal SHIN3 ovarian
cancer implants, and side by side in vivo fluorescent images of
the entire exposed abdomen were obtained at 4, 24, or 72 h
after NIR imaging probe injection (Figure 5a−c). TBRs were
determined by drawing an ROI over tumors and drawing an
ROI of equal size over a nontumor-bearing area adjacent to the
tumor within the abdominal cavity. The TBR for each NIR
imaging probe is graphically represented (Figure 5d). The
average TBRs of tumors targeted with Av-Cy5.5, Av-Alexa680,
and Av-SiR700 at 4 h after the administration of each imaging
probe was 2.7, 3.1, and 5.2, respectively. Av-SiR700
demonstrated the highest relative TBR of the NIR imaging
probes we tested, but the TBR calculated for Av-SiR700 was
only statistically significantly different compared to that of Av-
Cy5.5 (p < 0.05).
To evaluate the in vivo stability of each NIR imaging probe,

we removed tumors labeled with each NIR imaging probe and
placed them on a nonfluorescent plate. Tumor explants for
each NIR imaging probe were imaged side by side to compare

Figure 5. In vivo fluorescence images of tumor-bearing mice 4, 24, or 72 h after intraperitoneal injection of either (a) Av-Cy5.5, (b) Av-Alexa680, or
(c) Av-SiR700. Images clearly identify SHIN3 tumors within the abdomen (arrows). Images clearly demonstrate the degradation of each NIR
imaging probe over time. Interestingly, Av-Cy5.5 appears to demonstrate an increase in fluorescence intensity of the tumor from 4 to 24 h after Av-
Cy5.5 injection. Whole body in vivo images were then used to calculate the TBR for each NIR imaging probe at 4 h after injection. ROIs were drawn
around the tumors, and ROIs of the same size were drawn over the adjacent abdomen to determine the background signal. This is represented
graphically (d), demonstrating that Av-SiR700 has a relatively higher TBR than Av-Alexa680 but that Av-SiR700 has a significantly greater TBR than
Av-Cy5.5, (p < 0.05).
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the tumor signal at 4, 24, or 72 h after probe injection (Figure
6a). Then, an ROI was drawn around each tumor explant, and
the average signal intensity was calculated and used to
determine the decrease in signal over time for each NIR
imaging probe. The time course showing the decrease of
average intensity for each NIR imaging probe expressed as a
percentage of fluorescence relative to the 4 h time point is
illustrated in (Figure 6b). Change in average intensity relative
to the 4 h time point at 24 h for Av-Cy5.5, Av-Alexa680, and
Av-SiR700 was 114.5%, 19.3%, and 72.4%, respectively. At the
72 h time point, the decrease in average intensity for each NIR
imaging probe as a percentage of the 4 h time point was 53.8%,
2.8%, and 42.6%, respectively. Av-Cy5.5 demonstrated less
relative decrease in fluorescence when compared to those of
Av-Alexa680 and Av-SiR700; however, the difference observed
for Av-Cy5.5 was not statistically significant relative to that of
Av-SiR700. Interestingly, in vivo average fluorescence of tumors
labeled with Av-Cy5.5 demonstrated a relative increase in
fluorescence between 4 and 24 h after injection. Av-Alexa680
demonstrated the lowest in vivo stability (compared with Av-
Cy5.5 p < 0.001 and Av-SiR700 p < 0.01) at 72 h.

■ DISCUSSION

There are several key issues in optical probe design. The
required tissue penetration of light needed for a specific clinical
application is dependent on the wavelength of emitted light;
NIR allows more depth of penetration than does visible light
and results in lower autofluorescence. Another design
parameter is the length of time that the fluorescence is
required for an application, which is dependent on the
biostability of the conjugate. Finally, the desired sensitivity of
the agent is dependent on the TBR which can be improved by
either increasing the binding affinity to the target or decreasing
the background signal or both.9−11 Advances in chemistry have

led to the development of activateable optical imaging probes
that have higher TBR when compared to “always on”
fluorophores.12−14 Several different mechanisms currently
exist for the development of activateable optical imaging
probes.
For instance, at high concentrations, xanthene derived

fluorophores such as rhodamines form H-type and J-type
homodimers that efficiently quench fluorescence.15−17 H-type
homodimers can also form at much lower concentrations after
the fluorophore is covalently conjugated to proteins.3 This
homodimer formation induces short (H-dimer) or long (J-
dimer) shifts of the fluorophore’s absorbance spectra. The
presence of a blue-shifted absorption peak in addition to the
expected monomer absorption peak is indicative of H-dimer
formation as shown in the Table 1. H-dimer absorption shifts
may occur by several processes. Xanthene derived fluorophores
are unique in that two identical molecules may come together
to form H-homodimers with very short distances between the
fluorophores. In this circumstance, the H-dimers may behave as
a single quantum system that can delocalize excitation energy
resulting in almost complete loss of fluorescence emission
through excitation formation.15 Once the conjugates are
released from each other by changes in pH or by enzymatic
processes, the fluorophores will again fluoresce. Another
process by which fluorescence quenching may occur is when
two fluorophores interact with each other such that they donate
or accept partially excited photons from each other leading to
the incoherent transfer of energy and resulting in fluorescence
quenching.16 This interaction, known as Forster resonance
energy transfer (FRET), occurs at slightly larger distances up to
10 nm than H-dimer formation within 1 nm15,16 and results in
less effective quenching. Previously, activateable NIR optical
imaging probes were based on cyanine core fluorophores.18

Activateable NIR imaging probes using cyanine cores mostly

Figure 6. (a) Tumor explants following 4, 24, or 72 h after intraperitoneal injection of Av- Cy5.5, Av-Alexa680, or Av-SiR700 were used to
semiquantitatively compare fluorescence intensity of each NIR imaging probe. ROIs were drawn around each tumor, and average fluorescence
intensity was calculated. Then, values were calculated and graphed relative to the 4 h time point. The graph demonstrating the decrease in signal for
each NIR imaging probe over time is shown (b). Av-Alexa680 demonstrates rapid decrease in fluorescence intensity with a significantly greater
decrease in fluorescence intensity at 72 h than Av-Cy5.5 and Av-SiR700 with p values <0.001 and <0.01, respectively. Av-Cy5.5 demonstrates a
relative increase in fluorescent intensity from 4 to 24 h but then shows a rapid decrease in fluorescence intensity. There was no significant difference
in decrease in fluorescence intensity over time between Av-Cy5.5 and Av-SiR700.

Table 1. Calculated Extinction Coefficient Values of the Monomer and Dimer of Cy5.5, Alexa680, and SiR700 Conjugated with
Avidin

reagents Av-Cy5.5 Av-Alexa680 Av-SiR700

forms monomer dimer monomer dimer monomer dimer

peak EC at long wavelength (nm) 250000/680 200000/680 180000/687 86000/687 100000/702 52000/702
peak EC at short wavelength (nm) 150000/629 210000/629 71000/631 110000/631 36000/647 47000/647

(EC: cm/M)
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utilized FRET as a means to quench fluorescence. However,
with the development of SiR fluorophores, which have
xanthene-based rhodamine cores, H-dimer formation readily
occurs. SiR fluorophores are able to form H-dimers, as well as
undergo FRET, and can be designed to utilize the photo-
induced electron transfer (PeT) effect to create activatable
probes.
One method of distinguishing quenching due to H-dimer

formation from FRET quenching is by chemically dissociating
the H-dimers and looking for a change in the absorbance
characteristics.17 The dissociation of quenched H-dimers results
in a decrease in the H-dimer absorption peak and a subsequent
increase in absorption of the monomer peak. However,
molecules that are quenched primarily due to FRET
demonstrate a minimal decrease in absorbance at the H-
dimer peak; but they generally do not strongly influence the
absorbance at the monomer peak. Thus, the absorbance of the
monomer peak remains relatively unchanged even after
dequenching, although the fluorescence signal can be activated
regardless of either quenching mechanism.
In this study, SDS was used with the three agents, Av-SiR700,

Av-Cy5.5, and Av-Alexa680, to detect changes in the
absorbance characteristics of each imaging probe. Av-Cy5.5
initially demonstrated a blue-shifted peak in absorbance as well
as the typical peak representing the monomer. However, upon
addition of SDS, there was a slight increase in absorbance of the
monomer peak that showed that only 32% of Cy5.5 molecules
formed the H-type dimer. From this, it can be concluded that
Av-Cy5.5 fluorescence quenching is mostly caused by FRET
rather than the more effective H-dimer quenching. In contrast,
upon addition of SDS to Av-SiR700, the decrease in the blue-
shifted peak is accompanied by an increase in absorbance at the
monomer peak suggesting that 80% of SiR700 molecules
formed the H-type dimer resulted in the quenching of the
SiR700, which is due to the formation of H-dimers, which
effectively quenched fluorescence emission up to 88%.
It must be noted that different activation and quenching

strategies may act independently of one another allowing the
combination of multiple quenching methods. This was recently
demonstrated by using H-dimer formation in combination with
a pH dependent PeT quenching in the design of an activateable
optical probe. This led to an optical imaging probe that
demonstrated higher TBR for tumor nodules during endoscopy
than an activateable probe that utilized H-dimer formation
alone.8

Av-SiR700 demonstrated specific visualization of SHIN3 cells
without nonspecific binding. However, both Av-Cy5.5 and Av-
Alexa680 had nonspecific background signals observeable by
fluorescence microscopy. FACS time course analysis was used
to determine if Av-SiR700 was stable after endocytosis by target
cells. At all time points analyzed, Av-SiR700 demonstrated less
fluorophore degradation than Av-Cy5.5 and Av-Alexa680. Av-
Alexa680 demonstrated the most rapid degradation of
fluorescence emission of the three fluorophores tested.
The in vivo characteristics of Av-SiR700 were assessed by

determining TBR and in vivo biostability by measuring
degradation of fluorescence intensity over time. TBR analysis
showed that Av-SiR700 demonstrated higher TBRs than either
Av-Cy5.5 or Av-Alexa680. In vivo biostability of the
fluorescence signal was determined by measuring the
fluorescence intensity and graphing it as a ratio of fluorescence
intensity at baseline. At 24 and 72 h after probe injection, Av-
Cy5.5 had less deterioration of the fluorescence signal than

either Av-Alexa680 or Av-SiR700. Av-Alexa680 had the most
rapid in vivo degradation of fluorescence intensity. Interestingly,
the tumor labeled with Av-Cy5.5 demonstrated higher
fluorescence intensity at the 24 h time point than the 4 h
time point. This may be explained by the nonspecific
sequestration of Av-Cy5.5 in nontarget tissues with subsequent
release of the imaging probe back into the circulation enabling
Av-Cy5.5 continued access to the target tissue as reported with
antibody-Cy5.5 conjugates in the previous study.19 This
nonspecific sequestration of Av-Cy5.5 in nontarget tissue may
also be due to factors such as the probe’s lipophilicity, charge,
or pharmacokinetic profile.
Thus, the SiR700 demonstrates several desirable features. It

is a NIR fluorophore, which utilizes a rhodamine core instead of
the more typical cyanine core. Because SiR700 appears to use
both H-dimer and FRET mechanisms for quenching, a more
dramatic TBR could be achieved than with cyanine core
fluorophores, Cy5.5, or Alexa680. Moreover, SiR700 demon-
strates excellent biostability in vivo. Av-SiR700 was also found
to have less nonspecific binding to the tissue than Av-Cy5.5,
and Av-SiR700 demonstrated superior in vivo fluorescence
stability when compared to that of Av-Alexa680. These findings
suggest that SiR700, a member of a new class of NIR probes,
exhibits desirable properties that could be useful for in vivo
optical imaging.

■ AUTHOR INFORMATION

Corresponding Author
*Molecular Imaging Program, Center for Cancer Research,
National Cancer Institute, NIH, Building 10, Room B3B69,
MSC1088, Bethesda, MD 20892-1088. Phone: 301-451-4220.
Fax: 301-402-3191. E-mail: kobayash@mail.nih.gov.

■ ACKNOWLEDGMENTS

This research was supported by the Intramural Research
Program of the NIH, National Cancer Institute, Center for
Cancer Research. The research year for T.M. was made possible
through the Clinical Research Training Program, a public−
private partnership supported jointly by the NIH and Pfizer Inc.
(via a grant to the Foundation for NIH from Pfizer Inc.).

■ REFERENCES
(1) Urano, Y. (2008) Sensitive and selective tumor imaging with
novel and highly activatable fluorescence probes. Anal. Sci. 24, 51−53.
(2) Weissleder, R., and Mahmood, U. (2001) Molecular imaging.
Radiology 219, 316−333.
(3) Ogawa, M., Kosaka, N., Choyke, P. L., and Kobayashi, H. (2009)
H-type dimer formation of fluorophores: a mechanism for activatable,
in vivo optical molecular imaging. ACS Chem. Biol. 4, 535−546.
(4) Bremer, C., Ntziachristos, V., and Weissleder, R. (2003) Optical-
based molecular imaging: contrast agents and potential medical
applications. Eur. Radiol. 13, 231−243.
(5) Koide, Y., Urano, Y., Hanaoka, K., Terai, T., and Nagano, T.
(2011) Development of an Si-rhodamine-based far-red to near-
infrared fluorescence probe selective for hypochlorous acid and its
applications for biological imaging. J. Am. Chem. Soc. 133, 5680−5682.
(6) Koide, Y., Urano, Y., Hanaoka, K., Piao, W., Kusakabe, M., Saito,
N., Terai, T., Okabe, T., and Nagano, T. Development of NIR
fluorescent dyes based on Si-rhodamine for in vivo imaging. J. Am.
Chem. Soc., submitted.
(7) Ogawa, M., Kosaka, N., Choyke, P. L., and Kobayashi, H. (2009)
Tumor-specific detection of an optically targeted antibody combined
with a quencher-conjugated neutravidin “quencher-chaser”: a dual

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc2003617 | Bioconjugate Chem. 2011, 22, 2531−25382537



“quench and chase” strategy to improve target to nontarget ratios for
molecular imaging of cancer. Bioconjugate Chem. 20, 147−154.
(8) Ogawa, M., Kosaka, N., Regino, C. A., Mitsunaga, M., Choyke, P.
L., and Kobayashi, H. (2010) High sensitivity detection of cancer in
vivo using a dual-controlled activation fluorescent imaging probe based
on H-dimer formation and pH activation. Mol. Biosyst. 6, 888−893.
(9) Hama, Y., Urano, Y., Koyama, Y., Bernardo, M., Choyke, P. L.,
and Kobayashi, H. (2006) A comparison of the emission efficiency of
four common green fluorescence dyes after internalization into cancer
cells. Bioconjugate Chem. 17, 1426−1431.
(10) Kosaka, N., Ogawa, M., Choyke, P. L., Karassina, N., Corona, C.,
McDougall, M., Lynch, D. T., Hoyt, C. C., Levenson, R. M., Los, G. V.,
and Kobayashi, H. (2009) In vivo stable tumor-specific painting in
various colors using dehalogenase-based protein-tag fluorescent
ligands. Bioconjugate Chem. 20, 1367−1374.
(11) Longmire, M., Kosaka, N., Ogawa, M., Choyke, P. L., and
Kobayashi, H. (2009) Multicolor in vivo targeted imaging to guide
real-time surgery of HER2-positive micrometastases in a two-tumor
coincident model of ovarian cancer. Cancer Sci. 100, 1099−1104.
(12) Hama, Y., Urano, Y., Koyama, Y., Gunn, A. J., Choyke, P. L., and
Kobayashi, H. (2007) A self-quenched galactosamine-serum albumin-
rhodamineX conjugate: a “smart” fluorescent molecular imaging probe
synthesized with clinically applicable material for detecting peritoneal
ovarian cancer metastases. Clin. Cancer Res. 13, 6335−6343.
(13) Kobayashi, H., Ogawa, M., Alford, R., Choyke, P. L., and Urano,
Y. (2010) New strategies for fluorescent probe design in medical
diagnostic imaging. Chem. Rev. 110, 2620−2640.
(14) Ogawa, M., Kosaka, N., Longmire, M. R., Urano, Y., Choyke, P.
L., and Kobayashi, H. (2009) Fluorophore-quencher based activatable
targeted optical probes for detecting in vivo cancer metastases. Mol.
Pharmaceutics 6, 386−395.
(15) Hernando, J., van der Schaaf, M., van Dijk, E. M. H. P., Sauer,
M., García-Parajo ́, M. F., and van Hulst, N. F. (2003) Excitonic
behavior of rhodamine dimers: a single-molecule study. J. Phys. Chem.
A 107, 43−52.
(16) Lopez Arbeloa, I., and Ruiz Ojeda, P. (1982) Dimeric states of
rhodamine B. Chem. Phys. Lett. 87, 556−560.
(17) Kemnitz, K., and Yoshihara, K. (1991) Entropy-driven
dimerization of xanthene dyes in nonpolar solution and
temperature-dependent fluorescence decay of dimers. J. Phys. Chem.
95, 6095−6104.
(18) Weissleder, R., Tung, C. H., Mahmood, U., and Bogdanov, A. Jr.
(1999) In vivo imaging of tumors with protease-activated near-infrared
fluorescent probes. Nat. Biotechnol. 17, 375−378.
(19) Ogawa, M., Regino, C. A., Choyke, P. L., and Kobayashi, H.
(2009) In vivo target-specific activatable near-infrared optical labeling
of humanized monoclonal antibodies. Mol. Cancer Ther. 8, 232−239.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc2003617 | Bioconjugate Chem. 2011, 22, 2531−25382538



90Y labeled Phosphorodiamidate Morpholino Oligomer for
Pretargeting Radiotherapy
Guozheng Liu,* Shuping Dou, Yuxia Liu, Yuzhen Wang, Mary Rusckowski, and Donald J. Hnatowich

Department of Radiology, University of Massachusetts Medical School, Worcester, Massachusetts 01655, United States

ABSTRACT: While 188Re has been used successfully in mice for
tumor radiotherapy by MORF/cMORF pretargeting, previous radio-
labeling of the amine-derivatized cMORF with 90Y, a longer physical
half-life nuclide, was not very successful. After developing a method
involving a prepurification heating step during conjugation that
increases labeling efficiency and label stability, the biodistribution of
90Y-DOTA-Bn-SCN-cMORF (90Y-DOTA-cMORF) was measured in
normal mice and in MORF-CC49 pretargeted mice that bear LS174T
tumors. Absorbed radiation doses were then estimated and compared
to those estimated for 188Re. The pharmacokinetics of the 90Y-DOTA-
cMORF in normal mice and in the pretargeted nude mice was similar
to that observed previously with 99mTc- and 188Re-MAG3-cMORFs.
While the 90Y-DOTA-cMORF cleared rapidly from normal tissues,
tumor clearance was very slow and tumor radioactivity accumulation was constant for at least 7 days such that the tumor/blood
(T/B) ratio increased linearly from 6 to 25 over this period. Therefore, by extrapolation, normal tissue toxicities following
administration of therapeutic doses of 90Y may be comparable to that observed for 188Re in which the T/B increased from 5 to
20. In conclusion, radiolabeling of DOTA-cMORF with 90Y was improved by introducing a prepurification heating step during
conjugation. The 90Y-DOTA-cMORF provided a similar T/B ratio and biodistribution to that of 188Re-MAG3-cMORF and was
retained well in the tumor pretargeted with MORF-CC49. Because of the longer physical half-life, the T/NT absorbed radiation
dose ratios were improved in most organs and especially in blood.

■ INTRODUCTION

Pretargeting using a pair of morpholino oligomers (MORF/
cMORF) has been shown to be effective in preclinical studies.1,2

A major advantage of the MORF/cMORF pretargeting approach
is the ease with which the cMORF effector can be chemically
modified, for example, to change chelators or linkers for
different radionuclides, without affecting the cMORF/MORF
affinity critical to the pretargeting approach. Thus far, this
effector has been radiolabeled with 99mTc and 111In for imaging
and 188Re for radiotherapy.2−4 We now report on the
radiolabeling of the cMORF with 90Y, the biodistribution of
90Y-cMORF, and the estimated absorbed radiation dose improve-
ments using 90Y-cMORF/MORF pretargeting compared to
188Re-cMORF/MORF pretargeting. Although 90Y and 188Re
have similar average beta energies (0.935 vs 0.716 MeV,
respectively), under identical conditions (i.e., tumor retention
and clearance from normal tissues) the longer physical half-life
of 90Y (64 h) compared to 188Re (17 h) will provide higher
tumor to organ absorbed radiation dose ratios because a larger
portion of the 90Y in circulation will be cleared without depositing
its energy in the normal tissues.
Previous 90Y labeling using para-isothiocyanate benzyl

DOTA (i.e., p-SCN-Bn-DOTA) as a chelator was judged to
be not very successful due to low labeling efficiencies.5 A
possible explanation for these marginal results may have been
identified in a subsequent 111In labeling of cMORF using

p-SCN-Bn-DTPA as a chelator, in which heat-sensitive side
conjugation products were observed.6 Because introduction of a
heating step after conjugation reaction and before purification,
after subsequent labeling, was found to greatly improve label
stability in that study, a similar approach was applied in this
investigation using p-SCN-Bn-DOTA.
After successful 90Y labeling, the biodistribution of cMORF was

measured and the absorbed radiation doses to normal organs and
tumor pretargeted with MORF-CC49 were estimated and compared
with those previously reported for 188Re-cMORF in the identical
tumor model.3,4 The dosages and timing determined to be optimal
with 99mTc-cMORF7 and used previously with 188Re-cMORF4 were
again used in this study, because the antibody is the same and the
blood clearance among 99mTc, 188Re, and 90Y labeled cMORFs was
found to be similar. For the same reason and as explained below,
the relationship between tumor accumulation of 90Y-
cMORF and tumor size was assumed and also confirmed to be
the same as that for 188Re-cMORF and 99mTc-cMORF.

■ MATERIALS AND METHODS

The MORF (5′-TCTTCTACTTCACAACTA) and cMORF
(5′-TAGTTGTGAAGTAGAAGA) were obtained from Gene-Tools
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(Philomath, OR) with a primary amine attached to the 3′
equivalent terminal via a 3-carbon linker. The p-SCN-Bn-
DTPA or -DOTA was from Macrocyclics (Dallas, TX). The P4
resin (Bio-Gel P-4 Gel, medium) was from Bio-Rad
Laboratories (Hercules, CA). The 111InCl3 and 90YCl3 were
from Perkin-Elmer Life Science Inc. (Boston, MA). The CC49
antibody that was produced from the CC49 hybridoma by
Strategic Biosolutions (Ramona, CA) was conjugated with MORF
as previously described.7,8 All other chemicals were reagent grade
and were used without purification.
The cMORF, MORF, and antibody concentrations were

determined by UV spectrophotometry. All the cMORF
preparations were analyzed by size exclusion HPLC. The
HPLC system was equipped with a Superdex 75 HR10/30
column (optimal separation range: 3-70 kDa; Amersham
Pharmacia Biotech, Piscataway, NJ) and with both UV and
radioactivity in-line detectors. The eluant was 0.10 M pH 7.2
phosphate buffer at a flow rate of 0.60 mL/min. Radioactivity
recovery was routinely measured and was always greater than 90%.

90Y Measurements. Because 90Y is a pure β emitter,
accurate quantitation of radioactivity in organs can be difficult
under certain circumstances.9 In this investigation, we confirmed
that radioactivity of liquid 90Y samples may be accurately
measured in a NaI(Tl) well detector by using standards,9−11

provided that the volume was the same, the samples were in
the same type of counting tube, and especially the radioactivity
was homogeneously distributed. As such, tissue samples were
digested in SOLVABLE solution (PerkinElmer, Waltham, MA)
in 5 mL polystyrene tubes and the volume was adjusted to 2.5
mL before counting. The 90Y radioactivity value provided by
the manufacturer was considered to be accurate and was used
to calibrate the NaI(Tl) well counter.
DOTA Conjugation and 90Y Labeling of cMORF. In a

previous study,6 after conjugation with p-SCN-Bn-DTPA, the
cMORF was radiolabeled efficiently with 111In, but the
radiolabel was shown to be unstable to heating. Suspecting
that the conjugation procedure had produced both stable and
unstable conjugates, heating the reaction mixture before
purification in the conjugation process yielded a product that
provided both a high radiolabeling efficiency and a stable 111In
label. The same approach was applied in this investigation
to the conjugation of cMORF with p-SCN-Bn-DOTA. Thus,
2.5 mg of p-SCN-Bn-DOTA was dissolved in 0.25 mL of a 0.5 M
Na2CO3−NaHCO3 buffer at pH 9.8 and mixed with 2.3 mg of
lyophilized 3′-amine-derivatized cMORF. After an overnight
incubation at room temperature, 1 mL of 0.25 M NH4OAc
buffer at pH 5.2 was added and the conjugation solution was
heated at 100 °C for about 3 h before loading onto a 1 × 50 cm
open P4 column. The column was eluted with the 0.25 M
NH4OAc buffer and three peak fractions of about 0.6 mL were
pooled. The radiolabeling was achieved by adding 1−3 μL of
90YCl3 solution in 50 mM HCl to 10−30 μL of the purified
DOTA-cMORF solution followed by heating at 100 °C for
10 min. All animal studies were performed with 90Y-DOTA-Bn-
SCN-cMORF prepared in this fashion (90Y-cMORF).
In Vitro Stability of 90Y-cMORF. The 90Y-cMORF was

tested for radiolabel stability in phosphate buffer, in saline, and
in fresh mouse serum. Specifically, 60 μL of the 90Y-cMORF
solution was added to 250 μL of each medium before
incubation either at room temperature (phosphate buffer and
saline) or 37 °C (mouse serum). An aliquot was removed for
HPLC analysis at different times over 48 h. In addition, the
90Y-cMORF was radiolabeled at different specific activities up

to 3.5 mCi/37 μg of cMORF in the final volume of 80 μL. The
radiolabel stability was examined after 20 h at room tem-
perature by HPLC for evidence of radiolysis.
Pharmacokinetics of 90Y-cMORF. Optimization of a pre-

targeting protocol requires information on pharmacokinetics.7,12−15

Accordingly, the in vivo behavior of the 90Y labeled cMORF
was again measured. Normal CD-1 mice (Charles River
Laboratories, MA) in 5 groups (N = 4) each received 1 μg
(45 μCi) of 90Y-cMORF by a tail vein injection and were
euthanized at 10 min, 0.5 h, 1 h, 3 h, or 6 h. Organs were
harvested, digested, and counted as described above. The %ID
and %ID/g were calculated against a standard of the injectate.
All animal studies were performed with the approval of the
UMMS Institutional Animal Care and Use Committee.
Subsequently, the dosage and timing parameters for pretarget-

ing were selected following the guide lines described previously.15

Any convenient dosage of the pretargeting antibody may be
selected that does not saturate the accessible tumor antigens, and
any pretargeting interval may be used that provides an acceptable
antibody tumor/normal tissue ratio. Because the antibody and
the mouse tumor model were the same, the antibody dosage and
the pretargeting interval used in this study were identical to those
previously used for 99mTc-cMORF and 188Re-cMORF.4,7 The
optimal dosage of the cMORF effector is related to antibody
dosage, pretargeting interval, and its own blood clearance curve.
Because the blood clearance of 90Y-cMORF was shown to be
sufficiently similar to those of 99mTc-cMORF and 188Re-cMORF,
the optimal cMORF dosage determined previously was used again.
Twenty NIH Swiss Nude mice (Taconic Farms, German-

town, NY) each received 106 LS174T colon cancer cells in the
left thigh. After 11 days, when the tumors were about 0.3 g,
each mouse received via a tail vein 30 μg MORF-CC49
(MORFs per antibody = 0.68) and 48 h later 2.5 μg of
90Y-MORF (50 μCi). Thus, the cMORF/MORF molar ratio
was close to the optimal 3.1.4,7 The biodistribution of the
90Y-cMORF was followed for 7 days. The target thigh containing
the tumor and the contralateral thigh were excised at the same
anatomical position. The skin on both thighs was removed, and
the tumor weight was calculated by subtracting the weight of
the normal thigh from that of the tumored thigh. After the bone
and as much of the muscle tissues as possible were removed,
the tumor was cut into pieces of 0.3−0.4 g, digested, and the
radioactivity was measured in a NaI(Tl) well counter along
with other organs as described above. Because the dosages and
timing in this study are assumed to be optimal based on the
above discussion, the tumor accumulations of the effector may
therefore be assumed to be at their MPTAs (Maximum Percent
Tumor Accumulations, defined as the percent tumor
accumulation under the condition when the MORFs in
tumor are just saturated by the cMORF).14,15

Absorbed Radiation Dose Estimates. The estimated
absorbed radiation doses to normal organs and to tumor by
pretargeting with 90Y-cMORF were compared with those by
pretargeting with188Re-cMORF. The AUCs (Area Under the
radioactivity−time Curve, also known as cumulated radio-
activity concentration) were calculated from the best fits to the
%ID/g data with decay corrections, to estimate the absorbed
radiation doses for the normal organs of interest. Using the
self-absorbed model 16,17 as in our previous 188Re studies,3,4

the absorbed radiation dose in Rads was calculated by the
expression 2.143 × 0.935 (MeV) × AUC (μCi h/g), where
2.143 is a unit conversion factor and 0.935 MeV is the average
energy of the 90Y β particles.
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Estimating the absorbed radiation dose to tumor is more
complicated, since tumor accumulation is strongly related to
tumor size18−20 and the tumor size is an unpredictable variable
among these studies. Therefore, a comparison of tumor dose
for different effectors requires normalizing the tumor
accumulation to a certain tumor size using its accumulation
vs size relationship under optimal dosage and timing (i.e., at the
MPTA). The relationship between 99mTc-cMORF accumulation
and tumor size was previously measured accurately for a
substantial number of animals over a range of tumor sizes.18

Because the in vivo behavior of cMORF was found to be
sufficiently independent of the radiolabels of 99mTc, 188Re, and
90Y, the MPTA-tumor size relationship for 99mTc-cMORF was
assumed to be the same for 188Re-cMORF and 90Y-cMORF.
This assumption was confirmed by comparing the predicted and
observed tumor accumulations (see below). In the absorbed
radiation dose comparison between 90Y-cMORF and 188Re-
cMORF, a tumor size of 0.5 g was selected, since most tumors in
this and our previous studies fall roughly in the range 0.25−1.0 g.

■ RESULTS

DOTA Conjugation and 90Y Labeling of cMORF. Similar
to the conjugation with p-SCN-Bn-DTPA,6 conjugation of
cMORF with p-SCN-Bn-DOTA without prepurification
heating yields a conjugate that provides a high 111In labeling
efficiency (Figure 1A, a) but with label instability leading to partial
decomposition after heating at 100 °C for 1 h (Figure 1A, b).

The equivalent results with 90Y are essentially identical (Figure 1A,
c and d). However, if introducing a heating step after
conjugation but before purification, the conjugation product
can be radiolabeled with either 111In or 90Y at high efficiency
and the label becomes stable against heating (Figure 1A,
e and g, respectively). The hybridization ability of the cMORF
after conjugation and radiolabeling with either 111In or 90Y is
preserved, as shown by the shift to higher molecular weight of
the labeled cMORF peaks upon the addition of its MORF
complement (Figure 1A, f and h, respectively).
In Vitro Stability of 90Y-cMORF. As shown in Figure 1B,

b and c, after introducing the heating step into the conjugation
procedure, the 90Y radiolabel on cMORF is also stable in
phosphate buffer, saline, and serum at least for 48 h (the small
peak at 21 min in c is due to self-association of cMORF at room
temperature). Figure 1 B, d−f, presents the radiochromato-
grams of 90Y-cMORF after 20 h of incubation at room
temperature in the 80 μL labeling solution at values of specific
radioactivity of 63, 1430, and 3440 μCi/37 μg. The increasing
decomposition products are most probably the result of
radiolysis. To avoid complications due to radiolysis, samples
of 90Y-cMORF were used immediately after preparation.
Pharmacokinetics of 90Y-cMORF. Table 1 presents the

biodistributions at various times of 90Y-cMORF (prepared by
the modified conjugation that includes the prepurification
heating) in normal mice and in tumored mice pretargeted
with MORF-CC49. As shown by the data in normal mice, the

Figure 1. (A) HPLC radiochromatograms of 111In and 90Y labeled cMORFs after conjugating with p-SCN-Bn-DOTA without heating (i.e.,
conventional) and radiolabeling with mild heating (a and c, respectively) or heating at 100 °C for 1 h (b and d, respectively). Also presnted are the
111In and 90Y HPLC radiochromatograms of cMORF after conjugating with p-SCN-Bn-DOTA but after inclusion of the prepurification heating step
during conjugation (i.e., modified) (e and g, respectively) as evidence of increased stability, and the corresponding radiochromatograms after
addition of excess MORF (f and h, respectively) as evidence of preserved hybridization affinity. (B) HPLC radiochromatograms of 90Y-cMORF (a)
immediately before and (b) 48 h after incubation in serum at 37 °C and (c) 48 h after incubation in phosphate buffer at room temperature. Also
presented are HPLC radiochromatgrams of 90Y-cMORF after 20 h of incubation at room temperature in the 80 μL of labeling solution at specific
radioactivities of 63, 1430, and 3440 μCi/37 μg cMORF (d−f), showing decomposition most probably due to radiolysis.
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90Y-cMORF clears rapidly, similar to the 99mTc-cMORF and
188Re-cMORF.21,22 The blood and normal organ clearance is
essentially completed by 3 h, although with slightly higher
normal tissue levels.
Because of the longer half-life of 90Y compared to 188Re,

tumor retention and normal organ clearance could be followed
for longer periods. As shown in Table 1, the tumor
accumulation in %ID is fairly constant with time, while the
tumor accumulation in %ID/g is decreasing due to tumor
growth. As for normal organs, except in kidney, the background
radioactivity is much lower than that in tumor and clears
rapidly, similar to our earlier results with 188Re-cMORF.3,4

Figure 2a−h reproduces the normal organ 90Y levels from 3 h
to 7 days from the table. The solid lines represent the best fits
for the 90Y-cMORF and the dotted lines represent those to the
values for 188Re-cMORF in our earlier study.4

The tumor accumulation vs size relationship for 99mTc-
cMORF determined earlier in the identical animal model18 was
MPTA (%ID/g) = 4.51 × tumor weight (g)−0.66. This
relationship was assumed to hold true also for 90Y-cMORF
and 188Re-cMORF, because the MPTA is proportional to the
area under the blood clearance curve13−15 and, as Table 2
presents, the blood clearance of the three effectors are
sufficiently similar. This assumption is supported by the results
presented in Table 1. From the table, the average tumor size at
3 h was 0.46 ± 0.30 g and, based on the above relationship,
the MPTA for 90Y-cMORF is calculated to be 7.53 %ID/g,
therefore in close agreement with the measured 7.15 ± 2.19
%ID/g in Table 1. Previously, in the case of 188Re-cMORF, the
tumor accumulation was 8.66 ± 1.18 %ID/g for a tumor size
of 0.36 g,3 also in close agreement with the predicted value
of 8.76 %ID/g. These agreements provide confidence in the
following calculations of absorbed radiation doses in tumor
using normalized tumor accumulation.

Absorbed Radiation Dose Estimate. The AUCs for
organs were calculated from the best fits to the biodistribution
data with decay correction. The AUC for tumor was based on
a predicted tumor accumulation of 7.13 %ID/g for a 0.5 g
LS174T tumor obtained from on the MPTA-tumor size
relationship, assuming no tumor growth during the study.
Both AUCs and the calculated absorbed radiation doses are
listed in Table 3. Because of the higher accumulation and
longer retention, the absorbed radiation dose to tumor by 90Y
pretargeting is at least 5-fold higher than those for other organs.
The tumor dose would be even higher in a cohort of animals
with smaller tumors than 0.5 g. For comparison, historical data
for 188Re pretargeting are also listed but again with the AUC
and absorbed radiation dose for tumor size normalized to 0.5 g
and calculated assuming no growth during therapy.
Figure 3 presents the T/NT AUC ratios (i.e., the absorbed

radiation dose ratios or the therapeutic indexes23) for 90Y
pretargeting and two previous 188Re pretargeting studies in the
same mouse model.3,4 Although the normal tissue backgrounds
are slightly higher for 90Y (Figure 2), the T/NT AUC ratios are
not lower but higher due to its longer half-life.

■ DISCUSSION

Yttrium-90 is an attractive therapeutic radionuclide that has
seen use in animal and patient studies while conjugated to
antitumor antibodies. Of particular interest, 90Y has been the
radionuclide of choice in several pretargeting studies using
avidin/biotin or the bispecific antibody/hapten recognition
systems.17,24−38 In the development of tumor radiotherapy
approaches by MORF/cMORF pretargeting, we have pre-
viously employed 188Re as the therapeutic radionuclide.3,4 We
now consider 90Y as an alternative of longer physical half-life
that can potentially improve radiotherapy effectiveness.
Accordingly, in this investigation a method was developed to
label this nuclide to the cMORF effector and to evaluate the

Table 1. Biodistribution (%ID/g and %ID/Organ) of 90Y-cMORF in Normal CD-1 Mice (left) and in NIH Swiss Nude Mice
Bearing LS174T Tumor Xenograft and Pretargeted with MORF-CC49 48 h Earlier (right)a

Normal CD-1 mice Pretargeted nude mice

10 min 30 min 1 h 3 h 6 h 3 h 26 h 71 h 119 h 166 h

%ID/g

Liver 0.92 ± 0.07 0.68 ± 0.14 0.58 ± 0.04 0.56 ± 0.10 0.58 ± 0.07 0.85 ± 0.05 0.98 ± 0.10 0.77 ± 0.02 1.03 ± 0.22 0.86 ± 0.14

Heart 1.12 ± 0.11 0.25 ± 0.05 0.16 ± 0.05 0.14 ± 0.07 0.07 ± 0.01 0.29 ± 0.06 0.19 ± 0.03 0.07 ± 0.01 0.09 ± 0.03 0.03 ± 0.03

Kidney 9.88 ± 1.59 4.38 ± 0.19 3.58 ± 0.40 3.56 ± 0.25 3.84 ± 0.37 4.49 ± 1.99 1.86 ± 0.40 0.89 ± 0.14 0.88 ± 0.13 0.57 ± 0.10

Lung 1.87 ± 0.49 0.94 ± 0.36 1.11 ± 0.98 0.89 ± 0.87 0.59 ± 0.21 0.60 ± 0.11 0.30 ± 0.06 0.19 ± 0.06 0.16 ± 0.06 0.09 ± 0.02

Spleen 0.57 ± 0.06 0.24 ± 0.02 0.18 ± 0.02 0.24 ± 0.07 0.19 ± 0.02 0.36 ± 0.03 0.40 ± 0.13 0.32 ± 0.05 0.58 ± 0.04 0.43 ± 0.10

Muscle 0.89 ± 0.10 0.19 ± 0.03 0.05 ± 0.01 0.04 ± 0.00 0.04 ± 0.01 0.20 ± 0.05 0.10 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.02 ± 0.01

Pancreas 0.92 ± 0.22 0.31 ± 0.07 0.13 ± 0.01 0.09 ± 0.01 0.06 ± 0.01 0.25 ± 0.03 0.13 ± 0.02 0.07 ± 0.02 0.10 ± 0.05 0.05 ± 0.02

Salivary 1.09 ± 0.38 0.26 ± 0.04 0.12 ± 0.02 0.08 ± 0.01 0.10 ± 0.02 0.29 ± 0.04 0.18 ± 0.05 0.12 ± 0.03 0.16 ± 0.04 0.09 ± 0.04

Blood 4.27 ± 0.46 0.94 ± 0.13 0.41 ± 0.03 0.16 ± 0.01 0.10 ± 0.01 1.47 ± 0.28 0.79 ± 0.17 0.23 ± 0.02 0.21 ± 0.09 0.10 ± 0.03

Tumor --- --- --- --- --- 7.15 ± 2.19 5.21 ± 1.98 2.89 ± 1.07 3.95 ± 2.07 2.43 ± 1.08

%ID/organ

Stomach 0.29 ± 0.05 0.07 ± 0.01 0.04 ± 0.01 0.05 ± 0.05 0.02 ± 0.00 0.10 ± 0.05 0.11 ± 0.04 0.03 ± 0.01 0.03 ± 0.01 0.02 ± 0.00

Sm. Int 1.03 ± 0.10 0.51 ± 0.09 0.50 ± 0.04 0.15 ± 0.04 0.07 ± 0.00 0.64 ± 0.08 0.36 ± 0.11 0.33 ± 0.51 0.06 ± 0.01 0.05 ± 0.01

Lg. Int. 0.50 ± 0.06 0.11 ± 0.02 0.06 ± 0.00 0.40 ± 0.06 0.13 ± 0.03 0.19 ± 0.05 0.49 ± 0.10 0.07 ± 0.01 0.07 ± 0.02 0.04 ± 0.01

Tumor --- --- --- --- --- 2.77 ± 0.79 2.70 ± 0.40 2.78 ± 0.94 3.16 ± 0.49 2.67 ± 0.51

Tumor weight (g) --- --- --- --- --- 0.46 ± 0.30 0.56 ± 0.19 1.00 ± 0.26 1.01 ± 0.56 0.90 ± 0.34
aMean ± SD.
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properties of the 90Y-cMORF in LS174T tumored NIH Swiss
nude mice pretargeted with the MORF-CC49 antibody.
Although the radiolabeling of cMORF with 90Y via p-SCN-

Bn-DOTA was expected to present few difficulties, we observed
instabilities of the 90Y-cMORF, reminiscent of that observed
previously when radiolabeling cMORF with 111In via p-SCN-
Bn-DTPA.6 A search of the literature provided no mention of
similar instabilities when these bifunctional chelators were used
to label antibodies. In our earlier study of 111In-cMORF, we
were able to resolve the label instability by including a pre-
purification heating step after conjugation. The same approach
was applied in this investigation in connection with 90Y-cMORF
labeling and shown to be successful.

Changes in the effector or pretargeting antibody require the
dosage and timing of the pretargeting protocol to be optimized.
However, as we have now demonstrated, the pharmacokinetic
and pretargeting behavior of cMORF is generally not
influenced by the nature of the chelators and radiolabels at
least among 99mTc-MAG3-cMORF, 188Re-MAG3-cMORF, and
90Y-DOTA-Bn-SCN-cMORF. Accordingly, optimization of the
dosage and timing parameters for 90Y pretargeting became
unnecessary since the values for 99mTc had been previously
determined7 and can be used again with confidence. For the
same reason, the tumor accumulation−size relationship useful
for comparing potential therapeutic effects was assumed and
confirmed to be the same as that for 99mTc established
previously.

Figure 2. Pharmacokinetics of 90Y-cMORF in normal organs (a−h) of tumored mice pretargeted with MORF-CC49. The solid lines represent
the best fits and the dashed lines represent the clearance curves of 188Re-cMORF from a previous pretargeting study (ref 4). Error bars represent
1 standard deviation.
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With the tracer level pretargeting data, potential therapeutic
improvement of 90Y as an alternative to 188Re was evaluated.
This evaluation was facilitated by using identical MORF and
cMORF sequences, identical CC49 antibody and identical
LS174T tumor model to that used previously.7 Since the
average β energies of 90Y and 188Re and the pharmacokinetics of
the labeled cMORFs are similar, the T/NT dose ratio
improvement is mainly due to the longer physical half-life.

■ CONCLUSION
Radiolabeling of DOTA-cMORF with 90Y was improved by
introducing a prepurification heating step into the conjugation
process. The T/B ratio and biodistribution of 90Y-DOTA-
cMORF labeled in this fashion were found to be similar to that
observed previously for 188Re-MAG3-cMORF. Nevertheless,
because of the longer physical half-life of 90Y, an improvement in
therapeutic efficacy may be expected in future radiotherapy studies.
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Table 3. AUCs (μCi h/g) and Absorbed Radiation Doses (rads) for the LS174T Tumor and Organs by cMORF/MORF
Pretargeting for the Administration of 1 μCi of 90Y- or 188Re-cMORF
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188Re 1.75 0.47 0.58 0.31 0.18 0.23 0.12 0.05 0.20 ref 3
188Re 1.75 0.15 0.40 0.15 0.08 0.08 0.04 0.02 0.05 ref 4

Dose (rad)
90Y 13.1 0.92 2.72 1.62 0.73 0.44 0.22 0.13 0.25 This study
188Re 2.89 0.77 0.95 0.51 0.30 0.38 0.20 0.09 0.32 ref 3
188Re 2.89 0.24 0.65 0.24 0.13 0.13 0.06 0.04 0.08 ref 4

aThe AUC and absorbed radiation dose for tumor are calculated based on the predicted accumulation of 7.13 %ID/g for a tumor of 0.5 g under the
assumption of no growth.

Figure 3. Histograms presenting the T/NT dose ratios (i.e., the tumor
therapeutic indexes) for 90Y and two previous 188Re pretargeting
studies in the same mouse model. (a) ref 4; (b) ref 3.
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ABSTRACT: In this work, the photophysical properties of two oxazine dyes (ATTO 610 and ATTO 680) covalently attached
via a C6-amino linker to the 5′-end of short single-stranded as well as double-stranded DNA (ssDNA and dsDNA, respectively)
of different lengths were investigated. The two oxazine dyes were chosen because of the excellent spectral overlap, the high
extinction coefficients, and the high fluorescence quantum yield of ATTO 610, making them an attractive Fo ̈rster resonance
energy transfer (FRET) pair for bioanalytical applications in the far-red spectral range. To identify possible molecular dye−DNA
interactions that cause photophysical alterations, we performed a detailed spectroscopic study, including time-resolved
fluorescence anisotropy and fluorescence correlation spectroscopy measurements. As an effect of the DNA conjugation, the
absorption and fluorescence maxima of both dyes were bathochromically shifted and the fluorescence decay times were
increased. Moreover, the absorption of conjugated ATTO 610 was spectrally broadened, and a dual fluorescence emission was
observed. Steric interactions with ssDNA as well as dsDNA were found for both dyes. The dye−DNA interactions were
strengthened from ssDNA to dsDNA conjugates, pointing toward interactions with specific dsDNA domains (such as the top of
the double helix). Although these interactions partially blocked the dye-linker rotation, a free (unhindered) rotational mobility of
at least one dye facilitated the appropriate alignment of the transition dipole moments in doubly labeled ATTO 610/ATTO
680−dsDNA conjugates for the performance of successful FRET. Considering the high linker flexibility for the determination of
the donor−acceptor distances, good accordance between theoretical and experimental FRET parameters was obtained. The
considerably large Förster distance of ∼7 nm recommends the application of this FRET pair not only for the detection of binding
reactions between nucleic acids in living cells but also for monitoring interactions of larger biomolecules such as proteins.

■ INTRODUCTION
Dye-labeled oligonucleotides have many applications in life
sciences.1−3 These range from fundamental research in
molecular and cell biology (e.g., the study of intracellular RNA
distribution and dynamics4,5 or the affinity and specificity of
DNA-binding proteins6,7) to medical research [e.g., the
characterization of potential RNA therapeutic agents (antisense
oligonucleotides and ribozymes) for oligonucleotide therapy8].
In many cases, Förster resonance energy transfer (FRET)-based
oligonucleotide probes are used. The FRET technique allows the
detection of binding reactions between biomolecules without
separation of excess probe material8 and is therefore especially
suited for in vivo applications such as live cell imaging.1,5,9,10

Short terminally labeled nucleic acid FRET probes are preferably
applied in RNAomics (RNA research). Here, different
fundamental concepts such as competitive hybridization

probes, side-by-side probes, and molecular beacons that
contain short DNA (double-stranded, single-stranded, and
hairpin-structured by intramolecular base pairing within one
DNA single strand) are applied.3,4

Many dyes show specific molecular interactions with DNA;
e.g., intercalation, groove binding, and a stacked conformation
parallel to the terminal base pair of the DNA helix were des-
cribed for cyanine dyes11−16 and rhodamine dyes.15−17 Such
dye−DNA interactions may change the photophysical proper-
ties of the dyes, e.g., fluorescence enhancement,18,19 altera-
tions in fluorescence anisotropy,13,17,20,21 or fluorescence
quenching.17,22−24
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The demand for techniques that allow the visualization of
RNA in living cells is increasing in RNAomics.10 In particular,
fluorescent probes that can be excited and detected in the
visible red to near-infrared spectral range are very attractive for
in vivo applications as their usage strongly reduces the level of
photodamage of the living cells.25,26 Further advantages are the
elimination of the tissue background signal and an increase in
tissue penetration depth due to the very low intrinsic absorp-
tion and fluorescence emission of the biological samples as well
as reduced light scattering in this spectral range.27−29 Moreover,
rugged red diode lasers that are less expensive and more
energy-efficient than gas lasers commonly applied in confocal
laser scanning microscopes are available for excitation.30−32

Thus, fluorescent probes containing red or near-infrared dyes
are in demand for in vivo microscopy.28 Cyanine and rhodamine
dyes, e.g., Cy5 and TAMRA, are frequently used as FRET-based
oligonucleotide probes33,34 despite the strong dye−DNA
interactions that have been revealed for those dyes (vide supra).
The FRET efficiency depends on the spectral overlap be-

tween the fluorescence emission of the donor (D) and the
absorption of the acceptor (A) as an intrinsic property of the
particular FRET pair and the actual distance between D and A,
but also on the relative orientation of the respective transition
dipoles between both dyes.35 Consequently, a complete re-
stricted mobility of the dyes due to strong molecular dye−DNA
interactions may limit the applicability of a certain FRET pair
for oligonucleotide probes.36 In addition to dye−DNA inter-
actions, the flexible molecular structure of cyanine dyes induces
photoisomerization processes that compete with the fluores-
cence emission.37−39

Fluorescent dyes with absorption maxima between 600 and
750 nm that exhibit high extinction coefficients and decent
quantum yields can be found among the ATTO dyes.40 In
contrast to the frequently used cyanine dyes, the chromophores
of the ATTO dyes possess a more rigid molecular structure
that is less prone to photophysical transformations such as iso-
merization.40 However, until now, the photophysical properties
of their bioconjugates and molecular dye−biomolecule inter-
actions had been investigated in only a few studies.41−47 To the
best of our knowledge, only three studies have been published
so far in which DNA conjugates of far-red ATTO dyes (ATTO
655, ATTO 647, and ATTO 647N) were used in FRET appli-
cations.45−47

In this study, two ATTO dyes were investigated with respect
to their performance as a FRET pair for oligonucleotide probes.
As the photophysics of the fluorescent probes provides the
basis for the detection of the molecular event of interest (such
as a binding interaction), the effects of the bioconjugation on
the photophysical properties must be well characterized for
each dye−biomolecule system on a case-to-case basis. An in-
depth photophysical characterization of the oxazine derivatives
ATTO 610 (D) and ATTO 680 (A) as well as of dye−DNA
conjugates with different DNA lengths is presented. The two
dyes were chosen because of the excellent spectral overlap, the
high extinction coefficients, and the high fluorescence quantum
yield of ATTO 610, making them an attractive novel FRET
pair for bioanalytical applications in the far-red spectral range.
Using tailor-made DNA strands, the FRET parameters and the
experimental performance were determined and compared to
theoretically obtained parameters. Moreover, the molecular
interactions of the 5′-terminally attached dyes with ssDNA as
well as dsDNA were investigated in detail using high-end

fluorescence techniques such as time-resolved fluorescence
anisotropy and fluorescence correlation spectroscopy.

■ EXPERIMENTAL PROCEDURES
Reagents and Chemicals. The carboxylated dyes ATTO

610 (A610-COOH) and ATTO 680 (A680-COOH) were
purchased from ATTO-TEC GmbH (Siegen, Germany). Stock
solutions of the carboxylated dyes were prepared in aceto-
nitrile (analytical grade) at concentrations of 0.2−1 mM. Both
dyes are oxazine derivatives. The structural formulas of A610-
COOH40 and A680-COOH48 are shown in Figure 1 (left). The

molecular weights of the dyes, including counterions, are
491 g/mol for A610-COOH and 631 g/mol for A680-COOH.
A610 was conjugated via a linker of six carbon atoms (C6-

amino linker) to the 5′-end of single-stranded DNA (ssDNA)
of different lengths [8, 16, 20, and 24 bases (b)]. A680 was con-
jugated to the complementary ssDNA accordingly. The dye−
ssDNA conjugates were custom-synthesized and purified
(double HPLC grade) by IBA GmbH (Go ̈ttingen, Germany).49

The sequences and molecular weights (M) of the oligonucleo-
tides are summarized in Table 1. In addition, unlabeled comple-
mentary ssDNA was also purchased from IBA GmbH (double
HPLC grade purification). The final concentration of each
oligonucleotide sample was adjusted to 0.1 mM.
The spectroscopic characterization of the carboxylated dyes

as well as the dye−ssDNA conjugates was conducted in doubly
distilled water. For the fluorescence measurements, diluted
solutions of the dyes and the dye−DNA conjugates were used
(optical density at λex < 0.1). For the investigation of FRET,
double-stranded (ds) DNAs of 8, 16, 20, and 24 base pairs (bp)
containing the donor (A610) on the one 5′-end and the
acceptor (A680) on the opposite 5′-end were prepared by
hybridization of the complementary dye−ssDNA conjugates

Figure 1. Structural formulas of ATTO 610 carboxylic acid (A610-
COOH) and ATTO 680 carboxylic acid (A680-COOH) (left) and
three-dimensional structure of the doubly labeled dye−dsDNA con-
jugates (right). The three-dimensional structure of the doubly labeled
dye−dsDNA conjugates is shown for the 8 bp dsDNA conjugated
at the opposite 5′-ends with the donor ATTO 610 (A610) and the
acceptor ATTO 680 (A680) via a C6-amino linker.
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(Figure 1, right). To obtain dsDNA conjugated with either
A610 or A680, we hybridized the dye−ssDNA conjugates
with the unlabeled complementary ssDNA. The dsDNA
samples were studied in doubly distilled water containing 1 M
NaCl (analytical grade).
Hybridization of the Dye−ssDNA Conjugates. Samples

containing the two complementary DNA single strands, each at
a final concentration of 0.03 mM in a 1 M NaCl solution, were
prepared and placed in a polymerase chain reaction machine
(Analytik Jena). Heating the samples to 363 K for 1 min
abolished any intramolecular base pairing of the DNA single
strands. The hybridization took place at 287 K (for the 8b
DNA) and 318 K (for the 16b, 20b, and 24b DNA) for 15 h.
A 1 M NaCl solution was used as the solvent to increase the
melting temperature of the dsDNA (Table 2) and to shift the

equilibrium in the direction of double-strand formation. In
Table 2, the lengths and the melting temperatures of the
dsDNA are listed. The DNA lengths were calculated using a
length increment of 0.34 nm/bp, which is found in general for
the B-type DNA double helix.
Absorption and Fluorescence Spectroscopy. The

absorption spectra were recorded in the spectral range of 230−
750 nm using a Lambda 750 UV−vis spectrometer (Perkin-
Elmer). The steady-state fluorescence measurements were per-
formed using a Fluoromax-3 spectrofluorometer (Horiba
Jobin Yvon) operated in the single-photon-counting mode. The
time-resolved fluorescence measurements were taken using an
FL920 spectrofluorometer (Edinburgh Instruments) equipped
with a multichannel plate (Europhoton) and operated in a
time-correlated single-photon-counting (TCSPC) mode. A
SC450 supercontinuum source (Fianium) equipped with an
acousto-optic tunable filter (AOTF) with a pulse width of 6 ps
and 20 MHz repetition rate was used for excitation. A610 was
excited (λex) in the spectral range of 570−650 nm and A680
in the range of 615−688 nm. The fluorescence emission (λem)
was recorded in the spectral range of 600−750 nm for A610
and 630−800 nm for A680. The exact excitation and emission
wavelengths are given with the experimental results.

The temperature was kept constant at 295 K. The single- and
double-exponential fluorescence decays were analyzed accord-
ing to eqs 1 and 2

(1)

(2)

where I is the fluorescence intensity, A the pre-exponential
factor, t the time, and τ the fluorescence decay time. The frac-
tional contribution of component i to the total steady-state
intensity (f i) was defined according to eq 3. For the decay ana-
lysis, the commercial software package provided by Edinburgh
Instruments (FAST software) was used.

(3)

The fluorescence quantum yield (φ) of A610-COOH in 1 M
NaCl solution was determined with a photoluminescence
quantum yield measurement system (C9920, Hamamatsu
Photonics). The data were analyzed with the commercial
software package provided by Hamamatsu.
Fluorescence Anisotropy. Fundamental anisotropy as

well as time-resolved fluorescence anisotropy was determined
as described by Kupstat et al.50 The fundamental anisotropy r0
of the carboxylated dyes was measured at 277 K in glycerine.
For the analysis of the anisotropy decays of the carboxylated
dyes and the A610−dsDNA conjugates measured at a λex of
650 nm and a λem of 675 nm, eq 4 was used

(4)

where t is the time and θ the rotational correlation time. The
double-exponential anisotropy decays of the dye−ssDNA and
dye−dsDNA conjugates were analyzed using eq 5, which is an
anisotropy model for the segmental mobility of a biopolymer-
bound dye.51

(5)

where the parameter θ1 refers to the rotational correlation time
of the segmental motion and θ2 refers to the rotational cor-
relation time of the overall rotational motion of the macromole-
cule. The contribution of θ1 to the overall anisotropy decay is
given by the parameter α, and consequently, (1 − α) represents
the contribution of θ2. The fundamental anisotropy that was
separately determined under high-viscosity conditions (vide
supra) to r0 = 0.3 was fixed during the fitting of the anisotropy
decays. For the dye−ssDNA conjugates, the parameter θ2
was approximated assuming the rotational motion of a sphere

Table 1. Sequences and Molecular Weights (M) of the DNA Single Strands

identifier DNA length [bases (b)] DNA sequence (5′ → 3′) M of the DNA (g/mol)

A610−8b ssDNA 8 AAGGCCTA 2418
A680−8b ssDNA 8 TAGGCCTT 2400
A610−16b ssDNA 16 ATCGAAGGCCTAGGTA 4926
A680−16b ssDNA 16 TACCTAGGCCTTCGAT 4830
A610−20b ssDNA 20 TATCCGAAGGCCTAGCGTAT 6113
A680−20b ssDNA 20 ATACGCTAGGCCTTCGGATA 6113
A610−24b ssDNA 24 ATATCGCGAAGGCCTAGCGGTATA 7396
A680−24b ssDNA 24 TATACCGCTAGGCCTTCGCGATAT 7300

Table 2. Lengths and Melting Temperatures (Tm) of the
DNA Double Strands

DNA
length (bp)

DNA
length
(nm)

Tm (K) at 0.195 M
monovalent cation

Tm (K) in a 1 M
NaCl solution

8 2.72 297 309
16 5.44 316 328
20 6.80 325 337
24 8.16 330 342
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(calculated according to eq 6) and fixed during the fitting.

(6)

where Rh is the hydrodynamic radius of the dye−ssDNA
conjugates in water determined from the FCS measurements
(vide infra), η the solvent viscosity, k the Boltzmann constant,
and T the temperature. For the evaluation of the experimental
results, the rotational correlation times of the DNA double
strands were calculated with HYDROPRO.52

Fluorescence Correlation Spectroscopy (FCS). The
FCS measurements were performed on a single-molecule
spectrometer system (MicroTime 200, Picoquant, and IX-71,
Olympus) using a supercontinuum source with a pulse width
of 6 ps and 20 MHz repetition rate (SC400-2 with AOTF,
Fianium) for excitation. The power of the excitation light (λex =
622 nm, and λex = 630 nm) coupled to the microscope was
in the range of 50−65 μW (measured without a lens). The
excitation beam was focused into the sample by a microscope
lens (Olympus PlanApo 100×, 1.40 oil objective). The fluo-
rescent light was collected by the same lens and guided via a
dichroic mirror, a long pass filter [RG-645 for A610 and RG-
665 for A680 (Melles Griot)], a 50 μm pinhole, and a final
50:50 beam splitter onto two single-photon avalanche diodes
(APDs) (Perkin-Elmer). The autocorrelation curves G(tlag) were
calculated by cross correlating photons from the two APDs
using SymPhoTime version 5.1.31 (Picoquant). The dimen-
sions of the focal volume (ω0 and z0) were determined using
a calibration standard (ATTO 655-carboxylic acid in doubly
distilled water).53 The autocorrelation functions G(tlag) were
fitted according to eq 7

(7)

where tlag is the lag time, N the average molecule number in the
focal volume, and tlat the lateral diffusion time that a molecule
needs to leave the focal volume.54 Via tlat, the diffusion coeffi-
cient Dlat can be calculated according to eq 8.

(8)

The Stokes−Einstein equation (eq 9), where k is Boltzmann’s
constant, T the temperature, and η the solvent viscosity, relates
Dlat with the hydrodynamic radius Rh of a (spherical) molecule
in solution.

(9)

Förster Resonance Energy Transfer (FRET). The Förster
distance R0 was calculated according to eq 1055

(10)

where κ2 is an orientation factor for the transition dipole mo-
ments of donor (D) and acceptor (A), φD the quantum yield of
D, J(λ) the overlap integral, NA Avogadro's number, and n the
refractive index of the medium.
The average κ2 is usually assumed to be 2/3, which is appro-

priate in the case of complete rotational freedom of D and A

(dynamic random averaging of the transition dipole moments
of D and A).35 Following the work of van der Meer,56 κ2 can
be expressed in terms of the angle between the electric field of
D and the absorption transition dipole moment of A (ω) and
the angle between the emission transition dipole moment of D
and the line connecting the centers of D and A (θD) according
to eq 11.

(11)

Averaging over all possible ω values leads to eq 12, in which
the average κ2 can take values between 1/3 and

4/3 depending
on θD (Figure 1S of the Supporting Information). An equi-
valent expression can be found for θA.

(12)

J(λ) was determined as described by Kupstat et al.50 using
the fluorescence emission spectrum of A610-COOH and
the absorption spectrum of A680-COOH. On the basis of R0,
the theoretical FRET efficiency (Etheo) can be calculated for
different D−A distances (R) according to eq 13.

(13)

To take the high flexibility of the C6-amino linker into
account when determining the actual R for the dye−dsDNA
conjugates, we performed accessible volume (AV) simulations
using FRETnps Tools.57 The dsDNA structures were generated
with the nucleic acid builder (NAB) that is part of AmberTools.
The AVs of the dyes were simulated independently for each
DNA end. For this simulation, the linker length was set to
1.6 nm (because of their flexibility, the C4 side chains of the
dyes were considered as part of the linker), the linker diameter
was set to 0.4 nm,58 and dye diameters of 1.0 and 1.1 nm were
used for A610 and A680, respectively. From the AV data, R
distributions were obtained by numerical computation of the
pair correlation function between the two one-particle densities.
The peak maxima of the R distributions were used as the aver-
age distance between D and A in the dye−dsDNA conjugates
with different DNA lengths.
The experimental FRET efficiency (Eexp) was determined

from the fluorescence decays of D according to eq 14

(14)

where τDA is the fluorescence decay time of D in the presence
and τD in the absence of A. To measure selectively D’s fluo-
rescence emission when A is present, we used an excitation
wavelength (λex) of 590 nm and an emission wavelength (λem)
of 620 nm.

■ RESULTS

Effects of Bioconjugation on the Basic Photophysical
Properties of the Dyes. The effects of DNA conjugation on
the absorption and fluorescence properties of the dyes were
investigated for the dye−ssDNA conjugates as well as for the
singly labeled dye−dsDNA conjugates. The basic photophysical
data of the free and conjugated dyes are summarized in Table 3.
The absorption spectra of the dye−ssDNA and dye−dsDNA

conjugates basically comprise the absorption of the single
moieties, namely, the absorption of the dye in the visible red
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spectral range and the UV absorption band of the DNA with its
maximum at ∼260 nm (Figure 2S of the Supporting
Information). However, as a result of the DNA conjugation,
the absorption maximum of A680 was bathochromically shifted
by 8 nm compared to the absorption maximum of A680-
COOH. For the A610−DNA conjugates, a larger effect was
found. In addition to the 7−31 nm bathochromically shifted
spectral position of the A610 absorption maximum, a significant
spectral broadening compared to that of A610-COOH was
found for the ssDNA- and dsDNA-conjugated dye (Figure 3S
of the Supporting Information). These changes in the
absorption of conjugated A610 were attributed to an additional
absorption band formed at ∼650 nm that increased in intensity
from ssDNA to dsDNA conjugates (for the ssDNA conjugates,
this band was observed as a shoulder occurring at lower
energies with regard to the regular absorption, whereas for the
dsDNA conjugates, the band was distinctly increased in
intensity resulting in a more red-shifted absorption maximum).
This absorption band was differently pronounced for the dye−
DNA conjugates with different DNA lengths (Figure 3S of the
Supporting Information).
Trends similar to those found in the absorption spectra were

observed in the fluorescence excitation spectra. The excitation
spectra of both dyes showed the bathochromically shifted ab-
sorption upon conjugation to ssDNA and dsDNA (vide supra).
As already found in the absorption spectra of conjugated A610 (vide
supra), the additional band at ∼650 nm was more pronounced for
the dye−dsDNA conjugates than for the dye−ssDNA conju-
gates (Figure 2, left, and Figure 4S of the Supporting
Information). However, the band detected at ∼650 nm in the
excitation spectra was less intense compared to that in the
absorption spectra. Corresponding to the absorption measure-
ments, the fluorescence emission maxima of the conjugated
dyes were bathochromically shifted, as well (Table 3). How-
ever, no significant spectral broadening of the fluorescence
emission was observed (Figure 2, right, and Figure 5S of the
Supporting Information).
As a further consequence of DNA conjugation, the fluo-

rescence decay times of the dyes were altered. Compared to
that of A610-COOH, the decay time of the ssDNA-conjugated
A610 (τ) was increased from 3.3 ± 0.1 ns to values between
4.0 ± 0.1 and 4.6 ± 0.1 ns depending on the DNA length
(see Table 1S of the Supporting Information). The decay time
of A680 was increased from 1.7 ± 0.1 ns for A680-COOH
to values between 2.1 ± 0.1 and 2.4 ± 0.1 ns for the ssDNA-
conjugated dye (see Table 1S of the Supporting Information).
The fluorescence decay times of the dye−dsDNA conjugates
were similar to those of the corresponding dye−ssDNA

conjugates (Table 3). However, in contrast to those of the
dye−ssDNA conjugates, the decay times of the dye−dsDNA
conjugates showed, if any, only a minor dependence on DNA
length.
In a further step, the A610−dsDNA conjugates were excited

in the spectral range of the additional absorption band at a λex
of 650 nm (vide supra). An “anomalous” fluorescence emission
band with a maximum λem at ∼665 nm that was not detected
for A610-COOH was observed (Figure 2, right). The intensity
of this emission band depended on temperature; with in-
creasing temperature, the intensity decreased (Figure 6S of
the Supporting Information, right). The same was observed in
the fluorescence excitation spectra (Figure 6S of the Supporting
Information, left). The corresponding fluorescence decays
(λex = 650 nm; λem = 675 nm; T = 295 K) were double-expo-
nential containing a short component with a decay time τ1 of
1.6 ± 0.1 ns (f1 = 29−40%) and a long component with a τ2 of
4.0 ± 0.2 ns (f 2 = 60−71%) (f1 and f 2 differed slightly for the
A610−dsDNA conjugates with different DNA lengths).
In a reference experiment, absorption and fluorescence

spectra as well as the fluorescence decay time of A610-COOH
in the presence of unlabeled 24 bp dsDNA were measured.
Except for a small bathochromic shift of ∼3 nm in the absorp-
tion maximum, no further alterations in the absorption of
A610-COOH were observed [no spectral broadening and no
additional absorption band at 650 nm as observed for the
DNA-conjugated dye (vide supra)]. The fluorescence spectra
showed the regular excitation and emission bands of A610-
COOH [no bathochromic shifts and no anomalous emission
band at 665 nm as observed for the DNA-conjugated dye (vide
supra)]. The fluorescence decay time of A610-COOH (λex =
615 nm, and λem = 635 nm) was slightly increased from 3.3 ±
0.1 ns without DNA to 3.8 ± 0.1 ns in the presence of the
dsDNA.
Interaction between Conjugated Dyes and ssDNA. To

reveal molecular dye−ssDNA interactions, the mobility of the
conjugated dyes was investigated using FCS and time-resolved
fluorescence anisotropy measurements. Comparing the FCS
curves of the free dyes and the dye−ssDNA conjugates in
water, we found an increase of the lateral diffusion time tlat (see
Figure 3, left, for A610). The lateral diffusion time tlat was
increased with an increase in DNA length (see Figure 3, left, for
A610). As tlat was increased, the diffusion coefficient Dlat was
decreased (according to eq 8). For both free dyes A610-COOH
and A680-COOH, similar values of Dlat were obtained (Table 4).
According to the similar molecular weight increase of the diffus-
ing units when the dyes are conjugated to the ssDNA (see Table 1
for M values of the ssDNA), the Dlat values of both dyes were

Table 3. Basic Photophysical Properties of the Free Dyes, the Dye−ssDNA Conjugates, and the Singly Labeled Dye−dsDNA
Conjugatesa

absorption maximum (nm) fluorescence excitation maximum (nm) fluorescence emission maximum (nm) fluorescence decay time τ (ns)

A610-COOH 616 616 634 3.3 ± 0.1
A610−ssDNA 623−629, shoulder at 650 623−625, shoulder at 650 640 4.0 ± 0.1 to 4.6 ± 0.1b

A610−dsDNA 629−647 625−629, shoulder at 650 636 and 665 4.2 ± 0.2
A680-COOH 680 680 697 1.7 ± 0.1
A680−ssDNA 688 688 703 2.1 ± 0.1 to 2.4 ± 0.1b

A680−dsDNA 688 688 702 2.4 ± 0.1
aThe fluorescence emission and excitation spectra were measured with a λex of 570 nm and a λem of 690 nm for A610 and a λex of 615 nm and a λem
of 730 nm for A680. The fluorescence decays were measured at a λex of 615 nm and a λem of 635 nm for A610 and at a λex of 688 nm and a λem of
703 nm for A680. The error of τ was determined from repeated measurements. bAs the τ of the A610− and A680−ssDNA conjugates was slightly
increased with an increase in DNA length, the range of τ is stated.
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decreased comparably with an increase in DNA length (Table 4).
The hydrodynamic radii of the diffusing units (Rh) that were
calculated via Dlat according to eq 9 are given in Table 4.
As expected, an increase in Rh was found because of the ssDNA
conjugation of the dyes, and a small Rh increase was observed
with an increase in DNA length.
The rotational motion of the ssDNA-conjugated dyes was

investigated with time-resolved fluorescence anisotropy mea-
surements. For the free dyes in water, fast, single-exponential
anisotropy decays were measured (see Figure 3, right, for A610-
COOH). As expected from the comparable molecular weights
of the dyes, similar rotational correlation times (θ) were deter-
mined for A610-COOH and A680-COOH (Table 5). These
values are in good accordance with the rotational correlation
times θtheo (Table 5) that were calculated from the Rh values of
the free dyes (Table 4) according to eq 6. Compared to those
of the free dyes, the anisotropy decays of the ssDNA-conjugated
dyes were slower (see Figure 3, right, for the ssDNA-conjugated
A610). This effect was enhanced with an increase in DNA
length. For the double-exponential anisotropy decays of the
dye−ssDNA conjugates, the anisotropy model for the seg-
mental mobility of a biopolymer-bound dye (eq 5) was suc-
cessfully applied. In Table 5, the fit parameters provided by this

model [α (contribution of the fast rotational motion to the aniso-
tropy decay), θ1 (rotational correlation time of the fast motion),
and θ2 (rotational correlation times of the slow motion)] are
summarized. θ2 was calculated from Rh (Table 4) according
to eq 6 and fixed during the fitting process. Comparable θ2
values were obtained for the dye−ssDNA conjugates of equal
DNA length because of their similar Rh values. As Rh was
increased with an increase in DNA length, θ2 was increased,
as well (Table 5). The segmental motion of the dye−ssDNA

Figure 3. FCS curves (left) and time-resolved anisotropy decays (right) of the free dye A610-COOH and the A610−ssDNA conjugates. The FCS
and the time-resolved anisotropy curves were measured at 295 K. For the FCS measurements, the samples were excited at a λex of 622 nm and the
emission was detected at a λem of >630 nm. The anisotropy decays were measured at a λex of 615 nm and a λem of 635 nm.

Table 4. Diffusion Coefficients (Dlat) and Hydrodynamic
Radii (Rh) of the Free Dyes and the Dye−ssDNA Conjugates
in Water at 295 Ka

Dlat (μm
2/ms)

of A610
Dlat (μm

2/ms)
of A680

Rh (nm) of
A610

Rh (nm) of
A680

COOH 0.31 ± 0.03 0.36 ± 0.04 0.7 ± 0.1 0.6 ± 0.1
8b ssDNA 0.15 ± 0.02 0.18 ± 0.02 1.5 ± 0.2 1.3 + 0.2/− 0.1
16b ssDNA 0.13 ± 0.01 0.16 ± 0.02 1.7 ± 0.1 1.4 ± 0.2
20b ssDNA 0.12 ± 0.01 0.14 ± 0.01 1.9 + 0.2/− 0.1 1.6 ± 0.1
24b ssDNA 0.10 ± 0.01 0.13 ± 0.01 2.3 + 0.3/− 0.2 1.7 ± 0.1
aThe FCS measurements were performed using a λex of 622 nm and a
λem of >630 nm for A610 and a λex of 630 nm and a λem of >640 nm
for A680. The error in Dlat was determined from repeated mea-
surements, and the error in Rh was calculated from the error in Dlat.

Figure 2. Fluorescence excitation (left) and emission (right) of the A610−dsDNA conjugates. The fluorescence excitation spectra were recorded at a
λem of 690 nm and the emission spectra at λex values of 610 and 650 nm. To provide a better comparison of the spectra, the A610-COOH excitation
spectrum was bathochromically shifted by 11 nm and the emission spectrum (λex = 610 nm) by 2 nm. The fluorescence emission spectra were
normalized to the maximum of the regular fluorescence emission (at 634 and 636 nm, respectively).
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conjugates exhibited an increased rotational correlation time θ1
compared to those of the free dyes (Table 5). For the A610−
ssDNA conjugates, θ1 was slightly increased with an increase
in DNA length, whereas for the A680−ssDNA conjugates, a
consistent θ1 of ∼1 ns was obtained regardless of the DNA
length (Table 5). For both dye−ssDNA conjugates, the seg-
mental rotation contributed mostly to the depolarization pro-
cess with an α of 60−90% (except for the A610−8b ssDNA and
A680−24b ssDNA conjugate).
Interaction between Conjugated Dyes and dsDNA. The

dye−dsDNA interactions were investigated on the singly
labeled dye−dsDNA conjugates using time-resolved fluores-
cence anisotropy measurements. Similar to those of the dye−
ssDNA conjugates (vide supra), double-exponential anisotropy
decays that could be fitted very well with the model for the
segmental mobility of a biopolymer-bound dye were mea-
sured (Figure 7S of the Supporting Information, blue line, and
Figure 8S of the Supporting Information, blue and red line).
However, compared to that of the dye−ssDNA conjugates, the
contribution of segmental rotation to the anisotropy decay of
the dye−dsDNA conjugates was decreased (Table 5). For both
dyes, a similar rotational correlation time for the segmental
motion (θ1) of approximately 1 ns was determined (Table 5).
As the molecular weight (M) is almost equal for the A610− and
A680−dsDNA conjugates of the same length, the rotational
correlation times for the overall rotation of the macromolecule
(θ2) are similar for the dye−dsDNA conjugates of equal length
(Table 5). Assuming the M of the dyes (see Experimental
Procedures) to be significantly smaller than the M of the DNA
(Table 1), we approximated theoretical values for θ2 by cal-
culating the rotational correlation times of the DNA double
helices with HYDROPRO.52 Three rotational correlation times
were obtained for each DNA double strand in the ranges of
3−4 ns for the 8 bp dsDNA, 6−13 ns for the 16 bp dsDNA,
8−21 ns for the 20 bp dsDNA, and 10−31 ns for the 24 bp
dsDNA. The experimentally determined θ2 values (Table 5)
correspond well with the theoretical values.
In a further step, the fluorescence anisotropy of the A610−

dsDNA conjugates at the anomalous fluorescence emission

band [λex = 650 nm, and λem = 675 nm (vide supra)] was
investigated. Compared to the anisotropy decays measured at
the regular fluorescence emission (λex = 615 nm, and λem =
635 nm), significantly delayed anisotropy decays were found
(Figure 7S of the Supporting Information). This delay can
be attributed to a complete loss of segmental mobility. The aniso-
tropy decays could be fitted single-exponentially providing a
single rotational correlation time for each A610−dsDNA con-
jugate (Table 2S of the Supporting Information), which is in the
range of the predicted rotational correlation times for the
corresponding DNA double strand (vide supra).
To further investigate the dye−dsDNA interactions in a

reference experiment, molecular interactions between the free
dyes and unlabeled dsDNA were investigated. For A680-
COOH in the absence and presence of unlabeled 24 bp dsDNA
(λex = 688 nm, and λem = 703 nm), no differences in the rota-
tional correlation times (θ = 0.4 ± 0.1 ns for both samples) and
the fluorescence decay time (τ = 1.8 ± 0.1 ns for both samples)
were found. In contrast, the single-exponential fluorescence
anisotropy decay of A610-COOH (λex = 615 nm, and λem = 635
nm) in the absence of DNA (θ = 0.3 ± 0.1 ns) turned into a
double-exponential decay in the presence of unlabeled 24 bp
dsDNA (Figure 9S of the Supporting Information, red line). In
the latter case, two rotational correlation times were obtained:
θ1 = 0.3 ns (this value was fixed to the rotational correlation
time of free A610-COOH during the fit) with a contribution of
77 ± 1%, and θ2 = 14.8 ± 1.7 ns with a contribution of 23 ±
1%. The obtained θ2 is in excellent agreement with the θ2
determined for the A610−24 bp dsDNA conjugate (Table 5).
Förster Resonance Energy Transfer (FRET). For the

A610/A680 FRET pair, an overlap integral of 1.15 × 1016 nm4

M−1 cm−1 was determined using the area-normalized fluo-
rescence emission spectrum of A610-COOH and the absorp-
tion spectrum of A680-COOH measured in a 1 M NaCl
solution. In the case of full rotational freedom of the D and A
molecules, the average κ2 is 2/3, resulting in a Förster distance
(R) of 7.1 ± 0.2 nm [calculated according to eq 10 using a
φD of 0.6 and an n of 1.343 (for a 1 M NaCl solution)59].
The error in R0 results from the experimental errors in the

Table 5. Rotational Correlation Times (θ) of the Free Dyes, the Dye−ssDNA Conjugates, and the Singly Labeled Dye−dsDNA
Conjugates at 295 Ka

θ (ns) θtheo (ns)

A610-COOH 0.3 ± 0.1 0.4 ± 0.1
A680-COOH 0.4 ± 0.1 0.2 ± 0.1

α θ1 (ns) θ2 (ns)

ssDNA dsDNA ssDNA dsDNA ssDNA dsDNA

A610−8b/bp 0.52 + 0.21/− 0.26 0.21 ± 0.05 0.7 + 0.3/− 0.4 0.6 ± 0.2 3.3 + 1.8/− 1.0 3.4 ± 0.2
A610−16b/bp 0.81 + 0.08/− 0.13 0.36 ± 0.03 1.7 + 0.1/− 0.2 1.1 ± 0.2 5.1 + 1.4/− 1.0 8.7 ± 0.5
A610−20b/bp 0.71 + 0.10/− 0.15 0.31 ± 0.03 1.8 + 0.2/− 0.3 1.2 ± 0.2 6.5 + 1.9/− 1.4 11.4 ± 0.7
A610−24b/bp 0.73 + 0.07/− 0.11 0.44 ± 0.02 2.3 + 0.2/− 0.3 1.1 ± 0.1 11.3 + 4.2/− 2.8 14.6 ± 1.0
A680−8b/bp 0.88 + 0.09/− 0.39 0.30 ± 0.13 1.0 + 0.1/− 0.2 0.8 ± 0.3 1.9 + 0.8/− 0.5 3.0 ± 0.3
A680−16b/bp 0.83 + 0.11/− 0.47 0.36 ± 0.07 1.4 + 0.1/− 0.4 1.3 ± 0.3 2.8 + 1.4/− 0.8 7.8 ± 1.0
A680−20b/bp 0.60 + 0.12/− 0.18 0.39 ± 0.07 1.3 + 0.2/− 0.3 1.3 ± 0.3 4.1 + 1.0/− 0.8 10.0 ± 1.6
A680−24b/bp 0.51 + 0.12/− 0.15 0.43 ± 0.09 1.1 + 0.2/− 0.3 1.6 ± 0.5 5.1 + 1.4/− 1.0 15.1 ± 3.3

aThe dye−ssDNA conjugates were investigated in water and the dye−dsDNA conjugates in a 1 M NaCl solution. The corresponding anisotropy
decays were measured at a λex of 615 nm and a λem of 635 nm for A610 and a λex of 688 nm and a λem of 703 nm for A680. θtheo for the free dyes was
calculated from Rh (Table 4). The error in θtheo was determined from the error in Rh. The segmental rotational correlation time of the dye−DNA
conjugates is θ1. The contribution of the segmental motion to the anisotropy decay is given by α, and θ2 refers to the overall rotational motion. θ2 for
the dye−ssDNA conjugates was calculated from Rh (Table 4) and fixed during the fitting process. The error in θ2 was determined from the error in
Rh. The error in θ1 as well as α for the dye−ssDNA conjugates was determined from the error in θ2. For the dye−dsDNA conjugates, the errors in α,
θ1, and θ2 result from the error in the fit.
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fluorescence quantum yield of A610 as well as in the extinction
coefficient of A680. If one dye species (either the D or the A
molecule) is fixed in a defined orientation and the other dye
species is freely rotating, then the average values of κ2 are found
between 1/3 (for a perpendicular orientation of the transition
dipole moments to the line connecting the centers of D and A)
and 4/3 (for a parallel or antiparallel orientation of the
transition dipole moments to the line connecting the centers of
D and A) (according to eq 12; see also Figure 1S of the
Supporting Information for a detailed analysis). In these cases,
the corresponding limiting values for R0 are 6.3 nm (κ2 = 1/3)
and 8.0 nm (κ2 = 4/3). The experimental FRET efficiency was
determined using the fluorescence decay time of A610 in the
absence and presence of A680. For this purpose, the singly
labeled A610−dsDNA and doubly labeled A610/A680−
dsDNA conjugates were used. In the latter case, D and A are
placed in defined proximity separated by the rigid dsDNA
spacer. The volume that is accessible for the dyes because of the
structural flexibility of the linker is illustrated in Figure 4 (left).
The resulting D−A distance (R) distributions are shown in
Figure 4 (right).
The fluorescence decays of the A610/A680−dsDNA

conjugates were double-exponential (except for that of the
A610/A680−24 bp dsDNA conjugate) containing a short
component that depended on the length of the DNA spacer
and a long component that was constant for all DNA lengths.
The short component τDA ranging from 0.4 ± 0.05 to 3.7 ±
0.1 ns (Table 3S of the Supporting Information) was attributed
to the fluorescence quenching of A610 due to FRET. The long
component τ2 ranging from 4.1 ± 0.1 to 4.3 ± 0.1 ns was
similar to the τ determined for the A610−DNA conjugates in
the absence of A (Table 3S of the Supporting Information).
Consequently, τ2 was attributed to those A610 molecules that
did not participate in FRET because of an unfavorable and fixed
orientation of the transition dipoles of both dyes (κ2 = 0) as
well as unpaired A610−ssDNA conjugates. The fluorescence
decay of the A610/A680−24 bp dsDNA conjugates needed
to be fitted single-exponentially, because τDA and τ2 were not
sufficiently differentiated to be resolved. The decay time of the
A610−dsDNA conjugates (τD) is stated in Table 3S of the
Supporting Information.
For a comparison of theoretically and experimentally obtained

FRET parameters, the theoretical and the experimental FRET
efficiency (Etheo and Eexp, respectively) were plotted versus the

D−A distance (R) (Figure 5). Etheo was calculated for different R
values via R0 (for κ

2 = 2/3) according to eq 13 (Figure 5, black

line). The error in Etheo was calculated from the error in R0 (vide
supra). Eexp was calculated according to eq 14 using τDA and τD
(vide supra). The peak maxima of the R distributions (Figure 4,
right) were used as the average distance between D and A,
and Eexp was plotted versus these values (Figure 5, black dots).
The error in Eexp was calculated from the errors in τDA and τD,
which were determined from repeated measurements (Figure 5,
ΔE, vertical error bars). The distribution of Eexp resulting
from the full width at half-maximum of the R distributions
(Figure 4, right) is indicated by the horizontal error bars
(Figure 5, ΔR). In addition, Etheo was calculated for the minimal
and maximal average κ2 that can be achieved in the case of a
complete rotational restriction of one dye species and rotational

Figure 4. Accessible volumes (AV) for the dyes attached to the opposite 5′-ends of the DNA double helix (left) and D−A distance (R) distributions
(right) calculated from the AV data. The accessible volumes of the dyes conjugated to the 20 bp dsDNA are colored blue for A610 and red for A680.

Figure 5. FRET efficiency of the A610/A680 FRET pair at different
D−A distances (R). The error in Etheo (for κ2 = 2/3) was calculated
from the error in R0, which results from the experimental errors for the
fluorescence quantum yield of A610 as well as the extinction
coefficient of A680. The error in Eexp (vertical error bars, ΔE) was
calculated from the errors in τDA and τD, which were determined from
repeated measurements. The horizontal error bars (ΔR) indicate the
distribution of Eexp that results from the full width at half-maximum of
the R distributions (Figure 4, right). In addition, the interval of Etheo,
which is defined by the minimal (κ2 = 1/3) and maximal (κ2 = 4/3)
average κ2 values, is shown (area between the blue line and the red
line).
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freedom of the other (vide supra). The results are shown in
Figure 5 (blue line for κ2 = 1/3 and red line for κ2 = 4/3). As one
can see in Figure 5, Eexp fits very well in the range of the limiting
Etheo for κ

2 values of 1/3 and
4/3.

■ DISCUSSION
As a general effect of DNA conjugation, the absorption and
fluorescence maxima of both oxazine dyes were shifted to
longer wavelengths and the fluorescence decay times were in-
creased. Such changes in the basic photophysical properties
upon bioconjugation have been observed previously for other
dyes, including oxazine dyes.23,37,46,60,61 For the conjugated
A680, no influence of DNA length and sequence on absorption
and fluorescence spectra was observed. However, the fluo-
rescence decay times of both dyes were slightly increased with
an increase in the length of the ssDNA; no such effect of
chain length was seen in the case of conjugation to the dsDNA.
Because of the structural flexibility of the ssDNA, small length-
dependent changes in the microenvironment of the dyes may
be induced, e.g., because of the rotational flexibility of the
DNA−phosphate backbone or the formation of single intra-
molecular hydrogen bonds. Such a structural flexibility does
not exist in the case of the dsDNA, and the accessible DNA
microenvironment is now strictly defined (see Figure 4, left).
Compared to A680, the conjugated A610 exhibited stronger
alterations of its photophysics. In addition to the bathochro-
mically shifted absorption maximum, an additional spectral
broadening toward the red spectral range caused by a new
absorption band was detected. The new absorption band was
more intense for the dsDNA conjugates than for the ssDNA
conjugates. The same was observed in the fluorescence excita-
tion spectra, but the new band was less pronounced compared
to the absorption spectra. The altered absorption points toward
strong ground-state interactions between the electronic systems
of A610 and DNA that require spatial proximity between them.
In addition, a new red-shifted fluorescence emission band was
detected upon excitation at the new absorption band. The new
emission band along with the altered absorption might be an
indication of a charge transfer process between the dye and
DNA. Accordingly, at least two different species of A610 must
be present, one species that shows the regular absorption/
emission and one species causing the new absorption/emission
band. The differences in the relative intensities (new to regular
band) between absorption and excitation spectra may be
attributed to differences in the fluorescence quantum yields of
both species. In line with the results of the absorption mea-
surements, the new emission band was much more intense for
the dsDNA conjugates than for the ssDNA conjugates. The
differences observed for the A610−ssDNA and −dsDNA con-
jugates concerning the relative intensity of the new absorption/
emission band indicate that the three-dimensional DNA
structure might play a role in mediating the charge transfer
interaction. Although in the A610−dsDNA case the conjugates
of different lengths possess the same three-dimensional DNA
structure (B-type double helix), the new absorption band was
differently pronounced (the same was observed for the A610−
ssDNA conjugates). This suggests that the differences in the
DNA sequence of the dye−DNA conjugates are responsible for
the varying intensity of the new absorption band. The results of
the anisotropy measurements and the AV simulations indicate
that the terminal 5 bp are similar easily accessible for A610
in each DNA conjugate (vide infra). However, no clear
dependence on the guanine-cytosine (GC) content (G is often

involved in electron transfer processes and acts as a fluo-
rescence quencher41,46) was found. To elucidate the influence
of the terminal DNA sequence on the altered absorption/
emission of conjugated A610, further investigations based on
the systematic variation of the last base pairs are required.
To reveal steric dye−DNA interactions, we performed

detailed time-resolved fluorescence anisotropy and fluorescence
correlation spectroscopy (FCS) measurements. From the aniso-
tropy and FCS results, it was concluded that the mobility of
the dyes was altered because of the conjugation to ssDNA
as well as to dsDNA. Comparable diffusion coefficients were
determined for the A610− and A680−ssDNA conjugates of
equal DNA length. Studies of the rotational mobility revealed
steric interactions between dyes and DNA. The rotational
motion of a dye that is covalently linked to a biomolecule can
consist of several (coupled) rotational components (rotation of
the dye, the linker, and the biomolecule around the different
axes). In an anisotropy decay, the different rotations can only be
resolved if they differ sufficiently in their corresponding
rotational correlation times. The anisotropy model for the
segmental mobility of a biopolymer-bound dye distinguishes
between two rotational components, the fast segmental rotation
of a part of the macromolecule including the dye (e.g., dye and
linker) and the slow overall rotation of the whole macro-
molecule. This model was successfully applied in the analysis of
the anisotropy decays of the dye−DNA conjugates. Because of
DNA conjugation, the rotational correlation time of both dyes
that is represented by the fast segmental motion (θ1) was
increased compared to that of the free dyes. This was due to the
coupling of the rotational motions of the dye and C6-amino
linker. For the dsDNA conjugates of both dyes as well as the
A680−ssDNA conjugates, θ1 was independent of DNA length
whereas θ1 for the A610−ssDNA conjugates was slightly
increased with an increase in DNA length. In the case of
the A610−ssDNA conjugates, this finding indicates a slightly
hindered dye−linker rotation. The conjugated A610 might
sterically interact with variable, length-dependent ssDNA struc-
tures that are formed due to the structural flexibility of the DNA
single strands (e.g., by the formation of single intramole-
cular hydrogen bonds), resulting in a slightly delayed dye−linker
rotation. On the other hand, the rigid DNA double helix
provides a structurally similar microenvironment for the
conjugated dyes that is independent of DNA length. Hence,
the dye−linker rotation of the dsDNA conjugates of both dyes
was independent of DNA length. The fast θ1 of ∼1 ns that was
determined for the segmental motion of the dye−dsDNA con-
jugates as well as the A680−ssDNA conjugates was conse-
quently attributed to an unhindered dye−linker rotation. The
contribution of the segmental rotation to the overall anisotropy
decay (α) was decreased from the dye−ssDNA conjugates to
the dye−dsDNA conjugates. For the ssDNA conjugates of both
dyes, the segmental rotation dominated the anisotropy decay,
whereas for the dye−dsDNA conjugates, the slow rotational
motions of the whole macromolecules were dominant. These
results indicate an increased level of coupling between the
rotational motions of the conjugated dyes and the DNA mole-
cules in the case of the dye−dsDNA conjugates. Such a rota-
tional coupling of dye and DNA was also observed in a reference
experiment, where the rotational mobility of free A610-COOH
in the presence of unlabeled 24 bp dsDNA was investigated. In
this case, two rotational correlation times were detected. One
was equal to the rotational correlation time of the free dye in the
absence of DNA, and the other corresponded to θ2 for the slow
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rotational motion of the dye−24 bp dsDNA conjugates. As
the unlabeled DNA molecule by itself is not fluorescent under
the applied excitation conditions, these results strongly point
toward molecular dye−dsDNA interactions leading to an
equilibrium between DNA-bound dye molecules whose fast
rotation is completely hindered and unbound dye molecules
that rotate freely. From these findings, we concluded that in
the case of the dye−dsDNA conjugates two subpopulations of
conjugated dyes exist, one that is able to perform a free fast
dye−linker rotation and another subpopulation whose rotation
was completely hindered because of strong molecular dye−
dsDNA interactions. As the dye−DNA rotational coupling and,
accordingly, the steric dye−DNA interactions were strength-
ened from ssDNA to dsDNA conjugates, we suppose that the
dyes interact with specific domains of the DNA double helix or
functional groups (e.g., hydroxyl groups) whose accessibility is
promoted by the double-helix structure. For several prominent
dyes, e.g., Cy3, Cy5, or tetramethylrhodamine, interactions with
the major groove of the DNA double helix as well as stacked
conformations on top of the dsDNA are described in the liter-
ature (for terminally attached dyes).14−17 Such molecular inter-
actions could lead to a hindrance of the dye rotation, resulting
in a strong coupling of the dye mobility to the DNA rota-
tion.17,37 The AV simulations demonstrated that a region
containing the terminal 5 bp of the DNA double helix is
accessible for the conjugated dyes. Hence, interactions of dyes
with specific dsDNA domains are sterically possible. These
aspects support the assumption that molecular interactions with
specific dsDNA domains are responsible for the complete rota-
tional restriction that was observed for a fraction of dsDNA-
conjugated dyes.
To shed more light upon the specific A610−dsDNA inter-

actions causing the new absorption and anomalous fluorescence
emission band (vide supra), we measured anisotropy decays
using these specific excitation and emission wavelengths. In this
case, the rotational mobility of the dye was completely coupled
to the DNA rotation and a complete loss of the segmental
mobility was observed. This result suggests that the electronic
A610−DNA interactions observed in the absorption and emis-
sion spectra were accompanied by strong steric interactions
between the dye and dsDNA. Although strong steric inter-
actions were also observed between free A610-COOH and
unlabeled dsDNA (vide supra), no alterations in absorption and
fluorescence emission were found in this case (except for a
minor bathochromic shift in the absorption maximum and a
small decay time increase indicating a change in the micro-
environment of the dye). This finding suggests that a specific
steric dye−DNA arrangement is necessary to induce the altered
absorption and dual fluorescence emission that is formed
only when A610 is covalently attached to the end of the DNA
double helix. Such a specific dye−DNA arrangement could
be induced by hydrogen bonds between the dimethylamino
group of A610 (see Figure 1, top left) and, e.g., the opposite
3′-OH end of the complementary strand of the DNA double
helix. As we expect that such a dye−DNA interaction would
be more and more disrupted with an increase in temperature,
the influence of temperature on the intensity of the anomalous
fluorescence band was investigated. In fact, the intensity of
the anomalous fluorescence excitation and emission band was
decreased with an increase in temperature. This result supports
the assumption that specific interactions such as hydrogen
bonds between a dye and DNA are responsible for the observed

altered absorption and dual fluorescence emission of DNA-
conjugated A610.
The results discussed above show that even structurally

similar dyes (dyes of the same class) can be differently affected
in their photophysics upon bioconjugation. For A610, strong
alterations in the absorption and fluorescence properties were
found that were not observed for A680 to the same extent.
Although both dyes exhibited comparably pronounced steric
interactions with the DNA in the case of the dye−dsDNA
conjugates, A610 interacted with dsDNA even if it was not
forced by covalent binding into the proximity of the DNA (in
the case of no bioconjugation). The driving force for this
interaction might be attributed to the increased hydrophobicity
of A610 compared to that of A680 [which is more hydrophilic
because of its sulfate group (see Figure 1, left)]. Both dyes
possess nitrogen atoms that are able to form hydrogen bonds
with functional groups of the DNA such as hydroxyl groups;
however, the dimethylamino group of A610 is located in a
more exposed position. Along with the higher hydrophobicity,
this may result in a stronger dye−DNA interaction for A610
compared to A680.
For the investigation of FRET, doubly labeled dsDNA of

different lengths was used in which the donor (D) A610
and the acceptor (A) A680 were attached to the opposite 5′-
ends. The A610/A680−dsDNA conjugates showed a distance-
dependent fluorescence quenching of A610 due to FRET. The
rotational mobility of D and A influences the transition dipole
orientation factor κ2, which is an important parameter affecting
the effective Förster distance and, thus, the FRET efficiency
(according to eqs 10 and 13). In the anisotropy measurements
of the singly labeled dsDNA conjugates, it was found that a
subpopulation of the conjugated dyes was able to perform a
free fast dye−linker rotation, whereas the rotational mobility of
the other subpopulation was completely hindered (vide supra).
As the dyes do not sterically interact, it was assumed that
for the doubly labeled dsDNA conjugates all combinations of
dye mobilities (Dfree−Afree, Dfree−Afixed, Dfixed−Afree, and Dfixed−
Afixed) are equally probable. In the case of rotational freedom of
both dye species (Dfree−Afree), the average κ2 is 2/3 (according
to eq 11 and averaging over the polar angle θD

56). In the case of
rotational freedom of one dye species (either D or A) and a
complete rotational restriction of the other dye species (Dfree−
Afixed and Dfixed−Afree), the minimal and maximal average κ2

values are 1/3 and 4/3, respectively, depending on the angle
between the transition dipole moments of the fixed dye species
and the line connecting the centers between D and A (according
to eq 12 and Figure 1S of the Supporting Information). Hence,
assuming an average κ2 between 1/3 and

4/3 is a good approxi-
mation in the majority of cases. The contribution of the fraction
of doubly labeled dsDNA conjugates, in which the rotational
mobility of both dyes was completely hindered (Dfixed−Afixed), to
FRET was assumed to be negligible because of unfavorable tran-
sition dipole orientations [the events, where no FRET occurs
due to κ2 = 0, can be realized in an infinite number of ways
(whenever the electric field of D and the absorption transi-
tion dipole moment of A are perpendicular to each other; see
eq 11)].56 This assumption was supported by the occurrence of a
second unquenched fluorescence decay time of A610 in the
doubly labeled dsDNA conjugates. Consequently, the Förster
distance and the resulting theoretical FRET efficiencies were
calculated for both limiting cases of the average κ2. Considering
the high linker flexibility in the determination of the D−A
distances, the experimental FRET efficiency calculated from the
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fluorescence quenching of A610 (vide supra) was found to be
exactly in the range of the theoretical FRET efficiencies for κ2

values of 1/3 and
4/3. This excellent accordance strongly supports

our assumption that at least one dye species (either D or A)
facilitated the appropriate alignment of the transition dipoles in
the doubly labeled dsDNA conjugates for FRET to be operative.
A small experimental error must be taken into account for the
experimental FRET efficiencies of the 20 and 24 bp dsDNA
conjugates that was attributed to the inaccuracy of the resolution
of two insufficiently differing fluorescence decay times (τDA was
determined in the presence of τ2), resulting in an increased Eexp
for the 20 bp dsDNA conjugates and a slightly decreased Eexp for
the 24 bp dsDNA conjugates.
In summary, we characterized a promising novel FRET pair

for the far-red spectral range with regard to its applicability
for oligonucleotide probes. In this process, we paid special
attention to molecular dye−DNA interactions and the resulting
alterations in the photophysics of the dyes. Our study under-
lines the necessity to conduct case-by-case studies for each
fluorescence probe, even if the probes belong to the same class
(e.g., like in our case to oxazine dyes), because of the possibility
of dye-specific interactions, which may arise from small dif-
ferences in the chemical structure. For the ATTO 610/ATTO
680 FRET pair, a considerably large Förster distance of ap-
proximately 7 nm was theoretically calculated and experimen-
tally approved, recommending the application of this FRET
pair not only for the detection of binding reactions between
nucleic acids in living cells but also for the monitoring of
interactions of larger biomolecules such as proteins.
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ABSTRACT: Graphene oxide (GO) has attracted an increasing
amount of interest because of its potential applications in biomedical
fields such as biological imaging, molecular imaging, drug/gene
delivery, and cancer therapy. Moreover, GO could be fabricated by
modifying its functional groups to impart specific functional or
structural attributes. This study demonstrated the development of a
GO-based efficient gene delivery carrier through installation of
polyethylenimine, a cationic polymer, which has been widely used as
a nonviral gene delivery vector. It was revealed that a hybrid gene
carrier fabricated by conjugation of low-molecular weight branched
polyethylenimine (BPEI) to GO increased the effective molecular
weight of BPEI and consequently improved DNA binding and condensation and transfection efficiency. Furthermore, this hybrid
material facilitated sensing and bioimaging because of its tunable and intrinsic electrical and optical properties. Considering the
extremely high transfection efficiency comparable to that of high-molecular weight BPEI, high cell viability, and its application as
a bioimaging agent, the BPEI−GO hybrid material could be extended to siRNA delivery and photothermal therapy.

■ INTRODUCTION
Graphene, a single-atom-thick and two-dimensional sp2 carbon
networking material, has attracted great attention because of its
remarkable electronic, mechanical, and thermal properties.1−3

Graphene has also been used in biomedical fields, including
biological sensing, molecular imaging, gene/drug delivery, and
cancer therapy.4−11 In particular, graphene oxide (GO), a
precursor for graphene, is endowed with several favorable
properties such as electronic, sp2 π−π interaction, and
fluorescence quenching ability.12−14 Moreover, GO possesses
unique features such as facile synthesis, high water dispersi-
bility, good colloidal stability, easily tunable surface function-
alization, and good biocompatibility, which are highly
conducive for bioapplications.15 All these attributes make GO
more potent than carbon nanotubes considering its in vitro and
in vivo biological applications. Interestingly, sp2 π−π interaction
between GO and a hydrophobic drug could facilitate the
loading of the drug onto the GO surface, and this could be
utilized in its facile application as a drug delivery carrier.6,8

Similarly, the utility of GO could be extended to gene delivery
and biological sensing considering the quenching properties of
fluorescence-labeled DNA.7 Strong π−π stacking interaction
between GO and single-stranded DNA (ssDNA) facilitates the
loading of ssDNA onto GO and subsequently provides
protection of DNA against enzymatic degradation.16 However,
no such interaction exists between GO and double-stranded
DNA (dsDNA) as DNA bases are concealed within the double

helix, preventing the generation of π−π stacking interaction
between dsDNA and GO.17 Therefore, it is imperative to
modify the GO to achieve effective loading of plasmid DNA
(pDNA) and thereby efficient gene delivery. A feasible strategy
for accomplishing such DNA complexation and transfection
ability of GO could involve integration of cationic vectors.
Various viral and nonviral vector-mediated delivery strategies

have been employed to achieve efficient gene transfection. The
use of viral vectors, despite their high efficiency, has been
impaired greatly because of the associated mutagenicity or
oncogenesis, several host immune responses, and high cost of
production.18 Therefore, nonviral vectors, including cationic
polymers, liposomes, dendrimers, and inorganic materials,
attract significant attention in spite of their low efficacy.19−21

There is a continuous effort to modify and refine these gene
delivery systems either by adopting different strategies or by
installing various functional attributes in the existing systems.
Among cationic polymers such as polyethylenimine (PEI),
chitosan, and Polyamidoamine (PAMAM), high molecular
weight branched PEI (HMW BPEI) has been used widely as a
gold standard for gene delivery vehicle. HMW BPEI showed
high transfection efficiency because of enhanced cellular uptake
and a high level of endosomal escape.22,23 Nevertheless, the
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associated cytotoxicity of HMW BPEI severely limited its use as
an effective gene carrier. Interest has now shifted toward low-
molecular weight (LMW) BPEI that exhibits relatively low
cytotoxicity, but very poor transfection efficacy in comparison
with HMW BPEI.24,25 Furthermore, LMW BPEI exhibited
enhanced cellular uptake and transfection efficiency with low
cytotoxicity when it was conjugated to inorganic materials such
as gold, silica, iron oxide, and carbon materials.26−29 We
presumed that hybrid gene carrier fabricated by conjugation of
LMW BPEI to GO would increase the effective molecular
weight of LMW BPEI and consequently improve DNA binding
and condensation and transfection efficiency.
Recently, carbon-based fluorescent nanomaterials have

garnered attention because of their considerably stable
emissions and lower cytotoxicity, imposing less environmental
concern. The photoluminescence (PL) of carbon-based
nanomaterials generally emanated from isolated polyaromatic
structures.30,31 Interestingly though, GO itself contains an
isolated polyaromatic structure; the PL properties of GO have
not been explored much mainly because of its low emission
efficiency.32 The carboxylic and epoxy groups of GO are known
to induce nonradiative recombination of localized electron−
hole pairs and thereby confer the nonemissive property of GO.
However, recent reports found that such nonradiative
recombination of localized electron−hole pairs could be
avoided by conjugating alkylamines to both the epoxy and
carboxylic groups of GO through nucleophilic reaction.
Consequently, the modification of nonradiative recombinative
sites transforms GO into a highly efficient emitter.33 One
intention of this study has been to enhance the efficiency of PL
intensity of GO by conjugating it with BPEI, and an elaborate
investigation to gain further insight into the PL properties of
the BPEI−GO nanoconstruct has been conducted.
We presumed that the newly designed BPEI−GO nano-

construct may facilitate sensing and imaging because of its
tunable and intrinsic electrical and optical properties. In this
study, GO was modified with LMW BPEI, and their
physiological properties (colloidal stability, DNA compaction
ability, and transfection efficiency) and imaging properties were
investigated.

■ EXPERIMENTAL PROCEDURES
Materials. The graphene oxide (GO) powder was obtained

from Cheap-Tubes Inc. (Brattleboro, VT). Branched poly-
ethylenimine (BPEI; molecular masses of 1.8 and 25 kDa) was
purchased from Polyscience, Inc. (Warrington, PA). Triethyl-
amine (TEA) was obtained from Samchun Chemicals. 1-Ethyl-
3-[3-(dimethylamino)propyl]carbodiimide hydrochloride
(EDC) was purchased from Sigma Chemical Co. (St. Louis,
MO). N-Hydroxysuccinimide (NHS) was obtained from Fluka.
The dialysis membrane (molecular mass cutoff of 3.5 kDa) was
purchased from Spectrum Laboratories (Rancho Dominguez,
CA). pDNA (pCMV-Luc) encoding luciferase was prepared
from digestion and ligation using pGL3 (Promega, Madison,
WI) and pcDNA3 (Invitrogen, Carlsbad, CA) vectors. Briefly,
pGL3 was digested with XbaI and HindIII, and the following
luc+ gene frame was purified by agarose gel electrophoresis and
elution. Then, pCMV-Luc was constructed by insertion of the
luc+ gene frame at the XbaI and HindIII restriction sites of
pcDNA3 and amplified. pCMV-Luc was propagated in a
chemically competent DH5α strain (GibcoBRL) and prepared
from overnight bacterial cultures followed by alkaline lysis and
column purification with a Qiagen plasmid Maxi kit (Qiagen,

Valencia, CA). TOTO-3 iodide was purchased from Invitrogen
(Eugene, OR), and mounting medium for fluorescence with
DAPI was purchased from VECTOR (Burlingame, CA).
Synthesis of the BPEI−GO Conjugate. Prior to con-

jugation of BPEI to GO, the amount of carboxyl groups of GO
was estimated by direct acid−base titration. To conjugate BPEI
(Mw = 1.8 kDa) to the carboxyl groups of GO by EDC/NHS
coupling, we dispersed the dried GOs in deionized water by
sonication for 30 min, and EDC (54.3 mg, 0.4 mmol) and NHS
(50.6 mg, 0.4 mmol) were added to the GO solution (0.5 mg/
mL, 0.5 mg) in a vial. TEA (100 μL) was added to a BPEI
solution (0.396 g) in deionized water. Subsequently, BPEI (Mw
= 1.8 kDa) was added to the GO solution (1 mL, 0.5 mg/mL)
and stirred for 1 day at room temperature. The resulting BPEI−
GO solution was dialyzed against a 3500 Da molecular mass
cutoff dialysis membrane in deionized water for 2 days to
remove the unreacted BPEI.
Charaterization of GO and the BPEI−GO Conjugate.

The concentration of BPEI in the BPEI−GO conjugate was
determined by measuring the cuprammonium complex formed
between BPEI and copper ion(II) at 630 nm using UV−vis
spectrophotometry (UV 2550, Shimadzu), and the observed
conjugation ratio of BPEI to GO was found to be 22, which is
represented as BPEI−GO22. BPEI−GO5 and BPEI−GO8
were also synthesized by following the same procedure
described above differing only in the amounts of BPEI1.8K
used (0.04 g for BPEI−GO5 and 0.4 g for BPEI−GO8).
The size and morphology of GO and BPEI−GO were

investigated with a tapping mode atomic force microscope
(AFM, Nanoscope IIIa, Digital Instrument Inc.). A droplet of
GO and BPEI−GO dispersion (∼0.01 mg/mL) was cast onto a
freshly prepared silicon oxide wafer (p-type), which was then
dried at 80 °C. The chemical conjugation of BPEI to GO was
confirmed by FT-IR spectroscopy (VERTEX70 FT-IR
spectrophotometer, Bruker Optics) using a KBr pellet. The
colloidal stability of GO, BPEI−GO, and the BPEI/GO mixture
was checked by dispersing the samples in water, PBS, and
DMEM medium containing 10% FBS for 30 min to 1 h at
room temperature.

ζ Potential Measurements. The surface charge of GO,
BPEI−GO, and BPEI−GO/pDNA complexes in DPBS buffer
(pH 7.4) was confirmed by ζ potential measurements using a
Zetasizer Nano Z (Malvern Instruments, Malvern, U.K.).
BPEI−GO/DNA complexes were prepared at various N/P
ratios [the ratio of concentrations of total nitrogen atoms (N)
of BPEI to the phosphate groups (P) of pDNA] (2, 5, 10, and
20) by addition of the BPEI−GO suspension to the pDNA
solution in DPBS buffer (pH 7.4). The final pDNA
concentration was adjusted to 33 μg/mL. The mixtures were
then incubated for 30 min prior to measurement of the ζ
potential at room temperature.
Agarose Gel Retardation Assay. Complexes of pDNA

with GO, BPEI1.8K, and BPEI−GO were prepared by addition
of the sample suspension (10 μL) to the pDNA solution (10
μL) at various N/P ratios ranging from 0 to 50 in DPBS buffer
and incubation for 30 min at room temperature. The complexes
were then electrophoresed through a 1% (w/v) agarose gel
containing ethidium bromide (EtBr, 0.5 μg/mL) in 0.5 TAE
(Tris-acetate-EDTA) buffer at 100 V for 20 min. The gel was
then analyzed on a UV illuminator (wiseUV WUV, DAIHAN
Scientific, Seoul, Korea).
Cell Culture. A human cervical cancer cell line (HeLa) and

a human prostate cancer cell line (PC-3) were cultured in a
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humidified atmosphere (5% CO2) at 37 °C. Dulbecco’s
modified Eagle's medium (DMEM), Roswell Park Memorial
Institute medium (RPMI-1640), penicillin/streptomycin, fetal
bovine serum (FBS), and Dulbecco’s phosphate-buffered saline
(DPBS) were purchased from Invitrogen-Gibco (Carlsbad,
CA). The luciferase assay kit and reporter lysis buffer were
purchased from Promega, and the bicinchoninic acid (BCA)
protein assay reagent kit was purchased from Pierce Chemical
Co. (Rockford, IL). Cell viability was estimated by using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
(Sigma-Aldrich).
Luciferase Reporter Gene Assay. HeLa and PC-3 cells

were seeded on 24-well culture plates at an initial density of 7 ×
104 cells/well and incubated for 24 h in 500 μL of DMEM or
RPMI-1640 containing 10% FBS at 37 °C in a humidified
atmosphere with 5% CO2. Samples (10 μL) were complexed
with 2 μg of pDNA (10 μL) at various N/P ratios and
incubated for 30 min. The cells were incubated with the
complexes (20 μL) in 250 μL of serum-free medium for 4 h
and then incubated for 18 h in 500 μL of fresh medium
containing 10% FBS. After the cells had been washed with
DPBS, lysis buffer was then added to the well (200 μL/well) for
lysis of cells. Luciferase reporter gene expression was evaluated
using a microplate spectrofluorometer (VICTOR3 V Multilabel
Counter, Perkin-Elmer, Wellesley, MA).
Cytotoxicity Assay. The cytotoxicity of complexes was

evaluated by the MTT assay. Cells were seeded onto 96-well
plates at a density of 1 × 104 cells/well and incubated for 24 h.
pDNA (0.2 μg/μL) was complexed with the samples at various
N/P ratios in DPBS buffer and incubated for 30 min.
Complexes were incubated with the cells for 4 h in 100 μL
of serum-free medium, followed by further incubation for 20 h
in 200 μL of medium containing 10% FBS. Cell medium was
replaced with 200 μL of fresh medium and 20 μL of an MTT
solution (5 mg/mL) and incubated for an additional 4 h. The
medium was then removed, and 150 μL of DMSO was added

to the wells to dissolve the internalized purple formazan
crystals. An aliquot (100 μL) was taken from each well and
transferred to a fresh 96-well plate. The absorption was
measured at 570 nm using a microplate spectrofluorometer.
The relative percentage of the control cells (nontreated), which
were not exposed to the transfection system, was used to
represent 100% cell viability.
Photoluminescence Spectrum Study. The photolumi-

nescence (PL) spectrum was recorded with a spectrofluor-
ophotometer (RF-5301PC, SHIMADZU) to obtain the PL
profile of BPEI−GO. The PL of BPEI−GO was scanned at
various excitation wavelength ranging from 400 to 480 nm, and
the λmax excitation was found to be 480 nm. The λmax excitation
and λmax emission of BPEI−GO were measured at 480 and 520
nm, respectively.
Confocal Fluorescence Microscopy Study. HeLa cells

were seeded at a density of 1 × 104 cells/well in a 12-well plate
over glass coverslips. Cells were incubated with BPEI−GO/
pDNA complexes for a certain period of time at 37 °C. After
the cellular uptake had been quenched via addition of cold
DPBS, cells were washed twice with cold DPBS and fixed with
4% paraformaldehyde for 30 min at room temperature. Cells on
a coverslip were mounted in Vectashield antifade mounting
medium with DAPI (Vetor Laboratories), observed with a
confocal laser scanning microscope (CLSM), and analyzed with
Olympus Fluoview version 1.5.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of BPEI−GO. To
construct the GO-based gene delivery vector, LMW
BPEI1.8K (Mw = 1.8 kDa) was covalently conjugated to the
carboxyl group of GO using EDC/NHS chemistry (Figure 1).
The amount of conjugated BPEI in BPEI−GO was analyzed by
measuring the UV−vis absorbance of cuprammonium com-
plexes of BPEI−GO at 630 nm, and the estimated conjugation
ratios of BPEI to GO were found to be 5, 8, and 22 and were

Figure 1. Synthetic scheme of BPEI−GO. BPEI (Mw = 1.8 kDa) was conjugated to the carboxyl groups of GO by EDC/NHS coupling. The dried
GO was dispersed in deionized water by sonication for 30 min. EDC and NHS were added to the GO solution. TEA was added to a BPEI solution in
deionized water. Subsequently, BPEI was added to the GO solution, and the mixture was stirred for 1 day at room temperature.
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denoted as BPEI−GO5, BPEI−GO8, and BPEI−GO22,
respectively (Table 1). The successful conjugation of the

carboxyl group of GO and amino group of BPEI was confirmed
by FT-IR spectroscopy, which showed the characteristic peak of
the amide bond at 1630−1695 cm−1, confirming the reported
value (Figure 2). The appearance of the vibration band around

1650 cm−1 due to the CO stretching of the primary amide in
BPEI−GO and the disappearance of the carboxylic group bands
at 1733 cm−1 of pristine GO substantiated the formation of
amide linkages. Furthermore, in the case of BPEI−GO, the
absence of the band at 1050 cm−1 that was observed earlier in
GO due to the presence of epoxide moieties clearly established
the successful chemical conjugation. However, the band at 1626
cm−1 arising due to the CC vibration of aromatic rings was
observed in both GO and BPEI−GO and implied the
preservation of the sp2 character in BPEI−GO after the
chemical conjugation.34,35

Colloidal property constitutes an important parameter in
evaluating the viability of a biomaterial in a biological
application. Accordingly, colloidal stability of GO, the BPEI/
GO mixture, and the BPEI−GO conjugate was investigated in
water, PBS, and 10% serum-containing medium (Figure 3).

Noticeable aggregation was observed for the BPEI/GO
mixture, while no aggregation was observed for unmodified
GO or the chemically modified BPEI−GO22 conjugate even
after longer incubation times in all types of media under
investigation. Such observations could easily be explained
considering the charge repulsion phenomenon of colloids. In
general, identical charges repel each other to provide colloidal
stability. Therefore, negatively charged GO remains in good
colloidal stability in solution because of the charge repulsion of
GO particles (Figure S2 of the Supporting Information).
Likewise, in the case of BPEI−GO, GO was evenly and
completely coated with positively charged BPEI and showed
excellent colloidal stability even under physiological conditions
(10% serum-containing medium). However, colloidal stability
was found to be very low for a simple BPEI/GO mixture that
contained two oppositely charged molecules and allowed the
charge interaction leading to aggregation. The effect of surface
charges on colloidal stability was also be corroborated by ζ
potential measurements as described later.
The size and morphology of GO and BPEI−GO with various

degrees of conjugation was studied by AFM (Figure 4). The

Table 1. Characteristics of the BPEI−GO Conjugatea

reaction condition
(equivalent to

COOH of GOb)
BPEI in BPEI−

GOc

BPEI−
GO

BPEI
(equiv)

EDC/
NHS
(equiv)

GO
(mg) mg μmol

BPEI:GO
conjugation ratiod

(w/w)

BPEI−
GO5

10 20 2.33 1.29 5

BPEI−
GO8

10 200 0.5 3.94 2.18 8

BPEI−
GO22

100 200 11.07 6.15 22

aThe reaction was conducted in deionized water. bThe amount of
carboxyl groups of GO was estimated by direct acid−base titration. On
the basis of the estimated carboxylic acid content, an excess molar ratio
of EDC/NHS and BPEI were added to the GO for GO−BPEI
synthesis. cThe concentration of BPEI in BPEI−GO was determined
by measuring the cuprammonium complex formed between PEI and
copper(II) at 630 nm using UV−vis spectrophotometry. dConjugation
ratios were determined by calculating the weight of BPEI and GO in
the BPEI−GO conjugate.

Figure 2. FT-IR spectra of GO (a) and BPEI−GO (b). Conjugation of
the carboxyl group of GO and the amino group of BPEI was confirmed
by FT-IR spectroscopy, which showed the characteristic peak of the
amide bond at 1630−1695 cm−1.

Figure 3. Colloidal stability of GO, the BPEI/GO mixture, and BPEI−
GO22 in water (a), PBS (b), and DMEM medium containing 10%
FBS (c).
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size of the unmodified GO was found to be 500−600 nm, and a
thickness of 0.6−1.3 nm corresponds to one to two layers of
GO. Interestingly, the BPEI−GO conjugate showed a reduced
size of 100−200 nm and an increased thickness of 6−8 nm.
However, the increase in the ratio of the degree of conjugation
of BPEI to GO had little effect on the size and thickness of the
BPEI−GO conjugates. Then, the effect of complexation with
pDNA on the size and morphology of GO and BPEI−GO was
investigated by AFM. As expected, complexation of GO with
pDNA did not change the size and thickness of GO, which
clearly demonstrated the absence of any significant interaction
between GO and pDNA. In contrast, the size and thickness of
BPEI−GO/pDNA complexes were increased to 300−400 and
16−18 nm, respectively, upon formation of the complex. The
reduced size of BPEI−GO compared to that of GO could be
attributed to the folding of the GO sheet. During EDC/NHS-
mediated conjugation, the primary amine of BPEI not only
formed an amide linkage with the carboxylic groups residing at
the GO edges but also underwent a ring-opening reaction with
the epoxy functionalities at the basal plane of the GO sheets.36

It could be assumed that the free ends of the conjugated BPEI
formed an amide linkage with the carboxylic groups present in
the same or other GO sheet leading to the folding and cross-
linking of the GO sheets, which resulted in the reduced size and
increased thickness arising from the stacking of the GO sheets.
The increase in the size and thickness of the BPEI−GO
conjugate upon complexation with pDNA could be explained
by considering the electrostatic interaction between the
negatively charged pDNA and positively charged BPEI−GO

conjugates. pDNA was thought to be sandwiched between two
BPEI−GO stakes giving rise to the increased thickness. Such
vertical stacking might lead to a multilayer structure. Similarly,
complexation involving the laterally conjugated BPEI and
pDNA might lead to lateral elongation and, hence, the
increased size of the BPEI−GO/pDNA complex.
Formation of the Polyelectrolyte Complex and ζ

Potential Measurements. It is necessary for an efficient
gene carrier to interact with pDNA generally through
electrostatic interaction and form a nanosized complex. As
described above, unmodified GO does not interact with pDNA
and, therefore, cannot form a complex with pDNA. However,
GO modified with BPEI should acquire positive surface charge
and is expected to interact with pDNA having a negatively
charged phosphate backbone. Therefore, in this study,
formation of a complex of the gene carrier with pDNA was
investigated by agarose gel electrophoresis analysis. As
expected, GO did not form a complex with pDNA even at
higher N/P ratios of 50 because of its negative charge, while
BPEI underwent complete complexation with pDNA at a low
N/P ratio of 5 (Figure 5a). Although BPEI−GO5 having a
lower conjugation ratio formed complexes with N/P ratios of

Figure 4. AFM images of GO, BPEI−GO, the GO/DNA complex,
and the BPEI−GO/DNA complex. A droplet of GO and BPEI−GO
dispersion was cast onto a freshly prepared silicon oxide wafer (p-
type), followed by drying at 80 °C. The scale bar is 500 nm.

Figure 5. Agarose gel retardation study (a) and ζ potential
measurements (b) of pDNA complexed with GO, BPEI1.8K, and
BPEI−GO conjugates at various N/P ratios. (a) Complexes of pDNA
with GO, BPEI1.8K, and BPEI−GO conjugates were electrophoresed
through a 1% (w/v) agarose gel and then analyzed with a UV
illuminator. (b) The final pDNA concentration for ζ potential
measurement was adjusted to 33 μg/mL. The complexes were then
incubated for 30 min prior to the measurement of ζ potential at room
temperature.
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>10, the complexation ability of BPEI−GO5 was found to be
weaker than that of unmodified BPEI, which might stem from
the interfering effect of negatively charged GO through the
disruption of the ionic interaction of BPEI and pDNA. The
complexation ability of BPEI−GO conjugates with pDNA was
enhanced with an increase in conjugation ratios because of the
multivalent effect of BPEI−GO. Therefore, conjugation of
positively charged BPEI to negatively charged GO ensured that
BPEI−GO formed a nanosized complex with pDNA.
Along with complex formation ability, the surface charge of

the nanocomplex governs the cellular uptake and transfection
ability of the complex. Therefore, the surface charge of the
nanocomplex was studied by ζ potential measurement (Figure
5b and Figure S2 of the Supporting Information). Over the
entire range of N/P ratios, GO shows a negative ζ potential
value, which clearly demonstrated its inability to form a
complex with DNA. HMW BPEI25K forms a complex with
pDNA at low N/P ratios and shows the highest positive value
of ζ potential, while LMW BPEI1.8K has a lower ζ potential.
BPEI−GO8 and BPEI−GO22 exhibited considerably higher
positive ζ potentials than LMW BPEI1.8K. However, these
complexes showed positive surface charges lower than that of

HMW BPEI25K, and it was considered to be advantageous for
BPEI−GO conjugates as the excessively high positive charge of
HMW BPEI25K induced higher cytotoxicity. The positive
surface charge and stable polyelectrolyte complex formation of
BPEI−GO tend to interact favorably with the negatively
charged cell surface, thereby facilitating efficient cellular uptake.
Gene Transfection Study. To investigate the immense

potential of BPEI−GO as an efficient gene carrier, we
performed the luciferase gene expression assays in HeLa and
PC-3 cells. The transfection efficiency was evaluated for GO,
BPEI25K, BPEI1.8K, and BPEI−GO complexes at various N/P
ratios. Unmodified GO and LMW BPEI1.8K showed negligible
gene transfection, but HMW BPEI25K showed stronger gene
transfection ability, which is considered a gold standard in
nonviral gene delivery carriers (Figure 6). Overall, the level of
gene transfection was increased with an increase in the N/P
ratio and conjugation ratio of BPEI to GO as shown in Figure
6. BPEI−GO22 showed considerable gene transfection even at
an N/P ratio of 5. At N/P ratios of 10 and 20, transfection was
comparable to that of BPEI25K in both types of cells (HeLa
and PC-3). This observation of the strong gene transfection
ability of BPEI−GO22 might be due to the multivalent effect of

Figure 6. Transfection of GO, BPEI (1.8K and 25K), and BPEI−GO conjugates at predetermined N/P ratios in HeLa (a) and PC-3 (b) cell lines.
Cells were seeded on 24-well culture plates at an initial density of 7 × 104 cells/well. The cells were incubated with the complexes in 250 μL of
serum-free medium for 4 h and then incubated for 18 h in 500 μL of fresh medium containing 10% FBS. After the cells had been washed with DPBS,
lysis buffer was then added in the well (200 μL/well) for lysis of cells. Luciferase reporter gene expression was evaluated using a microplate
spectrofluorometer.
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LMW BPEI1.8K conjugated to the GO, which is favorable for
formation of a stable polyelectrolyte complex with pDNA and
highly positive surface charge. Though BPEI25K was
considered as the gold standard in transfection, significant
cytotoxicity of BPEI25K should be considered carefully before
use. Therefore, the cell toxicity of all gene carriers was
investigated with an MTT assay.
Cytotoxicity Assay. The cytotoxicity of GO, BPEI1.8K,

BPEI25K, and BPEI−GO conjugates was studied by an MTT
assay. As shown in Figure 7, GO did not show cell toxicity in
HeLa cells. BPEI1.8K shows 80% cell viability; however, 40% of
the cells were found to be dead in HMW BPEI25K-transfected
cells. In the case of BPEI−GO, cell toxicity is increased slightly
with an increase in N/P ratio, but BPEI−GO maintained >80%
cell viability at all N/P ratios. Similar results were observed for
PC-3 cells. Although HMW BPEI25K showed a high gene
transfecion efficiency, its high cell toxicity rendered it less
encouraging for practical application. However, BPEI−GO
complexes demonstrated high transfection efficiency without
inducing significant cytotoxicity. The low cytotoxicity of BPEI−
GO can be attributed to the low cytotoxic character of LMW

BPEI, which was retained in BPEI−GO even after conjugation
with GO.26−29 This implies the great potential of BPEI−GO as
a nonviral gene delivery carrier with low toxicity.
Photoluminescence Study. The excellent optical prop-

erty of GO makes it a very enticing agent in bioimaging and
fluorescence-assisted cellular uptake tracking. In this study, we
investigated the optical property of GO and BPEI−GO by
UV−vis absorbance and PL spectroscopy. GO and BPEI−GO
both exhibited UV−vis absorbance over a wide range of
wavelengths, though the absorbance of BPEI−GO was found to
be higher than that of GO (Figure 8a). The difference in
absorbance could be rationalized on the basis of the
accompanied surface modification during amidation and ring
opening amination of epoxy moieties leading to the reduction
of GO after conjugation of BPEI to GO, which is in good
accordance with other reports.37,38 The λmax excitation and λmax
emission of BPEI-GO were found to be 480 and 520 nm,
respectively (Figure 8b). Though the PL of GO and the BPEI/
GO mixture was negligible, BPEI−GO displayed a significant
increase in PL when excited at 480 nm; however, a further
steep increase in PL intensity was observed when BPEI−GO

Figure 7. Cell viability profile of GO, BPEI (1.8K and 25K), and BPEI−GO conjugates at predetermined N/P ratios in HeLa (a) and PC-3 (b) cell
lines. Cells were seeded onto 96-well plates at a density of 1 × 104 cells/well and incubated for 24 h. Complexes were incubated with the cells for 4 h
in 100 μL of serum-free medium, followed by further incubation for 20 h in 200 μL of medium containing 10% FBS. Cell medium was replaced with
200 μL of fresh medium and 20 μL of an MTT solution (5 mg/mL) and incubated for an additional 4 h. The relative percentage of the control cells
(nontreated), which were not exposed to the transfection system, was used to represent 100% cell viability.
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Figure 8. (a) UV−vis absorption spectrum of GO, BPEI, and BPEI−GO in water (0.01 mg/mL). (b) BPEI−GO photoluminescence excitation
(PLE) spectrum with a detection wavelength of 480 nm and BPEI−GO PL spectrum excited at 480 nm. (c) BPEI−GO PL spectrum in water
recorded for progressively longer excitation wavelengths from 400 to 480 nm in 20 nm increments. (d) PL spectrum of the BPEI−GO/DNA
complex, BPEI−GO, the BPEI/GO mixture, and GO in water (0.01 mg/mL).

Figure 9. Confocal fluorescence microscopic images of a PC-3 cell line treated with BPEI−GO, DNA complexes with BPEI−GO, GO, and BPEI.
pDNA was labeled with TOTO-3, and nuclei were stained with DAPI; a 488 nm laser was then applied to observe PL.
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formed a complex with pDNA (Figure 8d). Both GO and
BPEI−GO absorbed light over a wide range of wavelengths
(Figure 8a), but GO displayed considerably low emission that
could be attributed to the nonradiative emission of GO arising
due to the presence of a carboxylic group and an epoxy group.33

On the other hand, the conjugation of BPEI to GO effectively
restored the conjugated aromatic clusters and suppressed the
nonradiative emission of GO through nucleophilic binding of
BPEI to the carboxylic group and the epoxy group of GO. At
the same time, the ionic interaction between BPEI and GO
adversely affected the PL; however, the combined effects gave
rise to an overall increase in the PL intensity of BPEI−GO
compared to that of GO. After incorporation of pDNA, BPEI
preferentially formed a complex with pDNA and induced
recovery of the PL intensity of BPEI−GO that was partially lost
due to the ionic interaction between GO and BPEI.39 The
observed facts certainly prove the potential of BPEI-GO as a
good emitter by reduction of nonradiative emission and
induction of radiative emission.
Bioimaging Study. To evaluate the potential of BPEI−

GO as a bioimaging reagent, we conducted the transfection
studies of GO and BPEI−GO with or without pDNA
complexation and tracked the movement of the complexes
during the transfection using confocal microscopy (Figure 9
and Figure S3 of the Supporting Information). To visualize the
movements of complexes, pDNA was labeled with TOTO-3
and nuclei were stained with DAPI, and then a 488 nm laser
was applied to observe PL. No green PL was observed when
GO and BPEI were employed alone, which was in accordance
with a previous PL spectroscopy study. However, significant
green fluorescence of BPEI−GO was observed after trans-
fection into the cells, which confirmed the distribution of
BPEI−GO in the cytosol. In addition, when the BPEI−GO/
pDNA complex was transfected into cells, not only green
fluorescence but also red fluorescence of pDNA was observed
in cells, which demonstrated the efficacy of the developed dual-
labeled complex in providing information regarding the
location of BPEI−GO and pDNA. Therefore, these results
clearly illustrate the potential of the BPEI−GO nanoconstruct
as a bioimaging reagent.

■ CONCLUSION
In conclusion, to develop GO as an efficient gene carrier, it was
imperative to conjugate a cationic gene carrier to GO as unlike
ssDNA, dsDNA could not be loaded on GO through π−π
stacking interaction. Our work demonstrated the successful
fabrication of GO through covalent linkage with LMW BPEI,
which acted as a cationic gene carrier. It was confirmed that
BPEI−GO possessed high gene delivery efficiency and
exhibited high cell viability. Furthermore, the PL properties
of GO were enhanced through conjugation of BPEI to GO,
which advocated the immense potential of BPEI−GO as a
fluorescence reagent. This highly efficient gene delivery and the
excellent photoluminescence activities of the GO-based nano-
construct will definitely merit further attention in the
development of more sophisticated carrier systems that could
serve both as a gene delivery vector and as a bioimaging tool.
There are a few reports that demonstrated the fabrication of
carbon nanotube-based nanomaterials and their enhanced
efficiency in siRNA delivery40 as well as in photothermal
therapeutic applications.41 Considering the extremely high
transfection efficiency comparable to that of HMW BPEI and
the high cell viability, its application could be extended to

siRNA delivery, drug delivery, and photothermal therapy by
installing further functional and structural attributes such as
enhancing dispersibility through pegylation.
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ABSTRACT: RNA interference is a powerful strategy that inhibits gene expression through
specific mRNA degradation. In vivo, however, the application of small interfering RNAs
(siRNAs) is severely limited by their instability and their poor delivery into target cells and
tissues. This is especially true with glioblastomas (GBMs), the most frequent and malignant
form of brain tumor, that has limited treatment options due to the largely impenetrable blood-
brain barrier. Here, cationic solid lipid nanoparticles (SLN), reconstituted from natural
components of protein-free low-density lipoprotein, was conjugated to PEGylated c-Met siRNA.
The c-Met siRNA-PEG/SLN complex efficiently down-regulated c-Met expression level, as well
as decreased cell proliferation in U-87MG in vitro. In orthotopic U-87MG xenograft tumor
model, intravenous administration of the complex significantly inhibited c-Met expression at the
tumor tissue and suppressed tumor growth without showing any systemic toxicity in mice. Use
of Cy5.5 conjugated SLN revealed enhanced accumulation of the siRNA-PEG/SLN complexes
specifically in the brain tumor. Our data demonstrates the feasibility of using siRNA-PEG/SLN
complexes as a potential carrier of therapeutic siRNAs for the systemic treatment of GBM in the clinic.

■ INTRODUCTION
Glioblastoma multiforme (GBM) is a very aggressive brain
tumor, and the prognosis of patients with GBMs remains poor
despite multidisciplinary treatment approaches, such as surgical
resection, radiotherapy, and chemotherapy. Furthermore, GBM
is particularly difficult to treat because the brain is endowed
with a uniquely privileged immune environment by the blood-
brain barrier (BBB). To date, the BBB remains largely
impenetrable by the existing oncology drugs,1 necessitating
the development of novel delivery methods for treating GBM.
Toward this end, we previously developed a novel solid lipid

nanoparticle (SLN) that can serve as a good carrier of cancer
cell targeting moieties.2 In particular, the SLNs were designed
to carry small interfering RNAs (siRNAs). Use of siRNAs has
been long-desired, because it can specifically silence oncogenes
that control proliferation, apoptosis, angiogenesis, or migration
of the tumor cells.3 However, its application in the clinic has
been limited due to its poor stability in biological fluids and
nonspecific cellular uptake.4−6 We overcame these issues by
conjugating the siRNAs with poly(ethylene glycol) (PEG) and
by mimicking naturally occurring low-density lipoprotein
complexes that are common in bodily fluids7 using poly-
ethylenimine (PEI) to form nanoscale polyelectrolyte complex

micelles in vitro.2 This would now allow in vivo systemic
administration of siRNA-based therapy possible, and the
question remains whether the siRNA-PEG/SLN can also be
effective in crossing the BBB.
Here, we report an orthotopic human brain tumor mouse

model using the siRNA-PEG/SLN delivery system to evaluate
its penetration across the BBB to the tumor site. Systemic
intravenous administration of the SLN successfully and
specifically delivered the siRNA to the tumor and lowered
the tumor cell proliferation and tumorigenicity.

■ MATERIALS AND METHODS
Materials. Cholesterol hydrochloride (Chol), L-α-dioleoyl

phosphatidylethanolamine (DOPE), and 3β-[N-(N′,N′-dime-
thylaminoethane)-carbamoyl]-cholesterol (DC-Chol) were ob-
tained from Avanti Polar Lipids (Alabaster, AL). Cholesteryl
oleate and glyceryl trioleate were purchased from Sigma-Aldrich
(St. Louis, MO). All other chemicals were of analytical reagent
grade.
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Synthesis of Cationic Solid Lipid Nanoparticles
(SLN). Cationic solid lipid nanoparticles (SLNs) were
produced by a modified emulsification-solvent evaporation
method, as reported previously.2 Briefly, cholesteryl oleate
(22.5 mg), glyceryl trioleate (1.5 mg), DOPE (7 mg), Chol (5
mg), and DC-Chol (14 mg) were codissolved in 2 mL of
chloroform/methanol mixture (2:1, v/v). After 10 mL of
deionized water was added, the mixture was vortexed for 2 min
and subsequently sonicated for 5 min using a Bronson Sonifier
450 equipped with a microtip (20 kHz, duty cycle = 35, output
control = 3.5). The resulting emulsion was transferred to a
round-bottom flask and then the solvent was rapidly evaporated
at 60 °C at 20 mmHg using a rotary evaporator (EYELA,
Japan). The produced SLNs were purified by extensive dialysis
against deionized water (Mw cutoff of 100 kDa).
Formation of siRNA-PEG/SLN Complexes. An siRNA

targeting human c-Met (sense; 5′-GUGCAGUAUCCUCUGA-
CAGUU-(CH2)6 NH2−3′, antisense; 5′-CUG UCA GAG
GAU ACU GCA CUU-3′) and a nontargeting (NT) siRNA
(sense; 5′-GUUCAGCGUGUCCGGCGAGTT-(CH2)6-
NH2−3 ′, antisense; 5 ′-CUCGCCGGACACGCUGCU-
GAACTT-3′), both modified with 3′-hexylamine on the sense
strand, were obtained from Samchunlly Inc. siRNA was
conjugated with PEG through a disulfide bond as described
previously.8 SLN was incubated with siRNA-PEG conjugate at
room temperature for 15 min in deionized water. To minimize
interference from autofluorescence in in vivo imaging studies,
siRNA-PEG/SLN complex was labeled with near-infrared
Cy5.5. The diameter and surface zeta-potential were measured
using a dynamic light scattering (DLS) instrument (Zeta-Plus,
Brookhaven Instrument Co., NY) as described previously.2 The
SLN was observed by atomic force microscopy (AFM; PSIA
XE-100, Park Systems, Santa Clara, CA) and transmission
electron microscopy (TEM; Zeiss Omega 912, Carl Zeiss,
Oberkochen, Germany).
Cell Culture and Transfection. U-87MG human GBM

cells (ATCC) were grown in EMEM supplemented with 10%
FBS, 2 mM L-glutamine, penicillin (100 units/mL), and
streptomycin (100 μg/mL). For siRNA-PEG/SLN transfection,
c-Met expressing U-87MG ells were plated on a 6-well plate at
a density of 2.5 × 105 cells/well. After 24 h of incubation, the
medium was replaced by fresh medium containing 0.5% FBS
and 20 nM NT or 40 nM c-Met siRNA-PEG/SLN complexes
were added to the cells. After 6 h incubation at 37 °C, the
transfection medium was discarded and supplemented with
medium containing 0.5% FBS. After an additional 24 h of
incubation, the cells were harvested for Western blotting.
Western Blotting. Cell lysates were prepared from

transiently transfected U-87MG cells by scraping 90% confluent
10 cm dishes into NP40 Cell Lysis Buffer (50 mM Tris, pH 7.4,
250 mM NaCl, 5 mM EDTA, 50 mM NaF, 1 mM Na3VO4, 1%
NP40, 0.02% NaN3) (Invitrogen Corporation, Camarillo, CA)
containing protease inhibitor cocktail tablets (Roche, Laval,
QC). The protein concentrations were determined using the
Bradford protein assay (Bio-Rad Laboratories, Inc., Hercules,
CA) according to the manufacturer’s directions. Proteins were
separated by SDS-PAGE, transferred onto PVDF membrane
(GE Healthcare, Piscataway, NJ), and immunoblotted with
primary antibodies overnight at 4 °C. A rabbit polyclonal
antibody raised against a C-terminal cytoplasmic domain of
human c-Met (1:200; Abcam, San Francisco, CA) was used. A
mouse monoclonal antibody against β-actin (1:5000; Sigma,
Saint Louis, MO) was used for the internal control. Bound

antibodies were detected using horse radish peroxidase-
conjugated goat antirabbit IgG (1:5000, Invitrogen) or goat
antimouse IgG (1:5000, Zymed, San Francisco, CA) and were
visualized via enhanced chemiluminescence (GE Healthcare).
In Vitro Proliferation Analysis. Cells were seeded at a

density of 0.5 × 104 cells/well in 96-well plates and were
transfected with NT or c-Met siRNA-PEG/SLN as described
above. After transfection, cells were treated with 200 ng/mL of
HGF for 24 h, 48 h, 72 h, or 96 h. Cell proliferation was
quantified using Cell Counting Kit-8 (CCK-8) (Dojindo
Molecular Technology, Gaithersburg, MD, USA), which assays
cellular mitochondrial dehydrogenase activity as a measure of
cell viability.
GBM Orthotopic Model and siRNA Treatment. Animal

experiments were approved by the appropriate Institutional
Review Boards of the Samsung Medical Center (Seoul, Korea)
and conducted in accord with the “National Institute of Health
Guide for the Care and Use of Laboratory Animals” (NIH
publication no. 80−23, revised in 1996). For orthotopic GBM
animal model, anesthetized 6-week-old male Balb/c-nu mice
were secured in a rodent stereotactic frame, a hollow guide
screw was implanted into a small drill hole made at 2 mm left
and 1 mm anterior to the bregma, and 2 × 105 U-87MG cells in
5 μL HBSS were injected through this guide screw into the
white matter at a depth of 2 mm [anterior/posterior (AP) +0.5
mm, medial/lateral (ML) +1.7 mm, dorsal/ventral (DV) −3.2
mm]. Two weeks after tumor cell implantation, mice were
randomized into four groups (n = 7 for each group) and were
given intravenous injection of SLN alone (control), 0.125 mg/
kg, 0.5 mg/kg, or 2 mg/kg of c-Met siRNA-PEG/SLN complex
intravenously three times once a week (Figure 3A). Brains were
harvested and processed for paraffin embedding at six hours
after the final injection.
For tumor mass volume quantification, standard H&E

staining was performed in the paraffin sections and observed
under optical microscope. The tumor volume was calculated by
measuring the section with the largest tumor portion and
applying the formula: (width)2 × length × 0.5. The c-Met
expression in tumor was determined by immunohistological
staining using mouse antihuman c-Met monoclonal antibody
(Zymed). Peroxidase-conjugated secondary antibodies were
used and visualized by incubating the slides with stable 3,3′-
diaminobenzidine (DAB) for 10−20 min. The sections were
rinsed with distilled water, counterstained with Gill’s
hematoxylin for 1 min, and mounted with Universal Mount
(Research Genetics, Huntsville, AL).
In Vivo Quantification of c-Met siRNA-PEG/SLN

Tumor-Tropism into the Brain. To evaluate tumor
targeting of c-Met siRNA-PEG/SLN complex in U-87MG
tumor-bearing mouse, siRNA-PEG/SLN complex conjugated
with Cy5.5 was utilized. Three weeks after tumor cell
implantation, mice were randomized into two groups (n = 3
for each group) and were given single intravenous injection of
SLN alone (control) or 0.5 mg/kg c-Met siRNA-PEG/SLN-
Cy5.5 complex (Figure 4A). Two days after injection, the mice
were anesthetized with 2−3% isoflurane. The signal from Cy5.5
was detected in the region of the brain using a prototype
Xenogen IVIS Spectrum in vivo imaging system (Caliper Life
Science). Fluorescence intensity was analyzed as photons per
second (p/s) by Living Image 3.1 software (Caliper Life
Science).
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■ RESULTS AND DISCUSSION

Although siRNA is a promising nucleic acid drug in gene
therapy, various intra- and extracellular barriers hamper
therapeutic applications. Negatively charged siRNAs have
extremely low cellular uptake and transfection efficiency, and
undergo rapid chemical degradation when administered
intravenously. To overcome the in vivo stability problem of
siRNA, we report here a new delivery system for siRNAs that

can readily cross the BBB for a targeted therapy of GBM. We
chose to target c-Met, since its overexpression is associated with
poor prognosis and invasiveness of tumors in GBM patients,9

and we demonstrate that c-Met siRNA treatment can
successfully attenuate GBM tumor growth in vivo.
Synthesis and Characterization of siRNA-PEG/SLN

Complex. Our RNAi delivery system is based on the
formation of SLN complex with PEGylated siRNA. PEGylated

Figure 1. Characterization of solid lipid nanoparticle (SLN). (A) Size distribution of SLN and (B) zeta-potential value were measured by dynamic
light scattering (DLS) and (C) TEM (scale bar = 500 nm) and (D) AFM images.

Figure 2. Effects of c-Met blockade in U87MG cell proliferation. (A) Western Blot analysis of U87MG transfected either with non-targeting (NT)
siRNA-PEG/SLN complex or c-Met (Met) siRNA-PEG/SLN complex. c-Met siRNA-PEG/SLN complex efficiently reduced c-Met protein level.
Endogenous human ß-actin was used as a control. (B) Inhibition of cell proliferation by transfection of c-Met siRNA-PEG/SLN complex. Values are
mean ± SEM *p < 0.05, **p < 0.01, ***p < 0.001 vs Control.
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c-Met siRNA or NT siRNA was conjugated with SLN at room
temperature in deionized water. The mean diameter of SLN as
measured by laser light scattering was 117.4 ± 11.7 nm (Figure
1A), and the zeta potential value of SLN was 37.3 ± 2.3 mV,
indicating good stability of the complex (Figure 1B). The TEM
(Figure 1C) and AFM (Figure 1D) observations confirmed the
size and the spherical shape of the SLN. We demonstrated
previously the ability to target the delivery of siRNA-PEG
complex specifically to cancer cells in vitro.2 Here, we show for
the first time that these SLN could be utilized as nontoxic,
serum-stable, and highly effective carriers for delivery of siRNA
specifically to tumor site in vivo.
c-Met siRNA-PEG/SLN Complex Down-Regulates c-

Met Protein and Tumor Cell Proliferation. To establish
the efficacy and specificity of this targeting method, we used U-
87MG glioblastoma cell lines positive for expression of c-Met.
The c-Met siRNA-PEG/SLN complex exhibited profound
inhibition extent of c-Met expression (32.5 ± 1.9% reduction,
as compared to the no treatment control) than the NT siRNA-
PEG/SLN complex (2.9 ± 3.0% reduction, as compared to the
no-treatment control) (P < 0.01; Figure 2A). In the
proliferation assay, treatment with the c-Met siRNA-PEG/
SLN complex significantly reduced tumor cell proliferation in a
dose dependent manner; 20 nM and 40 nM groups showed
13.1% and 23.4% tumor cell proliferation reduction,
respectively, compared with NT siRNA-PEG/SLN complex
group. No such reduction was observed with the NT siRNA-
PEG/SLN complex compared to the control (Figure 2B).
These results indicate that our c-Met siRNA-PEG/SLN
complex specifically reduces proliferation of glioblastoma cells
by controlling the expression of c-Met in vitro.
Antitumor Effects of c-Met siRNA-PEG/SLN Complex

in a Glioma Xenograft Orthotopic Model. The antitumor
effects of systemic administration of c-Met siRNA-PEG/SLN
complex were evaluated by giving intravenous injection of the

complex in U-87MG orthotopic models. Two weeks after
tumor cell implantation, mice were randomized into four
groups (n = 7 for each group) and were given intravenous
injection of SLN alone (control), 0.125 mg/kg, 0.5 mg/kg, or 2
mg/kg of c-Met siRNA-PEG/SLN complex intravenously three
times once a week (Figure 3A). The tumor volumes were
determined at the day of last c-Met siRNA-PEG/SLN complex
injection. Treatment with c-Met siRNA-PEG/SLN complex
significantly inhibited U-87MG tumor growth in a dose-
dependent manner; 0.125 mg/kg, 0.5 mg/kg, and 2 mg/kg
groups showed 50%, 62%, and 91% tumor volume reduction,
respectively, compared with the control group (*P < 0.05 and
**P < 0.01 vs control, Figure 3B). Immunohistochemical
staining of the tumor sections demonstrated that there was a
down-regulation of c-Met with c-Met siRNA-PEG/SLN
complex administration (Figure 3C). These results indicate
that a SLN-based siRNA delivery system can overcome the
current problems facing siRNA therapy. Here, we showed that
GBM tumor volume reduction can be effectively achieved via
RNAi-mediated down-regulation of c-Met. More importantly,
we show that the SLN complex employed here allows for a
systemic in vivo application of c-Met siRNAs in glioblastoma
orthotopic models that can effectively control tumor growth. It
should be noted that no significant difference in body weight
changes was observed between mice with and without
treatment of siRNA-PEG/SLN complex during the indicated
experimental period (data not shown). This suggests that there
was no apparent critical systemic toxicity caused by the
formulations.
c-Met siRNA-PEG/SLN Complex Can Cross the Blood-

Tumor Barrier and Specifically Target the Tumor Site.
To investigate the in vivo BBB-permeability of the c-Met
siRNA-PEG/SLN complex, we intravenously administered
Cy5.5-labeled c-Met siRNA-PEG/SLN complex to mice
bearing the U-87MG tumor (Figure 4A). At 48 h postinjection,

Figure 3. In vivo c-Met targeting in xenograft tumor. (A) The timeline for the assessment of in vivo antitumor activities of c-Met siRNA-PEG/SLN
complex in an orthotopic xenograft model. (B) c-Met siRNA-PEG/SLN complex reduced U-87MG tumor volumes in a dose-dependent manner.
Data are expressed as the mean ± SE. (C) Representative microphotographs of immunohistochemistry determining c-Met expression in the brains of
control siRNA or c-Met siRNA treated mice. Immunopositive cells were visualized by brown DAB staining. Values are mean ± SEM *p < 0.05, **p
< 0.01, vs Control.
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Cy5.5-labeled c-Met siRNA-PEG/SLN complex showed higher
fluorescence intensity in the brain compared to the no-
treatment control (Figure 4 B,C). Grzelinski et al.10 previously
reported a similar delivery system of gene silencing but with
local intratumor injection of siRNA/polyethlenimine complex
in subcutaneous U-87MG model. Our work illustrates an
improved delivery system that is effective even with systemic
intravenous administration of the RNAi/nanoparticle complex
in an orthotopic model. We speculate that siRNA-based
therapy in orthotopic models may have been difficult to
evaluate in the past due to the difficulty of delivery across the
BBB. The system employed here showed that the siRNA-PEG/
SLN can specifically cross the BBB to the tumor site (Figure 4)
with no apparent systemic toxicity. This is highly significant
since it provides proof-of-concept that in vivo diagnostics can
also be a potential future application of the technology
employed here. Caution should be taken by noting that the
mice model used here lacks an intact immune system, so the
innate immune response to RNAi will need to be addressed in
future studies. Nevertheless, the tumor-tropic delivery of
siRNAs across the BBB and the outstanding tumor volume
reduction achieved by our system provide great promise for a
clinical application in the near future.

■ CONCLUSIONS

Here, we present the SLN complexed with siRNAs as a viable
platform for RNAi-based gene targeting, providing clinical
rationale for the use of siRNAs against optimal targets of a
given tumor. Specifically for GBM, we introduce SLN-
complexed, c-Met-specific siRNAs as an efficient tool for
attenuating tumor growth in vitro and in vivo. There was a
successful tumor control via intravenous administration of the
siRNA complex in the orthotopic GBM xenograft tumor model,
along with specific tumor-tropic localization of the SLN per in
vivo imaging. The model described here indicates that this
approach is a highly feasible novel therapeutic option for GBM
in the clinic.
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ABSTRACT: A novel DNA microarrying platform based on
oxygen plasma activation of polycarbonate surface of compact
disks (DVD) is presented. Carboxylic acid groups are
generated in few seconds on polycarbonate in an efficient,
fast, and clean way. Following this surface activation strategy,
amino-modified oligonucleotide probes were covalently
attached, reaching an immobilization density of 2 pmol cm−2.
Atomic force microscopy imaging revealed the nondestructive
character of this treatment when applied for short times,
allowing for disk scanning in standard DVD drives. DNA assays
performed on oxygen plasma treated disks resulted very
efficient with maximum hybridization yield of 93% and
reaching a low limit of detection (200 pM) for perfect match
synthetic oligonucleotide targets when reading the disk with a
standard drive as detector. The approach was also evaluated by scoring single nucleotide polymorphisms with a discrimination
ratio of 12.8. As proof of concept, the oxygen plasma treated interactive polycarbonate DNA microarraying platform was applied
to the detection of PCR products of Salmonella spp., reaching a detection limit of 2 nM that corresponds to a DNA concentration
of only 1 c.f.u./mL. The results confirm the suitability of the microarray platform for analysis of biological samples with high
sensitivity.

■ INTRODUCTION
DNA assays have been growing due to their broad applications
in many fields (e.g., gene analysis, clinical diagnosis, or
pathogen detection). Among the numerous assay types,
oligonucleotide microarray technology allows for high-
throughput, sensitive and selective DNA detection in a
miniaturized format. For that, glass is the support commonly
employed, but organic polymers also have high potential in
microarray analysis due to their good mechanical and optical
properties, mass production, and price.
Optical disks are attractive analytical supports, given the low

cost of mass production and the countless surface chemistry
strategies to attach probes for biosensing in different formats.
Several approaches have been reported for bioanalytical
applications in microarray format on optical disks.1,2 Perform-
ances of drive as detector demonstrated that compact disk
(CD) technology is very competitive. Ubiquity and the price of
a disk reader provide huge advantages compared to the usual
equipment, including fluorescence scanners and flow cytom-
eters.
Electrostatic immobilization of DNA probes on positively

charged surfaces, e.g., amino-silanized glass or charged-nylon
membranes, is a common strategy to attach them in a random
manner. However, covalent immobilization achieves probe
directionality, reduces background noise, and develops a stable

biomolecule layer.3,4 Indeed, this strategy has been employed
for the vast majority of commercial products because of its
versatility, durability, and good functionality.5,6

Covalent linking of probes on optical disks requires
functionalization of the surface since polycarbonate (PC), the
main component of disks, lacks appropriated reactive chemical
groups. A number of chemical and physical processes for
covalent attachment of proteins and nucleic acid probes on PC
surfaces are reported in the literature.7−12 Most of these
methods have limitations since they modify the opto-
mechanical properties of the surface or use experimental setups
that disable disk reading with disk drives. Also, classical
chemical reactions must be carefully handled on disks as PC
can be severely damaged. Our research group has developed
chemical approaches, involving covalent attachment of probes
on PC.13−15 Several advantages were highlighted in DNA
hybridization assays with limits of detection of 2.5 nM and
scoring single nucleotide polymorphism (SNP), using cova-
lently anchored aminated oligomers through a glutaraldehyde
cross-linker.14
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However, cleaner, easy-going, and more efficient methods are
demanded. Thus, Li et al.16 reported UV/O3 treated compact
disks, allowing the immobilization of biotin, oligonucletotides,
and immunoglobulins by covalent linkage. Maintaining the disk
structure, DNA hybridization events were detected with a
sensitivity of 25 nM by analyzing errors of the disk reading in a
standard CD drive. These figures should be improved to reach
the sensitivity required in real applications.
Plasma methods have attracted much attention for surface

modification of polymeric materials. It is generated by applying
an electric discharge to a neutral gas, developing radicals highly
reactive with any species or surface they reach. Plasma
treatment is a fast, effective, and clean method to create
chemical moieties with minimal waste products. Plasma
methods to develop chemically reactive polymeric surfaces
have been reviewed by Siow et al.17 Surface modification of
polymers by plasma has been widely physico-chemically
characterized, including treated PC surfaces.18 Oxygen plasma
is reported to be more effective than others gases such as air,
N2, or Ar, for the treatment of PC, introducing oxygenated
groups on the surface and providing a very low treatment depth
and homogeneity on a molecular scale.19 To the best of our
knowledge, studies about the ability of these treated PC
surfaces to covalently link DNA probes for bioassaying have not
been published yet.
In this article, we describe an oxygen plasma activated PC

surface of compact disks to covalently attach aminated
oligonucleotide probes, developing a novel and general
microarraying platform applicable to nucleic acid based
methods. The optimal working conditions to maintain disk
operations and surface activity were also approached despite
the delicate structure of DVD (PC substrate covered with
several layers of different materials) and the hard conditions
inside the plasma reactor.
This novel microarray platform, compatible with disk

reading, is created and applied, as a proof of concept, to
score SNPs and detect polymerase chain reaction (PCR)
products, achieving good performance.

■ EXPERIMENTAL PROCEDURES

Chemicals. The immobilization-printing buffer (HEPES:
50 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic
acid buffer, containing 40% (v/v) glycerol, pH 7.0); hybrid-
ization buffer (3 × SSC: 45 mM sodium citrate buffer and 450
mM NaCl, pH 7.0); PBS-T (10 mM sodium phosphate buffer,
150 mM NaCl, and 0.05% (v/v) Tween 20, pH 7.2); and
washing solutions were filtered through a 0.22 μm pore size
nitrocellulose membrane from Whatman GmbH (Dassel,
Germany), before use.

Oligonucleotides were from Sigma-Aldrich (Madrid, Spain),
and the sequences are shown in Table 1. Digoxigenin labeled
PCR products were 151 bp long and used to detect specifically
Salmonella spp. Ten nanometer colloidal gold labeled
antidigoxigenin immunoglobulin was from Aurion (Wagenin-
gen, The Netherlands). N-Hydroxysuccinimide (NHS), 1-
ethyl-3-(3′-dimethylaminopropyl)carbodiimide (EDC), Crystal
Violet, Tween 20, formamide, and silver enhancer solutions
were supplied by Sigma-Aldrich (Madrid, Spain). Note: All the
chemicals should be handled following the corresponding
material safety data sheets.
Surface Activation and Characterization. DVD-R disks

were purchased from MPO Ibeŕica (Madrid, Spain). The disks
were first conditioned by gentle ethanol washing, water rinsing,
and dried by centrifugation. For oxygen plasma activation, disks
were introduced inside a microwave plasma reactor PVA Tepla
200 Plasma System (Feldkirchen, Germany) operating at 2.45
GHz and continuous 100 W power for 30 s. Oxygen pressure
inside the reactor was 120 Pa. Disks were stored under vacuum
and dry conditions until probe attachment.
Surface contact angle measurements were taken on OCA20

equipment and data analyzed using SCA20 software from
Dataphysics Instruments GmbH (Filderstadt, Germany). The
measurements were done in quintuplicate at room conditions
with a volume drop of 10 μL.
X-ray photoelectron spectra were recorded with a Sage 150

spectrophotometer from SPECS Surface Nano Analysis GmbH
(Berlin, Germany). Nonmonochromatic AlKa radiation (1486.6
eV) was used as the X-ray source operating at 30 eV constant
pass energy for elemental specific energy binding analysis.
Vacuum in the spectrometer chamber was 9 × 10−9 hPa and
the sample area analyzed 1.0 mm2. The surface topographies
were examined with a Nanoscope IIIa atomic force microscope
from Digital Instruments (Santa Barbara, CA, USA), operating
in tapping mode in air at room temperature.
Crystal violet dye was employed to estimate the density of

carboxylic acid groups generated on oxygen plasma treated PC
surfaces, as previously described.20 Raw polycarbonate surface
from standard DVDs was used as the control.
Oligonucleotide Immobilization. Amino modified oli-

gonucleotide probes were attached to oxygen plasma DVD by
carbodiimide chemistry. To this end, the oligo probe was
serially dissolved (concentration ranging from 0.05 to 5 μM) in
printing buffer with EDC and NHS at 20 mM. Solutions were
immediately microarrayed on the oxygen plasma activated
surface as 50 nL drops with a noncontact dispenser (AD1500,
Biodot Inc., Irvine, CA) in a 90% humidity environment. The
disk layout consisted of eight segmented areas (45° separation)
each one constituted of 30 spots of ∼500 μm diameter, spaced
1 mm and distributed in 6 columns and 5 rows. In this manner,

Table 1. Oligonucleotide Sequences of Probes and Targetsa

name sequence (5′−3′) 5′ end 3′ end

tracer TTACGATCGATTAGTTAGCCC-(T)15 Cy5 C7-NH2

probe 1 (T)15-CCCGATTGATTAGCTAGCATT C7-NH2 none
probe 2 (T)10- TTTGATTACAGCCGGTGTACGACCCT C7-NH2 none
target 1 AATGCTAGCTAATCAATCGGG Cy5 none
target 2 AGGGTCGTACACCGGCTGTAATCAAA digoxigenin none
target 3 AGGGTCGTACATCGGCTGTAATCAAA digoxigenin none
target 4 AGGGTCGCGCACTATCTGTAATCAAA digoxigenin none
target 5 ACCGTCGCGCACTATCTGATTTCAAA digoxigenin none

aThe nucleotide bases for polymorphism detection are marked in bold.
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eight samples can be simultaneously analyzed. The coupling
reaction was carried out at 4 °C for 16 h under controlled
humidity conditions. After that, the activated surface was
washed with PBS-T for 1 min, rinsed with water, and dried by
slight centrifugation.
DNA Hybridization Assays on DVD. For hybridization

studies, both digoxigenin labeled oligomer target and PCR
products were used. The latter, first, was denaturated into single
DNA strands by high temperature treatment prior to their
application to the disk. This method involves a 5 min
incubation step at 95 °C followed by 1 min on ice. Target
and PCR product solutions (100 μL) in hybridization buffer
were evenly distributed on disk areas using 22 × 22 mm glass
coverslips. After 1 h at 37 °C, the disk was washed with PBS-T,
rinsed with deionized water, and dried by slight centrifugation.
Next, 1 mL of gold labeled antidigoxigenin solution (1:100 in
PBS-T) was dispensed onto the disk and covered with a 12 cm
diameter dummy plastic surface. After 1 h at room temperature,
the disk was washed, rinsed, and dried as before. To display the
hybridization reaction, the disk was incubated with 1 mL of 1:1
(v/v) silver enhancer solution distributed as before and the
reaction stopped by washing with water after 18 min at room
temperature. The disk was dried as described above and read
with a CD/DVD drive.
The CD/DVD drive was from LG Electronics (Englewood

Cliffs, NJ, USA) and holds two lasers, 650 and 780 nm, which
focus on the spiral data track of CD and DVD disks,
respectively. During the disk reading, the laser hits the reaction
product which modifies the optical properties of the disk
surface, attenuating the signal captured by the photodiode. This
signal is related with target concentration. A detailed
description of the optical disk drive working as chemical
detector is described elsewhere.2 A scheme of surface activation,
probe immobilization, and DNA hybridization assays is
depicted in Figure 1.
Oligonucleotide Surface Density. The immobilization

probe density was estimated by measuring the fluorescence of a
Cy5-labeled oligonucleotide tracer (Table 1), and the

hybridized target density was calculated through the
fluorescence of the target-1 after hybridization with probe-1,
immobilized on PC activated chips at different densities. The
fluorescent intensity of the spots was determined by a
homemade apparatus incorporating a charge couple device
camera Retiga EXi from Qimaging Inc. (Burnaby, Canada) and
light emitting diodes Toshiba TLOH157P as the fluorescence
excitation source.21

After the corresponding immobilization and hybridization
steps, the chips were washed, rinsed, and dried, the fluorescence
signal of the spots was quantified, and the density of
immobilized and hybridized DNA was extracted from the
respective calibration curves (Figures S3 and S4, Supporting
Information). For each experimental condition tested on the
microarrays, 12 replicates spots of each solution were spotted
on the treated polycarbonate DVD surface. The experiment was
repeated three times. The immobilization and hybridization
data presented are the average of these repetitions, and the
error bars represent the standard deviation observed on this
average. The yield of DNA hybridization was calculated as the
ratio of the target to probe densities.

■ RESULTS AND DISCUSSION

Surface Characterization. Oxygen activated DVD surface
was characterized by water contact angle measurements which
give information about surface hydrophilicity that, in fact, is
related to the presence of oxygenated functional groups. The
contact angle in water decreased from 79° of raw hydrophobic
PC surface to a constant value of 16° after 30 s plasma
treatment (Figure 2A). The efficiency of oxygen plasma
treatment was demonstrated considering that only 5 s of
activation decreases the contact angle up to 30°, being in good
agreement with that observed in raw polycarbonate after
treatment with different plasma gases.19,22 As is shown in
Figure 2, uniformity of the oxidized surfaces was corroborated
from the low dispersion of the contact angle measurements
randomly taken on the disk surface.

Figure 1. Scheme of oxygen plasma activation procedure of DVD PC surfaces, covalent attachment of oligonucleotides, DNA hybridization, and
assay development.
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Considering that the oxygen plasma treatment incorporates
to the polycarbonate surface different oxygenated groups such
as alcohols, carboxylic acids, and other carbonyl functions and
that these groups are protonated or deprotonated depending
on their pKa and the pH of the medium, we found out their
presence by means of a contact angle titration curve using

buffered solutions. Thus, the contact angle was gradually
decreased as the pH was raised, observing two smooth
transitions from pH 1.0 to 5.0 and from 8.0 to 12.0 (Figure
2B). Contrarily, the contact angle remained constant on
untreated disks within the pH range tested. This might suggest
the presence of phenols and aromatic acids on the activated
surface since the pKa of benzoic acid and phenol is 4.2 and 9.9,
respectively. Nevertheless, the smoothness of the titration leaps
points to a mixture of several moieties and other functionalities,
in different ratios, making it difficult to identify the nature of
each chemical surface group. Although carboxylic acids are the
only preferred groups for the subsequent covalent attachment
of aminated probes, phenols would not interfere in the coupling
efficiency of oligonucleotides through carbodiimide chemistry.
Furthermore, phenols contribute to surface hydrophilicity,
reducing the nonspecific adsorption of oligonucleotide targets
and other assay reagents such as gold-labeled antidigoxigenin
immunoglobulin.
The whole leap in the contact angle titration curve is about

20°, which is lower than that the obtained with other
treatments.23 However, the high density of the functional
groups was determined by the crystal violet procedure. The
differences in the signal obtained between activated and raw PC
surfaces determine a density of ionizable groups (acids and
phenols) of 1.2 × 10−9 mol cm−2. This figure is higher than that
reported for PC surfaces after 1 h of UV irradiation or 10 min
of UV/ozone treatment (0.25 and 0.48 × 10−9 mol cm−2,
respectively).24,25 Although the estimated density refers to
functional ionizable groups, it can be considered that carboxylic
acid moieties constitute approximately half of the total since the
magnitudes of the two titration curve leaps were similar (Figure
2B). Even so, the density of carboxylic acid groups is much
higher than 0.15 × 10−9 mol cm−2, that is, the one calculated
for close-packed ssDNA strands.26

The change of hydrophobicity of the treated surface was also
studied by XPS. The C1s and O1s spectra of untreated and
treated DVDs revealed a change in the atomic ratio O/C from
0.17 to 0.29 after oxygen plasma treatment for 30 s.
Deconvolution of C1s spectra showed that new bonds of C−
O are formed during the activation (Figure S1, Supporting
Information). Thus, to the bands at 286.6 and 290.5 eV, due to
single and quadruple bonds between C and O present in the
chemical structure of PC, plasma activation adds new bands at
287.5 and 288.8 eV, corresponding to double and triple bonds,
respectively.18 This confirms the presence of new carbonyl and
carboxylic groups on the treated surface. Also, a slight increase
in the band height at 286.5 eV points the generation of new
phenol or phenoxy functionalities. However, given the
performances of the XPS technique, new spectra with higher
resolution could be required to accurately corroborate these
results.
Achieving an efficient functionalization of the surface is as

important as keeping its physical properties in order to read the
disks in a standard CD/DVD drive. AFM imaging of treated
and untreated surfaces revealed that the topography of DVDs,
in terms of root-mean-square roughness value (Rrms), does not
change during the first minute of plasma treatment (Figure S2,
Supporting Information). Contrarily, 5 min of activation
resulted on disk imperfections (visible by naked eye) because
the DVD is composed of several layers of materials whose
adherence fails during prolonged plasma treatment. Never-
theless, shorter activation times produce only minimum etching

Figure 2. (A) Change of contact angle in water of DVD PC surfaces
treated by oxygen plasma (100 W, 120 Pa) with the activation time.
(B) Contact angle titration curves of untreated and oxygen plasma
activated (100 W, 120 Pa, 30 s) DVD PC surfaces. The dotted lines
are to facilitate reading only. (C) Variation of water contact angle of
plasma treated DVD PC surfaces as a function of storage time in a
vacuum desiccator.
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of the surface, and PC chemical modification is the dominant
process.
However, plasma treated polymer surfaces progressively lose

their anchoring capacity during storage time: the aging effect.
This phenomenon is detected through the increase of
hydrophobicity (surface contact angle increasing). As is
shown in Figure 2C, when plasma activated DVD PC surfaces
were stored under vacuum and dry conditions, the water
contact angle only increased from 16° to 21° after a month of
storage. This means that the aging effect over the activated
disks is minimum, and the surface continues being reactive for
biomolecule immobilization after storage.
DNA Microarray Platform. A DVD derivatized surface

with carboxylic acid moieties constitutes a potential platform to
attach probes for biosensing purposes. The application of these
modified surfaces by covalent immobilization of aminated
oligonucleotide probes on 30 s plasma activated DVDs and
further development of DNA hybridization-based assays was
demonstrated for the first time.
A study to ascertain the best conditions for oligonucleotide

immobilization on oxygen plasma treated PC surfaces was
carried out. The pH is a paramount parameter that needs to be
controlled when using carbodiimide chemistry; indeed, slightly
acidic solutions (pH 5) are known to better stabilize active
NHS esters, but alkaline conditions are needed to reach a good
density of the nonprotonated amino group of modified
oligonucleotides and for nucleophilic attack to occur at the
activated surface (pKa of conjugated acid of aliphatic amino is
approximately 9.0). Thus, comparing different printing buffers,
a maximum oligonucleotide immobilization density was
reached at neutral medium (HEPES buffer pH 7.0).
The high hydrophilicity of the treated surfaces causes the

spreading of the printed spots in a manner in which they
overlapped each other. Also, this diffusion of the spotted
solutions increased the evaporation speed, hindering reaction of
probes with the disk surface. To control these issues, glycerol
was added to the printing solution showing that 40% (v/v) was
the optimal content to avoid the aforementioned problems.
Operating at the described conditions, the probe immobiliza-

tion was studied over PC oxygen plasma treated surfaces at
different times, using fluorescent dye marked oligonucleotide as
the tracer (See Experimental Procedures).
Probe immobilization density increased with the surface

treatment time, probably due to the higher carboxylic acid
group density, but 1 min treatment or longer decreased the
efficiency to attach oligonucleotides (Figure 3). Extended
plasma treatments might also generate low molecular weight
material on it, including a weak boundary layer, due to the
etching of the surface.18 This material, together with the
immobilized probe, is removed from the surface after the
washing step, and therefore, less amount of oligonucleotide is
finally attached on the surface. However, the immobilization
density increases with the concentration of oligonucleotide
dispensed on the surface, reaching a plateau at concentrations
between 5 and 10 μM.
An immobilization density of 2 pmol cm−2 was reached in

the studied conditions. This density was similar to that reported
by others authors working on activated plastics (5 and 10 pmol
cm−2 for UV-Ozone activated PC and aminated PMMA,
respectively)25,27 or commercial reactive microarray glass slides
(11 pmol cm−2).28 High immobilization densities do not
necessarily imply an improvement in the hybridization yield, so

the obtained one is suitable to detect DNA with high
sensitivity.
However, a negligible response (S/N < 3) was obtained from

a nonspecific probe anchoring on a plasma treated polycar-
bonate surface when fluorescent labeled oligonucleotides
without an amino group are used (Target 1) or when the
amino modified oligonucleotides were used in the absence of
EDC/NHS (negative controls). This confirmed that other
reactive groups formed on the PC surface during the plasma
treatment, such as epoxides or oxygen radicals, were not
present in such an amount to react and produce significant
nonspecific probe immobilization. Likewise, although some
degree of π−π or other hydrophobic interactions could be
established between purine and pyrimidine bases and the
aromatic moiety of the polycarbonate, no signal was observed,
over nonactivated disks at the probe concentrations employed,
supporting the suitability of the plasma treated surfaces for
covalent attachment of aminated probes at low concentrations.
DNA Hybridization Assays. The performance of oxygen

plasma activated DVDs to attach DNA probes was assessed
through hybridization assays with oligonucleotides and PCR
products, establishing its sensitivity and selectivity. Several
considerations related with the design of the oligonucleotides
sequence were taken into account before carrying out
optimization studies. First, a poly T tail 10 to15 long was
added at the 5′ end with the role of spacer to physically separate
them from the surface, alleviating possible steric interferences.29

Second, the length of probes and targets ranged 21 to 26 bp as
a trade off between hybridization efficiency and specificity.30

The yield of hybridization was determined by comparison of
the response obtained after the recognition event between
Probe 1 and Target 1 to that achieved by the immobilization of
tracer. As shown in Figure 4A, hybridized target density
increased with target concentration, reaching a plateau at 200
nM for the tested probe concentrations (0.5−5 μM) and a
maximum DNA target density of 0.93 pmol cm−2 (probe, 5
μM; target, 500 nM). This figure was similar to that achieved
on other activated plastics25,27 and corresponds to a hybrid-

Figure 3. Oligonucleotide immobilization density on activated DVD
PC surfaces by oxygen plasma (100 W, 120 Pa) at different times.
Inlet, immobilized density dependence on the time of plasma
activation for two concentrations of tracer. Density values were
calculated from fluorescence intensity values of Cy5 labeled probes
measured with a CCD camera.21 EDC/NHS in printing buffer without
probe oligonucleotide were employed as negative controls.
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ization yield of 46%. The efficiency is higher than that reached
on other polymeric surfaces (between 6 and 18%), probably
due to the superiority of this novel platform to immobilize
probes at the optimal density. Indeed, it is well known that
hybridization efficiency depends strongly on the amount of
probe attached on the sensing surface in a manner that full
hybridization is only achieved at lower probe densities because
repulsive electrostatic and steric interactions are minimized.31

Although recent approaches have reported to avoid it,32 this
“sweet spot” phenomenon has been confirmed multiple times
by others authors over several DNA microarray supports.33,34

Likewise, and in good agreement with these observations, the
yield of hybridization on oxygen plasma activated PC was 93%
at the lowest probe density tested (0.56 pmol cm−2).
Detection of DNA target was performed on a DVD disk by

using 5′-digoxigenin labeled oligonucleotides and gold labeled
antidigoxigenin immunoglobulin and silver amplification to
produce a solid reaction product. The hybridization assay
performed with these reagents showed the highest S/N values
compared to those of others using biotin labeled oligonucleo-
tides and gold labeled streptavidin (Figure S5, Supporting
Information). However, the modulation of the silver enhance-
ment conditions is paramount to achieve an optimal contrast
for detection.35 Thus, shorter reactions do not develop enough

reaction product for quantification whereas reactions that are
too long increase the level and noise of the background,
dropping the signal-to-noise ratio. In our case, 18 min was
selected as the suitable amplification time to get the best
contrast and S/R values. This time is longer than the optimal
one found for assays over other PC disks, probably due to the
different surface chemistry achieved with plasma treatment.1,14

The linear dynamic range and limit of detection (LOD) related
to the probe density and target concentration is shown in
Figure 4B. Thus, a limit of detection of 200 pM, calculated as
the concentration of target giving a signal equal to three times
the standard deviation of the background signal, was reached
when immobilizing the 5 μM probe. Likewise, the dynamic
range for the hybridization assay can be improved by
controlling the amount of immobilized probe and the reaction
time of the silver enhancement step (e.g., shortening the
reaction time to avoid saturation for higher target concen-
trations, Figure S6, Supporting Information).
At the conditions described here, the background signal was

negligible (S/N < 3), saving the blocking step with BSA or
ethanolamine and reducing assay time. In addition, such a
background level is indicative of low nonspecific adsorption of
gold-labeled antidigoxigenin immunoglobulin on this hydro-
philic surface.
The relatively high yield of hybridized target achieved with

our approach implies that very little amount of DNA probe is
needed to obtain a detectable signal. Thus, dispensing 50 nL of
5 μM probe solution means that only 50 fmol of
oligonucleotide per assay is used (considering a single spot as
an individual assay), which is quite low compared to that in
other protocols such as microfluidic arrays.
However, it is also important to keep the stability of the

probe-coated surface with time. Thus, weekly hybridization
assays demonstrated that the immobilized probes on plasma
treated PC surfaces were active during, at least, two months
after being printed on the disks without significant loss (12%)
of the hybridization signal.
The selectivity of our approach was evaluated through

hybridization assays using target oligonucleotides with mis-
matched bases with respect to the sequence of the immobilized
probe. Negligible responses (S/N < 3) were obtained assaying
5 and 10 base-pair mismatch targets (Figure 5A) for a broad
range of concentrations (from 0.1 to 500 nM). More
interesting, due to its potential application in genotyping, is
the ability of the sensing platform to discriminate single
nucleotide polymorphisms (SNPs), predicting disease predis-
positions or drug responses in individuals.36 Working with
stringent conditions, such as a lower ionic strength hybrid-
ization buffer (1 × SSC) and the addition of formamide at 50%
(v/v), maximum discrimination ratio of 12.8 was reached
(Figure 5B), being in the range of those achieved with other
approaches for oligonucleotides of similar length.37

Also, the potential of the new microarray disk surface for
sensitive and selective detection of PCR amplified DNA
products of pathogens was tested. The nucleotide sequence of
the immobilized probe 2 was complementary to the central
region of 151 bp amplicon specific to detect Salmonella spp.
Although the high temperature pretreatment denatures PCR
products (dsDNA) into ssDNA complementary strands, during
its application on the disk, incubation time is an essential
parameter to avoid amplicon reassociation and control the
hybridization assay, as shown in Figure 5C. Thus, higher
responses were obtained after 60 min. At the described

Figure 4. (A) Hybridized target density on oxygen plasma activated
DVD PC surfaces (100 W, 120 Pa, 30 s), calculated from fluorescence
intensity values of Cy5 labeled targets obtained with a CCD camera.21

Hybridization buffer without target was employed as the negative
control. (B) Absolute signal and S/N values (mean value ± standard
deviation of 15 replicates) for DNA hybridization assays on plasma
activated standard DVDs with different probe and target concen-
trations read with a standard DVD drive. Hybridization buffer without
target was employed as the negative control.
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conditions, the new microarray was able to detect 2 nM of
amplicon. This limit of detection is about 1 order of magnitude
better than that reached with synthetic oligonucleotides,
probably due to the lower diffusion coefficient of larger targets
and the reassociation of the two amplicon strands during
hybridization on the disk. However, negligible responses (S/N
< 3) in the detection of negative PCR control products
(Cronobacter sakazakii) confirmed the selectivity of our
approach.
Considering the target solution volume used for hybrid-

ization assays (100 μL), and the number of spots printed per
array (30), a limit of detection of 200 pM is equivalent to 700
amol of DNA molecules, which is 2 orders of magnitude lower
than the reported one for DNA detection on UV/ozone treated
compact disks.16 However, differences in assay format (line
array instead of spot microarray), type of disk (CD instead of
DVD), and reading strategy (error reading detection instead of
acquiring the attenuated analog signal) could be decisive for the
differences found between the two approximations.2,38 Indeed,
at this stage, the approach presented here shows an important
sensitivity enhancement on the state of the art (DNA
microarrays on standard disk surfaces).14,37 The detection
limit of 2 nM of PCR product reached with our approach is
equivalent to detect 150 μgL−1 of PCR amplified DNA. This
result is very interesting because this amount of DNA comes
from 1 colony-forming unit/mL. This achievement in

sensitivity, together with the ultrafast and nonaggressive
performance of surface modification protocol, reveal plasma
treated DVDs as practical platforms for DNA microarray
sensing. Moreover, the DVD disk and drive approach
constitutes an analytical tool with high potential compared to
other microarray detection platforms such as confocal
fluorescent scanners or flow cytometers, with advantages such
as low cost, portability, and high-throughput capability to
analyze thousands of samples in field conditions.

■ CONCLUSIONS
Oxygen plasma treated DVD polycarbonate surface is a novel
and superior DNA microarray support. The surface activation is
fast and clean adding to the optical and mechanical properties
of the disk's new capabilities, allowing scanning with standard
disk drives. The treatment generates active and stable moieties
on the polycarbonate surface, allowing for the covalent
immobilization of amino modified probes with appropriate
densities for developing sensitive DNA hybridization assays.
Mass production of functionalized disks could be carried out

smartly and easily since only 30 s of treatment gives an
appropriate surface density of functional moieties. At the same
time, in this process, the chemical modification is independent
of substrate geometry, making it possible to uniformly activate
several disks during a single plasma treatment. This is a clean
activation strategy because it requires tiny amounts of chemicals
or solvents, avoiding the generation of classical synthesis waste
byproducts, adding extra value as an environmentally friendly
procedure.
However, polycarbonate could be derivatized with different

functional groups by proper selection of the employed plasma
gases (e.g., introduction of amines from ammonia plasma for
attaching biomolecules containing carboxylic acids). Also, other
immobilization strategies such as streptavidin−biotin or the use
of monofunctional or bifunctional linkers are of direct and
simple implementation.39

Detection of PCR amplified DNA products were also
demonstrated, reaching high sensitivity and selectivity, with
an inverse relationship between probe density and hybridization
yield. The limits of detection are very low and comparable to
those reported in the literature using fluorescent, enzymatic, or
metal nanoparticle labels on plastic supports. The advantages
shown by compact disk reading technology, such as ubiquity,
low cost, portability, and high-throughput, give this approach
scalability and great potential.
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ABSTRACT: Toward probing the influence of backbone
structural variation in cationic lipid mediated gene delivery of α-
tocopherol based lipids, two novel α-tocopherol based lipids 1 and
2 have been designed and synthesized. The only structural
difference between the cationic amphiphiles 1 and 2 is the
backbone structure, where lipid 1 has a non-glycerol backbone and
lipid 2 has a glycerol backbone. The lipids 1 and 2 showed
contrasting transfection efficiencies: lipid 1 showed high gene
transfer efficacy in multiple cultured animals cell lines, whereas
lipid 2 is transfection incompetent. In summary, the present
findings demonstrate that in the case of α-tocopherol based lipids
even minor structural variations like backbone can profoundly
influence size, DNA binding characteristics, cellular uptake, and
consequently gene delivery efficacies.

■ INTRODUCTION
To develop an efficient gene therapeutic approach, design of
safe and efficient gene delivery reagents is a prerequisite.
Cationic liposomes are one of the more promising nonviral
systems for use in gene therapy.1−18 Since the pioneering
development of glycerol backbone-based cationic transfection
lipid (N-[1-(2,3-dioleyloxy)propyl])-N,N,N-trimethylammo-
nium chloride (DOTMA) in 1987,19 design and syntheses of
a plethora of more efficient cationic transfection lipids,
including our own,20 have been reported. The number of
commercially available cationic lipid-based transfection kits are
the fruits of such intense global efforts in developing safe and
efficient cationic lipids for use in gene therapy. The molecular
structures of most of these commercially available cationic
transfection lipids contain glycerol as the backbone. With a
view to address how important the presence of glycerol
backbone in the molecular architectures of many commercially
available cationic transfection lipids is, several groups have
succeeded in developing a highly efficient series of non-
glycerol-based novel transfection lipids.21−29 The in vitro
transfection efficiencies of some of these new cationic lipids
developed are better than the most extensively used
commercially available glycerol-based cationic amphiphiles
used in transfecting cells.21−29

In our ongoing program on designing efficient novel cationic
transfection lipids, we recently demonstrated the potential of
novel α-tocopherol based monocationic lipids for use in
liposomal gene delivery.20 Understanding the structural
parameters of cationic amphiphiles which can influence their
gene transfer properties is important for designing efficient

liposomal gene delivery reagents. Investigations into the role of
various molecular-level modifications in different synthetic
lipids on their membrane properties and further influence their
gene transfer efficiencies are reported.30−34 To our knowledge,
the importance of structure of the backbone group linking the
hydrophobic tail and hydrophilic head of cationic lipid is an
unexplored area in cationic lipid gene delivery. To this end,
with a view to understand the effect of structural variation in
backbone on the transfection efficiencies of α-tocopherol based
cationic amphiphiles, we have designed and synthesized two
novel α-tocopherol based cationic lipids (1 and 2; Chart 1),
wherein lipid 1 is with nonglycerol backbone and lipid 2 is with
glycerol backbone. Findings from the transfection studies and
DNA binding studies demonstrate that lipid 1 is more stable
and highly transfecting when compared to lipid 2. The
fluorescence microscopic experiments reveal that lipid 1 has
higher uptake by the cells and greater expression of reporter
gene when compared to lipid 2. Taken together, the present
findings demonstrate that even minor structural variations like
backbone in α-tocopherol based cationic amphiphiles can
profoundly influence DNA binding, size, cellular uptake, and
consequently gene delivery efficacies of cationic liposomes.
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■ EXPERIMENTAL SECTION

General Procedures and Reagents. Mass spectral data
were acquired by using a commercial LCQ ion trap mass
spectrometer (ThermoFinnigan, SanJose, CA, USA) equipped
with an ESI source. 1H NMR spectra were recorded on a Varian
FT 300 MHz NMR spectrometer. N-Methyl diethanol amine
and N,N-dimethyl l,2,3-propane diol were purchased from
Sigma Co. p-CMV-SPORT-β-gal plasmid, α5GFP plasmid, and
Rhodamine-PE were generous gift from IICT (Indian Institute
of Chemical Technology), Hyderabad. LipofectAmine-2000
was purchased from Invitrogen Life Technologies (USA). Cell
culture media, fetal bovine serum, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), poly(ethylene gly-
col) 8000, o-nitrophenyl-β-D-galactopyranoside were purchased
from Sigma, St. Louis, USA. NP-40, antibiotics, and agarose
were purchased from Hi-media, India. DOPC was purchased
from Fluka (Switzerland). Unless otherwise stated, all the other
reagents purchased from local commercial suppliers were of
analytical grades and were used without further purification.
The progress of the reaction was monitored by thin-layer
chromatography using 0.25 mm silica gel plates. Column

chromatography was performed with silica gel (Acme Synthetic
Chemicals, India; finer than 200 and 60−120 mesh). Elemental
analyses were performed by combustion procedure using
Perkin-Elmer 2400 series II CHNS analyzer. Both the
synthesized lipids 1 and 2 showed more than 95% purity.
Synthesis. Synthetic routes for preparing cationic lipids 1

and 2 are shown schematically in parts A and B, Scheme 1,
respectively. Details of the synthetic procedures, purifications,
and spectral characterizations of lipids 1 and 2, as well as all
their synthetic intermediates, shown in Scheme 1 are described
below.

Synthesis of Lipid 1 (Scheme 1 Part A). Synthesis of
Tertiary Amine (Intermediate I Scheme 1 Part A). A mixture
of N-methyl diethanolamine (0.5 g, 4.19 mmol) and potassium
hydroxide (∼4.0 g, 7.13 mmol) was taken in 10 mL of toluene
in a two-necked round-bottomed flask fitted with a Dean−Stark
apparatus. The reaction mixture is refluxed for two hours to
remove the water as azeotropic mixture. To the reaction
mixture, mesylated α-tocopherol (4.69 g, 9.22 mmol) (prepared
as reported earlier18) is added and refluxed at 80 °C for 48 h.
The solvent is evaporated and dried. The residue was taken in
ethyl acetate (100 mL), washed with water (2 × 100 mL), dried
over anhydrous magnesium sulfate, and filtered. The organic
solvent is evaporated on a rotary evaporator. The column
chromatographic purification of the resulting residue using 60−
120 mesh size silica gel and eluting with 3−4% ethyl acetate (v/
v) in hexane afforded 1.7 g, (42.92% yield, Rf = 0.8 in 10% ethyl
acetate/hexane) of the intermediate tertiary amine.

1H NMR (300 MHz, CDCl3) δ ppm 0.75−0.95 [m, 24H,
CH-CH3 tocopheryl], 1.55 [s, 6H, CH3-2 tocopheryl], 1.00−
1.4 [m, 36H -(CH2)9 tocopheryl], 1.8−1.9 [m, 4H, CH2-3
tocopheryl], 1.96−1.98 [s, 3H, N-CH3], 2.05 [s, 6H, CH3-5
tocopheryl], 2.15 [s, 6H, CH3-8 tocopheryl], 2.20 [s, 6H, CH3-
7 tocopheryl], 2.55−2.6 [t, 4H, CH2-4 tocopheryl], 3.4−3.6[m,

Chart 1. Structure of Lipids 1 and 2

Scheme 1. Synthesis of Lipids 1 and 2
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4H, N-CH2-CH2-O-], 3.8−3.9 [m, 4H, N-CH2-CH2-O-].
ESIMS: m/z 945 [M++1] for C63H109NO4

+.
Synthesis of N,N-di[(O-α-deoxyα-tocopherol)-ethyl]-N,N-

dimethylammonium chloride (lipid 1 Scheme 1 Part A). The
intermediate tertiary amine obtained in step (a) of synthesis of
lipid 1 (0.5 g, 0.52 mmol) was taken in a 25 mL round-
bottomed flask and huge excess of methyl iodide (6 mL) was
added to it. After stirring the reaction mixture at room
temperature for 48 h, the solvent was removed on a rotary
evaporator. The column chromatographic purification of the
resulting residue using 60−120 mesh size silica and 2−3% (v/
v) methanol in chloroform as eluent afforded the title
compound as a quaternary iodide salt (0.4 g, 78.89% yield, Rf
= 0.7, 10% methanol/chloroform). Finally, the pure title lipid 1
was obtained by subjecting the quaternized ammonium iodide
salt to “repeated chloride ion exchange chromatography” using
Amberlyst A-26 chloride anion exchange column and 60 mL of
chloroform as eluent. 1H NMR (300 MHz, CDCl3) δ ppm
0.8−0.9 [m, 24H, CH-CH3 tocopheryl ], 1.45 [s, 6H, CH3-2
tocopheryl], 1.00−1.4 [m, 36H -(CH2)9 tocopheryl], 1.7−1.9
[m, 4H, CH2-3 tocopheryl], 2.05 [s, 6H, CH3-5 tocopheryl],
2.15 [s, 6H, CH3-8 tocopheryl], 2.20 [s, 6H, CH3-7
tocopheryl], 2.55−2.6 [t, 4H, CH2-4 tocopheryl], 3.7−3.8 [s,
6H, N-CH3], 4.1−4.2 [m, 4H, N-CH2-CH2-O-], 4.35−4.45 [m,
4H, N-CH2-CH2-O-]. ESIMS (lipid 1): m/z 959 [M+] for
C64H112NO4

+. Calculated: %N, 1.41; %C, 77.25; %H, 11.35.
Observed: %N, 1.46; %C, 77.54; %H, 11.61.

Synthesis of Lipid 2 (Scheme 1 Part B). Synthesis of
Tertiary Amine (Intermediate II Scheme 1 Part B). The
intermediate tertiary amine is synthesized by taking a mixture of
3-(dimethylamino) propane-1,2-diol (0.5 g, 4.19 mmol),
potassium hydroxide (∼4.0 g, 7.13 mmol), and mesylated α-
tocopherol (4.69 g, 9.22 mmol) and following the same
procedure as given in the synthesis of lipid 1. The column
chromatographic purification of the resulting residue using 60−
120 mesh size silica gel and eluting with 4−5% ethyl acetate (v/
v) in hexane afforded 2.0 g (50.50% yield Rf = 0.6, 10% ethyl
acetate in hexane) of the intermediate tertiary amine. 1H NMR
(300 MHz, CDCl3) δ ppm 0.8−0.9 [m, 24H, CH-CH3
tocopheryl ], 1.55 [s, 6H, CH3-2 tocopheryl], 1.00−1.4 [m,
36H -(CH2)9 tocopheryl], 1.7−1.9 [m, 4H, CH2-3 tocopheryl],
1.94−1.96 [s, 6H, N-CH3], 2.05 [s, 6H, CH3-5 tocopheryl],
2.15 [s, 6H, CH3-8 tocopheryl], 2.20 [s, 6H, CH3-7
tocopheryl], 2.55−2.6 [t, 4H, CH2-4 tocopheryl], 2.95−3.05
[m, 2H, CH2-OR-CH-OR-CH2-N-(CH3)2], 4.0−4.1 [m, 1H,
CH2-OR-CH-OR-CH2-N-(CH3)2], 4.1−4.2 [m, 2H, CH2-OR-
CH-OR-CH2-N-(CH3)2]. ESIMS: m/z 944 [M+] for
C63H108NO4

+.
Synthesis of N-([1-(2,3-dideoxyα-tocopherol)propyl])-

N,N,N-trimethylammonium chloride (lipid 2 Scheme 1 Part
B). The intermediate tertiary amine obtained in step a of
synthesis of lipid 2 (0.5 g, 0.52 mmol) was quaternized using
methyliodide. The quaternization is carried out following the
procedure given in the synthesis of lipid 1 that yields the title
compound as a quaternary iodide salt (0.43 g, 84.81% yield, Rf
= 0.7, 10% methanol/chloroform). Finally, the pure title lipid 2
was obtained by subjecting the quaternized ammonium iodide
salt to “repeated chloride ion exchange chromatography” using
Amberlyst A-26 chloride ion exchange column and 60 mL of
chloroform as eluent. 1H NMR (300 MHz, CDCl3) δ ppm
0.7−0.9 [m, 24H, CH-CH3 tocopheryl ], 1.55 [m, 6H, CH3-2
tocopheryl], 1.00−1.4 [m, 36H -(CH2)9 tocopheryl], 1.7−1.85
[m, 4H, CH2-3 tocopheryl], 2.05 [s, 6H, CH3-5 tocopheryl],

2.15 [s, 6H, CH3-8 tocopheryl], 2.20 [s, 6H, CH3-7
tocopheryl], 2.55−2.6 [t, 4H, CH2-4 tocopheryl], 3.8−3.9 [s,
9H, N-CH3], 4.15−4.25 [dd, 2H, CH2-OR-CH-OR-CH2-N-
(CH3)3], 4.3−4.45 [dd, 2H, CH2-OR-CH-OR-CH2-N-
(CH3)3], 4.7−4.8 [m, 1H, CH2-OR-CH-OR-CH2-N-(CH3)3].
ESIMS (lipid 1): m/z 959 [M+] for C64H112NO4

+. Calculated:
%N, 1.41; %C, 77.25; %H, 11.35. Observed: %N, 1.74; %C,
77.05; %H, 11.05.
Cells and Cell Culture. B16F10, CHO, A-549, MCF-7,

and HepG2 cell lines were procured from the National Centre
for Cell Sciences (NCCS), Pune, India. Cells were cultured at
37 °C in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum, 50 μg/mL penicillin, 50 μg/mL
streptomycin, and 20 μg/mL kanamycin in a humidified
atmosphere containing 5% CO2.
Preparation of Liposomes. The cationic lipid and the

colipid (DOPC) in 1:2 mol ratio were dissolved in a mixture of
chloroform and methanol (1:1) in a glass vial. The solvent was
removed with a thin flow of moisture-free nitrogen gas and the
dried lipid film was then kept under high vacuum for 8 h. One
milliliter of sterile deionized water was added to the vacuum-
dried lipid film and the mixture was allowed to swell overnight.
Liposomes were vortexed for 1−2 min to remove any adhering
lipid film and sonicated in a bath sonicator for 2−3 min at
room temperature to produce multilamellar vesicles (MLV).
MLVs were then sonicated in an ice bath until clarity using a
Branson 450 sonifier at 100% duty cycle and 25 W output
power for 1−2 min to give a clear, translucent solution. These
resulting clear aqueous liposomes were used in forming
lipoplexes.
Preparation of Plasmid DNA. pCMV-SPORT-β-gal

plasmid was amplified in DH5α strain of Escherichia coli,
isolated by the alkaline lysis procedure, and finally purified by
PEG-8000 precipitation as described previously.35 The purity of
plasmid was checked by A260/A280 ratio (around 1.9) and 1%
agarose gel electrophoresis.
Transfection Biology. Cells were seeded at a density of

10 000 (for B16F10 and MCF-7) and 15 000 cells (for CHO,
A-549, and HepG2) per well in a 96-well plate 18−24 h before
the transfection. Then, 0.3 μg (0.91 nmol) of plasmid DNA was
complexed with varying amounts of lipids in plain DMEM
medium (total volume made up to 100 μL) for 30 min. The
charge ratios were varied from 0.3:1 to 9:1 over these ranges of
lipids. Just prior to transfection, cells plated in the 96-well plate
were washed with PBS (2 × 100 μL) followed by the addition
of lipoplexes. After 4 h of incubation, 100 μL of DMEM with
20% FBS was added to the cells. The medium was changed to
10% complete medium after 24 h, and the reporter gene activity
was estimated after 48 h of incubation. The cells were washed
twice with PBS (100 μL each) and lysed in 50 μL lysis buffer
[0.25 M Tris-HCl (pH 8.0) and 0.5% NP40]. Care was taken
to ensure complete lysis. The β-galactosidase activity per well
was estimated by adding 50 μL of 2× substrate solution [1.33
mg/mL ONPG, 0.2 M sodium phosphate (pH 7.3), and 2 mM
magnesium chloride] to the lysate in a 96-well plate.
Absorbance of the product ortho-nitrophenol at 405 nm was
converted to β-galactosidase units by using a calibration curve
constructed using pure commercial β-galactosidase enzyme.
Each transfection experiment was repeated 3 times on 3
different days. The transfection values reported were average
values from three replicate transfection plates assayed on three
different days. The values of β-galactosidase units in replicate
plates assayed on the same day varied by less than 20%.
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Transfection Biology in the Presence of Serum. Cells
were seeded at a density of 10 000 (for B16F10 and MCF-7)
and 15 000 cells (for CHO, A-549, and HepG2) per well in a
96-well plate 18−24 h before the transfection. Then, 0.3 μg
(0.91 nmol) of plasmid DNA was complexed with lipids (1 and
2) in DMEM medium in the presence of increasing
concentrations of added serum (10−50% v/v and total volume
made up to 100 μL using plain DMEM medium) for 30 min.
The lipid/DNA charge ratio of these lipoplexes was maintained
at 9:1, at which both lipids showed their highest transfection
ability in all five types of cells used for transfection (CHO, A-
549, B16F10, HepG2, and MCF-7). The remaining exper-
imental procedure and determination of β-galactosidase activity
per well are similar to that reported for the in vitro transfection
experiments.
Transfection Using α5GFP Plasmid. For α5GFP pDNA

expression experiment, 25 000−30 000 cells per well were
seeded in 24-well plates (Corning Inc., Corning, NY) for 12 h
in 300 μL of growth medium such that the well became 30−
50% confluent at the time of transfection. Liposomes of lipids 1
and 2 were complexed with α5GFP expressing pDNA (1 μg/
well) at 9:1 lipid/DNA charge ratio in plain DMEM (total
volume made up to 100 μL) for 30 min. The complexes were
then diluted with 200 μL DMEM and added to the cells. After
4 h of incubation, DMEM was removed and cells were
supplemented with complete medium. The cells were
incubated for 24 h. Cells were washed with PBS (100 μL)
and fixed with 3.8% paraformaldehyde in PBS at room
temperature for 10 min. The green fluorescent cells expressing
α5GFP were detected under an inverted fluorescence micro-
scope (Nikon, Japan).
Cellular Uptake Studies by Inverted Fluorescence

Microscopy. Cells were seeded at a density of 10 000 cells/
well in a 96-well plate usually 18−24 h prior to the treatment in
200 μL of growth medium such that the well became 30−50%
confluent at the time of transfection. pCMV-SPORT-β-gal
DNA (0.3 μg of DNA diluted to 50 μL with serum-free DMEM
media) was complexed with rhodamine-PE labeled cationic
liposomes (diluted to 50 μL with DMEM) of lipids 1 and 2
using 9:1 lipid to DNA charge ratio. The cells were washed with
PBS (1 × 200 μL), then treated with lipoplexes, and incubated
at a humidified atmosphere containing 5% CO2 at 37 °C. After
4 h of incubation, the cells were washed with PBS (3 × 200 μL)
to remove the dye and fixed with 3.8% paraformaldehyde in
PBS at room temperature for 10 min. The red fluorescent cells
were detected under an inverted fluorescence microscope
(Nikon, Japan).
Toxicity Assay. Cytotoxicity of lipids 1 and 2 was assessed

by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction assay as described earlier.36 The
cytotoxicity assay was performed in 96-well plates by
maintaining the same ratio of number of cells to amount of
cationic lipid, as used in the transfection experiments. MTT was
added 24 h after the addition of cationic lipids to the cells
followed by 3 h of incubation. Results were expressed as
percentage viability = [A540 (treated cells) − background/A540
(untreated cells) − background] × 100.
DNA-Binding Assay. The DNA binding ability of cationic

lipids 1and 2 was assessed by conventional gel retardation assay
on a 1% agarose gel (prestained with ethidium bromide) across
the varying lipid/DNA charge ratios of 0.3:1 to 9:1. pCMV-
SPORT-β-gal (0.30 μg) was complexed with varying amounts
of cationic lipids in a total volume of 20 μL of DMEM and

incubated at room temperature for 20−25 min. Four
microliters of 6× loading buffer (0.25% bromophenol blue in
40% (w/v) sucrose in H2O) was added to it, and 20 μL of the
resultant solution was loaded in each well. The samples were
electrophoresed at 80 V for 45 min and the DNA bands were
visualized in the gel documentation unit.
DNase I Sensitivity Assay. Briefly, in a typical assay,

pCMV-β-gal (0.6 μg) was complexed with varying amounts of
the cationic lipids (using the indicated lipid/DNA charge ratios
of 0.3:1 to 9:1) in a total volume of 20 μL in DMEM and
incubated at room temperature for 30 min on a rotary shaker.
Subsequently, the complexes were treated with 5 μL of DNase I
(at a final concentration of 1 μg/mL) in the presence of 20 mM
MgCl2 in a final volume of 50 μL and incubated for 20 min at
37 °C. The reactions were then halted by adding EDTA (to a
final concentration of 50 mM) and incubated at 60 °C for 10
min in a water bath. The aqueous layer was washed with 50 μL
of phenol/chloroform mixture (1:1, v/v) and centrifuged at 10
000 rpm for 5 min. The aqueous supernatants were separated,
loaded (15 μL) on a 1% agarose gel, and electrophoresed at 80
V for 2 h. The DNA bands were visualized with ethidium
bromide staining.
Zeta Potential (ζ) and Size Measurements. The sizes

and the surface charges (zeta potentials) of liposomes and
lipoplexes were measured by photon correlation spectroscopy
and electrophoretic mobility on a Zeta sizer 3000HSA
(Malvern, U.K.). The sizes were measured in Dulbecco’s
modified Eagle’s medium (DMEM) with a sample refractive
index of 1.59 and a viscosity of 0.89 cP. The system was
calibrated by using the 200 nm ± 5 nm polystyrene polymer
(Duke Scientific Corp., Palo Alto, CA). The diameters of
liposomes and lipoplexes were calculated by using the
automatic mode. The zeta potential was measured using the
following parameters: viscosity, 0.89 cP; dielectric constant, 79;
temperature, 25 °C; F(Ka), 1.50 (Smoluchowski); maximum
voltage of the current, V. The system was calibrated by using
DTS0050 standard from Malvern. Measurements were done 10
times with the zero-field correction. The potentials were
calculated by using the Smoluchowski approximation.

■ RESULTS AND DISCUSSION
The present work illustrates the synthesis of lipids 1 and 2 and
their physicochemical characteristics. The results of in vitro
transfection experiments performed on five different types of
cell lines to assess the transfection properties of lipoplexes of
lipids 1 and 2 are reported. In addition, the inverted fluorescent
microscope experiments in support of the results obtained in in
vitro transfection studies are reported. A study of cytotoxicity in
all the cell lines studied for transfection and serum
compatibility of lipids 1 and 2 are also reported.
Chemistry. Toward probing the influence of the backbone

structural variation in gene delivery efficacies of α-tocopherol
based cationic amphiphiles, we designed and synthesized lipids
1 and 2 (Scheme 1) such that the two lipids architecturally
differ only in the backbone functionality (non-glycerol and
glycerol backbone). Lipid 1 was synthesized by reacting N-
methyldiethanolamine with mesylated α-tocopherol to yield an
intermediate followed by quarternization using methyl iodide
and chloride ion exchange chromatography over Amberlyst
anion exchange resin (Scheme 1, part A). To prepare lipid 2,
N,N-dimethyl-l,2,3-propanediol was reacted with mesylated α-
tocopherol to yield tertiary amine as intermediate (Scheme 1,
part B). The tertiary amine intermediate upon quarternization
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with excess methyl iodide followed by chloride ion exchange
over Amberlyst anion exchange resin afforded the target lipid 2
(Scheme 1, part B). The structures of all the intermediates
(Scheme 1) and of the final target lipids 1 and 2 were
confirmed by 1H NMR and mass spectra. The purity of the
final lipids were confirmed by elemental (C, H, N) analysis.
Transfection Biology. In Vitro Transfection Studies.

Reporter gene expression assay was used in evaluating the in
vitro gene delivery efficacies of lipids 1 and 2 in five cultured
mammalian cells including A-549 (human lung carcinoma
cells), B16F10 (murine melanoma cells), CHO (Chinese
hamster ovary cells), HepG2 (human hepatocarcinoma), and
MCF-7 (human breast adenocarcinoma cells) using p-CMV-
SPORT-β-gal plasmid DNA as the reporter gene encoding the
enzyme β-galactosidase across the lipid/DNA charge ratios of
9:1−0.3:1. Despite the presence of glycerol and nonglycerol
backbone being the only structural differences between lipids 1
and 2, only lipid 1 is competent in delivering reporter gene into

all the five cell lines particularly at higher charge ratios, that is,
at 3:1 and 9:1 (Figure 1, parts A−E).
Lipid 1 showed its higher gene delivery efficacies at lipid/

DNA charge ratio of 9:1 in A-549, B16F10, HepG2, and MCF-
7 cells (Figure 1, parts B−E, respectively) and at lipid/DNA
charge ratio of 3:1 in CHO cells (Figure 1, part A). In contrast,
lipid 2 turned out to be essentially incompetent in delivering
genes into any of these five cells across the entire lipid/DNA
charge ratios of 9:1−0.3:1 (Figure 1, parts A−E). Interestingly,
lipid 1 is found to be comparable with or better than the
commercially available formulation at specified lipid/DNA
charge ratios in all cell lines except in B16 F10 type in which it
is found to be less transfecting compared to commercial
formulation. Lipid 1 is found to be one and half times better in
transfecting A549 and nearly two and half times better in
transfecting HepG2 type of cells compared to commercial
formulation. Thus, the relative transfection profiles of lipids 1
and 2 summarized in parts A−E of Figure 1 demonstrate that
the structural variation in the backbone region of α-tocopherol

Figure 1. In vitro gene delivery efficiencies of lipids 1 and 2 in CHO (A), A549 (B), B16F10 (C), HepG2 (D), and MCF-7 (E) cell lines. Units of β-
galactosidase activity were plotted against the varying lipid-to-DNA charge ratios (9:1−0.3:1). The transfection efficiencies of the lipids were
compared to that of commercial formulation. Transfection experiments were performed as described in the text. Both lipids were tested on the same
day, and the data presented are the average of three experiments performed on three different days.
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based cationic amphiphiles is a crucial parameter capable of
profoundly influencing gene transfer efficacies of α-tocopherol
based cationic amphiphiles.

Serum Compatibility. The gene transfer efficacies of
cationic amphiphiles, in general, are evaluated either in
complete absence of serum or in the presence of only 10%
(v/v) added serum as disclosed in many prior reports.23,29,37−41

However, the clinical success of cationic transfection lipids
depends on their serum compatibility. The in vitro gene
transfer efficacies of cationic amphiphiles usually get adversely
affected in the presence of serum.42−49 Such serum
incompatibility of cationic transfection lipids is believed to
begin via adsorption of negatively charged serum proteins onto
the positively charged cationic liposome surfaces preventing
their efficient interaction with cell surface and/or internal-
ization.50−52

Toward probing the serum compatibility of the lipids 1 and
2, in vitro gene transfer efficacies for the lipids 1 and 2 were
evaluated across lipid/DNA charge ratio 9:1 at which both
lipids showed their higher transfection ability in all five types of
cell lines used for transfection (CHO, A-549, B16F10, MCF-7,
and HepG2) in the presence of increasing concentrations of
serum added (10−50%, v/v) (Figure 2). Interestingly, for
reasons not clear at this stage of investigation, the in vitro gene
transfer efficacy of lipid 1 is found to be increasing in the
presence of up to 50% added serum while that of lipid 2 is
found to be unaffected by concentration of serum added
(Figure 2). Thus, the transfection efficiency of lipid 1 is found

to be highly serum-compatible even at higher levels of added
serum.

α5GFP Plasmid Transfection. The relative transfection
efficacies of lipids 1 and 2 were also evaluated by the in vitro
transfection studies using α5GFP (a plasmid DNA encoding
green fluorescence protein) in representative HepG2 and A549
(Figure 3, I and II) cells using lipoplexes with 9:1 lipid/DNA
charge ratio (the charge ratio where the lipid 1 shows higher
transfection in both types of cell lines). After washing the cells
with phosphate buffer saline, live HepG2 and A549 cells were
viewed under an inverted fluorescence microscope. The
numbers of fluorescently labeled cell lines are found to be
more when the cells were treated with lipoplexes of lipid 1 than
that of lipoplexes of lipid 2 (Figure 3).

Cellular Uptake Study. Results from in vitro transfection
experiments demonstrate that lipid 1 is efficient in transfecting
multiple cultured cell lines, whereas lipid 2 is incompetent in
transfecting in any of these cell lines. Thus, in order to probe
the role of cellular uptake behind the contrasting transfection
profiles of lipids 1 and 2 the cellular uptake experiments were
performed. The representative A549 and MCF-7 cell lines were
treated with lipoplexes comprising pCMV-SPORT-β-gal
plasmid DNA and rhodamine-PE labeled liposomes of lipids
1 and 2 with lipid/DNA charge ratio 9:1. The number of A549
and MCF-7 cell lines labeled red are found to be relatively
more when treated with lipoplexes of lipid 1 against lipid 2
from the cellular uptake experiment (Figure 4). Thus, these
results of cellular uptake experiments (Figures 4) support the

Figure 2. Transfection efficacies of the cationic lipids 1 and 2 in the presence of increasing concentrations of serum added. In vitro transfection
efficiencies of lipid/DNA complexes prepared using pCMV-β-gal-SPORT reporter gene at lipid/DNA charge ratio of 9:1 were evaluated in the
presence of increasing concentrations of serum added in CHO (A), A-549 (B), B16F10 (C), HepG2 (D), and MCF-7 (E) cell lines. Both the lipids
were tested on the same day, and the data presented are the average of three experiments performed on three different days.
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notion that the varying transfection profiles of lipids 1 and 2
could be attributed to the cellular uptake variations of the
respective lipids. This reemphasizes the supposition that the
degree of cellular uptake plays an important role in contrasting
transfection profiles of lipids 1 and 2.

Lipid/DNA Binding Assay. The electrostatic binding inter-
actions between the plasmid DNA and the cationic lipids 1 and
2 at varying lipid/DNA charge ratios were measured by
conventional electrophoretic gel retardation assay and DNase I
sensitivity assays (Figures 5 and 6). The corresponding
electrophoretic gel patterns observed in the gel retardation
assay for lipoplexes formed from lipids 1 and 2 are shown in
(Figure 5). The gel patterns revealed striking contrasting DNA
binding profiles of lipids 1 and 2. Careful observation of the
experimental results unveil that lipid 1 was capable of
completely inhibiting electrophoretic mobility of plasmid
DNA when lipoplexes were prepared at higher lipid/DNA
charge ratios of 9:1 and 3:1 (Figure 5). In contrast, the lipid 2
was found to be completely inefficient in binding DNA even at
this higher lipid/DNA charge ratios. At lower lipid/DNA
charge ratios (1:1 and 0.3:1), the amount of free DNA
associated with lipid 2 is found to be higher when compared to
lipid 1 (Figure 5). The stability of lipoplexes formed by lipids 1
and 2 was further confirmed by monitoring the sensitivities of
the lipoplexes upon treatment with DNase I. After the free
DNA digestion by DNase I, the total DNA (both the digested
and inaccessible DNA) was separated from lipid (by extracting
with organic solvents) and loaded on a 1% agarose gel. Figure 6
summarizes the results of such DNase I protection experiments

for lipoplexes prepared from the cationic lipids 1 and 2 across
the entire lipid/DNA charge ratios of 9:1 to 0.3:1. The band
intensities of inaccessible and therefore undigested DNA
associated with transfection incompetent lipids 2 is found to
be significantly less compared to those associated with
transfection efficient lipid 1 across the lipid/DNA charge ratios
of 9:1 to 0.3:1. Thus, the findings in the conventional gel
mobility shift (Figure 5) and DNase I sensitivity assays (Figure
6) together are consistent with the supposition that strong
lipid−DNA binding interactions in the lipoplexes perhaps play
important role behind the higher transfection efficacies of lipid
1.
The results of gel retardation assay and sensitivity of the

lipoplexes upon treatment with DNase I in the presence of
anionic lipid53,54 (Supporting Information) reveal that the
anionic lipid studied in this experiment can displace the ionic
interaction between plasmid DNA and the cationic lipids 1 and
2. It can be deduced from this result that the anionic molecules
present in the cell can also displace the ionic interactions
between plasmid DNA and the cationic lipids 1 and 2, thereby
releasing plasmid DNA into the cell cytoplasm.

Toxicity Studies. MTT-based cell viability assays were
performed in all five types of cell lines used for transfection
(CHO, A-549, B16F10, MCF-7, and HepG2) treating with
lipoplexes of lipids 1 and 2 across the range of lipid/DNA
charge ratios (9:1−0.3:1) used in the actual transfection
experiments. Cell viabilities of both the lipids 1 and 2 in all five
types of cell lines are found to be remarkably high (more than
85%) particularly up to the lipid/DNA charge ratios of 3:1

Figure 3. Inverted microscopic images of representative HepG2 (I) and A549 (II) cell lines transfected with lipoplexes of lipids (1 and 2) and
α5GFP expressing plasmid DNA. Lipid/DNA charge ratios in all the lipoplexes were maintained at 9:1 (A) bright field images, (B) fluorescent
images, and (C) overlay images. The details of inverted fluorescence microscopic experiments are described in the text.
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(Figure 7). Except in CHO cell lines, in all the other cell lines
the cell viabilities of both lipids 1 and 2 are found to be ≳80%
at higher charge ratio of 9:1. Thus, the contrasting in vitro gene
transfer efficacies of the lipids 1 and 2 are unlikely to originate
from varying cell cytotoxicities of the lipids.

Nanosizes and Global Surface Charges of the Lipoplexes.
To gain insight into the liposomal physical properties, sizes, and
surface potentials of the liposomes of lipids 1 and 2 (prepared
in DI water) and their lipoplexes (prepared in DMEM) were
measured using dynamic laser light scattering technique

Figure 4. Cellular uptake of Rhodamine labeled lipoplexes. Inverted microscopic images of A549 (I) and MCF-7 (II) cell lines transfected with
rhodamine labeled lipoplexes of lipids 1 and 2 prepared at higher in vitro transfection lipid/DNA charge ratios of 9:1 (A) bright field images, (B)
fluorescent images, and (C) overlay images. The details of the experiments are described in the text.

Figure 5. Electrophoretic gel patterns for lipoplex-associated DNA in gel retardation assay. The lipid/DNA charge ratios are indicated at the top of
each lane. The details of the gel experiment are as described in the text.
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(Zetasizer 3000A, Malvern Instruments, U.K.). The sizes and
surface potentials of these liposomes and lipoplexes were
measured in the absence and in the presence of 10% serum.
Liposomes of lipid 1 were found to be smaller in size

compared to liposomes of lipid 2 (Table 1). Lipoplexes of lipid

1 were found to increase from 350 to 800 nm in size as lipid/
DNA charge ratios decreased from 9:1 to 0.3:1, whereas
lipoplexes of lipid 2 showed steady increase from 600 to 750
nm (Table 1). Significant lipoplex size reduction at higher
lipid/DNA charge ratios for lipid 1 can be attributed to the

Figure 6. Electrophoretic gel patterns for lipoplex-associated DNA in DNase I sensitivity assay. The lipid/DNA charge ratios are indicated at the top
of each lane. The details of the treatment are as described in the text.

Figure 7. MTT-assay based percent cell viabilities of CHO (A), A-549 (B), B16F10 (C), HepG2 (D), and MCF-7 (E) cell lines treated with
lipoplexes of lipids 1 and 2 with lipid/DNA charge ratios 9:1−0.3:1. The cell viability values shown are the average of triplicate experiments
performed on same day. The details of the MTT-assay are as described in the text.
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pronounced DNA condensation efficacies of lipid 1 and hence
the higher transfection efficacies of lipid 1 at higher lipid/DNA
charge ratios when compared to lipid 2. Interestingly, the global
surface potentials of lipoplexes of lipid 1 were found to be
somewhat more positive than those for lipoplexes of lipid 2 in
the lipid/DNA charge ratio range 9:1−0.3:1 (Table 1). Results
of size and zeta potentials of liposomes and lipoplexes of lipids
1 and 2 in the presence of serum are as shown in the
parentheses of Table 1. Significant reduction in size of
liposomes and lipoplexes of lipids 1 and 2 was observed.
This reduction in size of lipoplexes in the presence of serum
was reported earlier.55 The observed size reduction of
lipoplexes in the presence of serum may be the result of a
number of factors, including viscosity, serum protein binding,
refractive index, and the partial dissociation of the lipoplexes.
These observations suggest that the serum-induced decrease in
size may not be the primary cause of the higher transfection
efficiency of lipid 1 in the presence of serum.

■ CONCLUSIONS
In summary, the findings described provide the first
experimental evidence for the influence of backbone structural
variation in liposomal gene delivery of α-tocopherol based
cationic lipids. Two α-tocopherol based cationic amphiphiles 1
and 2 were designed and synthesized containing the same
hydrophobic region, same headgroup and linker group
functionality, but differ only in the backbone region. In vitro
findings delineated that lipid 1 showed higher gene transfer
efficacies than lipid 2 in multiple cultured mammalian cells
including CHO, B16F10, HepG2, MCF-7, and A549. Findings
in dynamic laser light scattering studies revealed that lipid 1
significantly condenses DNA compared with lipid 2. Inverted
fluorescence microscopic studies using lipoplexes of lipids 1
and 2 containing green fluorescent protein encoding plasmid
DNA and Rhodamine-labeled lipoplexes of lipids 1 and 2
respectively demonstrated significantly higher expression of
GFP and higher cellular uptake with lipoplexes of lipid 1. To
conclude, the findings described demonstrate the dramatic
influence of backbone structural variation in liposomal gene
delivery of α-tocopherol based cationic lipids.
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ABSTRACT: We previously reported the identification and
structure−activity analysis of bithiazole-based correctors of
defective cellular processing of the cystic fibrosis-causing
CFTR mutant, ΔF508-CFTR. Here, we report the synthesis
and uptake of a functional, fluorescently labeled bithiazole
corrector. Following synthesis and functional analysis of four
bithiazole−fluorophore conjugates, we found that 5, a
bithazole-based BODIPY conjugate, had low micromolar
potency for correction of defective ΔF508-CFTR cellular
misprocessing, with comparable efficacy to benchmark
corrector corr-4a. Intravenous administration of 5 to mice
established its stability in extrahepatic tissues for tens of
minutes. By fluorescence imaging of whole-body frozen slices, fluorescent corrector 5 was visualized strongly in gastrointestinal
organs, with less in lung and liver. Our results provide proof-of-concept for mapping the biodistribution of a ΔF508-CFTR
corrector by fluorophore labeling and fluorescence imaging of whole-body slices.

■ INTRODUCTION

The genetic disease cystic fibrosis (CF) is caused by mutations
in the gene encoding the cystic fibrosis transmembrane
conductance regulator (CFTR) protein, a cAMP-regulated
chloride channel expressed in epithelial cells in lung, pancreas,
testis, intestine, and other organs.1,2 The most common CF-
causing CFTR mutation is deletion of phenylalanine at residue
508 (ΔF508), which produces a misfolded protein that is retained
at the endoplasmic reticulum (ER) and rapidly degraded.3−6

A major focus in CF research is the identification and develop-
ment of compounds, termed correctors, that normalize defective
ΔF508-CFTR cellular processing to promote its plasma
membrane targeting.7−10

By high-throughput screening, we previously reported the
identification of bithiazole-based ΔF508-CFTR correctors such
as corr-4a.11 Corr-4a improved ΔF508-CFTR trafficking,
resulting in partial restoration of cell chloride permeability.
Following structure−activity relationship (SAR) studies con-
ducted on 148 methylbithiazole analogues revealed that the
substitution of the phenyl amide at position X (2; Figure 1)
for a pivoyl amide improved potency,12 and the addition

of a dimethylamino-substituted phenyl moiety at position
Y improved water solubility while retaining corrector
activity.13

These findings have led us to further assess the utility of
functional bithiazole derivatives at positions X and Y as ΔF508-
CFTR correctors. With the intent to monitor the in vitro and in
vivo efficacies of these compounds, we have incorporated
photostable fluorescent dyes onto the bithiazole core (3−6;
Figure 1). Herein, we report the synthesis and characterization
of four fluorescently labeled bithiazole-based compounds, along
with their corrector activity, as a proof-of-concept demon-
stration of the use of fluorescent CF correctors to probe uptake.
While these derivatives are not development candidates, the
work here demonstrates the possibility of synthesizing a
functional fluorescent corrector whose uptake can be studied
using imaging methodology.
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■ EXPERIMENTAL PROCEDURES

General Methods and Materials. All chemicals were
purchased from commercial suppliers and used without further
purification unless otherwise noted. Analytical thin layer
chromatography was carried out on precoated glass plates
(silica gel 60 F254, 250 μm thickness) and visualized with UV
light at 245 nm. Flash chromatography was performed with
60 Å, 32−63 μm silica gel (Scientific Absorbents). Synthesized
products were concentrated by rotary evaporation under
reduced pressure. 1H NMR spectra were recorded at 400
or 600 MHz at ambient temperature with DMSO-d6, CDCl3, or
CD3OD as solvent. 13C NMR spectra were recorded at 100
or 150 MHz at ambient temperature with DMSO-d6, CDCl3, or
CD3OD as solvent. Chemical shifts are reported in parts per
million relative to CHCl3 (

1H, δ 7.26, 13C, 77.16), DMSO-d5
(1H, δ 2.50, 13C, 39.52), or CHD2OD (1H, δ 3.31, 13C, 49.00).
Infrared spectra were recorded on an ATI-FTIR spectrometer
(Mattson Genesis II). The specifications of the LC-MS are as
follows: electrospray (+) ionization, mass range 150−1500 Da,
20 V cone voltage, and Xterra MS C18 column (2.1 mm × 50
mm × 3.5 μm). Dye precursors 4-(4,4-difluoro-1,3,5,7-
tetramethyl-4-bora-3a-diaza-s-indacene-8-yl)-butyric acid (7)14

and 7-hydroxycoumarin-3-carboxylic acid (8)15,16 were synthe-
sized and characterized according to literature methods.
Bithiazole intermediates 1-(2-amino-4-methylthiazol-5-yl)-
ethanone HCl (9),17 1-(2-amino-4-methylthiazol-5-yl)-2-bro-
moethanone (10), 1-(2-chloro-5-(dimethylaminophenyl)-
thiourea (11), and N-(5-acytyl-4-methylthiazol-2-yl)pivalamide
(13)18 were synthesized as previously described.

N 2-(2-Chloro-5-(dimethylamino)phenyl)-4′-methyl-
4,5′-bithiazole-2,2′-diamine (12). Bromothiazole 10 (3.14 g,
11.56 mmol) and thiourea 11 (2.28 g, 9.92 mmol) were
dissolved in ethanol (27 mL), and the mixture was heated to
reflux for 2 h. After cooling to room temperature, the solid was
collected by filtration and rinsed with cold ethanol to afford
aminobithiazole 12 (3.68 g, 79%) as a pale pink solid. IR (neat)

νmax 3388, 3210, 3035, 1628, 1609, 1586, 1544, 1514, 1474,
1450, 1406, 1068, 1048, 879, 870, 807 cm−1; 1H NMR (400 MHz,
DMSO-d6) δ 2.40 (s, 3H), 3.08 (s, 6H), 7.00 (d, J = 8.8 Hz, 1H),
7.15 (s, 1H), 7.46 (d, J = 8.8 Hz, 1H), 8.24 (s, 1H), 9.47 (br s,
2H), 10.01 (s, 1H); 13C NMR (150 MHz, DMSO-d6) δ 17.05,
40.32, 101.12, 104.46, 107.57, 108.99, 114.41, 129.34, 137.41,
143.05, 143.88, 149.84, 162.79, 165.73; MS (ESI) m/z calcd.
365.05, found 366.04 [M + H]+.

General Procedure for Preparation of Fluorescent
Bithazole Probes 3−6 via CDI-Mediated Amide For-
mation. Fluorophore 7 (or 8; 1.5 equiv) was dissolved in
DMF (2.21 mL/mmol fluorophore) followed by the addition of
carbonyldiimidazole (CDI; 1.5 equiv). The mixture was stirred
for 30 min at room temperature, and aminobithiazole 12 (or
15; 1 equiv) was added in one portion. The reaction was
warmed to 80 °C and stirred for 48 h. After cooling to room
temperature, the mixture was poured into water to precipitate
the product. The solid was collected by filtration, rinsed with
water, and dried under vacuum to yield 3−6, each as a crude
solid.

10-(4-(2-(2-Chloro-5-(dimethylamino)phenylamino)-
4′-methyl-4,5′-bithiazol-2′-ylamino)-4-oxobutyl)-5,5-
difluoro-1,3,7,9-tetramethyl-5H-dipyrrolo[1,2-c:1′,2′-f]-
[1,3,2]diazaborinin-4-ium-5-uide (3). According to the
general procedure for amide formation, 7 (138 mg, 0.41
mmol), DMF (0.91 mL), CDI (66 mg, 0.41 mmol), and 12
(100 mg, 0.27 mmol) gave crude solid, which was purified by
flash column chromatography (1.25:1 hexane/EtOAc) to
produce 3 (36 mg, 19%) as a red solid; IR (neat) νmax 2916,
1686, 1600, 1581, 1535, 1513, 1431, 1017, 843 cm−1; 1H NMR
(400 MHz, CDCl3) δ 2.04 (m, 2H), 2.35 (s, 6H), 2.49 (s, 6H),
2.54 (s, 3H), 2.58 (m, 2H), 3.01 (m, 2H), 3.05 (s, 6H), 6.01 (s,
2H), 6.35 (dd, J = 2.8, 8.9 Hz, 1H), 6.62 (s, 1H), 7.20 (d, J =
8.9 Hz, 1H), 7.62 (br s, 1H), 7.88 (d, J = 2.8 Hz); 13C NMR
(100 MHz, CDCl3) δ 14.61, 16.49, 17.28, 26.97, 27.45, 36.06,
40.92, 102.68, 102.82, 107.32, 108.77, 122.02, 122.32, 129.37,
131.54, 136.82, 140.49, 142.40, 144.62, 150.44, 154.42, 155.90,
162.92, 169.28; MS (ESI) m/z calcd. 681.21, found 682.19
[M + H]+.

N-(2-(2-Chloro-5-(dimethylamino)phenylamino)-4′-
methyl-4,5′-bithiazol-2′-yl)-7-hydroxy-2-oxo-2H-chro-
mene-3-carboxamide (4). According to the general proce-
dure for amide formation, 8 (154 mg, 0.75 mmol), DMF
(1.65 mL), CDI (121 mg, 0.75 mmol), and 12 (200 mg, 0.50
mmol) gave crude solid, which was purified by recrystallization
in EtOH to yield 4 (108 mg, 20%) as an orange solid; IR (neat)
νmax 3276, 2208, 2164,1695, 1679, 1529, 1509, 1373, 1264,
1195, 1134, 834 cm−1; 1H NMR (400 MHz, DMSO-d6) δ 3.02
(s, 6H), 6.44 (dd, J = 2.9, 8.9 Hz, 1H), 6.86 (d, J = 1.9, 1H),
6.94 (dd, J = 2.1, 8.6 Hz, 1H), 7.01 (s, 1H), 7.22 (d, J = 8.9 Hz,
1H), 7.91 (d, J = 8.7 Hz, 1H), 8.07 (d, J = 2.8 Hz, 1H), 8.96
(s, 1H), 9.63 (s, 1H), 11.33 (br s, 1H), 11.85 (s, 1H); 13C
NMR (100 MHz, DMSO-d6) δ 17.09, 40.54, 102.02, 103.96,
104.44, 108.94, 111.26, 111.84, 114.85, 121.90, 129.41, 132.63,
137.43, 141.87, 142.91, 149.33, 149.76, 153.72, 156.66, 159.71,
161.31, 163.24, 164.63; MS (ESI) m/z calcd. 553.06, found
554.11 [M + H]+.

N-(5-(2-Bromoacetyl)-4-methylthiazol-2-yl)pivalamide
(14). A solution of 13 (6.5 g, 27.1 mmol) in 30% HBr in
AcOH (40 mL) was treated with PryH+Br3

− (11.25 g, 35.17
mmol) and stirred at room temperature for 48 h. Water was
added and the aqueous layer was extracted with CH2Cl2. The
combined organic extracts were washed with saturated

Figure 1. (A) Bithiazole-based ΔF508-CFTR correctors. (B) 3−6:
fluorescent dye analogues of corr-4a.
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NaHCO3 and brine. The organic layer was dried over sodium
sulfate, filtered, and evaporated under reduced pressure. The
residue was purified by flash column chromatography (20−40%
EtOAc/hexane) to yield 4.23 g (49%) of the title compound 14
as a white solid; IR (neat) ν max 3260, 2970, 2928, 1687,
1660, 1530, 1493, 1370, 1318, 1280, 1220, 1196, 1136, 975,
819 cm−1; 1H NMR (600 MHz, CDCl3) δ 1.28 (s, 9H), 2.52
(s, 3H), 4.17 (s, 2H); 13C NMR (150 MHz, CDCl3) δ 17.85,
26.82, 33.58, 39.37, 121.19, 157.27, 160.69, 177.27, 184.34; MS
(ESI) m/z calcd. 318.00, found 318.97 [M + H]+.

N-(2-Amino-4′-methyl-4,5′-bithiazol-2′-yl)pivalamide
(15). To a solution of 14 (2.38 g, 7.46 mmol) in EtOH
(15 mL) was added thiourea (568 mg, 7.46 mmol). The
mixture was heated to reflux and stirred for 12 h. After cooling
to room temperature, hexane was added to fully precipitate the
product and the solid was collected by filtration and washed
with cold ethanol to obtain 607 mg (27%) of 15 as a cream-
colored solid; IR (neat) νmax 3198, 3180, 2967, 2932, 1675,
1621, 1597, 1515, 1484, 1353, 1304, 1141, 994, 898 cm−1; 1H
NMR (600 MHz, CD3OD) δ 1.31 (s, 9H), 2.41 (s, 3H), 4.91 (br
s, 2H), 6.88 (s, 1H); 13C NMR (150 MHz, CD3OD) δ 16.36,
27.20, 40.22, 106.73, 113.08, 131.93, 149.20, 159.55, 172.11,
179.12; MS (ESI) m/z calcd. 296.08, found 297.08 [M + H]+.
5,5-Difluoro-1,3,7,9-tetramethyl-10-(4-(4′-methyl-2′-

pivalamido-4,5′-bithiazol-2-ylamino)-4-oxobutyl)-5H-
dipyrrolo[1,2-c:1′,2′-f][1,3,2]diazaborinin-4-ium-5-uide
(5). According to the general procedure for amide formation, 7
(140 mg, 0.42 mmol), DMF (0.93 mL), CDI (68 mg, 0.42 mmol),
and 15 (83 mg, 0.28 mmol) gave crude solid, which was
purified by flash column chromatography (1.25:1 hexane/
EtOAc) to produce 5 (94 mg, 55%) as a neon orange solid; mp
266 °C dec; IR (neat) νmax 3189, 2960, 1655, 1547, 1509, 2923,
1706, 1546, 1506, 1406, 1197, 1061, 983, 834 cm−1; 1H NMR
(400 MHz, CDCl3) δ 1.30 (s, 9H), 2.01 (m, 2H), 2.36 (s, 6H),
2.50 (s, 6H), 2.51 (s, 3H), 2.53 (m, 2H), 2.97 (m, 2H), 6.03 (s,
2H), 6.91 (s, 1H), 8.91 (br s, 1H), 10.05 (s, 1H); 13C NMR
(100 MHz, CDCl3) δ 14.59, 16.49, 16.94, 26.94, 27.26, 27.40,
35.82, 39.24, 108.53, 121.09, 122.02, 131.59, 140.58, 142.19,
143.35, 144.80, 154.39, 155.96, 157.67, 170.02, 176.26; HRMS:
Anal. C29H35BF2N6O2S2 m/z calcd. 612.2433, found 613.2405
[M + H]+.
7-Hydroxy-N-(4′-methyl-2′-pivalamido-4,5′-bithiazol-

2-yl)-2-oxo-2H-chromene-3-carboxamide (6). According
to the general procedure for amide formation, 8 (209 mg,
1.01 mmol), DMF (2.25 mL), CDI (164 mg, 1.01 mmol), and
15 (200 mg, 0.68 mmol) gave crude solid, which was purified
by recrystallization from DMF to yield 6 (56 mg, 17%) as a
canary yellow solid; IR (neat) νmax 3376, 2967, 2959, 1698,
1616, 1521, 1505, 1266, 1192, 1129 cm−1; 1H NMR (400 MHz,
DMSO-d6) δ 1.25 (s, 9H), 6.86 (d, J = 1.8 Hz, 1H), 6.93 (dd,
J = 2.1, 8.6 Hz, 1H), 7.29 (s, 1H), 7.88 (d, J = 8.7, 1H), 8.94 (s,
1H), 11.32 (br s, 1H), 11.78 (s, 1H), 11.99 (s, 1H); 13C NMR
(100 MHz, DMSO-d6) δ 16.86, 26.61, 35.75, 102.06, 108.65,
111.21, 111.88, 114.89, 119.51, 132.64, 142.30, 143.20, 149.40,
156.12, 156.42, 156.70, 160.25, 161.17, 164.72, 176.56; MS
(ESI) m/z calcd. 484.09, found 485.03 [M + H]+.
Short-Circuit Current Measurements. Fisher rat thyroid

(FRT) epithelial cells stably expressing human ΔF508-CFTR
were generated as described previously.19 The FRT cells were
cultured on Snapwell porous support for 7−9 days. Test
compounds were incubated with FRT cells for 18−24 h at 37 °C
prior to measurements. Standard short-circuit current measurement
procedures were followed as previously described.20 The

basolateral solution contained 130 mM NaCl, 2.7 mM KCl,
1.5 mM KH2PO4, 1 mM CaCl2, 0.5 mM MgCl2, 10 mM
glucose, and 10 mM Na-HEPES (pH 7.3). In the apical bathing
solution, 65 mM NaCl was replaced by Na gluconate, and
CaCl2 was increased to 2 mM. Solutions were bubbled with air
and maintained at 37 °C. The basolateral membrane was
permeabilized with 250 μg/mL amphotericin B. Hemichambers
were connected to a DVC-1000 voltage clamp (World
Precision Instruments Inc.) via Ag/AgCl electrodes and 1 M
KCl agar bridges for recording of short-circuit current.

Cellular Uptake. FRT cells19 were cultured on cover-
glasses and mounted in a perfusion chamber maintained at
37 °C. Cells were incubated with serum-free culture medium
containing 10 μM 5 in culture medium. Cells were imaged over
45 min using a laser-scanning confocal microscope (Nikon C1,
100× oil objective, NA 1.49) using appropriate filter sets. Cells
expressing endoplasmic reticulum-targeted green fluorescent
protein (GFP) were also imaged.

In Vivo Metabolic Stability. All experiments involving live
animals were performed according to procedures approved by
the Institution of Animal Care and Usage Committee
(IACUC) at UCSF. Compound 5 (250 μg/100 μL; 10%
DMSO, 10% Tween 80, 40% propylene glycol, 20% ethanol,
and 20% H2O; sterilized through a 20 μm filter prior to
injection) or saline was injected intraorbitally in adult CD1
mice. Mice were sacrificed by anesthetic overdose and cervical
dislocation at 10 or 30 min. Following perfusion with PBS,
organs were harvested and homogenized with PBS (1 mL/g of
tissue). An equal volume of cold CH2Cl2 was added to extract 5
from the tissue/aqueous layer. Homogenates were centrifuged
for 15 min at 4000 rpm and 4 °C. The organic layer was
evaporated with nitrogen to 100 μL and the residue was
analyzed by TLC. TLC was carried out on precoated glass plates
(silica gel 60 F254, 250 μm thickness), using a solvent system of
1:1 ethyl acetate/hexane, and fluorescent images were acquired
on a Kodak 4000 mm image station (Eastman Kodak Company,
Rochester, NY). TLC plates were imaged with excitation and
emission bandpass filters of 465 and 535 nm, respectively, with
f-stop at 2.8 and an exposure time of 2 min.
In a separate experiment, 5 was administered by tail vein

injection (250 μg/100 μL; 10% DMSO, 10% Tween 80, 40%
propylene glycol, 20% ethanol, and 20% H2O; sterilized
through a 20 μm filter prior to injection) in adult mice. Mice
were sacrificed by anesthetic overdose and cervical dislocation
at 10 or 30 min. Dye-containing extracts (obtained as outlined
in the preceding paragraph) were dissolved in eluent (30 μL
DMSO and 120 μL 3:1 CH3CN/H2O with 0.5% formic acid).
Reverse-phase HPLC was carried out using a C18 column
(Supelco, 2.1 mm × 100 mm × 5 μm) connected to a solvent
delivery system (Waters model 2690, Milford, MA). Elution
conditions were as follows: 1 min at 95% CH3CN/5% H2O,
followed by a linear gradient from 95% CH3CN/5% H2O to 0%
CH3CN/100% H2O over 9 min; 3 min at 0% CH3CN/100%
H2O; a linear gradient from 0% CH3CN/100% H2O to 95%
CH3CN/5% H2O over 3 min; and a linear gradient from 95%
CH3CN/5% H2O to 100% CH3CN/0% H2O over 2 min (0.2
mL/min flow rate). Mass spectra were acquired to confirm com-
pound identity using a mass spectrometer (Alliance HT 2790 +
ZQ) using positive ion detection, scanning from 150 to 850 Da.

Whole-Body Slice Imaging. Optical imaging studies were
performed on a reflectance optical scanner (IVIS-50, Caliper
Life Sciences, Hopkinton, MA), and data acquisition and
processing were performed using the Living Image software v
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3.2. Compound 5 was formulated in 10% DMSO, 10% Tween-
80, 40% propylene glycol, 20% ethanol, and 20% water
(2 nmol, 150 μL). The formulated solution was sterilized
through a 20 μm filter prior to injection. Male nu/nu mice
(Charles Rivers, MA) that had been on a nonfluorescent diet
more than 10 days were injected intravenously via tail vein with
150 μL of 5 (2 nmol) or saline. Mice were euthanized 10 min
postinjection and immediately frozen and stored at −80 °C.
Whole body slices at 40 μm thickness were cut using a
cryotome (Hacker-Bright Sledge Microtome, Winnsboro, SC).
Coronal slices through the midsection were imaged using
excitation and emission bandpass filters of 468 ± 22 nm and
545 ± 30 nm, respectively. Images were collected using the
same field of view with binning set at 4, f-stop at 2, and
exposure time 20 s. Total photon efficiency is a measure of
fluorescent photons from the specimen normalized against the
excitation intensity; the resulting efficiency is expressed in units
of cm2.

■ RESULTS
Chemistry. Synthesis of the BODIPY dye containing a free

carboxyl group (7) was achieved via a one-pot condensation
between 2 equiv of 2,4-dimethylpyrrol and glutaric anhydride
followed by the coordination of BF3·OEt2 (Scheme 1).14,21 The

hydroxy-substituted coumarin-3-carboxylic acid 8 was prepared
by Knoevenagel condensation of 2,4-dihydroxybenzaldehyde
with Meldrum’s acid directly releasing a free carboxyl group in
one pot.15 The percent yield for this one-pot transformation
was 76%.
Next, two amino bithiazole intermediates (12 and 15) were

synthesized (Scheme 2); each intermediate was designed to allow
for late stage attachment of the fluorescent dye. Aminobithiazole
building block 12 was synthesized by α-bromination of
aminothiazole 9 in 86% yield followed by condensation with
1-(2-chloro-5-(dimethylaminophenyl)thiourea 11 in 79% yield.
CDI-mediated condensation of 12 with fluorescent acids 7 and
8 provided probes 3 and 4 in modest yields (3, 19%, and 4,
20%, respectively). To synthesize the aminobithiazole precursor
15, aminothiazole 9 was first treated with CDI-activated pivalic
acid to give 13 (83% yield) followed by α-bromination with
30% HBr in AcOH and pyridinium tribromide to produce 14
(49% yield). Bromination of 13 proved to be more difficult
than bromination of 9; therefore, a stronger acidic medium
(HBr vs HOAc) was required. Subsequent condensation with
thiourea afforded aminobithiazole intermediate 15 (27% yield).
Acids 7 and 8 were then activated with CDI and subsequently

treated with 15 to obtain fluorescent compounds 5 and 6 in
modest yields (5, 55%, and 6, 17%, respectively).

Corrector Activity. We followed established standard short-
circuit current measurement procedures20 to determine the
corrector activity of each fluorescently labeled bithiazole. Apical
membrane chloride current was measured in ΔF508-CFTR
expressing FRT cells after basolateral membrane permeabilization
and in the presence of a transepithelial chloride gradient. Cells
were incubated for 18−24 h with 10 μM test compound prior to
short-circuit current assay. DMSO vehicle was used as a control.
Figure 2A shows minimum apical membrane current with
DMSO alone, with a small increase following addition of the
cAMP-elevating agent forskolin (20 μM) and the potentiator
genistein (50 μM). The increased apical membrane current was
inhibited upon addition of the CFTR inhibitor CFTRinh-172.
While conjugates 3 and 4 (Figure 2A) had little corrector activity
at 10 μM, conjugate 6 had moderate activity, and 5 had efficacy
comparable to that of 5 μM corr-4a. On the basis of its corrector
activity, we chose 5 for further studies.

Intracellular Uptake. To assess cellular uptake and
localization of conjugate 5, FRT cells were imaged by confocal
microscopy at different times after exposure to 10 μM 5. Figure
2B shows rapid uptake of 5 within 1 min, which remained
stable for >45 min. Fluorescence was observed in an
intracellular compartment consistent with a characteristic
membrane pattern of the endoplasmic reticulum, which is
similar to that in FRT cells expressing ER-targeting GFP
(Figure 2B). While not conclusive, the high lipophilicity of 5
would account for its intracellular staining pattern, as
endoplasmic reticulum membranes constitute the vast majority
of cell membranes.

Scheme 1. Synthesis of Fluorescent Dyesa

aReagents: (a) i. BF3·OEt2, CH2Cl2, reflux, ii. BF3·OEt2, Et3N; (b)
piperidinium acetate, EtOH, reflux.

Scheme 2. Synthetic Route to Fluorescent Bithiazole
Derivativesa

aReagents: (a) Br2, AcOH; (b) 1-(2-Chloro-5-dimethylaminophenyl)-
thiourea (11), EtOH, reflux; (c) 7, CDI, DMF, 80 °C; (d) 8, CDI,
DMF, 80 °C; (e) pivalic acid, CDI, DMF, 80 °C; (f) PyrH+Br3

−, 33%
HBr in AcOH; (g) NH2C(S)NH2, EtOH, reflux [See Figure 1 for 3−6
structures].
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Metabolic Stability. To determine a suitable time point
for whole-body slice imaging of the organ distribution of
conjugate 5, the metabolic stability of 5 was first assessed by
fluorescence imaging of TLC plates (see Supporting
Information p. S9). By 10 min, 5 was metabolized in liver,
but remained largely intact in lung and kidney. By 30 min, 5
was not detected in lung or kidney, and little nonmetabolized
compound was seen in liver. Extracts from the lung, liver,
kidney, brain, and heart obtained at 10 and 30 min were also
analyzed by LC-MS. Rapid uptake and clearance of 5 was found
in the liver, lung, kidney, and heart, with no compound seen in
brain. Figure 3 shows LC-MS analysis of lung extract at 10 and

30 min after intravenous injection of 5. While we have not
analyzed the chemical basis of conjugate instability, which
would be a major undertaking beyond the scope of the study
focused here on a single fluorescent corrector, the detection of

intact 5 supports the following imaging studies described
below. Chromatograms of liver, kidney, brain, and heart are
provided in the Supporting Information (p. S9−S12).

Uptake Measured in Whole-Body Slices. Fluorescence
imaging of 5 was done in whole-body slices obtained at 10 min
after intravenous administration, in which the above data
showed that 5 was largely intact in extrahepatic organs. Coronal
slices at the midsection of mice were imaged. Figure 4 shows
accumulation of 5 mainly in gastrointestinal organs, including
stomach, small and large intestine, and liver, with lesser
fluorescence in lung. Little background signal was seen in slices
from control mice.

■ DISCUSSION
In a recent study, we synthesized a focused library of 54
thiazole-tethered pyrazoles that allowed for incorporation of
property-modulating functionality (ester, acid, and amide) on
C5 of the pyrazole ring (see Figure 5).18 These pyrazolylth-
iazoles retained ΔF508-CFTR corrector activity (<1 μM) and
improved the experimentally determined logP (1.2 log units
lower than corr-4a). That work also established that the
corrector binding site of ΔF508-CFTR affords a fair degree of
plasticity with regard to the aniline-moiety binding pocket;
compare 16 to corr-4a (Figure 5). Building on that insight, we
speculated that perhaps the ΔF508-CFTR corrector binding
site could accommodate the fluorescent dye moieties shown in
analogues 5 and 6 where the dye is attached at the 2-amino
position (see Figure 1). SAR insight regarding the plasticity of
the presumed amide-binding pocket of ΔF508-CFTR, while
less extensive,7 suggested that dye attachment via the 2′-amino
as in analogues 3 and 4 might also retain corrector activity (see
Figure 1). We did not attempt to generate conjugates with
near-infrared dyes (NIR dyes; for example, a bithaizole
modified with a Cy7-based dye22) because, while they would
offer the advantages of long-wavelength fluorescence and
noninvasive imaging, their large size would likely interfere
with corrector activity. Positron emission tomography (PET;
another noninvasive technique) using an 18F-labeled CF
corrector has the potential advantage of only very modestly
modifying the small molecule. However, because of the higher
costs and complexity, this technique was judged as inappro-
priate for our initial proof-of-concept work [note: we have
synthesized an 19F-labeled analogue of corr-4a (4-fluorobenza-
mide replacing benzamide; refer to Figure 1) that has corrector
efficacy comparable to 5 μM corr-4a]. On the basis of this
analysis, we synthesized fluorescent bithiazole analogues 3−6.
BODIPY and hydroxycoumarin fluorophores were selected

for conjugation with bithiazole cores 12 and 15 (see Scheme 2)
because each dye is readily generated in one synthetic operation
(see Scheme 1), insensitive to changes in pH, affords bright
fluorescence and photostability, and has modest molecular size.
Also, the preparation of each final substrate (3−6) closely
parallels already developed synthetic protocols.21

Of the four bithiazole−fluorophore conjugates 3−6,
BODIPY 5 was the most efficacious corrector (see Figure
2A), having comparable corrector activity to that of corr-4a. We
therefore selected BODIPY 5 for in vivo and imaging studies.
The activity of 5 further supports the notion that the “analine-
binding pocket” of ΔF508-CFTR affords exploitable plasticity.
Small molecular weight therapeutics are desirable in part due

to their ability to permeate the cell membrane. An initial
concern with the conjugation of a fluorescent dye to the core of
corr-4a was the possibility of reduced cell plasma membrane

Figure 2. ΔF508-CFTR corrector activity and cellular uptake of 5.
(A) Short-circuit measurements showing apical membrane chloride
current after incubation for 24 h at 37 °C with 10 μM of indicated
fluorescent bithiazoles. Negative control was incubation with DMSO
vehicle alone and positive control was incubation with corr-4a (5 μM).
Forskolin (20 μM), genistein (50 μM), and CFTRinh-172 (10 μM)
were added as indicated. (B) Confocal micrographs of live FRT cells
after incubation with 5 for 1 or 15 min; for comparison, ER staining
shown of FRT cells expressing an ER-targeted GFP. Scale bar, 5 μm.

Figure 3. Qualitative LC-MS data for identification of 5 in lung
extract. HPLC chromatograms (absorbance, 494 nm) of 5 (A), and
lung extract at 10 min (B) and 30 min (C) post injection.
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permeability. However, as seen from the rapid appearance of
intracellular fluorescence in Figure 2B, conjugate 5 is highly
permeable across cell membranes. The rapid uptake and
probable ER distribution of 5 is likely a consequence of its
lipophilicity at position Y (see Figure 1).
Metabolic stability studies showed that, in the lung, the

primary organ of interest in cystic fibrosis, the main fluorescent
species at 10 min after intravenous administration was the
original compound, allowing unambiguous interpretation of
whole-body slice fluorescence images. Unfortunately, however,
conjugate 5 is rapidly metabolized by the liver, precluding
analysis of its biodistribution at longer times by the methods
used here. Interestingly, despite the highly lipophilic nature of
the BODIPY moiety at position Y, 5 does not significantly cross
the blood-brain barrier at 10 min.
Optical imaging is a sensitive tool to monitor the in vivo

distribution of exogenous fluorescent agents in animals.23 Here,
the incorporation of BODIPY on the bithiazole core has
allowed detection of fluorescence at 510 nm. Because of the
limited tissue penetration of light at 510 nm, images were
obtained of whole-body coronal slices at 10 min following
intravenous administration of 5. Of relevance to cystic fibrosis,
5 was largely targeted to gastrointestinal organs, where CFTR is
expressed, and to lesser extent in lung.

■ CONCLUSION

In conclusion, our data define the early uptake in mice of a
functional, fluorescently labeled bithiazole ΔF508-CFTR

corrector. The BODIPY fluorophore did not appear to interfere
with the corrector activity of conjugate 5, but is likely to affect
its biodistribution, as lipophilic compounds often accumulate in
adipose tissues such as the stomach and intestine. Although the
rapid hepatic metabolism and clearance of 5 restricted our
analysis of biodistribution to early times after administration,
fluorescence imaging of coronal slices has provided information
about the uptake of 5, and hence proof-of-concept for the
strategy of fluorescent drug labeling and analysis of
biodistribution by whole-body slice imaging.
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ABSTRACT: Growth factors are critical components in the tissue engineer-
ing approach. Basic fibroblast growth factor (bFGF), a representative growth
factor, stimulates the cellular functions of various cells and has been used
extensively for the repair and regeneration of tissues. The in vivo half-life time
of free bFGF is short, about 3−10 min, due to rapid enzymatic degradation.
Stabilization of the bFGF was accomplished by the covalent or physical conjugation of this factor to fluorescent maghemite
(γ-Fe2O3) nanoparticles. In the present study, nasal olfactory mucosa (NOM) cells from adult rats were cultured in suspension
on chitosan microcarriers (MCs) in the presence of the nonconjugated or bFGF-conjugated nanoparticles, or the free factor. The
floating cells/nonconjugated, conjugated, or free bFGF/MCs aggregates were then seeded in a viscous gel. In this manuscript, we
are the first to report that the stabilization of the factor by its conjugation to these nanoparticles significantly improved NOM
cell-proliferation properties (migration, growth, and differentiation), compared to the same concentration, or even five times
higher, of the free factor. This novel approach may significantly contribute to the advancement of the tissue engineering field.

■ INTRODUCTION

Tissue engineering is an emerging scientific approach to regene-
rate damaged and diseased tissues.1 By applying combinations of
biomaterials, cells, and bioactive molecules, regeneration of
damaged or diseased tissues can be facilitated, ultimately leading
to the functional replacement of these tissues.2 Growth factors
are becoming leading therapeutic candidates for tissue engineer-
ing approaches.3 Growth factors are endogenous polypeptides,
secreted by a wide range of cell types, which initiate intracellular
signals to regulate cellular activities such as adhesion, prolifera-
tion, migration, and differentiation. The local delivery of growth
factors to the injured tissue site is essential to trigger cellular
actions, through binding, to specific receptors on the surface of the
target cells, and thereby stimulate the regenerative processes.4,5

FGF-2, also known as bFGF, is a representative growth factor
which promotes proliferation, differentiation, and numerous
other cellular functions of a wide variety of cells, including
mesenchymal, neuroectodermal, and endothelial cells.6 For
example, bFGF has been reported to significantly promote
NOM cell proliferation and maintain its survival.7,8 It has also
shown a high therapeutic potential for the repair and regenera-
tion of damaged tissues, including skin, blood vessel, muscle,
adipose, tendon/ligament, cartilage, bone, tooth, and nerve
tissue.9 For instance, the administration of bFGF to damaged
neurons stimulates neurogenesis and provides neuroprotection in
different animal models of neurodegenerative diseases, e.g.,
Parkinson’s,10 Alzheimer’s,11,12 and Huntington’s.13

The main disadvantage of bFGF is its short in vivo half-life
time, about 3−10 min, due to rapid enzymatic degradation,
leading to loss of biological activity and functions.6,14

It therefore requires frequent direct injections of the factor in
order to maintain its bioavailability necessary for tissue repair.
However, repeated administration may lead to undesirable
systematic effects and toxicity due to nonspecific distribution
and accumulation of the factor throughout the body. To obtain
satisfactory performance, growth factors are adsorbed onto, or
encapsulated within, nanomaterials to protect their stability and
biological activity in a sustained and controllable manner.15

Recent literature concerning novel biomaterials indicates
increasing interest in developing inorganic nanoparticles suitable
as growth factor delivery systems mainly by controlled release,
such as mesoporous silica nanoparticles,16 quantum dots,17

calcium phosphate,18 and calcium sulfate nanoparticles.19

Magnetic iron oxide nanoparticles are particularly promising
due to their high surface area to volume ratio, magnetic
properties, biocompatibility, relative nontoxicity, and biodegrad-
ability. The use of iron oxide magnetic nanoparticles for various
biomedical applications, e.g., hyperthermia, diagnosis, cell-labeling
and sorting, DNA separation, MRI contrast agents, and drug
delivery, have already been demonstrated.20−26 The combination
of magnetic and fluorescent entities may also provide new two-
in-one multifunctional nanomaterials with a broad range of both
potential diagnostic and therapeutic applications.27

For tissue engineering approaches, the use of magnetic
nanoparticles is emerging as a potential target, diagnostic, and
therapeutic agent. It has been reported that magnetic
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nanoparticles could be coupled to cells and used to target these
labeled cells by an external magnetic field at the desired site in
the body.28 The migration of the labeled cells after implantation
can be detected noninvasively using MRI.29 In addition, various
proteins, growth factors, and so forth could be bound to these
nanoparticles that might be delivered to the damaged tissue,
where they would play a role in tissue development and
repair.30 The use of magnetite (Fe3O4) magnetic nanoparticles
to enhance cell seeding in tissue engineering scaffolds via a
magnetic field has also been reported recently.31,32 A few
studies also investigated the influence of magnetic nanoparticles
in the presence and absence of a growth factor on cellular
proliferation and differentiation, following long-term incuba-
tion. Very recently, Park and co-workers reported that
unmodified iron oxide nanopartices in the presence of free
nerve growth factor (NGF) synergistically promoted the
neurite outgrowth of PC12 cells.33 Shimizu and co-workers
recently demonstrated that glutaraldehyde-activated magnetic
beads of 250 nm average diameter covalently bonded to NGF
or a brain-derived neurotrophic factor (BDNF) promoted the
neurite outgrowth of embryonic chick dorsal root ganglia
neurons. In addition, these nanoparticles coated with both
NGF and BDNF promoted the neurite outgrowth of PC12h
cells. However, in all the cases mentioned above, the observed
biological effect was similar, or even lower, than that of the
soluble-free NGF, BDNF, or both, respectively.34

In the present study, NOM cells were derived from the
olfactory mucosa of adult rats. Olfactory mucosa is a potential
source of olfactory ensheathing cells and multipotent neural
stem cells, which have been used in autologous transplantation
therapies for the treatment of degenerative or traumatic
conditions of the central nervous system, such as Parkinson’s
disease or spinal cord injury.35−37 There are several potential
advantages of NOM transplants. These cells are easily obtained
through simple nasal biopsies, making them attractive for
autologous transplantation and thus eliminating the issue of
rejection. Moreover, the neurons and the sustentacular cells
within the NOM are able to renew themselves constantly
during their life span.
The present article describes a method of preparing new

bFGF-conjugated fluorescent maghemite (γ-Fe2O3) nano-
particles that induce the significant stabilization of the bFGF
through its covalent or physical immobilization to the
nanoparticle’s surface.38,39 The NOM cells were cultured in
suspension on biodegradable, positively charged MCs in the
presence of nonconjugated or bFGF-conjugated nanoparticles,
or the free factor. The floating cells/nonconjugated, conjugated,
or free bFGF/MCs aggregates were then seeded in a viscous gel
(NVR-gel40). In this study, we describe the effect of the
conjugation of the bFGF to fluorescent γ-Fe2O3 nanoparticles
on the migration, growth, and differentiation of the NOM cells,
compared to the nonconjugated fluorescent nanoparticles and
different concentrations of the free bFGF.

■ MATERIALS AND METHODS
Materials. The following analytical-grade chemicals were

purchased from commercial sources and used without further
purification: ferrous chloride tetrahydrate, hydrochloric acid
(1 M), sodium hydroxide (1 M standard solution), sodium
chloride, sodium nitrite, dimethyl sulfoxide (DMSO), gelatin
from porcine skin, human serum albumin (HSA), rhodamine B
isothiocyanate (RITC), divinyl sulfone (DVS), triethylamine
(TEA), Triton X-100, and D-glucose from Sigma (Israel);

recombinant human basic fibroblast growth factor (bFGF)
from PeproTech (Israel); midi MACS magnetic columns from
Miltenyi Biotec GmbH (Germany); bicarbonate buffer (BB,
0.1 M, pH 8.4), phosphate-buffered saline (PBS free of Ca2+

and Mg2+, 0.1 M, pH 7.4), Dulbecco’s modified eagle medium-
nutrient mixture F-12 (DMEM-F12), fetal calf serum (FCS),
gentamycine, glutamine, hepes, and trypsin-EDTA solution
(0.25%) from Biological-Industries (Israel); human bFGF
ELISA kit Quantikine HS from Biotest (Israel); tissue culture
plates and 35 cm culture plates from JET BioFiL (Israel);
chitosan powder microcarriers (MCs) from Medovent GmbH
(Germany). Water was purified by passing deionized water
through an Elgastat Spectrum reverse osmosis system (Elga,
High Wycombe, UK). NVR-gel was obtained from NVR Ltd.
(Neuro-Vascular Reconstruction Laboratories, Ness Ziona,
Israel).40 This gel is composed of 0.7% cross-linked hyaluronic
acid enriched with 30 mg/mL laminin (Sigma, St. Louis, MO,
USA). The culture medium used in this study was composed of
90% DMEM-F12, 10% FCS, 6 g/L D-glucose, 2 nM glutamine,
and 25 μg/mL gentamycine.
Synthesis of γ-Fe2O3 Nanoparticles Containing the

Fluorescent Probe Rhodamine (R-γ-Fe2O3). γ-Fe2O3 nano-
particles were prepared by the nucleation and growth of a
maghemite layer onto gelatin/iron oxide nuclei, according to
the description in ref 24. R-γ-Fe2O3 nanoparticles of 15.0 ± 1.1
diameter were prepared by a similar procedure, substituting
the gelatin for RITC-conjugated gelatin. Briefly, RITC was
covalently conjugated to gelatin by adding 0.5 mL of DMSO
containing 5 mg of RITC to 20 mL of aqueous gelatin in
solution (1%). The pH of the aqueous solution was then raised
to 9.5 by carefully adding a NaOH aqueous solution (1 N). The
solution was then shaken for 1.0 h at 60 °C. The RITC-
conjugated gelatin solution was then dialyzed at 60 °C against
water to remove the excess of unbound RITC. The volume of
the solution was then adjusted to 80 mL by adding water, after
which the synthesis was continued, as described in our previous
publication.41

Synthesis of the DVS-Derivatized R-γ-Fe2O3 Nano-
particles. R-γ-Fe2O3 nanoparticles were functionalized with
activated double bonds via the interaction between the primary
amine groups of the gelatin coating of the R-γ-Fe2O3
nanoparticles and DVS. Briefly, 12 μL of DVS were added to
1 mL of the R-γ-Fe2O3 nanoparticles dispersed in BB (3 mg/
mL, pH 8.4). TEA was then gradually added until a pH of 10.5
was reached. The reaction mixture was then shaken at 60 °C for
18 h. The formed DVS-derivatized R-γ-Fe2O3 nanoparticles
were then washed from excess DVS with BB using the high-
gradient magnetic field (HGMF) technique.24

Covalent Conjugation of the bFGF to the DVS-
Derivatized R-γ-Fe2O3 Nanoparticles. The covalent con-
jugation of bFGF to the R-γ-Fe2O3 nanoparticles was
accomplished via the interaction of the amino and/or hydroxyl
groups of the growth factor with the activated double bonds on
the nanoparticle’s surface, via the Michael addition reaction.
Briefly, 125 μL of a bFGF PBS solution (0.4 mg/mL, pH 7.4)
were added to 125 μL of the DVS-activated nanoparticles
dispersed in BB (4 mg/mL, pH 8.4) at a [Nanoparticles]/
[bFGF] weight ratio of 10. The reaction mixture was then
shaken at room temperature for 18 h. Blocking of the residual
double bonds was then accomplished by adding 1% glycine
(w/v) and then shaking for an additional hour. The obtained
R-γ-Fe2O3-bFGF nanoparticles were then washed from non-
magnetic waste with PBS using the HGMF technique. A similar
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experiment was also performed substituting the weight ratio
[Nanoparticles]/[bFGF] of 10 for 50, by substituting the
125 μL of the bFGF solution for 25 μL.
HSA Coating on the R-γ-Fe2O3 Nanoparticles. Coating

of the R-γ-Fe2O3 nanoparticles with HSA was accomplished by
precipitation of this protein onto the surface of the fluorescent
maghemite nanoparticles. Briefly, 1 mL of a HSA BB solution
(10 mg/mL, pH 8.4) was added to 33 mL of the R-γ-Fe2O3
nanoparticles dispersed in BB (4 mg/mL, pH 8.4). The pH was
then raised to 9.5 by adding carefully a NaOH aqueous solution
(1 N). The reaction mixture was shaken at pH 9.5 and 60 °C
for 24 h, and then cooled gradually to room temperature. The
obtained HSA-coated R-γ-Fe2O3 nanoparticles were then
washed with BB from nonmagnetic waste using the HGMF
technique.
Physical Conjugation of the bFGF to the HSA-Coated

R-γ-Fe2O3 Nanoparticles. bFGF was physically conjugated
to the HSA-coated R-γ-Fe2O3 nanoparticles by adding 125 μL
of a bFGF PBS solution (0.4 mg/mL, pH 7.4) to 125 μL of the
HSA-coated R-γ-Fe2O3 nanoparticles dispersed in BB (4 mg/
mL, pH 8.4) at a [Nanoparticles]/[bFGF] weight ratio of 10.
The reaction mixture was then shaken at room temperature for
18 h. The obtained R-γ-Fe2O3∼bFGF (∼ is the symbol for the
physical conjugation of bFGF to the nanoparticles) were then
washed from nonmagnetic waste with PBS using the HGMF
technique. A similar experiment was also performed substitut-
ing the weight ratio [Nanoparticles]/[bFGF] of 10 for 50, by
substituting the 125 μL of the bFGF solution for 25 μL.
Binding Yield and Bound Concentration of the bFGF

to the R-γ-Fe2O3 Nanoparticles. The concentration of the
bFGF conjugated to the fluorescent maghemite nanoparticles
was determined by measuring the unbound bFGF with an
ELISA kit (Human bFGF Quantikine HS, Biotest Israel) and
subtracting it from the initial concentration. The binding yield
was calculated by multiplying the ratio between the con-
centration of the bound factor to the initial concentration by
100. The reported values are an average of at least three
measurements of each sample.
bFGF Leakage Extent. The leakage of bFGF, conjugated

covalently or physically to the R-γ-Fe2O3 nanoparticles, into
PBS containing 4% HSA was evaluated using the following
procedure: R-γ-Fe2O3-bFGF or R-γ-Fe2O3∼bFGF nanopar-
ticles dispersed in PBS containing 4% HSA (2 mg/mL, pH 7.4)
were shaken at room temperature for 24 h. Then, the bFGF-
conjugated nanoparticles were removed from the supernatant
using the HGMF technique and the concentration of bFGF in
the filtrate was measured by the human bFGF ELISA kit.
Characterization of the Functional Nanoparticles.

Transmission electron microscopy (TEM) pictures were
obtained with a FEI Tecnai C2 Biotwin electron microscope
with 120 kV accelerating voltage. Samples for TEM were
prepared by placing a drop of the diluted sample on a 400-mesh
carbon-coated copper grid. The average size and size
distribution of the dry particles were determined by measuring
the diameter of more than 200 particles with image analysis
software, AnalySIS Auto (Soft Imaging System GmbH,
Germany). The hydrodynamic diameter and size distribution
of the nanoparticles dispersed in the aqueous phase were
measured using a submicrometer particle analyzer, model N4
Plus, Coulter Electronics, England. Magnetic measurements
were performed at room temperature, by an Oxford
Instrument vibrating sample magnetometer (VSM, Oxford
Instruments, UK).

Surgical Procedure for the Dissection of Adult Rat
NOM. The NOM cells were derived from the olfactory
mucosa of Lewis inbred rats (Harlan, Israel). Adult Lewis rats
(250 g) were nasally infused with 0.7% Triton X-100 to both
nostrils 4 days prior to their scarification. The Triton X-100
caused moderate damage to the neuroepithelium, which
enhanced the active NOM tissue reconstruction by basal
round and horizontal precursor cells. Prior to the NOM
dissection, cardiac perfusion of the rats was made with 60 mL
of saline. All the experiments were carried out under the
Animals’ Care and Use Committee, which is recognized by the
Israeli authorities for animal experimentation.
Cultivation of the NOM Cells in the Presence of the

Nonconjugated, Conjugated, or Free bFGF. The dis-
sected NOM tissue was fragmented, separated from its bones
under a stereomicroscope, and washed several times with an
ice-cold culture medium. The NOM fragments were then
enzymatically dissociated with a trypsin−EDTA solution
(0.25%) for 30 min, washed with a culture medium, and
adapted to a 1 × 107 cells/mL culture medium in each 24-well
culture plate. Round coverslips were inserted per well, and each
well received 0.2 mL of 2% (w/v) chitosan MCs (4 mg)
suspended in PBS. Concomitantly, each well received 10 μL
(10 μg bound bFGF/well) of the R-γ-Fe2O3-bFGF nano-
particles dispersed in PBS (2 mg/mL, pH 7.4). The mixture
containing the R-γ-Fe2O3-bFGF nanoparticles (0.02 mg) and
the MCs (4 mg), [0.5% (wnanoparticles/wMCs)], was incubated at
37 οC for 1.0 h. Subsequently, 100 μL of the NOM cell
suspension (1 × 106 cells/well) was added and incubated with
the R-γ-Fe2O3-bFGF nanoparticles/MCs aggregates at 37 °C
for an additional 1.0 h. Then, each well received 1.0 mL of
culture medium and incubated for additional 5 days. 50 μL of
the formed floating cells/R-γ-Fe2O3-bFGF nanoparticles/MCs
aggregates of each well were then transferred and seeded into
1 mL of the NVR-gel in 35 mm culture dishes. Twenty-four
hours after the cultivation, 1.0 mL of the culture medium was
added to each culture dish and changed every 4.0 days. Similar
experiments were also performed in the presence of the R-γ-
Fe2O3, R-γ-Fe2O3∼bFGF nanoparticles and different concen-
trations of the free bFGF, e.g., the same concentration as the
conjugated one, 5 and 10 times higher (0.38, 1.9, and 3.8 μg/
well, respectively). The cultures were examined daily under an
Olympus IX70 phase contrast microscope (Japan).
The surface morphology of the cells/nanoparticles/MCs

aggregates was characterized with a scanning electron micro-
scope (SEM) model FEI Quanta 250 FEG (Oregon, USA). For
this purpose, samples were fixed in 2.5% glutaraldehyde in a
PBS solution for 1.0 h at room temperature and then washed
three times with PBS. The fixed samples were dehydrated in
series of 50%, 70%, 80%, 90%, and 100% ethanol/water
solutions (v/v) for 10 min each. The residual ethanol was
removed using series of 50%, 75%, and 100% (×3) Freon/
ethanol solutions (v/v), for 10 min each. Finally, the samples
were left for a few seconds to dry at room temperature. The
dried samples were mounted on aluminum stubs and sputter-
coated with gold in vacuum for 4 min before viewing.
Cellular Uptake Study. The cellular uptake and internal-

ization of the R-γ-Fe2O3-bFGF nanoparticles in the NOM cells
was studied by acquiring a time series of Z-stacks optical cross-
sectional images of the NOM cells. At different time intervals of
the cultivation, the cells were washed extensively with PBS and
fixed in 4% paraformaldehyde for 15 min at room temperature.
After repeated rinsing in PBS, cells in culture on cover glasses
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underwent nuclear staining and mounting with DAPI-
fluoromount-G (catalog #0100−20, SouthernBiotech). The
slides were then observed with a LSM 510 fluorescence
confocal laser scanning microscope (Zeiss, USA) to obtain
the Z-stacks of the cells. Images were captured using the
microscope and processed using a computer-based program-
mable image analyzer Imaris 6.15 (Zeiss, USA). Each stack
focused progressively to a depth of 1.4 μm within the cell and a
series of 20 stacks were obtained per cell. The stacks focused on
the axial position of the fluorescent tagged nanoparticles,
enabling visualization of the location of these particles within
the NOM cells. Nuclei are visible in blue due to the DAPI
staining (excitation at 359 nm and emission at 457 nm); red
fluorescence was derived from the nanoparticles (excitation at
550 nm and emission at 573 nm). Light microscope images
were obtained with a Olympus BX60F5 microscope (Eisenberg
Bros., Israel).
Immunocytochemistry. Cell cultures were washed three

times with PBS, fixed in 4% paraformaldehyde for 15 min at
room temperature, and then washed again three times with
PBS. The cells were then permeabilized with 0.1% Triton
X-100 in PBS for 12 min, and then washed three times with
PBS. The cells were then incubated with background buster
(to avoid nonspecific staining) for 1.0 h at room temperature.
After washing three times with PBS, the cells were incubated
overnight at 4 °C with the appropriate primary antibodies in a
PBS solution. The following primary antibodies were used:
rabbit antitubulin β3, clone EP1331Y (β3Tub, neuronal
marker, 1:200, catalog #NB110−576−10, Novus Biologicals);
rabbit antineurofilament medium (NF, neuronal marker, 1:400,
catalog #NB300−133, Novus Biologicals), mouse anti-S100B
(glia marker, 1:80, catalog # DM111−05, Acris Antibodies),
and mouse antinestin, clone rat-401 (neurofilament protein,
neuronal precursor marker, 1:100, catalog #sc-33677, Santa
Cruz Biotachnology). The cultures were subsequently washed
three times with PBS and were incubated overnight at 4 °C
with the appropriate dye-conjugated secondary antibodies
(DyLight 649-conjugated donkey antimouse IgG, 1:200,
catalog #715−495−151, Jackson ImmunoResearch; DyLight
488-conjugated donkey antirabbit IgG, 1:200, catalog #711−
485−152, Jackson ImmunoResearch), and were washed again
three times with PBS. Control experiments were performed
similarly, but in the absence of the primary antibodies. Finally,

the nuclei of the cells were stained and mounted with DAPI-
fluoromount-G. All of the images were observed with a NIKON
90i microscope (Japan) and processed using the Cell-R software
under the same conditions (exposure time and magnification).
To assess the percent of the differentiated cells, we counted
only the cells that were stained in both their nuclei and
cytoplasm, by DAPI dye and by the specific marker antibodies.
The cell % which was positively stained by a specific marker
antibody was calculated relative to all the DAPI stained nuclei.
The reported values are an average of measurements performed
on six randomly, nonoverlapping fields of each triplicate-tested
culture.
Statistical Analysis. Statistical analysis was performed by

the Student's t-test. The results are expressed as a mean ±
standard deviation (SD). P < 0.05 was considered to be
statistically significant.

■ RESULTS AND DISCUSSION
Characterization of the Nonconjugated and the

bFGF-Conjugated R-γ-Fe2O3 Nanoparticles. Uniform fluo-
rescent γ-Fe2O3 nanoparticles were prepared by nucleation
followed by the controlled growth of γ-Fe2O3 thin films onto
the gelatin-RITC/iron oxide nuclei, as described in our
previous publications.41 The main advantage of these
fluorescent nanoparticles is due to the fact that the fluorescent
dye is covalently encapsulated within the nanoparticles and not
surface bound, as in the common fluorescent nanoparticles.
Thus, surface properties such as zeta potential and surface-
bound ligand capacity of the nanoparticles are retained.
Figure 1 describes the general approach through which the

covalent and physical immobilization of bFGF onto the surface
of the R-γ-Fe2O3 nanoparticles have been performed. The R-γ-
Fe2O3 nanoparticles contain gelatin within and on the surface
of the nanoparticles.41 The surface gelatin provides functional
groups, e.g., primary amines and hydroxyls, through which
functionalization of these nanoparticles with activated double
bonds, via the Michael addition reaction, was accomplished
with excess DVS. The residual activated double bonds of the
DVS-derivatized R-γ-Fe2O3 nanoparticles were then used for
covalent binding, via the Michael addition reaction of the bFGF
to the surface of the R-γ-Fe2O3 nanoparticles. Blocking of the
remaining double bonds was then performed with glycine.
bFGF, besides its covalent binding to the DVS-derivatized

Figure 1. Scheme illustrating the covalent (A) and physical (B) conjugation of bFGF to the R-γ-Fe2O3 nanoparticles (− and ∼ are symbols for the
covalent and physical binding of the bFGF to the nanoparticles, respectively).
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R-γ-Fe2O3 nanoparticles, was also physically attached to the
HSA-coated R-γ-Fe2O3 nanoparticles. This physical conjugation
is based on the fact that the albumin is a carrier protein with
high affinity to various exogenous and endogenous compounds,
e.g., thrombin, factor VIIa, and so forth.42,43 Indeed, leakage of
both the covalently and physically bound bFGF into PBS
containing 4% HSA was not detected by the bFGF ELISA kit.
Figure 2 presents the dry (A) and hydrodynamic (B)

diameters and size distributions of the R-γ-Fe2O3 nanoparticles

as measured by TEM images and light scattering, respectively.
The dry diameter is 15.0 ± 1.1 nm, while the hydrodynamic
diameter is 70.0 ± 15 nm. The difference in the diameter
measured by TEM and light scattering is due to the fact that the
second method also takes into account the surface-adsorbed
solvent (water) molecules. The measured dry and hydro-
dynamic diameters and size distributions of the bFGF-
conjugated nanoparticles were slightly higher than those of
the nonconjugated ones, e.g., 18.3 ± 1.4 and 22.0 ± 2.1 nm for
the dry R-γ-Fe2O3-bFGF and R-γ-Fe2O3∼bFGF nanoparticles,
respectively, and 93.0 ± 11 and 106 ± 14 nm for the
hydrodynamic R-γ-Fe2O3-bFGF and R-γ-Fe2O3∼bFGF nano-
particles, respectively. Both the nonconjugated and the bFGF-
conjugated nanoparticles possess a single population of narrow
size distribution, as shown in Figure 2. The immobilization
yield of the covalent conjugation of the bFGF to the R-γ-Fe2O3
nanoparticles was similar to that of the physical one for
both weight ratios of [Nanoparticles]/[bFGF], 10 and 50, as
demonstrated in Table 1. For example, for the weight ratio of
10, the covalent and physical immobilization yields were 95.4%
and 96.9%, respectively. These high binding yield values may
indicate that, in addition to the covalent binding, physical
adsorption of the bFGF onto the surface of the nanoparticles
may also be involved.44 Table 1 also shows, as expected, that,
for both immobilization types, by decreasing the weight ratio

[Nanoparticles]/[bFGF] the concentration of the bFGF bound
to the R-γ-Fe2O3 nanoparticles increases, e.g., at the weight
ratios of 50 and 10, the covalently bound bFGF concentrations
are 18.5 and 95.4 (μg/mg), respectively. On the basis of the
above results, we chose to continue this study at [Nano-
particles]/[bFGF] weight ratio of 10.
Characterization of the Interaction Between the

Chitosan MCs and the bFGF-Conjugated Nanopar-
ticles. The fluorescence microscope image shown in Figure 3

illustrates by the red staining the adherence of the R-γ-Fe2O3-
bFGF nanoparticles to the chitosan MCs. This electrostatic
interaction occurs immediately after the addition of the R-γ-
Fe2O3-bFGF nanoparticles to the MCs suspension. It should be
noted that the same behavior was also observed when
substituting the R-γ-Fe2O3-bFGF nanoparticles for the R-γ-
Fe2O3∼bFGF nanoparticles or the nonconjugated R-γ-Fe2O3

nanoparticles.
Our previous study showed that the M(H) curve of the R-γ-

Fe2O3 nanoparticles has no hysteresis loop, and possesses a
saturation magnetization of 55 emu/g.45 Zero field cooled−
field cooled (ZFC-FC) measurements of these nanoparticles
exhibit a blocking temperature (TB) at ca. 275 K, indicating the
superparamagnetic behavior of these nanoparticles.46 Figure 4
presents the magnetization curves at room temperature of
the R-γ-Fe2O3-bFGF/MCs aggregates containing 0.5 (A) and
0.25 (B) % (w(nanoparticles)/wMCs) of the R-γ-Fe2O3-bFGF
nanoparticles (0.02 or 0.01 mg nanoparticles/4.0 mg MCs).
This figure illustrates that both M(H) plots reach magnetic
saturation around 2000 Oe. The saturation magnetizations of

Figure 2. TEM image (A) and size histogram (B) of the R-γ-Fe2O3
nanoparticles.

Table 1. Influence of the Weight Ratio [Nanoparticles]/
[bFGF] on the Conjugation Yield and the Concentration of
the bFGF Conjugated to the R-γ-Fe2O3 Nanoparticlesa

conjugation yield
(weight %)

[bound bFGF]
[μg(bFGF)/

mg(nanoparticles)]

[nanoparticles]/[bFGF] (w/w) covalent physical covalent physical

10 95.4 96.9 95.4 96.9
50 92.3 94.4 18.5 18.9

aThe calculation of the conjugation yield and concentration was
accomplished as described in the experimental section.

Figure 3. Fluorescence microscopy images of the chitosan MCs
interacted with the R-γ-Fe2O3-bFGF nanoparticles. Red single staining
was obtained by adding the R-γ-Fe2O3-bFGF nanoparticles dispersed
in PBS to the MCs suspended in PBS, as described in the Materials
and Methods section.
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the R-γ-Fe2O3-bFGF/MCs aggregates containing 0.5% (A) and
0.25% (B) nanoparticles are 0.26 and 0.14 emu/g, respectively.
The difference in the magnetization extent of the R-γ-Fe2O3-
bFGF/MCs aggregates is probably attributed to the different
concentrations of the R-γ-Fe2O3-bFGF nanoparticles attached
to the MCs. The higher the concentration, the higher the
saturation magnetization is. A relatively simple and convenient
way to remove the R-γ-Fe2O3-bFGF/MCs aggregates from the
aqueous PBS continuous phase by a magnetic field is shown
in Figure 5. Due to the binding of the R-γ-Fe2O3-bFGF

nanoparticles to the MCs, the nanoparticles/MCs aggregates
become magnetic and easily removed from the aqueous
continuous phase by a simple magnet.
Influence of the bFGF Conjugation on the Growth of the

NOM Cells. In general, the NOM cells were grown in the first
stage for a week in suspension attached to the MCs in the presence
of the nonconjugated or bFGF-conjugated nanoparticles or the

free factor. Subsequently, the formed floating cells/nonconjugated,
conjugated, or free bFGF/MCs aggregates were transferred and
seeded in the NVR-gel. The cell/MC culture method used in this
study mainly served the purpose of establishing a high con-
centration of NOM cell cultures of long-term viability compared to
other standard culture methods.47,48 The NVR-gel, a transparent
and biocompatible semisolid matrix, is composed of cross-linked
hyaluronic acid containing the adhesive molecule laminin.40 This
gel has been reported to form a desirable supporting environment
for cell attachment, growth, and differentiation, particularly for
long-term cultivation.40 The unique attribute of elasticity of this gel
enables its use for clinical applications of tissue engineering, either
by its direct implantation or by incorporation into an appropriate
scaffold at the site of an injured tissue.49

Figure 6 demonstrates by typical phase-contrast micro-
scope images the NOM cell migration and growth from the
cells/nonconjugated or bFGF-conjugated nanoparticle/MC
aggregates and from the cells/free bFGF/MCs aggregates in
the NVR-gel, immediately (A) and 7.0 days after the cultivation
in the NVR-gel (B−G). Figure 6A, corresponding to the cells/
R-γ-Fe2O3-bFGF nanoparticles/MC aggregates immediately
after the cultivation in the NVR-gel, reveals only MCs in the
background, which means that the migration of the NOM cells
to the NVR-gel had not yet occurred. Similar images were also
observed when the R-γ-Fe2O3-bFGF nanoparticles in the cells/
R-γ-Fe2O3-bFGF nanoparticles/MC aggregates were replaced
with R-γ-Fe2O3∼bFGF or nonconjugated R-γ-Fe2O3 nano-
particles. Figure 6B−D exhibit a significant difference in the
amount of the migrated/proliferated NOM cells in the NVR-
gel 7.0 days after cultivation. The difference in cell migration
and growth depends on the type of R-γ-Fe2O3 derivative. The
lowest amount of migrated/proliferated NOM cells in the
NVR-gel was observed in the presence of the nonconjugated
R-γ-Fe2O3 nanoparticles (Figure 6B), while a significantly
higher amount of migrated/proliferated cells were observed in

Figure 4. Magnetization curves at room temperature of the R-γ-Fe2O3-bFGF/MCs aggregates containing 0.5% (A) and 0.25% (B) (w(nanoparticles)/wMCs)
of the R-γ-Fe2O3-bFGF nanoparticles.

Figure 5. Magnetic MCs dispersed in PBS, before (A) and after (B)
applying a magnetic field. The R-γ-Fe2O3-bFGF nanoparticles/MCs
aggregates were prepared by addition of the R-γ-Fe2O3-bFGF
nanoparticles to the MCs suspension in PBS, according to the
Methods and Materials section.
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the presence of the R-γ-Fe2O3-bFGF (Figure 6C) or R-γ-
Fe2O3∼bFGF (Figure 6D) nanoparticles. These results indicate
that the conjugation of the bFGF to the nanoparticles enhances
the migration/proliferation rates of the cells in the NVR-gel. It
should also be noted that both the covalently (Figure 6C) and
the physically (Figure 6D) conjugated bFGF nanoparticles
induced a quite similar number of migrated/proliferated cells.
The effect of the bFGF conjugation to the nanoparticles on
NOM cell migration/proliferation compared to that of the free
factor at the same concentration, 5 and 10 times higher, is
illustrated in Figure 6E,F, and G, respectively. These figures
clearly show that the number of NOM cells that had migrated/
proliferated in the NVR-gel was substantially higher in the
presence of the conjugated bFGF (Figures 6C,D). Only in the
presence of a 10× higher free bFGF concentration (Figures 6G)
was the number of migrated/proliferated NOM cells similar to
those of the conjugated factor. This observation may due to the
fact that the conjugation of bFGF to the nanoparticles increases

its stability against inhibitors and proteolytic enzymes present in
the culture, and thus prolongs its activity, compared to that of the
free factor. A similar stabilization effect was reported previously by
us for thrombin,38 glial cell-derived neurotrophic factor,39

TRAIL,50 factor VIIa,51 and methotrexate52 conjugated to γ-
Fe2O3 nanoparticles. Long-term stability of thrombin, TRAIL, and
methotrexate conjugated to the γ-Fe2O3 nanoparticles compared
to the free ones was also previously demonstrated.38,50,52

Figure 7 illustrates by SEM images the attached (A) and the
migrated/proliferated (B) NOM cells from the cells/R-γ-
Fe2O3-bFGF nanoparticles/MC aggregates to the NVR-gel,
7.0 days after cultivation in the NVR-gel. This picture presents
the NOM cells that remained on the surface of the MCs (A)
and those that migrated/proliferated in the NVR-gel, forming a
network of bipolar cells (B).
Figure 8 illustrates by typical phase-contrast microscope

images the migration/proliferation of the NOM cells from the

cells/R-γ-Fe2O3 nanoparticles/MC aggregates (A) and from
the cells/R-γ-Fe2O3-bFGF nanoparticles/MC aggregates (B)
24.0 days after cultivation in the NVR-gel. This figure shows
that, in the presence of the nonconjugated R-γ-Fe2O3

nanoparticles/MC aggregates (Figure 8A), a relatively small
number of the NOM cells migrated/proliferated in the NVR-
gel. In addition, the cells that migrated/proliferated in the
NVR-gel were flat, resembled fibroblasts, and seemed not to
divide intensively. Contrarily, in the presence of the R-γ-Fe2O3-
bFGF nanoparticles/MC aggregates (Figure 8B), a massive
amount of mainly tapered bipolar cells migrated/proliferated in
the NVR-gel to form an interconnected network. This excessive
increase in the number of the tapered bipolar cells is indicative
of their intensive multiplication and differentiation.
For a quantitative determination of the effect of the free/

conjugated bFGF on the kinetics of the migration/proliferation

Figure 6. Phase contrast microscope images illustrating the effect of
the conjugated and free bFGF on the migration and growth of the
NOM cells from the cells/nonconjugated or bFGF conjugated
nanoparticles/MC aggregates (A−D) and from the cells/free bFGF
of different concentrations/MC aggregates (E−G) in the NVR-gel,
immediately (A) and 7 days after cultivation in the NVR-gel (B−G).
(A) exhibits the effect of the nonconjugated and bFGF conjugated
R-γ-Fe2O3 nanoparticles immediately after cultivation, (B) the effect of
the nonconjugated R-γ-Fe2O3 nanoparticles 7 days after cultivation,
(C,D) the effect of the R-γ-Fe2O3-bFGF and R-γ-Fe2O3∼bFGF
nanoparticles 7 days after cultivation, respectively. The effect of the
same concentration of the free factor as that of the conjugated bFGF,
5 and 10 times higher, 7 days after cultivation in the NVR-gel, is
illustrated in images (E,F,G), respectively.

Figure 7. SEM images illustrating the attached (A1,A2) and the migrated/proliferated (B) NOM cells from the cells/R-γ-Fe2O3-bFGF
nanoparticles/MCs aggregates to the NVR-gel, 7 days after cultivation in the NVR-gel, as described in the Methods and Materials section. A2
represent higher magnifications of the circled region shown in A1.

Figure 8. Phase-contrast microscopic images illustrating the migration
and growth of the NOM cells from the cells/R-γ-Fe2O3 nanoparticles/
MC aggregates (A) and from the cells/R-γ-Fe2O3-bFGF nano-
particles/MC aggregates (B) 24 days after cultivation in the NVR-
gel, as described in the Materials and Methods section.
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of the NOM cells in the NVR-gel, the total number of cells
dispersed in the NVR-gel was counted, using ImageJ software,
as shown in Figure 9. This figure presents the total number of

cells migrated/proliferated from the cells/nonconjugated or
bFGF-conjugated nanoparticles/MC aggregates and from the
cells/free bFGF of different concentrations/MC aggregates to
the NVR-gel, 4, 7, and 30 days after cultivation in the NVR-gel.
This figure illustrates that the migration/proliferation rates of
the NOM cells in the NVR-gel are according to the following
order: R-γ-Fe2O3-bFGF slightly higher than the R-γ-
Fe2O3∼bFGF (P > 0.05), while both are significantly higher
than the nonconjugated R-γ-Fe2O3 (*P < 0.05). For example,
30 days after cultivation in the NVR-gel, the number of cells
counted in the presence of the R-γ-Fe2O3-bFGF, R-γ-
Fe2O3∼bFGF, and R-γ-Fe2O3 nanoparticles was 542 ± 28,
470 ± 37, and 74 ± 14, cells/field, respectively. In addition,
Figure 9 also exhibits, as expected, the acceleration in the NOM
cell migration/proliferation as the concentration of the free
factor increases. However, the cell migration/proliferation rates
in the presence of the same concentration of the free factor
(free × 1) as the conjugated factor, or even 5 times higher, were
lower than that observed for the conjugated factor (P < 0.05).
Only when the concentration of the free factor was 10 times
higher than that of the conjugated factor were similar cell
migration/proliferation rates observed (**P > 0.05). For
example, 30 days after cultivation in the NVR-gel, the number
of cells counted in the presence of the covalently conjugated
bFGF, free ×1, free ×5, and free ×10 was 542 ± 28, 157 ± 24,
245 ± 31, and 600 ± 67 cells/field, respectively.
Cellular Uptake of the bFGF-Conjugated Nanopar-

ticles by the NOM Cells. Figure 10 demonstrates by

fluorescence confocal microscopy images the cellular internal-
ization of the R-γ-Fe2O3-bFGF nanoparticles in the migrated/
proliferated NOM cells, 7.0 days after cultivation in the NVR-
gel. This figure reveals that these nanoparticles were efficiently
internalized by endocytosis within the NOM cells, as clearly
observed inside the cells as red dots. It is also seen that the
nanoparticles were entrapped in the cytoplasm of the cells,
mainly in the lysosomes. The internalization of the R-γ-Fe2O3-
bFGF nanoparticles was also confirmed by Z-stacking confocal
microscope images, as shown in the Supporting Information,
Figure S1. This figure shows the various sections of a typical
NOM cell along its Z-axis, and reveals that the majority of the
fluorescence from the nanoparticles occurred in the middle of
the cell (Figure S1g-l) compared to its top (Figure S1a-f) or
bottom (Figure S1m-t), indicating that the nanoparticles are
mainly internalized by the cells and not adsorbed on their
surface. The bFGF-conjugated nanoparticles were internal-
ized inside the cells, probably via receptor-mediated
endocytosis.53,54 The cellular uptake of these nanoparticles
in the NOM cells was also confirmed by Prussian blue iron
staining followed by counterstaining with nuclear fast red, as
shown in Figure 11.55 This figure demonstrates by light

Figure 9. Quantitative analysis of the NOM cells migrated/
proliferated from the cells/nonconjugated or bFGF conjugated
nanoparticles/MCs aggregates and from the cells/free factor of
different concentrations/MC aggregates (i.e., same concentration as
the conjugated one, 5, and 10 times higher), 4, 7, and 30 days after
cultivation in the NVR-gel, as described in the Materials and Methods
section. The reported values are an average of measurements
performed on at least three randomly nonoverlapping fields of each
triplicate tested culture (* P < 0.05; ** P > 0.05).

Figure 10. Fluorescence confocal microscopy images showing the
cellular uptake and distribution of the R-γ-Fe2O3-bFGF nanoparticles
in the lysosomes of the migrated/proliferated NOM cells, 7 days after
cultivation in the NVR-gel, as described in the Materials and Methods
section. (A,B) exhibit combined fluorescence and differential
interference contrast (DIC) images; (C) exhibits a fluorescence
image. Images (B) and (C) illustrate higher magnification of (A).

Figure 11. Light microscope images showing the Prussian blue iron
staining followed by counterstaining with nuclear fast red of the
migrated/proliferated NOM cells from the cells/R-γ-Fe2O3-bFGF
nanoparticles/MC aggregates to the NVR-gel, 7 days after cultivation
in the NVR-gel (A). (B) represents a higher magnification of a specific
region shown in (A).
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microscopy images the blue granules in the cytoplasm of the cells,
indicating the accumulation of the R-γ-Fe2O3-bFGF nanoparticles
within the NOM cells, 7.0 days after cultivation in the NVR-gel.
Immunofluorescent Staining Illustrating the Effect of

the Conjugation of bFGF on the Differentiation of the
NOM Cells. Figure 12 illustrates by fluorescent microscopy

the immunofluorescent staining images against specific cell
markers of the NOM cells migrated/proliferated from the cells/
R-γ-Fe2O3-bFGF nanoparticles/MCs aggregates (A1,A2,B1,B2)
and from the cells/R-γ-Fe2O3 nanoparticles/MCs aggregates
(C1,C2,D1,D2) to the NVR-gel, 10 days after cultivation in the
NVR-gel. The same region of each tested culture was stained
with two cell markers, (A:A1,A2) and (C:C1,C2), with anti-
S100B and anti-NF, (B:B1,B2) and (D:D1,D2) with antinestin
and anti-β3Tub. These figures clearly exhibit that the differ-
entiation and the number of the cells (as illustrated in Figures 6
and 8) migrated/proliferated in the NVR-gel observed in the
conjugated bFGF (Figure 12A,B) are significantly higher than that

observed for the nonconjugated nanoparticles (Figure 12C,D).
Quantitative analysis of the NOM cells grown in the bFGF-
conjugated nanoparticles that were stained with anti-S100B and
anti-NF (Figure 12A1,A2) revealed that 91.7 ± 3.8% of the cells
were positively stained with anti-NF. From these 91.7 ± 3.8%
cells, 69.8 ± 3.0% were also positively stained with anti-S100B,
while the remaining cells (21.9 ± 3.1%) were not stained by this
antibody. 8.3 ± 3.8% of the cells were not stained by any of these
two markers. These results indicate that the major part of the
cultured NOM cells in the presence of the conjugated bFGF are
composed of neuronal cells and/or glia cells. In the parallel
cultures (Figure 12B1,B2), which were stained with anti-β3Tub
and antinestin, 98.9 ± 1.6% of the cells were positively stained
with anti-β3Tub. From these 98.9 ± 1.6% cells, 59.0 ± 2.4% were
also positively stained with antinestin, while the remaining cells
(39.9 ± 3.9%) were not stained by this antibody. 1.1 ± 1.6% of
the cells were not stained with any of these two markers.
Altogether, these results demonstrate that the cultured NOM cells
on MCs in the presence of the conjugated bFGF are composed
mainly from neuronal and/or neuronal precursor cells. On the
other hand, Figure 12C1,C2,D1,D2 shows that the number of
cells and the differentiation of the NOM cells grown in the
presence of the nonconjugated nanoparticles in the NVR-gel were
negligible and not suitable for statistical analysis. These results are
in good agreement with previous publications showing that bFGF
promotes neuronal differentiation of adult and embryonic mouse
olfactory epithelium and adult human olfactory epithelium.56,57

■ CONCLUSIONS
This manuscript shows that the conjugation of bFGF, either
covalently or physically, to the R-γ-Fe2O3 nanoparticles
significantly enhances the migration, growth, and differentiation
of the NOM cells compared to the same concentration, or even
5 times higher, of the free bFGF. These bioactive nanoparticles
may therefore be an efficient tool for growth factor delivery. In
the future, we plan to extend this study for growth factors other
than bFGF, e.g., NGF, VEGF, and so forth, and the use these
conjugated factors for in vivo tissue engineering. The tissue
engineering study will be accomplished, either directly or by
incorporation, for the cultured cells/growth factor conjugated
R-γ-Fe2O3 nanoparticles/MC aggregates into an appropriate
scaffold at the site of an injured tissue. The effect of the
migrated cells from the MCs on the repair of the examined
tissue and the possibility of tracing them noninvasively by MRI
will be investigated.
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ABSTRACT: In vivo cell-death imaging is still a challenging
issue. Until now, only 99mTc-labeled HYNIC-rh-annexin A5
has been extensively studied in clinical trials. In the ongoing
search for an alternative imaging agent, we synthesized a series
of fluorescent zinc-cyclen complexes as annexin A5 mimics and
studied structural variations on the uptake behavior of cells
undergoing apoptosis/necrosis. The number of cyclen
chelators was varied and the spacer separating cyclen from
the central scaffold was modified. Five zinc-cyclen complexes
were labeled with fluorescein for flow cytometric studies and
one was labeled with 18F for in vivo applications. Jurkat cells
were treated with staurosporine to induce apoptosis/necrosis,
incubated with the fluorescein-labeled zinc complexes and
analyzed them by flow cytometry. Fluorescent annexin A5 and propidium iodide were applied as reference dyes. Flow cytometry
revealed greater accumulation of zinc-cyclen complexes in staurosporine treated cells. The uptake was contingent on the presence
of zinc and the fluorescence intensity was dependent on the number of zinc-cyclen groups. Confocal laser scanning microscopy
showed the {bis[Zn(cyclen)]}4+ complex distributed throughout the cytosol different to annexin A5. Owing to the structural
similarity of the bis-cyclen ligands with CXCR4 binding bis-cyclam derivatives the zinc-cyclen complex uptake was challenged
with the meta derivative of AMD3100. Lack of uptake depletion in staurosporine treated cells ruled out measurable CXCR4
interaction. PET imaging using the 18F labeled zinc-cyclen complex revealed significantly higher uptake in an irradiated Dunning
R3327-AT1 prostate tumor as compared to the contralateral control tumor. PET imaging of a HelaMatu tumor model
additionally showed an increased uptake after taxol treatment. It could be demonstrated that the fluorescent zinc-cyclen
complexes offer potential as new agents for flow cytometry and microscopic imaging of cell death. In addition, the 18F labeled
analogue holds promise for in vivo applications providing informations about cell death after radiation therapy and cytostatic
drug treatment.

■ INTRODUCTION

Evading apoptosis is one of the hallmarks of cancer.
Overcoming this resistance is important for the success of
therapeutic interventions. Apoptosis is accepted as one of the
key readouts for early prediction of anticancer treatment
response. Imaging apoptosis, therefore, will provide important
information to ascertain the effectiveness of anticancer
therapies.
Due to the loss of membrane asymmetry at the onset of

apoptosis, phosphatidylserine (PS) becomes exposed on the
extracellular cell membrane. Annexin A5 (AnxA5), a protein
involved in the inhibition of blood coagulation, binds to
externalized phosphatidylserine (PS) of apoptotic cells. The
binding itself is driven through the formation of a ternary Ca2+

complex of AnxA5 with the carboxyl-phospholipid headgroup
of PS.1,2 This concerted interaction results in a considerable
strong binding affinity of Kd <10

−10 M.3 Owing to this property,

fluorescent annexin A5 was introduced as a tool for flow-
cytometric detection of apoptosis4 and is now broadly applied
in cell biological research.5,6 The in vivo imaging of apoptosis
was made possible using 99mTc labeled AnxA5,7 which was later
modified to 99mTc-HYNIC-rh-annexin A5 and examined in
clinical studies.8

On the basis of PS selectivity and binding strength of AnxA5,
searches for small molecules as annexin mimics have been
undertaken to further improve the property of apoptosis
imaging. In reference to the role of Ca2+ in AnxA5, various Zn2+

complexes providing similar cocomplexation characteristics
have been investigated as phosphate selective compounds.
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The bis(zinc(II)-dipicolylamine) complex PSS-380 shown in
Figure1 was described to interact in this way allowing images of
apoptotic cells.9 The bifunctional complex ligand PSS-380
originated from developments of fluorescent chemosensors for
phosphorylated peptides.10,11 Several second-generation bis-
(zinc(II)-dipicolylamine) complexes (Figure 1) have been
synthesized and tested with artificial phospholipid vesicles12

and apoptotic cells.13 Cyclen-based zinc(II) probes were also
suggested as microscopic imaging agents for apoptotic cells.
The latest development includes the zinc sensor 8-hydroxy-5-
N,N-dimethylaminosulfonylquinolin-2-ylmethyl-pendant cyclen
(Figure 1) showing a complexation constant for Zn2+ of log K
= 22.4 ± 0.1 M−1. The amplified fluorescence was explained
with the presence of an increased intracellular zinc concen-
tration during apoptosis which led to complex participation of
the chromophore pendant group.14 The complex stability of the
zinc sensor is much higher as compared to dipicolylamine-zinc
complexes PSS-380 and PSS-480. The latter stability constants
are approximately 107 M−1 and 104 M−1 for the first and second
Zn2+ complex, respectively.11,15,16

Therefore, it remains to be examined whether zinc once
bound to dipicolylamine stays complexed after the injection

into the blood circulation. As indicated above, cyclen
derivatives form more stable Zn(II) complexes providing a
decent chance to survive complexed in vivo and to bind to the
target site (log K[Zn(cyclen)]2+ = 15.3 M−1).17,18 Con-
sequently, the zinc-dipicolylamine complex structure elements
were replaced with [Zn(cyclen)]2+ to form m -phenylene
bridged {bis[Zn(cyclen)]}4+ derivatives (Figure 1). The ternary
complex formation with externalized PS headgroups should
similarly proceed as described for the zinc sensor or by the
formation of multiple coordination bonds between multinuclear
Zn2+ complexes and polyanionic compounds.14,18

We synthesized six cyclen derivatives, five comprising
fluorescein tags and one labeled with 18F (Figure 2). The
fluorescent label was chosen for the investigation of structure-
related effects on cell binding because of the methodological
advantage of flow cytometry. Structural variations of the
chelators included methylene (1) and 2-azabutylene spacers (2)
separating cyclen from the central scaffold. In order to study
the influence of multimerization, a series of cyclen derivatives
with mono-, bis-, and tetra-cyclen structure elements (3−5)
have been included. After complexation with Zn2+, we evaluated
these compounds on apoptotic Jurkat cells using flow

Figure 1. Chemical structures of zinc complexes used as phosphate sensors, a zinc sensor, and the general structure of bis[Zn(cyclen)]4+, all designed
for apoptosis imaging (R = reporter group).

Figure 2. Chemical structures of cyclen derivatives 1−6 (R = fluorescein).
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cytometry and confocal laser scanning microscopy (CLSM). To
exclude the influence of CXCR4, cell uptake of zinc-cyclen
complex [Zn21]

4+ was competed with a structurally related
biscyclam derivative known to exhibit CXCR4 affinity. CXCR4
is a G-protein coupled chemokine receptor expressed on Jurkat
cells and is physiologically involved in, e.g., the homing of
metastasizing cells and the T-cell uptake of X4-HIV-1.19 In
addition, the presence of this receptor after induction of
apoptosis was studied using a mouse anti-CXCR4 antibody.
Furthermore, the in vivo applicability of the radiofluorinated
zinc complex of 6 was demonstrated by positron emission
tomography (PET) using rats bearing an irradiated Dunning
prostate adenocarcinoma and mice carrying HelaMatu tumors
treated with taxol.

■ MATERIALS AND METHODS
General. All chemicals and solvents were purchased from

Sigma-Aldrich (Munich, Germany) or Merck (Darmstadt,
Germany) and used without further purification. HPLC
purifications were performed with Agilent 1100 Series (Agilent,
Santa Clara, USA) on a Chromolith SemiPrep RP-18e column
(100−10 mm, Merck, Darmstadt, Germany) using a flow of 8
mL/min and a gradient of 100% water (0.1% TFA) to 100%
acetonitrile (0.1% TFA). For analytical HPLC, a Chromolith
Performance RP-18e column (100−4.6 mm; Merck KGaA,
Darmstadt, Germany) was used using a flow of 4 mL/min and
the above-mentioned gradient. Analytical HPLC was used to
prove the purity of the compounds. ESI mass spectrometry was
performed with a Triple Quadrupole mass spectrometer TSQ
7000 (Thermo Fisher Scientific, Bremen, Germany). NMR
spectra were measured with a Varian Mercury Plus 300, a
Varian NMR System 500 (Varian, Palo Alto, USA), and a
Bruker DRX 500 Avance (Bruker BioSpin, Rheinstetten,
Germany).
Annexin A5 Alexa Fluor 488 was purchased from Molecular

Probes (Invitrogen, Paisley, UK). Anti-hCXCR-4 (fusin) and
mouse monoclonal antibody Ig2A clone 12G5 were obtained
from R&D Systems (Minneapolis, MN, USA). Cell experi-
ments were conducted with the human T-lymphocyte cell line
Jurkat J6, clone E6−1) which was purchased from ECACC
(European Collection of Cell Culture, HPA Culture
Collections, Salisbury, UK). The cells were cultivated in
RPMI 1640 (PAA Laboratories GmbH, Pasching, Austria)
containing 1% glutamine and 10% FBS at 37 °C in a 5% CO2
atmosphere and maintained in log phase.
Flow cytometry was performed with a DAKO Galaxy Flow-

Cytometry System (DAKO, Glostrup, Denmark) equipped
with Partec analysis software (Mu ̈nster, Germany).
Confocal laser scanning microscopy (CLSM) images were

obtained with a LSM 410 microscope (Carl Zeiss Micro-
Imaging GmbH, Jena, Germany) and processed with Advanced
Imaging Microscopy Release 4.2 software (Zeiss, Jena, Germany).
The following buffer systems were used for cell experiments.

Annexin binding buffer (10 mM HEPES (N-(2-hydroxyethyl)-
piperazin-N′-2-ethane sulfonic acid), 150 mM NaCl, 5 mM
KCl, 1 mM MgCl2, 1.8 mM CaCl2) pH 7.4; TES buffer (5 mM
TES (N-[tris(hydroxymethyl)methyl]-2-amino sulfonic acid),
145 mM NaCl) pH 7.4; PBS buffer (Dulbeccos’s PBS without
Ca and Mg, PAA Laboratories GmbH, Pasching, Austria).
Analysis and purification of radioactive compounds were

conducted on a LATEK P-400 HPLC with a LATEK UV-
Detektor (Eppelheim, Deutschland), λ = 220 nm, and a
Bioscan radiodetector (Washington, USA). Purification of the

radiofluorinated compounds was performed using a Chromo-
lith SemiPrep RP-18e column (100−10 mm, Merck, Darm-
stadt, Germany) with a gradient of 100% water (0.1% TFA) to
100% acetonitrile (0.1% TFA) in 7 min and a flow of 10 mL/
min.
Syntheses. 2-(2-(2-(Tritylamino)ethoxy)ethoxy)ethanol

7. 2-[2-(2-Aminoethoxy)ethoxy]ethanol20 (1.45 g, 9.72 mmol)
and triethylamine (135 μL, 79 μmol, 0.1 equiv) were dissolved
under nitrogen in CH2Cl2 (20 mL). Tritylchloride in CH2Cl2
(15 mL) was added dropwise at room temperature. After 16 h,
the solvent was evaporated. The crude product was purified by
silica gel column chromatography (EtOAc/petroleum ether =
1:1, 0.1% DIPEA). Yield 1.4 g (38%). ESI-MS: m/z = 392.3,
calc. 392.3 [M+H]+. 1H NMR (300 MHz, CDCl3): δ = 7.44−
7.37 (m, 6H), 7.24 (m, 6H), 7.14−7.07 (m, 3H), 3.64−3.43
(m, 10H), 2.29 (t, 2H, 3J = 5.4 Hz) ppm. 13C NMR (300 MHz,
CDCl3): δ = 146.03, 128.66, 127.77, 126.24, 72.45, 71.29,
70.66, 70.36, 70.08, 61.78, 43.04 ppm.

2-(2-(2-Bromoethoxy)ethoxy)-N-tritylethylamine 8.
K2CO3 (223 mg, 1.61 mmol, 1.5 equiv) and tetrabromo-
methane (514 mg, 1.55 mmol, 1.5 equiv) were added under
nitrogen to a solution of 7 (400 mg, 1.02 mmol) in CH2Cl2 (10
mL). Triphenylphosphine (422 mg, 1.60 mmol, 1.5 equiv) in
CH2Cl2 (10 mL) was added dropwise. After stirring for 18 h at
room temperature, K2CO3 was removed by filtration and the
solvent was evaporated. Silica gel column chromatography
(EtOAc/petroleum ether = 1:2, 0.1% DIPEA) yielded 436 mg
(94%). ESI-MS: 456.2; calc. 454.2 [M+H]+. 1H NMR (300
MHz, CDCl3): δ = 7.43−7.37 (m, 6H), 7.23−7.16 (m, 6H),
7.14−7.07 (m, 3H), 3.70 (t, 2H, 3J = 6.4 Hz), 3.57−3.43 (m,
6H), 3.33 (t, 2H), 2.28 (t, 2H, 3J = 5.4 Hz) ppm. 13C NMR
(300 MHz, CDCl3): δ = 146.09, 128.64, 127.72, 126.18, 71.28,
71.20, 70.61, 70.47, 70.05, 43.00, 30.22 ppm.

O-Alkylation of Phenolic Compounds: General Proce-
dure. The respective phenol (1.2 equiv) and 2-(2-(2-
bromoethoxy)ethoxy)-N-tritylethylamine 8 (1 equiv) were
dissolved under nitrogen in acetonitrile. K2CO3 (1.5 equiv)
was added and the mixture was refluxed for 20 h. After cooling
to room temperature, K2CO3 was removed by filtration, and the
crude product was purified by silica gel column chromatog-
raphy.

(2-{2-[2-(3,5-Bis-hydroxymethyl-phenoxy)ethoxy]ethoxy}-
ethyl)tritylamine 9. 3,5-Di(hydroxymethyl)phenol21 (170 mg,
1.11 mmol) was reacted with 8 (423 mg, 931 μmol) and
K2CO3 (193 mg, 1.40 mmol). LC sovents: EtOAc, 0.1%
DIPEA. Yield 570 mg (63%). ESI-MS: m/z = 528.4, calc. 528.3
[M+H]+. 1H NMR (300 MHz, CDCl3): δ = 7.43−7.35 (m,
6H), 7.20−7.11 (m, 6H), 7.11−7.02 (m, 3H), 6.81 (s, 1H),
6.71 (s, 2H), 4.51 (s, 4H), 4.01−3.94 (m, 2H), 3.74−3.68 (m,
2H), 3.59−3.54 (m, 2H), 3.52 (t, 2H, 3J = 5.5 Hz), 3.50−3.44
(m, 2H), 2.25 (t, 2H) ppm. 13C NMR (300 MHz, CDCl3): δ =
159.23, 146.06, 142.15, 128.69, 127.76, 127.62, 117.62, 112.25,
71.27, 70.75, 70.64, 70.15, 69.79, 67.49, 65.10, 43.06 ppm.

[4-(2-{2-[2-(Tritylamino)ethoxy]ethoxy}ethoxy)phenyl]-
methanol 11. 4-(Hydroxymethyl)phenol (120 mg, 963 μmol)
was reacted with 8 (350 mg, 770 μmol) and K2CO3 (160 mg,
1.16 mmol). LC sovents: CH2Cl2/MeOH = 95:5, 0.1% DIPEA.
Yield 345 mg (90%). ESI-MS: m/z = 498.4, calc. 498.4 [M
+H]+. 1H NMR (300 MHz, DMSO-d6): δ = 7.44−7.38 (m,
6H), 7.32−7.24 (m, 6H), 7.23−7.20 (m, 2H), 7.21−7.14 (m,
3H), 6.87−6.82 (m, 2H), 5.05 (t, 1H, 3J = 5.7 Hz), 4.42 (d,
2H), 4.04−3.98 (m, 2H), 3.74−3.68 (m, 2H), 3.58−3.53 (m,
2H), 3.52 (t, 2H, 3J = 6.0 Hz), 3.50−3.44 (m, 2H), 2.60 (t, 1H,
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3J = 7.7 Hz), 2.15 (dt ≈ q, 2H) ppm. 13C NMR (300 MHz,
DMSO-d6): δ = 157.20, 145.92, 134.59, 128.23, 127.77, 127.62,
125.99, 113.89, 70.14, 70.05, 69.78, 69.55, 68.90, 66.96, 62.46,
43.02 ppm.

{4-[3-(4-Hydroxymethyl-phenoxymethyl)-5-(2-{2-[2-
(tritylamino)ethoxy]-ethoxy}ethoxy)benzyloxy]phenyl}-
methanol 22. 4-(Hydroxymethyl)phenol (510 mg, 4.10
mmol, 3.5 equiv) was reacted with benzyl bromide 10 (762
mg, 1.17 mmol) and K2CO3 (807 mg, 5.84 mmol, 5.0 equiv).
LC solvents: EtOAc/petroleum ether (1:1 gradient to EtOAc/
0.1% DIPEA). Yield 650 mg (78%). MALDI-MS: m/z = 741.0,
calc. 740.4 [M+H]+. 1H NMR (300 MHz, CDCl3): δ = 7.42−
7.36 (m, 6H), 7.21−7.13 (m, 10H), 7.11−7.04 (m, 3H); 6.97
(s, 1H), 6.86−6.79 (m, 6H), 4.92 (s, 4H), 4.50 (s, 4H), 4.01−
3.94 (m, 2H), 3.75−3.69 (m, 2H), 3.61−3.55 (m, 2H), 3.55−
3.50 (m, 2H), 3.49−3.43 (m, 2H), 2.34−2.20 (m, 2H) ppm.
13C NMR (300 MHz, CDCl3): δ = 159.22, 158.11, 146.04,
138.85, 133.44, 128.66, 128.55, 127.74, 126.19, 118.43, 114.89,
112.93, 71.25, 70.71, 70.08, 69.77, 69.59, 69.68, 67.41, 64.87,
43.14 ppm.

{3-[3-(3,5-Bis-hydroxymethyl-phenoxymethyl)-5-(2-{2-[2-
(tritylamino)ethoxy]-ethoxy}ethoxy)benzyloxy]-5-hydroxy-
methyl-phenyl}-methanol 27. 3,5-Di(hydroxymethyl)phenol
(706 mg, 4.66 mmol, 3.1 equiv) and benzyl bromide 10 (980
mg, 1.50 mmol) were dissolved under nitrogen in acetonitrile.
K2CO3 (670 mg, 485 mmol, 3.2 equiv) was added and the
mixture refluxed for 20 h. LC sovents: ethyl acetate/petroleum
ether (2:1), 0.1% DIPEA. Yield 992 mg (84%). MALDI-MS:
m/z = 822.2 [M+Na]+, calc. 822.4 [M+Na]+. 1H NMR (300
MHz, CDCl3): δ = 7.47−7.38 (m, 6H), 7.24−7.15 (m, 6H),
7.14−7.06 (m, 3H), 6.85 (s, 1H), 6.71 (s, 2H), 6.64 (s, 6H),
4.73 (s, 4H), 4.30 (s, 8H), 3.92−3.83 (m, 2H), 3.61−3.70 (m,
2H), 3.59−3.49 (m, 4H), 3.48−3.41 (m, 2H), 2.31 (t, 2H, 3J =
5.0 Hz) ppm. 13C NMR (300 MHz, CDCl3): δ = 158.90,
158.61, 145.96, 142.69, 138.82, 128.63, 127.76, 126.23, 118.61,
117.81, 112.82, 112.14, 71.17, 70.64, 70.56, 69.94, 69.60, 69.35,
67.26, 64.22, 43.55 ppm.

Bromination of Benzyl Alcohols: General Procedure. CBr4
(1.5 equiv/hydroxyl function) was added under nitrogen to a
solution of the respective benzyl alcohol in CH2Cl2.
Triphenylphosphine (1.5 equiv/hydroxy function) in dichloro-
methane was added dropwise. After 16 h at room temperature,
the solvent was evaporated. The residue was dissolved in ethyl
acetate and cyclohexane was added until a white solid
precipitated. The precipitate was removed, the filtrate
concentrated, and the crude product was purified by silica gel
column chromatography.

(2-{2-[2-(3,5-Bis-bromomethyl-phenoxy)ethoxy]ethoxy}-
ethyl)tritylamine 10. Benzyl alcohol 9 (373 mg, 707 μmol)
was reacted with CBr4 (703 mg, 2.12 mmol) and
triphenylphosphine (556 mg, 2.12 mmol). LC sovents:
EtOAc/petroleum ether (1:1), 0.1% DIPEA. Yield 426 mg
(92%). ESI-MS: m/z = 654.2, 656.2, 652.2, calc. 654.1, 652.1,
656.1 [M+H]+. 1H NMR (300 MHz, CDCl3): δ = 7.43−7.37
(m, 6H), 7.23−7.14 (m, 6H), 7.13−7.06 (m, 3H), 6.91 (t, 1H,
4J = 1.5 Hz), 6.76 (d, 2H), 4.32 (s, 4H), 4.03−3.97 (m, 2H),
3.77−3.72 (m, 2H), 3.62−3.58 (m, 2H), 3.55 (t, 2H, 3J = 5.5
Hz), 3.50−3.46 (m, 2H), 2.29 (t, 2H) ppm. 13C NMR (300
MHz, CDCl3): δ = 159.12, 146.04, 139.53, 128.77, 127.77,
126.26, 121.97, 115.34, 71.22, 70.79, 70.13, 69.61 ppm.

(2-{2-[2-(4-Bromomethyl-phenoxy)ethoxy]ethoxy}ethyl)-
tritylamine 12. Benzyl alcohol 11 (175 mg, 352 μmol) was

reacted with CBr4 (173 mg, 528 μmol) and triphenylphosphine
(556 mg, 2.12 mmol). LC sovents: cyclohexane/EtOAc (3:1),
0.1% DIPEA. Yield 121 mg (62%). 1H NMR (300 MHz,
CDCl3): δ = 7.52−7.44 (m, 6H), 7.31−7.21 (m, 8H), 7.12−
7.21 (m, 3H), 6.86−6.80 (m, 2H), 4.48 (s, 2H), 4.10−4.03 (m,
2H) 3.85−3.78 (m, 2H), 3.70−3.64 (m, 2H), 3.61 (t, 2H, 3J =
5.4 Hz), 3.57−3.51 (m, 2H), 2.40−2.31 (m, 2H) ppm. 13C
NMR (300 MHz, CDCl3): δ = 158.10, 146.01, 136.91, 128.38,
128.10, 127.61, 128.23, 116.48, 70.16, 70.11, 69.69, 69.52,
68.81, 66.89, 48.46, 43.01 ppm.

[2-(2-{2-[3,5-Bis(3,5-bis-bromomethyl-phenoxymethyl)-
phenoxy]ethoxy}ethoxy)-ethyl]tritylamine 28. Tetrabenzyl
alcohol 27 (460 mg, 576 mmol) was reacted with CBr4 (1.86
g, 5.60 mmol, 9.7 equiv) and triphenylphosphine (1.03 g, 3.93
mmol, 6.8 equiv). LC sovents: petroleum ether/EtOAc (2:1),
0.1% DIPEA. Yield 502 mg (83%). MALDI-MS: m/z = 1082.8,
calc. 1084.0 [M+H]+. 1H NMR (300 MHz, CDCl3): δ = 7.51−
7.44 (m, 6H), 7.28−7.20 (m, 6H), 7.19−7.12 (m, 3H), 7.19−
7.06 (m, 1H), 7.01 (t, 2H, 4J = 1.3 Hz), 6.95−6.90 (m, 6H),
5.01 (s, 4H), 4.41 (s, 8H), 4.13−4.06 (m, 2H), 3.87−3.80 (m,
2H), 3.71−3.65 (m, 2H), 3.61 (t, 2H, 3J = 5.0 Hz), 3.58−3.53
(m, 2H), 2.35 (t, 2H) ppm. 13C NMR (300 MHz, CDCl3): δ =
159.32, 159.00, 146.10, 139.66, 138.35, 128.69, 127.78, 126.25,
122.18, 118.61, 115.52, 113.24, 71.29, 70.78, 70.56, 70.15,
69.82, 69.67, 67.54, 43.65, 32.80 ppm.

[2-(2-{2-[3,5-Bis-(4-bromomethyl-phenoxymethyl)-
phenoxy]ethoxy}ethoxy)ethyl]tritylamine 23. Benzyl alkohol
22 (582 mg, 787 μmol) was reacted with CBr4 (597 mg, 1.80
mmol) and triphenylphosphine (470 mg, 1.80 mmol). LC
sovents: EtOAc/petroleum ether (1:1), 0.1% DIPEA. Yield:
652 mg (95%). 1H NMR (300 MHz, CDCl3): δ = 7.44−7.35
(m, 6H), 7.27−7.13 (m, 10H), 7.13−7.03 (m, 3H), 6.96 (s,
1H), 6.88−6.77 (m, 6H), 4.93 (s, 4H), 4.41 (s, 4H), 4.05−3.94
(m, 2H), 3.77−3.69 (m, 2H), 3.63−3.56 (m, 2H), 3.56−3.50
(m, 2H), 3.50−3.44 (m, 2H), 2.35−2.20 (m, 2H) ppm. 13C
NMR (300 MHz, CDCl3): δ = 159.29, 158.67, 146.08, 138.65,
130.44, 130.27, 128.67, 127.76, 126.18, 118.40, 115.10, 113.04,
71.24, 70.69, 70.11, 69.80, 69.59, 69.72, 67.45, 33.34, 43.15
ppm.

N-Alkylation Reaction of Tris(Boc)cyclen and Aminoethyl-
tris(Boc)cyclen: General Procedure. Tris(Boc)cyclen or ami-
noethyl-tris(Boc)cyclen22 (1.2 equiv/bromide function) and
the respective benzyl bromide (1.0 equiv) were dissolved in
acetonitrile. K2CO3 (1.5−2 equiv) and KI (5 mg) were added.
The reaction mixture was heated to 50 °C for 24−72 h. K2CO3
was removed by filtration and the solvent evaporated. The
crude product was purified by silica gel column chromatog-
raphy.

[2-(2-{2-[3,5-Bis(1,4,7,10-tetraazacyclododec-1-yl-methyl-
1,4,7-tert-butyloxycarbonylester)phenoxy]ethoxy}ethoxy)-
ethyl]tritylamine 13. Benzyl bromide 10 (150 mg, 230 μmol)
was reacted with tris(Boc)cyclen (261 mg, 552 μmol) and
K2CO3 (95 mg, 690 μmol). After 48 h, the crude product was
purified by column chromatography. LC sovents: CH2Cl2/
MeOH, 0.1% TEA (95:5). Yield 314 mg (95%). MALDI-MS:
m/z = 1437.0, calc. 1436.0 [M+H]+. 1H NMR (500 MHz,
DMSO-d6, 343 K): δ = 7.41−7.38 (m, 6H), 7.29−7.24 (m,
6H), 7.18−7.14 (m, 3H), 6.73 (s, 2H), 6.72 (s, 1H), 4.04−4.00
(m, 2H), 3.73−3.69 (m, 2H), 3.69 (s, 4H), 3.58−3.55 (m, 2H),
3.53−3.48 (m, 10H), 3.49 (m, 2H), 3.33 (t, 8H, 3J = 5.2 Hz),
3.28 (bs, 8H), 2.57 (bs, 8H), 2.22 (t, 2H, 3J = 5.8 Hz), 1.41 (s,
18H), 1.36 (s, 36H) ppm. 13C NMR (500 MHz, DMSO-d6,
343 K): δ = 158.03, 154.55, 154.15, 145.61, 137.25, 127.91,
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127.16, 125.59, 124.02, 114.85, 78.86, 77.83, 69.98, 69.86,
69.58, 69.30, 68.66, 66.92, 54.94, 53.9, 48.20, 46.43, 46.24,
42.79, 27.87, 27.64 ppm.

{2-[2-(2-{3,5-Bis[4-(1,4,7,10-tetraazacyclododec-1-ylmeth-
yl-1,4,7-tri-tert-butyloxycarbonylester)phenoxymethyl]-
phenoxy}ethoxy)ethoxy]ethyl}tritylamine 24. Benzyl bro-
mide 23 (285 mg, 329 mmol) was reacted with tris(Boc)cyclen
(515 mg, 1.09 mmol) and K2CO3 (151 mg, 1.09 mmol) for 72
h. LC sovents: EtOAc, 0.1% DIPEA. Yield 360 mg (67%).
MALDI-MS: m/z = 1670.3 [M+Na]+, calc. 1671.0 [M+Na]+.
1H NMR (500 MHz, DMSO-d6, 343 K): δ = 7.41−7.35 (m,
6H), 7.30−7.24 (m, 6H), 7.20−7.12 (m, 7H), 7.07 (s, 1H),
6.95−6.89 (m, 6H), 5.04 (s, 4H), 4.09−4.04 (m, 2H), 3.73−
3.70 (m, 2H), 3.67 (s, 4H), 3.59−3.55 (m, 2H), 3.55−3.47 (m,
12H), 3.32 (t, 8H, 3J = 5.3 Hz), 3.26 (bs, 8H), 2.56 (bs, 8H),
2.26−2.19 (m, 2H), 1.41 (s, 18H), 1.35 (s, 36H) ppm. 13C
NMR (500 MHz, DMSO-d6, 343 K): δ = 158.36, 157.19,
154.57, 154.16, 147.37, 138.56, 130.76, 128.55, 127.36, 126.96,
126.10, 118.31, 114.12, 112.66, 78.03, 77.82, 70.81, 69.55,
69.33, 68.59, 68.89, 67.04, 54.54, 53.99, 48.28, 46.56, 46.21,
42.78, 27.90, 27.64 ppm.

10-[4-(2-{2-[2-(Tritylamino)ethoxy]ethoxy}ethoxybenzyl]-
1,4,7,10-tetraazacyclododecane-1,4,7-tri-tert-butyloxycar-
bonyl Ester 19. Benzyl bromide 12 (100 mg, 178 μmol) was
reacted with tris(Boc)cyclen (101 mg, 214 μmol) and K2CO3
(50 mg, 356 μmol) for 72 h. LC sovents: cyclohexane/EtOAc
(3:2), 0.1% DIPEA. Yield 136 mg (80%). ESI-MS: m/z =
952.8; calc. 952.7 [M+H]+. 1H NMR (500 MHz, DMSO-d6,
343 K): δ = 7.43−7.39 (m, 6H), 7.30−7.25 (m, 6H), 7.20−7.15
(m, 3H), 7.15 (d, 2H, 3J = 8.6 Hz), 6.85 (d, 2H), 4.04−4.02
(m, 2H), 3.73−3.71 (m, 2H), 3.67 (s, 2H), 3.59−3.56 (m, 2H),
3.54−3.47 (m, 8H), 3.32 (t, 4H, 3J = 5.3 Hz), 3.27 (bs, 4H),
2.56 (bs, 4H), 2.23 (dt ≈ q, 2H, 3J = 5.6 Hz), 1.43 (s, 9H), 1.37
(s, 18H) ppm. 13C NMR (500 MHz, DMSO-d6, 343 K): δ =
158.20, 155.45, 155.06, 146.52, 131.63, 129.11, 128.82, 128.07,
126.50, 114.69, 78.92, 78.71, 70.84, 70.78, 70.46, 70.19, 69.54,
67.82, 55.42, 54.85, 49.20, 47.46, 47.12, 43.69, 28.80, 28.55
ppm.

{2-[2-(2-{3,5-Bis[3,5-bis-(1,4,7,10-tetraazacyclododec-1-yl-
methyl-1,4,7-tri-tert-butyloxycarbonylester)benzyl]phenoxy}-
ethoxy)ethoxy]ethyl}tritylamine 29. Benzyl bromide 28 (460
mg, 437 μmol) was reacted with tris(Boc)cyclen (1.16 g, 2.46
mmol) and K2CO3 (495 mg, 3.58 mmol). LC sovents: EtOAc/
petroleum ether (2:1), 0.1% DIPEA. Yield 694 mg (61%).
MALDI-MS: m/z = 2623.8, calc. 2617.6 [M+H]+. 1H NMR
(500 MHz, DMSO-d6, 343 K): δ = 7.42−7.35 (m, 6H), 7.28−
7.21 (m, 6H), 7.18−7.11 (m, 3H), 7.08 (s, 1H), 6.93 (s, 2H),
6.82 (s, 4H), 6.74 (s, 2H), 4.99 (s, 4H), 4.98−4.04 (m, 2H),
3.75−3.69 (m, 2H), 3.71 (s, 8H), 3.59−3.55 (m, 2H), 3.53−
3.48 (m, 18H), 3.48−3.44 (m, 2H), 3.38−3.30 (m, 16H), 3.28
(bs, 16H), 2.56 (bs, 16H), 2.24−2.17 (m, 2H), 1.39 (s, 36H),
1.34 (s, 72H) ppm. 13C NMR (500 MHz, DMSO-d6, 343 K): δ
= 158.41, 157.94, 154.59, 154.15, 145.61, 138.35, 137.31,
127.91, 127.16, 125.59, 124.11, 114.97, 114.78, 112.67, 78.05,
77.83, 69.96, 69.86, 69.57, 69.29, 68.90, 68.60, 67.04, 54.80,
53.90, 48.22, 46.41, 46.20, 42.77, 27.86, 27.64 ppm.

(2-{2-[2-(3,5-Bis{[2-(1,4,7,10-tetraazacyclododec-1-yl-
1,4,7-tri-tert-butyloxycarbonylester)ethylamino]methyl}-
phenoxy)ethoxy]ethoxy}ethyl)tritylamine 16. Benzyl bro-
mide 10 (112 mg, 213 μmol) was reacted with aminoethyl-
tris(Boc)cyclen20 (230 mg, 448 μmol) and K2CO3 (135 mg,
980 μmol) for 72 h. LC sovents: CHCl3/2 N NH3 in EtOH =
95:5. Yield 142 mg (44%). MALDI-MS: m/z = 1523.3, calc.

1523.0 [M+H]+. 1H NMR (300 MHz, CDCl3): δ = 7.40−7.37
(m, 6H), 7.30−7.24 (m, 6H), 7.16−7.13 (m, 3H), 6.82 (s, 1H),
6.76 (s, 2H), 4.15−4.07 (m, 2H), 3.86−3.78 (m, 2H), 3.71 (s,
4H), 3.73−3.65 (m, 2H), 3.65−3.58 (m, 2H), 3.57−3.43 (m,
10H), 3.41−3.18 (m, 20H), 2.80−2.72 (m, 4H), 2.72−2.57 (m,
2H), 2.31−2.22 (m, 2H), 1.44 (s, 18H), 1.42 (s, 36H) ppm.
13C NMR (300 MHz, CDCl3): δ = 159.03, 155.70, 155.34,
145.61, 141.54, 127.89, 127.14, 120.34, 112.96, 79.48, 79.24,
70.67, 70.23, 69.71, 67.32, 54.19, 55.56, 52.62, 49.93, 48.02,
47.70, 45.01, 42.32, 28.64, 28.46 ppm.

1,3-Bis(1,4,7,10-tetraazacyclododec-1-yl-methyl-4,7,10-tri-
carbonyl-tri-tert-butylester)-(5-tert-butyl(methoxy)-
dimethylsilan)-benzene 34. 3,5-Bis(bromomethyl)phenoxy)-
tert-butyl-dimethylsilane 33 (610 mg, 1.55 mmol) was reacted
with tris(Boc)cyclen (1.83 g, 3.88 mmol, 2.5 equiv) and K2CO3
(857 mg, 6.20 mmol, 4 equiv) for 3 d. LC sovents:
cyclohexane/EtOAc = 2:1. Yield 1.22 g (68%). MALDI-MS:
m/z = 1176.7, calc. 1177.8 [M+H]+. 1H NMR (500 MHz,
DMSO-d6, 343 K): δ = 6.74 (s, 1H), 6.68 (s, 2H), 3.68 (s, 4H),
3.54−3.47 (m, 8H), 3.35−3.29 (m, 8H), 3.27 (s, 8H), 2.57 (s,
8H), 1.41 (s, 18H), 1.41 (s, 9H), 1.36 (s, 36H), 0.95 (s, 6H)
ppm. 13C NMR (500 MHz, DMSO-d6, 343 K): δ = 154.49,
154.45, 154.12, 137.16, 125.10, 119.99, 78.03, 77.76, 55.02,
54.05, 48.98, 48.17, 46.44, 27.84, 27.63, 25.91, 25.06, −4.96
ppm.

Trityl Deprotection: General Procedure. Procedure A.
The trityl protected amine was dissolved in a solution of 1.5%
TFA in CH2Cl2. 1% water was added. The reaction mixture was
stirred 16 h at room temperature. The solvent was removed
under reduced pressure and the product purified by silica gel
column chromatography.

Procedure B. The trityl protected amine was dissolved in a
mixture of hexafluoroisopropanol/CH2Cl2 (1:2) and 1% water.
After 2−16 h at room temperature the solvent was removed
and the product purified by silica gel column chromatography.

[2-(2-{2-[3,5-Bis(1,4,7,10-tetraazacyclododec-1-yl-methyl-
1,4,7-tri-tert-butyloxycarbonylester)phenoxy]ethoxy}ethoxy)-
ethyl]amine 14. Compound 13 (190 mg, 132 μmol) was
reacted according to procedure B for 16 h. LC sovents:
CH2Cl2/7 N NH3 in MeOH (95:5). Yield 143 mg (78%).
MALDI-MS: m/z = 1195.6, calc. 1194.8 [M+H]+. 1H NMR
(500 MHz, DMSO-d6, 343 K): δ = 6.75 (s, 2H), 6.72 (s, 1H),
4.09−4.05 (m, 2H), 3.78−3.74 (m, 2H), 3.72 (s, 4H), 3.67−
3.63 (m, 4H), 3.63−3.60 (m, 2H), 3.51 (t, 8H, 3J = 5.2 Hz),
3.34 (t, 8H), 3.30 (bs, 8H), 2.97−2.94 (m, 2H), 2.59 (bs, 8H),
1.42 (s, 18H), 1.36 (s, 36H) ppm. 13C NMR (500 MHz,
DMSO-d6, 343 K): δ = 158.00, 154.58, 154.17, 137.25, 124.11,
114.84 78.09, 77.86, 69.45, 69.34, 68.65, 66.89, 66.44, 54.82,
53.90, 48.19, 46.42, 46.24, 38.30, 27.89, 27.66 ppm.

{2-[2-(2-{3,5-Bis[4-(1,4,7,10-tetraazacyclododec-1-yl-
methyl-1,4,7-tri-tert-butyloxycarbonylester)phenoxymethyl]-
phenoxy}ethoxy)ethoxy]ethyl}amine 25. Compound 24 (218
mg, 132 μmol) was reacted according to procedure A. LC
sovents: CH2Cl2/MeOH (85:15), 0.1% DIPEA. Yield 98 mg
(53%). MALDI-MS: m/z = 1407.04, calc. 1406.9 [M+H]+. 1H
NMR (500 MHz, DMSO-d6, 343 K): δ = 7.19−7.18 (m, 4H),
7.09 (s, 1H), 6.97−6.96 (m, 2H), 6.96−6.92 (m, 4H), 5.05 (s,
4H), 4.14−4.11 (m, 2H), 3.78−3.75 (m, 2H), 3.67 (s, 4H),
3.66−3.62 (m, 4H), 3.62−3.59 (m, 2H), 3.49 (t, 8H, 3J = 5.3
Hz), 3.31 (t, 8H), 3.26 (bs, 8H), 2.94 (t, 2H, 3J = 5.4 Hz), 2.55
(bs, 8H), 1.41 (s, 18H), 1.35 (s, 36H) ppm. 13C NMR (500
MHz, DMSO-d6, 343 K): δ = 158.35, 157.19, 154.56, 154.16,
138.62, 130.79, 128.54, 118.38, 114.12, 112.68, 78.04, 77.83,
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69.44, 69.36, 68.89, 68.59, 67.04, 54.46, 53.94, 48.27, 46.55,
46.15, 40.67, 27.89, 27.64 ppm.

10-[4-(2-{2-[2-(Tritylamino)ethoxy]ethoxy}ethoxy)benzyl]-
1,4,7,10-tetraaza-cyclododecane-1,4,7-tri-tert-butyloxycar-
bonylester 20. Compound 19 (42 mg, 44 μmol) was reacted
according to procedure B for 16 h. LC sovents: CHCl3/7 M
NH3 in MeOH (95:5). Yield 30 mg (99%). ESI-MS: m/z =
710.5, calc. 710.5 [M+H]+. 1H NMR (500 MHz, DMSO-d6,
343 K): δ = 7.16 (d, 2H, 3J = 8.6 Hz), 6.87 (d, 2H), 4.09−4.06
(m, 2H), 3.76−3.73 (m, 2H), 3.67 (s, 2H), 3.64−3.61 (m, 2H),
3.60−3.57 (m, 2H), 3.56 (t, 2H, 3J = 5.5 Hz), 3.49 (t, 4H, 3J =
5.5 Hz), 3.31 (t, 4H), 3.27 (bs, 4H), 2.89 (t, 2H), 2.55 (bs,
4H), 1.42 (s, 9H), 1.36 (s, 18H) ppm. 13C NMR (500 MHz,
DMSO-d6, 343 K): δ = 157.31, 154.18, 130.79, 128.28, 113.82,
78.06, 77.85, 69.48, 69.34, 68.66, 68.19, 66.95, 54.43, 53.91,
48.28, 46.55, 46.21, 39.13, 27.91, 27.66 ppm.

2-[2-(2-{3,5-Bis[3,5-bis(1,4,7,10-tetraazacyclododec-1-yl-
methyl-1,4,7-tri-tert-butyloxycarbonylester)benzyl]phenoxy}-
ethoxy)ethoxy]ethylamine 30. Compound 29 (321 mg, 123
μmol) was reacted according to procedure B. LC sovents:
CH2Cl2/MeOH (85:15). Yield 258 mg (88%). MALDI-MS:
m/z = 2377.5, calc. 2375.5 [M+H]+

2-{2-[2-(3,5-Bis{[2-(1,4,7,10-tetraazacyclododec-1-yl-1,4,7-
tri-tert-butyloxycarbonylester)ethylamino]methyl}phenoxy)-
ethoxy]ethoxy}ethylamine 17. Compound 16 (110 mg, 72.2
μmol) was reacted according to procedure A. LC sovents:
CHCl3/2 N NH3 in EtOH (9:1). Yield 88 mg (95%). MALDI-
MS: m/z = 1281.5, calc. 1280.9 [M+H]+.

10-(4-{2-[2-(2-{3-[3-Carboxy-4-(6-hydroxy-3-oxo-3H-xan-
thene-9-yl)phenyl]thioureido}-ethoxy)ethoxy]ethoxy}-
benzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-tri-tert-buty-
loxycarbonyl ester 21. Compound 20 (45 mg, 63 μmol) and
DIPEA (16 μL, 10 μL/40 μmol) were dissolved in DMF (500
μL). A solution of fluorescein isothiocyanate (isomer 1; 30 mg,
76 μmol) in DMF (500 μL) was added under nitrogen. The
solution was stirred for 6 h at room temperature. The solvent
was removed under reduced pressure, and a yellow solid was
obtained. The crude product was used in the next step without
further purification. MALDI-MS: 1099.7, calc. 1099.5 [M+H]+.

Carboxyfluorescein Conjugation: General Procedure. The
unprotected amine was dissolved in DMF and, if necessary, the
basicity enhanced with DIPEA. A solution of 5(6)-carboxy-
fluorescein pentafluorophenylester (5(6)-CF-PFP) in DMF
was added. The reaction mixture was stirred 1−16 h and the
solvent removed under reduced pressure. The crude product
was obtained as a yellow solid and not further purified.

N-[2-(2-{2-[3,5-Bis(1,4,7,10-tetraazacyclododec-1-yl-meth-
yl-1,4,7-tri-tert-butyloxycarbonylester)phenoxy]ethoxy}-
ethoxy)ethyl]6-(6-hydroxy-3-oxo-3H-xanthene-9-yl)-iso-
phthalic Acid 15. Compound 14 (4.4 mg, 3.7 μmol) was
reacted with 5(6)-CF-PFP (2.2 mg, 4.1 μmol) for 6 h. MALDI-
MS: m/z = 1554.8, calc. 1552.8 [M+H]+.

N-(2-{2-[2-(3,5-Bis{[2-(1,4,7,10-tetraazacyclododec-1-yl)-
ethylamino]methyl}-phenoxy)ethoxy]ethoxy}ethyl)6-(6-hy-
droxy-3-oxo-3H-xanthene-9-yl)-isophthalic Acid 18. Com-
pound 17 (24 mg, 18 μmol) was reacted with 5(6)-CF-PFP
(11 mg, 20 μmol) for 6 h. Rt (analyt. HPLC, λ = 215, 254 nm):
3.9 min (Δt (isomers) = 0.04 min). MALDI-MS: m/z =
1640.3; calc. 1638.9 [M+H]+.

N-{2-[2-(2-{3,5-Bis[4-(1,4,7,10-tetraazacyclododec-1-yl-
methyl-1,4,7-tritert-butyloxycarbonylester)-phenoxymethyl]-
phenoxy}ethoxy)ethoxy]ethyl}6-(6-hydroxy-3-oxo-3H-xan-
thene-9-yl)-isophthalic Acid 26. Compound 25 (104 mg, 74.1

μmol) was reacted with 5(6)-CF-PFP (75 mg, 138 μmol) and
DIPEA (250 μL) for 1 h. MALDI-MS: m/z = 1765.91, calc.
1764.93 [M+H]+.

N-{2-[2-(2-{3,5-Bis[3,5-bis(1,4,7,10-tetraazacyclododec-1-
yl-methyl-1,4,7-tri-tert-butyloxycarbonylester)benzyl]-
phenoxy}ethoxy)ethoxy]ethyl}-6-(6-hydroxy-3-oxo-3H-xan-
thene-9-yl)-isophthalic Acid 31. Compound 30 (200 mg, 84.7
μmol) was reacted with 5(6)-CF-PFP (80 mg, 150 μmol) and
DIPEA (250 μL) for 1 h. MALDI-MS: m/z = 2759.7 [M+Na]+,
calc. 2755.6 [M+Na]+.

Removal of Boc-Protecting Groups: General Procedure.
The Boc-protected amine was dissolved in 500 μL CH2Cl2/
TFA (1:1) and stirred at room temperature for 1−16 h. The
solvent was removed under reduced pressure and the crude
product purified via semipreparative HPLC.

N-[2-(2-{2-[3,5-Bis(1,4,7,10-tetraazacyclododec-1-yl-
methyl)phenoxy]ethoxy}-ethoxy)ethyl]6-(6-hydroxy-3-oxo-
3H-xanthene-9-yl)-isophthalic Acid 1. Compound 15 (3.5
μmol) was reacted for 2 h with CH2Cl2/TFA. Semipreparative
HPLC yielded the TFA salt of the product as a yellow solid.
Yield 2.4 mg (46%; 1+5TFA). MALDI-MS: m/z = 953.3, calc.
952.5 [M+H]+. 1H NMR (500 MHz, DMSO-d6, 343 K; isomer
5/isomer 6 = 0.6:0.4): δ = 8.91 (t, 0.6H, 3J = 5.4 Hz), 8.76 (t,
0.4H, 3J = 5.5 Hz), 8.45 (s, 0.6H), 8.24 (dd, 0.6H, 3J = 8.1 Hz,
4J = 1.5 Hz), 8.16 (dd, 0.4H, 3J = 7.9 Hz, 4J = 1.3 Hz), 8.07 (d,
0.4H, 3J = 8.0 Hz), 7.68 (bs, 0.4H), 7.37 (d, 0.6H), 6.89 (s,
1.2H), 6.86 (s, 0.8H), 6.75 (s, 1H), 6.72−6.69 (m, 2H), 6.59−
6.51 (m, 4H), 4.15−4.09 (m, 1.2H), 3.79−3.74 (m, 1.2H),
3.74−3.66 (m, 4.8H), 3.64−3.56 (m, 3.2H), 3.56−3.46 (m,
4H), 3.36 (dt, 0.8H), 3.13 (s, 8H), 3.04 (s, 8H), 2.83 (s, 8H),
2.73 (s, 8H) ppm. 13C NMR (500 MHz, DMSO-d6, 343 K): δ
= 159.54, 158.35, 158.10, 154.58, 151.71, 136.43, 136.05,
134.52, 129.06, 128.94, 126.37, 124.01, 123.95, 118.25, 112.71,
112.61, 112.57, 108.91, 102.19, 69.77, 69.67, 69.49, 69.39,
68.91, 68.82, 68.64, 68.45, 66.98, 66.93, 55.06, 46.99, 44.58,
42.01, 38.71 ppm.

N-(2-{2-[2-(3,5-Bis{[2-(1,4,7,10-tetraazacyclododec-1-yl)-
ethylamino]methyl}-phenoxy)ethoxy]ethoxy}ethyl)6-(6-hy-
droxy-3-oxo-3H-xanthene-9-yl)-isophthalic Acid 2. Com-
pound 18 (18 μmol) was reacted for 16 h with CH2Cl2/
TFA. Semipreparative HPLC yielded the TFA salt of the
product as a yellow solid. Yield 9.8 mg (34%; 2+5TFA).
MALDI-MS: m/z = 1038.5, calc. 1038.6 [M+H]+. 1H NMR
(500 MHz, DMSO-d6, 343 K; isomer 5/isomer 6 = 0.6:0.4): δ
= 8.36 (s, 0.6H), 8.18 (dd, 0.6H, 3J = 8.0 Hz, 4J = 1.3 Hz), 8.10
(d, 0.4H, 3J = 7.9 Hz), 8.03 (d, 0.4H), 7.58 (s, 0.4H), 7.29 (d,
0.6H), 7.14 (s, 2H), 7.11 (s, 1H), 6.70 (s, 2H), 6.57−6.50 (m,
4H), 4.16−4.08 (m, 5.2H), 4.08−4.04 (m, 0.8H), 3.79−3.74
(m, 1.2H), 3.71−3.67 (m, 0.8H), 3.63−3.56 (m, 3.2H), 3.56−
3.40 (m, 4H), 3.37−3.34 (m, 0.8H), 3.18−3.12 (m, 4H), 3.10−
3.04 (m, 8H), 3.03−2.99 (m, 8H), 2.89−2.80 (m, 12H), 2.80−
2.74 (m, 8H) ppm. 13C NMR (500 MHz, DMSO-d6): δ =
168.14, 168.02, 165.73, 165.55, 159.93, 159.40, 153.90, 152.20,
137.96, 134.51, 129.25, 128.89, 124.68, 123.97, 123.27, 122.92,
122.21, 116.59, 112.37, 108.61, 102.18, 69.84, 69.88, 69.06,
68.13, 68.78, 68.43, 67.38, 50.15, 47.69, 47.34, 44.54, 42.42,
42.08, 41.72, 39.25, 39.24 ppm.

2-(6-Hydroxy-3-oxo-3H-xanthene-9-yl)-5-{3-[2-(2-{2-[4-
(1,4,7,10-tetraazacyclododec-1-yl-methyl)phenoxy]ethoxy}-
ethoxy)ethyl]thioureido}-benzoic Acid 3. Compound 21 (63
μmol) was reacted for 1.5 h with CH2Cl2/TFA. Semi-
preparative HPLC afforded the TFA salt of the product as a
yellow solid. Yield 32 mg (50%; 3+3TFA). MALDI-MS: m/z =
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799.7, calc. 799.4 [M+H]+. 1H NMR (500 MHz, DMSO-d6) =
10.27 (bs, 1H), 8.35−8.29 (m, 2H), 7.77 (d, 1H, 3J = 8.0 Hz),
7.26−7.21 (m, 2H), 7.20−7.15 (m, 1H), 6.92 (d, 2H, 3J = 8.4
Hz), 6.70−6.67 (m, 2H), 6.62−6.53 (m, 4H), 4.10−4.04 (m,
2H), 3.78−3.73 (m, 2H), 3.72−3.56 (m, 12H), 3.11 (bs, 4H),
3.03 (bs, 4H), 2.82 (bs, 4H), 2.68 (bs, 4H) ppm. 13C NMR
(500 MHz, DMSO-d6): δ = 180.54, 168.44, 159.43, 157.80,
151.79, 146.95, 141.38, 131.12, 129.28, 128.88, 127.02, 126.40,
123.90, 116.17, 114.16, 112.49, 109.61, 102.16, 69.81, 69.60,
68.32, 68.88, 66.97, 54.77, 47.02, 44.50, 43.58, 41.97 ppm.

N-{2-[2-(2-{3,5-Bis-[4-(1,4,7,10-tetraazacyclododec-1-yl-
methyl)phenoxymethyl]-phenoxy}ethoxy)ethoxy]ethyl}6-(6-
hydroxy-3-oxo-3H-xanthene-9-yl)-isophthalic acid 4. Com-
pound 26 (74 μmol) was reacted for 1 h with CH2Cl2/TFA.
Semipreparative HPLC resulted in a yellow TFA salt. Yield 52
mg (43%; 4+5TFA). MALDI-MS: m/z = 1165.55, calc.
1164.16 [M+H]+. 1H NMR (500 MHz, DMSO-d6, 343 K;
isomer 5:isomer 6 = 0.6:0.4): δ = 8.69 (t, 0.6H, 3J = 5.1 Hz),
8.56 (t, 0.4H, 3J = 5.1 Hz), 8.44 (s, 0.6H), 8.23 (dd, 0.6H, 3J =
8.1 Hz, 4J = 1.5 Hz), 8.15 (dd, 0.4H, 3J = 7.9 Hz, 4J = 1.3 Hz),
8.03 (d, 0.4H, 3J = 8.1 Hz), 7.66 (bs, 0.4H), 7.32 (d, 0.6H),
7.29−7.25 (m, 4 H), 7.11 (s, 2H), 7.03−7.00 (m, 4H), 6.97 (s,
1H), 6.71−6.69 (m, 2H), 6.57−6.54 (m, 4H), 5.07 (s, 4H),
4.15−4.11 (m, 1.2H), 4.08−4.04 (m, 0.8H), 3.80−3.76 (m,
1.2H), 3.71 (s, 4H), 3.71−3.68 (m, 0.8H), 3.66−3.60 (m,
3.2H), 3.56−3.48 (m, 4H), 3.38 (dt ≈ q, 0.8H), 3.13−3.09 (m,
8H), 3.08−3.03 (m, 8H), 2.90−2.85 (m, 8H), 2.78−2.72 (m,
8H) ppm. 13C NMR (500 MHz, DMSO-d6, 343 K): δ =
167.64, 167.49, 164.53, 164.37, 159.22, 158.43, 157.57, 154.13,
151.57, 138.54, 136.07, 134.10, 130.72, 128.89, 128.53, 128.42,
127.30, 124.25, 123.67, 122.89, 121.88, 118.44, 114.44, 112.85,
112.33, 108.91, 102.04, 69.61, 69.51, 69.29, 69.20, 68.62, 68.45,
68.46, 68.30, 68.93, 67.12, 67.06, 54.95, 47.25, 44.50, 42.15,
41.92, 38.78, 38.79 ppm.

N-{2-[2-(2-{3,5-Bis[3,5-bis(1,4,7,10-tetraazacyclododec-1-
yl-methyl)benzyl]phenoxy}-ethoxy)ethoxy]ethyl}-6-(6-hy-
droxy-3-oxo-3H-xanthene-9-yl)-isophthalic acid 5. Com-
pound 31 (84.7 μmol) was reacted for 16 h with CH2Cl2/
TFA. Semipreparative HPLC gave a yellow TFA salt. Yield 51
mg (24%; 5+10TFA). MALDI-MS: m/z = 1535.0, calc. 1533.0
[M+H]+. ESI-MS: m/z = 511.9 [M+3H]3+, calc. 511.7 [M
+3H]3+. 1H NMR (500 MHz, DMSO-d6, 330 K; isomer 5/
isomer 6 = 0.6:0.4): δ = 8.76 (t, 0.5H, 3J = 5.6 Hz), 8.62 (t,
0.5H, 3J = 5.6 Hz), 8.44 (s, 0.5H), 8.23 (dd, 0.5H, 3J = 8.1 Hz,
4J = 1.5 Hz), 8.15 (dd, 0.5H, 3J = 7.9 Hz, 4J = 1.3 Hz), 8.05−
8.01 (m, 0.5H), 7.66 (bs, 0.5H), 7.34 (d, 0.5H), 7.13−7.10 (m,
2H), 7.03 (s, 1H), 6.95 (s, 4H), 6.79 (bs, 2H), 6.72−6.70 (m,
2H), 6.57−6.53 (m, 4H), 5.07 (s, 4H), 4.15−4.10 (m, 1H),
4.08−4.03 (m, 1H), 3.80−3.76 (m, 1H), 3.77 (s, 8H), 3.72−
3.68 (m, 1H), 3.66−3.40 (m, 7H), 3.40−3.35 (m, 1H), 3.16−
3.09 (m, 16H), 3.09−3.03 (m, 16H), 2.90−2.84 (m, 16H),
2.80−2.75 (m, 8H) ppm. 13C NMR (500 MHz, DMSO-d6): δ
= 159.40, 158.44, 158.10, 154.83, 134.07, 128.89, 128.50,
124.36, 123.71, 123.71, 123.64, 121.90, 118.93, 115.17, 113.23,
112.33, 101.97, 69.31, 69.23, 69.06, 68.49, 68.32, 68.97, 68.46,
67.03, 66.77, 54.87, 46.97, 44.51, 41.93, 41.80, 38.69 ppm.

Zn2+-Complexation. The cyclen derivatives 1−5 were
dissolved in double distilled water (200 μL/500 μg ligand)
and adjusted with 0.1 M NaOH to pH 8−10. 0.1 mM
Zn(NO3)2 in H2O was added to obtain a molar Zn2+/cyclen
ratio of 1:1. After heating for 2 h at 50 °C, the complexes were
formulated to give 0.5 mM aqueous solutions which were
lyophilized for later applications.

1,3-Bis(1,4,7,10-tetraazacyclododec-1-yl-methyl-4,7,10-tri-
tert-butyloxycarbonyl ester)-(5-hydroxy)-benzene 35. Com-
pound 34 (400 mg, 340 μmol) was dissolved in THF. A 1 M
solution of tetrabutylammoniumfluoride in THF (442 μL, 442
μmol, 1.3 equiv) was added at 0 °C. The reaction mixture was
stirred for 30 min at 0 °C and 30 min at room temperature.
The solvent was removed in vacuo; and the product was
dissolved in Et2O, washed with saturated ammonium chloride
solution, and dried over MgSO4. Filtration and solvent
evaporation yielded 35 as a white solid. Yield 325 mg (90%).
MALDI-MS: m/z = 1064.1, calc. 1063.7 [M+H]+. 1H NMR
(500 MHz, DMSO-d6, 343 K): δ = 9.09 (s, 1H), 6.60 (s, 2H),
6.55 (s, 1H), 3.66 (s, 4H), 3.54−3.47 (m, 8H), 3.35−3.30 (m,
8H), 3.28 (s, 8H), 2.58 (s, 8H), 1.41 (s, 18H), 1.37 (s, 36H)
ppm. 13C NMR (500 MHz, DMSO-d6, 343 K): δ = 156.70,
154.53, 154.16, 136.49, 122.72, 115.82, 78.07, 77.79, 54.57,
53.86, 48.19, 46.46, 46.16, 27.90, 27.67 ppm.

1,3-Bis(1,4,7,10-tetraazacyclododec-1-yl-methyl-4,7,10-tri-
tert-butyloxycarbonylester)-(5-(1-fluoro-2-methoxyethane))-
benzene 36. Compound 35 (57.0 mg, 53.6 μmol) in
acetonitrile was reacted with 2-fluoroethyl tosylate (23.4 mg,
107 μmol) and K2CO3 (22.2 mg, 161 μmol) under reflux for 18
h. The K2CO3 was filtrated and the solvent was evaporated in
vacuo. Column chromatography on silica gel (cyclohexane/
EtOAc = 4:1) yielded 40 mg 36 as a white solid (67%).
MALDI-MS: m/z = 1110.3, calc. 1109.7 [M+H]+. 1H NMR
(500 MHz, DMSO-d6, 343 K): δ = 6.79 (s, 2H), 6.75 (s, 1H),
4.76−4.63 (m, 2H, 3J = 47.8 Hz), 4.24−4.14 (m, 2H, 4J = 29.0
Hz), (s, 4H), 3.54−3.48 (m, 8H), 3.37−3.32 (m, 8H), 3.29 (s,
8H), 2.58 (s, 8H), 1.41 (s, 18H), 1.36 (s, 36H) ppm. 13C NMR
(500 MHz, DMSO-d6, 343 K): δ = 157.76, 154.57, 154.16,
137.44, 124.30, 114.89, 82.22, 80.89, 78.07, 77.84, 54.94, 53.95,
48.20, 46.41, 46.29, 27.86, 27.63 ppm.

1,3-Bis(1,4,7,10-tetraazacyclododec-1-yl-methyl)-(5-(1-flu-
oro-2-methoxyethan))-benzene 6. Compound 36 (40 mg, 36
μmol) was dissolved in TFA/CH2Cl2 = 1:1 and stirred at room
temperature for 1 h. After solvent removal, the TFA salt of the
product was obtained as a white solid. Yield 42 mg (100%;
6+5TFA). ESI-MS: m/z = 255.2, calc. 255.2 [M+2H]2+. 1H
NMR (500 MHz, DMSO-d6): δ = 6.91 (d, 2H, 4J = 0.9 Hz),
6.77 (s, 1H), 4.82−4.69 (m, 2H, 3J = 47.8 Hz), 4.30−4.20 (m,
2H, 4J = 30.0 Hz), 3.72 (s, 4H), 3.14 (s, 8H), 3.09−3.01 (m,
8H), 2.87−2.80 (m, 8H), 2.77−2.71 (m, 8H) ppm. 13C NMR
(500 MHz, DMSO-d6): δ = 158.01, 136.67, 123.79, 115.05,
82.42, 81.08, 55.36, 47.30, 44.50, 42.17, 41.93 ppm.

1,3-Bis-(1,4,7,10-tetraazacyclododec-1-yl-methyl)-(5-(1-
[18F ]fluoro-2-methoxyethane))-benzene 18F-6. The pro-
tected precursor 36 (2.5 mg, 2.34 μmol) in 10 μL DMF was
reacted with 2-[18F]fluoroethyl tosylate23 (185 MBq) in 200 μL
DMF in the presence of K2CO3 (5 mg). The reaction mixture
was stirred for 35 min at 120 °C and separated by
semipreparative HPLC. The eluate was concentrated on a
C18-SepPak-light cartridge and eluted with 2 mL EtOH.
Evaporation of the solvent yielded 68 MBq (77% decay-
corrected). Deprotection of 18F-36 was performed at ambient
temperature with 200 μL TFA in 50 μL acetonitrile. Owing to
the HPLC purification of 18F-36, the specific activity was
estimated to >50 GBq/μmol.
After evaporation, the complexation of 18F-6 with Zn2+ was

carried out in 100 μL PBS for 5 min at 70 °C containing 10 μL
of an aqueous 1.5 mM Zn(NO3)2 solution. For imaging
experiments, the zinc complex of 18F-6 was diluted with 400 μL
PBS and filtered sterile.
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Cell Experiments. Flow Cytometry. Apoptosis was
induced with 106 cells/mL using staurosporine (1 μM) during
4 h. The cells were washed with PBS and split into 1 mL
samples containing 106 cells. After centrifugation, cells were
taken up in 100 μL TES buffer for incubation with complex
solutions or in 100 μL annexin binding buffer for annexin
experiments. 1.0 μL of a 0.5 mM complex solution was added
to the TES buffered cells and 1.5 μL of Alexa Fluor 488
conjugated annexin was added to the cells taken up in annexin
binding buffer. After 15 min incubation in the dark, the
suspensions were diluted with 300 μL TES or annexin binding
buffer. Flow-cytometry measurements were performed with
100 μL cell suspension and 900 μL cold buffer. 6 × 103 cells
were counted in each experiment. Where necessary, 10 μL
propidium iodide solution (250 μg/mL) was added just before
the measurement. Control cells were treated in the same way
and measured as a comparison with each experiment.

Evidence of CXCR4. The anti-hCXCR-4 antibody was
diluted with cold PBS to a concentration of 10 μg/mL.
Control and apoptotic Jurkat cells (approximately 106) were
suspended in 100 μL antibody solution and incubated for 30
min at 4 °C. The cells were washed three times with cold PBS
and taken up in 100 μL PBS solution of FITC-labeled
antimouse monoclonal antibody Ig2A. After 30 min incubation
at room temperature, the cells were washed again three times
with cold PBS and finally dispersed in 400 μL PBS. 100 μL cell
suspension was added to 900 μL cold PBS and measured in a
flow cytometer.

Competition with meta AMD3100. 1.0 μL of a 50 mM
aqueous solution of meta AMD3100, synthesized according to
the literature24 and 1.0 μL of 0.5 mM complex [Zn21]

4+

solution was added to 106 staurosporine treated Jurkat cells
in cold TES buffer. The cells were incubated 15 min at room
temperature in the dark. The samples were diluted with TES
buffer to 400 μL. 100 μL of the suspension were added to 900
μL cold buffer and measured by flow cytometry.

Confocal Laser Scanning Microscopy (CLSM). Apoptosis
induction of Jurkat cells for CLSM experiments was performed
as described above. To prevent free floating under coverslips,
the cells were immobilized on polylysine precoated slides. After
incubation with [Zn21]

4+ for 15 min, the cells were transferred
to the object slide and placed under the microscope. Images
were taken from the midcell z-plane.
Animal Studies. The experiments were approved by the

governmental review committee on animal care. All animal
experiments were performed in compliance with the current
version of the German law concerning animal protection and
welfare. Animals were kept under standard laboratory
conditions at the German Cancer Research Center or at
Bayer Healthcare Research Facilities.
Male Copenhagen rats (approximately 180 g) were

subcutaneously transplanted on both thighs with 1 × 106

Dunning adeno carcinoma R3327-AT1 cells. Fourteen days
after tumor cell implantation, the left tumor was irradiated with
a single dose of 50 Gy using an Artiste linear accelerator
(Siemens AG, München, Germany). The right tumor served as
control. One day before (day 13 after tumor cell inoculation)
and six and ten days after irradiation, the rats were imaged
using [Zn2(

18F-6)]4+. 15−25 MBq in 200 μL PBS was injected
into the tail vein. For the PET-scan, the animals were
anesthetized with sevoflurane and maintained under anesthesia
during the scan (2.5% for induction and 1% for maintenance of
anesthesia). PET studies were performed with the Siemens

Inveon small animal PET scanner (Siemens, Knoxville, USA).
A transmission scan was done for 10 min prior to tracer
administration with two rotating germanium pin sources to
obtain cross sections for attenuation correction. PET data were
acquired for 1 h in list mode on an Inveon scanner (Siemens
Erlangen Germany) using a matrix of 256 × 256 (pixel size
0.3882 × 0.3882 × 0.796 mm3). The images were reconstructed
iteratively using the space alternating generalized expectation
maximization method (SAGE, 16 subsets, 4 iterations) applying
median root prior correction.
1.5 × 106 HelaMatu (human cervix carcinoma) tumor cells

were inoculated in a volume of 100 μL (medium/matrigel) into
the right shoulder of nude mice (NMRI nu/nu, female, ca. 20 g,
obtained from Taconic). At day 12 after inoculation, animals
were treated with taxol using 18 mg/kg i.v. or vehicle (5%
cremophore, 5% ethanol). PET images were acquired using an
Inveon small animal PET/CT scanner (Siemens, Knoxville,
USA) at 60 min p.i. for 10 min. After the PET study, animals
were sacrificed, and tumors were removed and cut into 18 μM
slices (Cryostat Fa Leica CM 3050 S). Tumor slices were
exposed to a phosphoimager plate (BAS-SR Imaging plate, Fuji,
IP-SR 20 × 25) overnight. Analysis was performed using the
BAS-5000 Imaging System (Fuji). Cleaved caspase 3 in the
tumor samples was detected by immunohistochemistry (IHC)
using a polycolonal antibody against cleaved caspase 3 (rabbit,
Cell Signaling, # 9661-S). IHC was performed using established
standard protocols.

■ RESULTS
Syntheses. The syntheses of the title compounds essen-

tially followed the preparation strategy applied to obtain
bis(dipicolylamine) derivatives.12 This route offered the
possibility of attaching different fluorescent dyes as well as
other markers such as radiolabels in the perspective of in vivo
imaging. As outlined in Scheme 1, the core structures were

obtained as N-trityl protected 3,5-bis(bromomethyl)- (9) and
4-bromomethyl phenyl (10) derivatives.
Tris(Boc)cyclen (Z) was alkylated using precursors 10 and

12 yielding compounds 13 and 19, respectively (Scheme 2).
Selective cleavage of the trityl group with hexafluoroisopropa-

Scheme 1. Syntheses of Bis(cyclen) Scaffolds

(a) Trityl chloride, Et3N, CH2Cl2; (b) CBr4, K2CO3, Ph3P, CH2Cl2;
(c) 3,5-Bis(hydroxymethyl)phenol, K2CO3, acetonitrile, reflux; (d) 4-
Hydroxymethylphenol, K2CO3, acetonitrile, reflux; (e) CBr4, Ph3P,
CH2Cl2.
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nol was followed by the introduction of fluorescent markers
carboxyfluorescein pentafluorophenol ester (5(6)-CF-PFP) and
fluorescein isothiocyanate (FITC). Deprotection of the cyclen
amino functionalities yielded chelator 1 as well as the mono
cyclen 3. In order to introduce a pendant heteroatom into the
spacer, tris(Boc)cyclen providing an aminoethyl side arm was
alkylated with compound 10. Removal of the trityl group,
conjugation with 5(6)-CF-PFP, and Boc deprotection resulted
in chelator 2. The cyclen multimers 4 and 5 were obtained via
elongation of the central scaffold 10 with 4-hydroxymethyl-
phenol and 3,5-di(hydroxymethyl)phenol. Alkylation of tris-
(Boc)cyclen using the resulting bromo compounds 23 and 28
together with selective trityl deprotection and reaction with
5(6)-CF-PFP gave compounds 26 and 31, respectively. Final
Boc deprotection resulted in the cyclen derivatives 4 and 5
which were then complexed with Zn2+ for biological experi-
ments.
The synthesis of the radiofluorination precursor 35

proceeded through alkylation of tris(Boc)cyclen with the
TBDMS protected phenol 33 (Scheme 3). After silyl

deprotection, compound 35 was reacted with 2-fluoroethyl
tosylate and treated with TFA to cleave the Boc groups forming
ligand 6. The radiolabeled congener 18F-6 was prepared
accordingly using HPLC purified 2-[18F]fluoroethyl tosylate.
The final step implied the formation of the Zn2+ complexes.

Aqueous solutions of the fluorescein-cyclen derivatives were
heated at 50 °C with 1 equiv Zn2+/cyclen. The resulting
complexes were lyophilized and redissolved in H2O to form 0.5
mM solutions. The HPLC purified, noncarrier added radio-
fluorinated bis(cyclen) 6 was transferred into the zinc complex
[Zn2(

18F-6)]4+ by adding Zn2+ salt and heating.
Flow Cytometry. The influence of the {bis[Zn(cyclen)]}4+

complexes on cell size and granularity was studied with
[Zn21]

4+ to exclude cell damaging of untreated Jurkat cells
during flow cytometry. The cells were, therefore, analyzed using
the flow cytometric sideward (SSC) and forward (FSC) scatter
signals which allowed the detection of advanced apoptotic and
secondary necrotic cells. The cells were incubated in TES buffer
with [Zn21]

4+ at concentrations in the range 0−50 μM for up

Scheme 2. Syntheses of Bis(cyclen) Ligands

(a) Tris(Boc)cyclen, K2CO3, KI, acetonitrile, 50 °C; (b) Hexafluoroisopropanol/1% H2O, CH2Cl2; (c) CF-PFP ester, DIPEA, DMF; (d) FITC,
DIPEA, DMF; (e) TFA, CH2Cl2; (f) Aminoethyl-tris(Boc)cyclen, K2CO3, acetonitrile, 50 °C; (g) 4-Hydroxymethylphenol, K2CO3, acetonitrile,
reflux; (h) CBr4, Ph3P, CH2Cl2; (i) 3,5-Bis(hydroxymethyl)phenol, K2CO3, acetonitrile, reflux.
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to 72 h. As demonstrated in the Supporting Information,
toxicity against vital Jurkat cells proved negligible.
Apoptosis was induced in Jurkat cells with 1 μM

staurosporine for 4 h.25 Figure 3 shows flow-cytometric density

plots (upper row) obtained with Alexa Fluor 488 labeled
annexin A5 (AnxA5-AF) and propidium iodide (PI). Cells with
high binding of Annexin A5 were found in the rectangle Q1,
indicating 4.7% of apoptotic cells for the control cell population

vs 38.5% of apoptotic cells after staurosporine treatment. This
value varied between 30% and 60%. Simultaneous binding of
annexin A5 and propidium iodide are found in Q2, indicating
cells which were in the transition of apoptosis to necrosis (late
apoptosis and secondary necrosis).26 Here, 2.5% was obtained
for untreated and 19.1% for staurosporine treated cells. Cells in
segment Q3 represent unchanged cells and those in Q4 are
solely dyed with PI, presumably completely necrotic cells.
Lower row of density plots (Figure 3) illustrates flow

cytometry results which were obtained with the same
experimental setup as described above but in the presence of
[Zn21]

4+. After staurosporine treatment, 11.9% was found in
Q1 and 47.2% in Q2. The latter value indicated [Zn21]

4+-
binding together with PI accumulation. The sum of Q1 and Q2
was about 60% for both AnxA5-AF and the zinc complex. It
appears remarkable that after the addition of [Zn21]

4+ and PI
the SSC and FSC signals of the staurosporine treated cells were
shifted into the secondary necrosis fraction (arrow in SI) and
that these signals can be attributed to Q2. With the exception of
[Zn22]

4+, this effect was also observed using the remaining
fluorescent zinc-cyclen complexes.
The insertion of a pendant ethylene amino group like in

[Zn22]
4+ led to histograms almost indistinguishable between

staurosporine treated and control cells. Both the [Zn22]
4+

complex-related fluorescence of treated and control cells
appeared in Q1 at 38.2% and 31.9%, respectively, showing
similar distribution patterns. The intensity of the green
fluorescence of [Zn22]

4+ was, however, strongly reduced as
compared with the fluorescence of [Zn21]

4+ in apoptotic cells.
Ligands 3, 4, and 5 were synthesized to study the influence of

the number of [Zn(cyclen)]2+ groups on the fluorescence of
staurosporine treated cells. While complex [Zn24]

4+ showed
similar results as obtained with [Zn21]

4+, the tetrameric cyclen
complex [Zn45]

8+ increased the mean fluorescence intensity
(MFI) of the green fluorescence signals of treated Jurkat cells
by a factor of 2.3. The monomeric [Zn3]2+ produced in turn a

Scheme 3. Synthesis of Bis(cyclen) 6 and 18F Labeling

(a) CBr4, Ph3P, CH2Cl2; (b) tris(Boc)cyclen, K2CO3, KI, acetonitrile, 50 °C; (c) (n-Bu)4N
+ F−, THF; (d) 2-Fluoroethyl tosylate, K2CO3,

acetonitrile, reflux; (e) TFA, CH2Cl2; (f) K2CO3, acetonitrile, sealed reaction vial, 30 min/120 °C.

Figure 3. Flow cytometric density plots of Jurkat cells in the presence
of AnxA5-AF/propidium iodide (PI) and [Zn21]

4+ (lower panel) after
treatment with staurosporine (right). Untreated controls are shown on
the left.
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much smaller MFI, 2 vs 34 of [Zn3]2+ and [Zn21]
4+or

[Zn24]
4+, respectively (SI).

The relevance of zinc(II) in the cyclen complexes, which as
outlined in the introduction was thought to be necessary for the
ternary interaction with PS, was tested by comparing the
complex with the free ligand. The free cyclen derivative 4
produced an unspecific fluorescence of low intensity, whereas
the complex [Zn24]

4+ showed strong fluorescence of
staurosporine treated cells as described above (SI).
All flow cytometric results described so far were obtained in

the presence of the respective zinc complexes. Removal of these
dyes by two washing steps resulted in the loss of most of the
intracellular dye. The reverse result was obtained by increasing
the zinc-complex concentration leading to an increase of the
mean fluorescence intensity of treated Jurkat cells. Loss and
increase of fluorescence intensity indicates reversibility of
concentration-dependent accumulation. Figure 4 shows this

dependence, which was obtained with [Zn21]
4+ and staur-

osporine treated Jurkat cells. The mean fluorescence intensity
increased within the 0−100 μM range without reaching
saturation.
Confocal Laser Scanning Microscopy (CLSM). Clues

about the intracellular location of the {bis[Zn(cyclen)]}4+

complexes were obtained using confocal laser scanning
microscopy (CLSM). Staurosporine treated Jurkat cells were
incubated with a zinc-cyclen complex and placed under the
microscope. Figure 5a (and SI) exemplarily shows staurospor-
ine treated cells which deposited [Zn21]

4+ throughout the
cytoplasm. The membrane binding of AnxA5-AF on the other
hand is obvious (Figure 5b).
Influence of the CXCR4 Receptor. The presence of

CXCR4 on Jurkat cells was confirmed on control and
staurosporine-treated cells using the mouse anti-CXCR4
antibody mAb12G5. Flow cytometry revealed a strong
expression of ca. 80% for both cell types. The mean
fluorescence intensity was comparable, which means that
there is no significant difference in the exposure of CXCR4
on treated and control cells. In addition, competition with the
meta derivative of AMD3100 was performed which is known to
bind CXCR4 in the low nanomolar range. Even with 100-fold
molar excess, no depletion of the [Zn21]

4+ fluorescence was
observed with apoptotic cells (SI).
PET Imaging. The in vivo behavior of the {bis[Zn-

(cyclen)]}4+ compounds was studied with [Zn2(
18F-6)]4+.

Male Copenhagen rats bilaterally transplanted with Dunning
R3327-AT1 prostate tumors were irradiated on one side with a

single dose of 50 Gy. The contralateral tumor served as a
control. PET images were obtained one hour after intravenous
injection of [Zn2(

18F-6)]4+ at day six after irradiation (Figure
6a). The irradiated tumor accumulated more radioactivity than
the control which showed only faint uptake in the rim area. The
time dependence of radioactivity in both tumors indicated
modestly elevated initial uptake and retarded washout in the
irradiated tumor (SI). With the exception of kidneys and liver,
the residual abdominal background activity proved to be low.
In addition, [Zn2(

18F-6)]4+ was tested with HelaMatu tumor
bearing mice 2 days after taxol treatment. PET images were
acquired 60 min after injection of [Zn2(

18F-6)]4+. The treated
animal shown in Figure 6b indicated higher tumor uptake as
compared to the control tumor (Figure 6d). In comparison to
the rat image, the background radioactivity of the mouse (liver,
kidneys, intestine) appeared to be higher. In addition, bone
joint activity indicated some defluorination. Quantification of
tumor radioactivity in the excised tumors confirmed the
stronger accumulation in treated tumors (SI). Additional
autoradiography of excised tumor slices after the PET-study
confirmed this finding in the treated tumors (Figure 7a versus
c) and staining for cleaved caspase 3 proved the presence of
apoptotic tissue after taxol treatment (Figure 7b versus d).

■ DISCUSSION
Among other approaches, search for the replacement of the
apoptosis imaging agent [99mTc(HYNIC-rh-annexin A5)] has
been focused on metal complexes which were also attractive as
phosphate sensors in cell biology. Especially, zinc-cyclen
complexes have been found to bind phosphate or other anionic
groups.18 Consequently, a series of mono-, di-, and tetrameric
cyclen ligands have been synthesized, capable of stabilizing Zn2+

for in vivo applications and of functioning as carriers of
fluorescent or radioactive reporter probes. The syntheses of the
complex ligands summarized in Schemes 1−3 were followed by
zinc complexation as the final reaction step.
Flow cytometry of Jurkat cells which are incubated with

fluorescent annexin A5, like AnxA5-AF, represents an
established method to determine the degree of apoptosis
after contact with cytostatic agents.4−6 The inhibitory activity of
staurosporine on protein kinases of Jurkat cells is known to
induce apoptosis.25 Owing to the disposition of apoptotic cells,

Figure 4. Mean fluorescence intensity (MFI) of staurosporine treated
Jurkat cells in the presence of increasing amounts of [Zn21]

4+ (Data
are expressed as mean ± SD; n = 3.)

Figure 5. CLSM images (λ exc 488 nm/3%; BP 505−530 nm) of
staurosporine treated Jurkat cells incubated with [Zn21]

4+ (a) and
AnxA5-AF (b). The different locations of both compounds are
conclusive: cytoplasmic distribution of [Zn21]

4+ (a) and outer
membrane accumulation of AnxA5-AF (b).
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this effect is accompanied by the formation of late apoptotic
and secondary necrotic cells.26

As illustrated in Figure 3, most staurosporine treated cells
were recorded in the Q1 rectangle where cell signals
accumulate resulting from annexin A5 binding with externalized
PS (see also Figure 5b). In Q2, cell signals from AnxA5-AF and
PI binding are collected, which owing to PI uptake indicate
leakiness of the damaged cell membrane. This area of flow-
cytometric measurements (33% of Q1+Q2) represents the
above-mentioned secondary necrosis state of dying cells.
Replacing AnxA5-AF with the bis(cyclen) complex [Zn21]

4+,
most cells with green fluorescence also showed PI uptake after
staurosporine treatment. Although the cell suspensions were
taken from the same cell pool, [Zn21]

4+ stained the majority of

cells in the secondary necrotic population Q2 (80% of Q1+Q2)
(Figure 3; lower panel).
The larger Q2 fraction is obviously related to the common

permeability of both dyes [Zn21]
4+ and PI. Remarkably, these

Q2 signals belong to the SSC and FSC signals indicating
changes of size and granularity associated with the onset of cell
death (arrow in respective SSC/FSC plot, SI). The question
whether intracellular accumulating [Zn21]

4+ is responsible for
this effect can be related to the observation of Kimura et al. that
{bis[Zn(cyclen)]}4+ complexes are able to form ternary
complexes with DNA bases like thymidine.27 This interference
is, however, only in effect if apoptosis has been triggered by
staurosporine and the zinc complex is internalized. Any cell

Figure 6. One hour coronal PET image of a rat with a bilaterally transplanted Dunning prostate adenocarcinoma 6 d after 50 Gy radiation therapy
(a). The irradiated tumor is indicated by the arrow. One hour PET image of a mouse with HelaMatu tumors (arrows) two days after treatment with
taxol (b,c) and the untreated control (d). Transaxial slices are shown in (b) and (d), and a coronal slice is shown in (c).

Figure 7. Autoradiography of HeLaMatu tumor slices taken from animals of the PET study (a,c) and IHC images (frames) stained for cleaved
caspase 3 (b,d). Upper panel: Tumor samples from control animals. Lower panel: Tumor samples from taxol treated animals. The radioactive uptake
(frames) corresponds with the presence of cleaved caspase 3 IHC.
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damaging effects of the zinc complex on vital cells were not
observed (SI).
As reviewed in the introduction, binding of the zinc

complexes on apoptotic cells through the coordination of
externalized PS was thought to lead to membrane binding.
However, the fluorescence of [Zn21]

4+ was found exclusively in
the cytosol of staurosporine affected cells. This finding and the
clear membrane fluorescence of AnxA5-AF are apparent in the
CLSM images shown in Figure 5. A similar intracellular
distribution was reported with bis(zinc(II)-dipicolylamine)
complexes.9,12,13 Microscopic fluorescence images indicate
that PSS-480 (Figure 1) stains most prominently those
apoptotic Jurkat cells which are also positive with 7-amino-
actinomycin, a PI like DNA intercalator, known to dye
secondary necrotic cells.13

The assumption that zinc-cyclen derivatives can profit from
multimerization was demonstrated with [Zn45]

8+. With
staurosporine treated cells, this tetramer showed a more than
doubled fluorescence intensity as compared to the two
comparable dimeric complexes [Zn21]

4+ and [Zn24]
4+. The

monocyclen complex [Zn3]2+, on the other hand, produced
only signals with reduced intensity. The increase of the
fluorescence intensity was obviously mediated by the additional
zinc-cyclen functionalities. It may, therefore, be speculated that
the uptake initially begins through binding at externalized PS
which transports the resulting ternary complexes with the help
of aminophospholipid translocase into the cytosol. On the
other hand, concentration driven diffusion through a damaged
cell membrane may also be conceivable. The absence of zinc,
however, inhibits fluorescent signals in Q1 and Q2 (complex
ligand 4, SI) which also points to translocase assisted
internalization.
An additional observation supporting this notion is given by

the introduction of an exocyclic pendant nitrogen. Complex
[Zn22]

4+ contains an extra heteroatom able to coordinate zinc
and to compete with PS thereby disturbing PS related
membrane penetration. The comparable green, but strongly
reduced fluorescences of [Zn22]

4+ in treated as well as in
control cells may be explained with unspecific binding (SI).
A saturation experiment was performed with staurosporine

treated cells in order to evaluate an uptake limit. Figure 4
illustrates the increase of fluorescence with increasing
concentration of [Zn21]

4+. Above 20 μM and up to 100 μM,
the uptake of [Zn21]

4+ followed a straight relationship without
signs of saturation. It was also evident that the removal of these
complexes from the medium resulted in a strong reduction of
the intracellular fluorescence. These findings indicate a rather
weak intracellular interaction of {bis[Zn(cyclen)]}4+ com-
plexes.
Owing to the structural similarity of the title compounds,

with several bis-cyclam derivatives potential CXCR4 inter-
actions were scrutinized. It is known that the bis-cyclam
AMD3100 and its meta derivative including the respective
Cu2+, Zn2+, or Ni2+ complexes have anti-HIV activity through
binding at the chemokine receptor CXCR4.28 The expression
of CXCR4 on Jurkat J6 cells is known and proven to be positive
on both staurosporine treated and control cells. Consequently,
CXCR4 dependent differences between treated and control
cells, which were obtained with the zinc-cyclen complexes,
appear to be unlikely. To further exclude the participation of
CXCR4 on [Zn21]

4+ uptake, in staurosporine treated cells
competition with a 100-fold molar excess of meta AMD3100
was performed. The similarity of flow-cytometry results

indicated no involvement of this receptor in the [Zn21]
4+

uptake (SI).
The capacity of {bis[Zn(cyclen)]}4+ complexes to transport

fluorescent dyes into apoptotic and secondary necrotic cells was
also investigated using a radiolabeled complex. High-dose
radiation therapy was used to induce cell death which is known
to force tumors mainly into necrosis. Rats with Dunning
prostate adenocarcinoma transplants were, therefore, irradiated
using a single gamma dose of 50 Gy. The rats were imaged with
[Zn2(

18F-6)]4+ six days after treatment. As illustrated in Figure
6a, the irradiated tumor clearly showed significant uptake while
the untreated control was negative. This was due to the higher
initial uptake just after injection of [Zn2(

18F-6)]4+ and the
delayed washout as compared with the contralateral control
(SI). The radioactivity of the excretion organs, kidney and liver,
was in the expected range, while the residual background
activity was low.
The accumulated radioactivity in the Dunning tumor is

certainly due to massive cell death after such a high radiation
dose.29 An investigation into the imaging kinetics as a response
to therapy has been performed for ten days after the onset of
therapy. The data indicate maximal accumulation of [Zn2(

18F-
6)]4+ at day six while decrease of intensity was observed at day
ten (SI). The contralateral control tumor meanwhile increased
the uptake indicating cell death due to short tumor doubling
time of 5.6 ± 0.4 days.30

A second imaging experiment using [Zn2(
18F-6)]4+ was

carried out with taxol treated HelaMatu tumor bearing mice.
The transaxial PET images of a taxol treated animal (Figure 6b)
indicated higher tumor uptake in comparison to the control
(Figure 6d). Quantification of the mean tumor uptake values
showed an increase by 30% in the treatment group while the
tumor size decreased by 15% in comparison to the control
group (SI). Autoradiograms of tumor tissue slices shown in
Figure 7a,c confirmed the result of the PET study, and
immunohistochemistry (Figure 7b,d) validated the presence of
apoptotic tissue which corresponded with radioactivity
accumulation after taxol treatment.
The perspective of having radiolabeled markers of cell death

either produced by apoptosis and/or by secondary necrosis is
attractive, because therapy control is one of the main areas of
interest during the follow-up of cancer patients. Currently, a
series of conventional investigations, including radiography,
CT, sonography, and MRI, acquire this information covering
the extent and morphology of tumor masses and, to some
degree, alterations in tumor perfusion. In contrast, nuclear
medicine has at its disposal a series of surrogate markers that
are used for the assessment of the therapy response.
Radiofluorinated bis[Zn(cyclen)]4+ complexes might be more
specific for the imaging of therapy response providing
information about cell death in treated tumors. Further work
is underway to optimize the pharmacokinetics of zinc cyclen
complexes and to understand more about the uptake
mechanism.
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β-Gal Gene Expression MRI Reporter in Melanoma Tumor Cells.
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ABSTRACT: The aim of this work is to design and test an MRI probe (Gd-DOTAtyr-gal) able to report on the gene expression
of β-galactosidase (β-Gal) in melanoma cells. The probe consists of a Gd-DOTA reporter bearing on its surface a tyrosine-
galactose-pyranose functionality that, upon the release of the sugar moiety, readily transforms, in the presence of tyrosinase, into
melanin oligomeric/polymeric mixture. The formation of Gd-DOTA-containing melanin oligomers and polymers is
accompanied by a marked increase of the water proton relaxation rate. The steps involving the release of the galactose-
pyranose group and the formation of the melanin-like structure have been carefully investigated in vitro by relaxometric and UV−
vis measurements. Cellular uptake studies of Gd-DOTAtyr-gal by melanoma cells have shown that the probe enters the cells, and
it appears not to be confined in endosomal vesicles. Using B16−F10LacZ transfected cells, the fast formation of paramagnetic
melanin-Gd(III)-containing species has been assessed by the measurement of increased longitudinal relaxation rates of the
cellular pellets suspensions. The in vitro results have been confirmed in in vivo MRI investigations on murine melanoma tumor
bearing mice. Upon direct injection of Gd-DOTAtyr-gal, a good contrast is observed after 5 h post injection in B16−F10LacZ
tumors, but not in B16−F10 tumors lacking the β-Gal enzyme. Gd-DOTAtyr-gal in combination with tyrosinase introduces a
novel approach for the detection of β-Gal expression by MRI in vivo.

■ INTRODUCTION
The development of reliable means to follow gene expression in
vitro and in vivo has attracted great interest in recent years.
Gene expression is commonly monitored by introducing a
marker gene to follow the regulation of the gene of interest.1

The bacterial LacZ gene is a very popular gene reporter, with
applications ranging from immunosorbent assays to in situ
hybridizations and evaluation of gene distributions. Indeed,
LacZ has been used in medical trials revealing regions of tissue
transfection in biopsy specimens based on hystologic staining.
As such, many colorimetric stains and assays have been
developed and are in routine use, including reagents such as
nitrophenyl-β-D-galactopyranoside, which generates a yellow
color, or 4-chloro-3-bromoindole-galactose, which gives a blue
stain, and 3,4-cyclohexenoesculetin β-D-galactopyranoside,
which yields a black stain, respectively.2 The application of
such methods has various drawbacks such as the need for
hystological processing of the region of interest. Magnetic
Resonance Imaging offers an alternative to light microscopy,
allowing the investigation of intact tissues at the cellular
resolution level. The first attempt to tackle the issue of MRI
visualization of β-Gal gene expression was carried out by Meade

and co-workers by reporting that the relaxivity of a galacto-
pyranose-substituted tetraazamacrocycle coordinated to a
Gd(III) ion can be specifically “switched on” by removing
the sugar with β-galactosidase.3 Unfortunately, the gain in
relaxivity brought about by the activation step is relatively small
(for several reasons as elucidated in a successive paper from the
same author).4

Since Meade’s seminal work, MRI detection of β-Gal
expression has been under intense scrutiny with the aim of
exploring amplification routes that would allow its improved
implementation in in vivo studies.
Hanaoka et al. reported on the exploitation of the RIME

(receptor-induced magnetization enhancement) by using a β-
Gal-activated Gd(III) bearing agent which, upon release of the
β-galactopyranoside moiety, enhances its relaxivity thanks to
the binding to HSA.5 A similar attempt to amplify the MRI
response of a β-Gal responsive Gd(III) complex has been
pursued by Yun-Ming Wang et al.6
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These results represent an interesting proof-of-concept of the
RIME approach, but its transaction to cellular and animal
applications might be hampered by the fact that β-Gal is in the
cytoplasm and HSA is mainly in the extracellular compart-
ments.
As one of the key issues for a successful in vivo application

deals with the internalization of the probe, Engelmann et al.7

tackled the problem of penetrating the cell membrane by
endowing the surface of a Gd(III) complex with a suitable
cationic peptide sequence. The cell-penetrating peptide is
bound to a galacto-pyranose moiety and the linkage is
selectively cleaved only in β-Gal transfected cells. Thus, the
cell accumulation of the MRI agent would be possible only
upon β-Gal enzymatic transformation, as the unconverted
metal complex could effectively efflux from the cells.
Another efficient method to accumulate a metal complex

inside cells relies on the formation of oligo/polymeric
structures such as those obtained by Bodganov et al.8−11

They found that melanin-like macromolecules can form when
hydroxo-functionalized Gd(III) chelates are in the presence of
tyrosinase or myeloperoxidase.
In the present work, which aims at exploiting the latter route

in order to amplify the MRI response at the targeted cells, the
designed probe consists of a Gd-DOTA monoamide chelate
bearing a tyrosine −OH functionality protected by a galactose
moiety (Gd-DOTAtyr-gal). Upon cleavage of the galactose
moiety (step activated by the action of β-galactosidase), the
tyrosine group, in the Gd-DOTAtyr product, becomes available
for the tyrosinase activated melanin polymerization. The
formation of the paramagnetic melanin-like macromolecule
can be assessed by MRI because the relaxivity of Gd(III)-

complexes increases, in the field range 0.5−1.5 T, if they are
part of macromolecular systems, as a consequence of the
lengthening of their reorientational correlation time (τR)
(Chart 1).
The β-galactosidase-responsive probe has been tested in

B16−F10 and B16−F10LacZ murine melanoma cells.
Melanoma cells have been used for the enzymatic assays, as
these cells possess high tyrosinase activity as witnessed by their
natural melanin pigmentation. We also demonstrated the ability
of Gd-DOTAtyr-gal to visualize stably expressing LacZ
melanoma tumors in vivo upon its direct intratumoral injection.

■ EXPERIMENTAL PROCEDURES
Materials. All reagents used for the synthesis of DOTAtyr-

gal and DOTAtyr ligands were purchased from Sigma Aldrich
Co. β-galactosidase (product no. G5635−5KU isolated from
Escherichia coli) was purchased from Sigma Aldrich and used
without any further purification. β-Gal Staining Kit was
purchased from Invitrogen. Tyrosinase isolated from Mushroom
was obtained from Sigma-Aldrich.
NMR spectra were recorded on JEOL Eclipse Plus400 and

Bruker Avance 600 spectrometers operating at 9.4 and 14 T,
respectively. ESI mass spectra were recorded on a Waters
Micromass ZQ. Analytical and preparative HPLC-MS were
carried out on Waters FractionLynx autopurification system
equipped with Waters 2996 diode array and Waters Micromass
ZQ (ESCI ionization mode) detectors. DOTAMA-
(OtBu)3C6NH2 was prepared following a reported procedure.

12

Synthesis of Gd(III) complexes (Scheme 1 and
Scheme 2). Synthesis of N-(9-Fluorenylmethoxycarbon-
yl)-O-1,1(dimethyl)ethyl-tyrosine pentafluorophenyl Ester

Chart 1. Schematic Representation of the Oligomerization Process Achieved upon the Action of β-Galactosidase and Tyrosinase
Enzymes
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(1). A solution of Fmoc-Tyr-(tBu)OH (2 g, 4.35 mmol),
pentafluorophenol (0.8 g, 4.35 mmol) and EDCI (0.834 g, 4.35
mmol) in CH2Cl2 (60 mL) was stirred overnight at 0 °C. The
solution was transferred to a separatory funnel and washed with
water (2 × 10 mL). The organic layer was dried over anhydrous
Na2SO4, and the solvent was removed under reduced pressure
to give the product as a white solid in quantitative yield. 1H
NMR (400 MHz, CDCl3): δ 1.33 (s, 9H), 3.21 (m, 2H), 4.21
(t, 1H), 4.43 (m, 2H), 4.98 (m, 1H), 6.96 (d, 2H), 7.01 (d,
2H), 7.31 (m, 2H), 7.38 (m, 2H), 7.54 (d, 2H), 7.77 (d, 2H).
13C NMR (101 MHz, CDCl3): δ 28.89, 37.31, 47.19, 54.77,
67.31, 78.71, 120.11, 124.52, 125.08, 127.17, 127.87, 129.34,
129.89, 136.72, 139.74, 139.90, 141.42, 142.43, 143.78, 155.01,
155.60, 168.16.

Synthesis of N-(9-Fluorenylmethoxycarbonyl)-O-[2,3,4,6-
tetra-O-acetyl-D-galactose-1-(yl)-tyrosine Pentafluorophenyl
Ester (2). Compound 1 (2.0 g, 3.2 mmol), AgOTf (1.6 g, 6.4
mmol), and molecular sieves (3 Å, 2.5 g) were placed in a
predried flask covered with aluminum foil. After evacuation (0.1
Torr), the flask was filled with argon and dry CH2Cl2 (40 mL)
was used to suspend the reagents. The suspension was cooled

to −10 °C and a solution of the acetyl bromogalactose (1.1 g,
2.6 mmol) in dry CH2Cl2 (35 mL) was added. After 120 min at
−10 °C, the suspension was neutralized with DIPEA (1 mL,
5.74 mmol) followed by filtration through Celite. The filtrate
was concentrated to dryness and the residue was purified by
column chromatography (silica gel, CH2Cl2: MeOH 95:5, Rf
0.32) to yield a white solid. Yield: 70%. 1H NMR (400 MHz,
CDCl3): δ 1.98 (s, 3H), 2.00 (s, 6H), 2.10 (s, 3H), 3.21 (m,
2H), 4.00 (m, 1H), 4.11 (m, 2H), 4.21 (m, 1H), 4.44 (m, 2H),
4.98(m, 1H), 5.09 (m, 1H), 5.30 (m, 1H), 5.40 (m, 1H), 5.51
(m, 1H), 6.97 (d, 2H), 7.13 (d, 2H), 7.28 (m, 2H), 7.38 (m,
2H), 7.50 (d, 2H), 7.75 (d, 2H), 8.31 (broad, CONH, 1H). 13C
NMR (101 MHz, CDCl3): δ 20.66, 20.78, 37.21, 47.19, 54.63,
61.42, 66.79, 67.82, 70.81, 71.68, 78.72, 89.80, 120.45, 124.55,
125.05, 127.17, 127.91, 129.39, 129.82, 136.72, 139.74, 139.90,
141.42, 142.40, 143.75, 155.01, 155.61, 168.16, 169.51, 169.92,
170.09, 170.29; C44H38NO14F5 ESI-MS (M+H+) calcd 900.2,
found 900.4.

Synthesis of 1-[2-Oxo-3-aza-9[N-(9-fluorenylmethoxycar-
bonyl)-O-[2,3,4,6-tetra-O-acetyl-D-galactose-1-(yl)]-
tyrosinylamine]nonyl]-1,4,7,10-tetraazacyclododecane-
4,7,10-triacetic Acid 1,1(Dimethyl)ethyl Ester (3). To a

Scheme 1. Synthetic Pathway to Gd-DOTAtyr-gala

a(I) EDCI,CH2Cl2; (II) Acetobromogalactose, AgOTf, CH2Cl2 dry; (III) DOTAMA(OtBu)3C6NH2, HOBt, CH2Cl2; (IV) TFA,CH2Cl2; (V)
NaOMe, MeOH; (VI) GdCl3, H2O, pH 7.
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solution of DOTAMA(OtBu)3C6NH2 (0.75 g, 1.1 mmol) in
CH2Cl2 (30 mL) was slowly added 2 (1.0 g, 1.1 mmol) in 30
mL of CH2Cl2. After 20 min, HOBt (0.042 g, 0.28 mmol) and
DIPEA (0.19 mL, 1.1 mmol) were added to the reaction
mixture and stirred at 0−5 °C under argon atmosphere for 3 h,
then for another 16 h at room temperature. The reaction
mixture was washed with 10 mL of water and dried over
anhydrous Na2SO 4. The filtrate was evaporated to dryness and
the white solid was purified by column chromatography (silica
gel, elution gradient: CH2Cl2/MeOH 95:5 → 9:1 → 8:2) to
yield a white solid. Yield: 82%. 1H NMR (600 MHz, CDCl3): δ
1.40 (m, 2H), 1.44 (s, 27 H), 1.50 (m, 2H), 1.60 (m, 2H), 1.85
(m, 2H), 1.98 (s, 3H), 2.02 (s, 6H), 2.10 (s, 3H), 2.70−3.60
(broad, 24H), 3.71 (s, 4H), 4.02 (m, 1H), 4.16 (m, 2H), 4.22
(m, 3H), 4.45 (m, 2H), 4.79 (m, 1H), 5.08 (m, 1H), 5.32 (m,
1H), 5.41 (m, 1H), 5.51 (m, 1H), 6.97 (d, 2H), 7.12 (d, 2H),
7.28 (m, 2H), 7.37 (m, 2H), 7.42 (broad, CONH, 1H), 7.51
(d, 2H), 7.74 (d, 2H), 7.89 (broad, CONH, 1H), 8.21 (broad,
CONH, 1H).13C NMR (151 MHz, CDCl3): δ 20.65, 20.72,
25.91, 26.00, 27.90, 28.45, 28.93, 29.66, 37.31, 38.71, 38.81,
47.21, 53.51, 54.54, 55.62, 55.74, 56.17, 54.69, 61.44, 66.72,
67.86, 70.79, 71.65, 78.86, 79.19, 81.6, 89.81, 120.11, 124.41,
125.23, 127.18, 127.82, 129.94, 130.41, 141.42, 143.74, 154.48,
155.89, 155.92, 168.18, 169.57, 169.91, 170.06, 170.31, 171.42,
172.11, 172.23, 172.45, 176, 22; C72H103N7O20 ESI-MS (M
+H+) calcd 1386.7, found 1386.9.

Synthesis of 1-[2-Oxo-3-aza-9[N-(9-fluorenylmethoxycar-
bonyl)-O-[2,3,4,6-tetra-O-acetyl-D-galactose-1-(yl)]-
tyrosinylamine]nonyl]-1,4,7,10-tetraazacyclododecane-

4,7,10-triacetic Acid (4). The solution of 3 (1 g, 0.72 mmol) in
TFA/CH2Cl2 (1:1, 10 mL) was stirred at 0 °C. After 3 h
stirring, the reaction mixture was evaporated and the procedure
was repeated twice in order to remove all three tBu moieties.
Then, the product was precipitated with excess diethyl ether,
isolated by centrifugation, washed thoroughly with diethyl
ether, and dried in vacuo. The product was used for the next
step without further purification: a pale white solid.

Synthesis of 1-[2-Oxo-3-aza-9[O-[D-galactos-1-(yl)]-
tyrosylamido]nonylaminocarbonylmethyl]-1,4,7,10-tetraa-
zacyclododecane-4,7,10-triacetic Acid (5). The solution of 4
(1.2 g, 0.99 mmol) and NaOMe (0.27 g, 4.9 mol) in methanol
(26 mL) was stirred under argon atmosphere at 0 °C. After 5 h
stirring, the solution was acidified to around pH 7 with Dowex
cationic resin. The reaction mixture was filtered and the solvent
evaporated to yield a white solid. The crude material was
dissolved in water, loaded over an Amberchrom CG161 column
and eluted with a water−methanol gradient (100:0 to 0:100).
After solvent evaporation, product 5 was collected as a white
solid (yield 65%). 1H NMR (600 MHz, D2O): δ 1.32, 1.42,
1.66 (m, 8H), 2.98−3.16 (broad, 14H), 3.33−3.82 (broad,
22H), 3.93 (m, 1H), 4.99 (m, 1H), 6.87 (d, 2H), 7.12(d, 2H) .
13C NMR (151 MHz, D2O): δ 25.54, 25.68, 27.97, 28.24,
34.54, 38.51, 38.43, 53.93, 56.05, 56.12, 56.49, 56.75, 65.55,
69.11, 69.77, 71.84, 73.36, 100.91, 117.92, 128.81, 130.91,
156.44, 169.227, 170.01, 171.96, 178.12; C37H61N7O14 ESI-MS
for (M+H+) calcd 828.9, found 828.7. For (M+2H2+) calcd
414.9, found 414.7.

Scheme 2. Synthetic Pathway to Gd-DOTAtyra

a(I) DOTAMA(OtBu)3C6NH2, HOBt, CH2Cl2; (II) piperidine, CH2Cl2; (III) TFA,CH2Cl2; (IV) GdCl3, H2O, pH 7.
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Synthesis of 1-[2-Oxo-3-aza-9[N-(9-fluorenylmethoxycar-
bonyl)-O-1,1(dimethyl)ethyl-tyrosinylamine]nonyl]-1,4,7,10-
tetraazacyclododecane-4,7,10-triacetic Acid 1,1(Dimethyl)-
ethyl Ester (7). To a solution of DOTAMA(OtBu)3C6NH2
(0.500 g, 0.74 mmol) in CH2Cl2 (25 mL) was slowly added 1
(0.46 g, 0.74 mmol) in 30 mL of CH2Cl2. After 20 min, HOBt
(0.12 g, 0.75 mmol) and DIPEA (0.12 mL, 0.74 mmol) were
added and the mixture was stirred for 6 h at 0−5 °C under inert
atmosphere. The reaction mixture was then washed with 7 mL
of water and dried over anhydrous Na2SO4. The filtrate was
evaporated to dryness and the residue was purified by column
chromatography (silica gel, CH2Cl2/MeOH 9:1) Rf: 0.38.
Yield: 89%. 1H NMR (600 MHz, CDCl3): δ 1.27 (s, 9H) 1.42
(m, 2H), 1.48 (s, 27 H), 1.49 (m, 2H), 1.62 (m, 2H), 1.87 (t,
2H), 2.07−3.30, 3.40−3.50 (b, 22H), 3.54 (s, 4H), 4.23 (m,
3H), 4.40 (s, 2H), 4.45 (m, 1H), 6.97 (d, 2H), 7.12 (d, 2H),
7.28 (m, 2H), 7.37 (m, 2H), 7.43 (broad, CONH, 1H), 7.51
(d, 2H), 7.74 (d, 2H), 7.91 (broad, CONH, 1H), 8.23 (broad,
CONH, 1H). 13C NMR (151 MHz, CDCl3): δ 25.93, 26.01,
28.02, 28.57, 28.88, 28.97, 29.67, 37.41, 38.61, 38.91, 46.67,
47.29, 53.01, 53.24, 54.59, 56.22, 56.57, 58.94, 67.31, 78.76,
120.11, 124.81, 125.13, 127.08, 127.62, 129.98, 130.31, 141.42,
143.84, 155.38, 155.83, 169.42, 172.11, 172.23, 172.45, 174.22;
C62H93N7O11 ESI-MS (M+H+) calcd 1112.5, found 1112.7.

Synthesis of 1-[2-Oxo-3-aza-9[-L-tyrosinylamine]nonyl]-
1,4,7,10-tetraazacyclododecane-4,7,10-triacetic Acid (8).
The compound 7 (0.91 g, 0.075 mmol) was dissolved in
CH2Cl2 (25 mL) containing 10% of piperidine and stirred
under inert atmosphere at 0 °C. After 3 h stirring, the solvent
was evaporated. Upon the addition of diethyl ether, a white
solid was obtained. The crude solid was washed with ice-cooled
ether and dried. To the white solid, a solution of TFA/CH2Cl2
(1:1 v/v) was added in one step and stirred. After 4 h, the
reaction mixture was evaporated, and the procedure was
repeated twice in order to remove all three tBu moieties. Then,
the product was precipitated with excess diethyl ether, isolated
by centrifugation, washed thoroughly with diethyl ether, and
dried in vacuo. It was then dissolved in H2O (4 mL) at pH
neutralized by addition of diluted NaOH at 0 °C. The crude
product was purified by preparative HPLC-ESI (+)MS by using
a Waters Atlantis RPdC18 19/100 column by Method 1 using
H2O/TFA 0.1% (A) and CH3CN/TFA 0.1% (B) as eluents
(see the Supporting Information) .The pure product was
obtained as a white powder (Yield 44%). HPLC: Method 2
(see the Supporting Information), retention time 8.90 min,
purity 95%. 1H NMR (600 MHz, D2O): δ 1.39, 1.51, 1.60, 1.85
(m, 8H), 2.70−3.60 (broad, 21H), 3.68 (broad, 6H), 4.23 (m,
4H), 6.76 (d, 2H), 6.98 (d, 2H).13C NMR (151 MHz, D2O): δ
25.76, 25.92, 28.13, 28.32, 36.34, 38.58, 38.75, 53.82, 46.67,
48.51, 51.11, 53.54, 55.27, 116.00, 126.93, 130.97, 155.32,
168.76, 168.89, 171.24, 171.88; C31H51N7O9 ESI-MS for (M
+H+) calcd 666.4, found 666.3. For (M+2H2+) calcd 333.9,
found 333.7.

Synthesis of Gd-DOTAtyr-gal (6) and Gd-DOTAtyr (9). To
the solutions of DOTAtyr-gal and DOTAtyr ligands (10 mmol)
in water (250 mL), a solution containing GdCl3 (9 mmol) was
added. The solution was slowly neutralized to pH 7 with 2 N
NaOH. When the pH was constant, the solution was desalted
by Sephadex G10 column. The absence of any free Gd(III) ions
was checked through the Orange Xylenol spectrophotometric
test.13 Gd-DOTAtyr-gal: C37H58GdN7O14 ESI-MS (M+H+)
calcd 983.14, found 983.12. HPLC: Method 2 (Supporting
Information), retention time 4.89 min, purity 92%. Gd-

DOTAtyr: C31H48GdN7O9 ESI-MS (M+H+) calcd 821.3,
found 821.2. HPLC: Method 3 (Supporting Information),
retention time 7.60 min, purity 96%.
Relaxometric Characterization. The longitudinal water

proton relaxation rate was measured at 25 °C by using a Stelar
Spinmaster (Stelar, Mede, Pavia, Italy) spectrometer operating
at 20 MHz, by mean of the standard inversion−recovery
technique. The temperature was controlled with a Stelar VTC-
91 air-flow heater equipped with a copper constantan
thermocouple (uncertainty 0.1 °C). The relaxometric charac-
terization of the field-dependent relaxometry of the para-
magnetic Gd(III)-probe solutions was carried out through the
acquisition of the NMRD profiles. The proton 1/T1 NMRD
profiles were measured at 25 °C on a fast field-cycling Stelar
relaxometer over a continuum of magnetic field strengths from
0.00024 to 0.47 T (corresponding to 0.01−20 MHz proton
Larmor frequencies). The relaxometer operates under com-
puter control with an absolute uncertainty in 1/T1 of ±1%.
Additional data points in the range 20−70 MHz were obtained
on the Stelar Spinmaster spectrometer. The concentration of
the solutions used for the relaxometric characterization was
determined according to the relaxometric method reported in
the Supporting Information section.

In Vitro Assessment of Enzyme Activity. To assess the
effect of β-galactosidase enzyme on the r1 value of Gd-
DOTAtyr-gal solution, β-galactosidase isolated from Escherichia
coli was used. Escherichia coli enzyme was reconstituted with 0.1
M sodium phosphate buffer, pH = 7.4 at 25.0 ± 0.1 °C. To
assess the effect of tyrosinase enzyme on the r1 value of Gd-
DOTAtyr-gal solution, previously activated by β-galactosidase
cleavage, tyrosinase isolated from Mushroom was used.
Mushroom enzyme was reconstituted with 0.1 M sodium
phosphate buffer, pH = 7.4 at 25.0 ± 0.1 °C.
Cell Culture. B16−F10 melanoma cells (mouse) were

obtained from American Type Culture Collection (ATCC,
Manassas, USA), while B16−F10LacZ cells were obtained from
Riken BRC Cell Bank (Depositor Hamada Hirofumi, Japan).
Both cell lines were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum from
Lonza (Lonza Sales AG, Verviers. Belgium), 100 U/mL
penicillin, and 100 mg/mL streptomycin and maintained at
37 °C under 5% CO2 conditions. After 3 days of culture, the
cells were harvested with trypsine/EDTA, counted with the
Trypan-blue exclusion test, and assayed for tyrosinase activity.
Cellular Tyrosinase Activity Assay. The specific activity

of tyrosinase was determined by UV/vis spectrophotometry on
a Hitachi U2800 spectrometer using L-DOPA as the substrate
and was assayed on the basis of the method reported by Tomita
et al.14 Ca. 1 × 106 B16−F10 and B16−F10LacZ cells were
washed with PBS, added to 0.5 mL of a 1 mM L-DOPA
solution, sonicated to induce cell lysis, and the absorbance at
475 nm was measured over time by maintaining the
temperature of the reaction mixture at 37 °C. An extinction
coefficient of 3700 M−1 cm−1 was used for the quantification of
the dopachrome formation.
Functional β-Galactosidase in Vitro. Functional expres-

sion of β-galactosidase in cells was measured by staining B16−
F10LacZ cell by the β-Gal Staining Kit according to the
manufacturer’s instructions. Cells were grown in small dishes (6
cm in diameter) and fixed with 2 mL fixation solution at room
temperature for 15 min. The dishes were washed twice with
phosphate buffer solution, and 2 mL staining solution (1 mg/
mL X-gal) was added at room temperature until the cells were

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc200486j | Bioconjugate Chem. 2011, 22, 2625−26352629



stained blue. Cells were examined on microscope (Olympus
IX70 inverted).
Cell Labeling. The cells were cultured in 75 cm2 flasks in a

humidified incubator at 37 °C and at CO2/air (5:95 v/v). 8 ×
105 B16−F10 and B16−F10LacZ cells were seeded in 6 cm
Petri dishes. Twenty-four hours after seeding, the incubation
medium was removed. Cells were washed and incubated in a
fresh DMEM medium with different concentrations (10−15−
20 mM) of GdDOTAtyr-gal and GdDOTAtyr for 4 h at 37 °C
in a CO2 incubator. After this incubation time, the cells were
washed three times with 5 mL ice-cold phosphate-buffered
saline (PBS), detached with ethylene diamine tetraacetic acid
(EDTA), and, for the T1 measurement at 1.0 T, collected in 50
μL of PBS, transferred into glass capillaries that were
centrifuged at 1500 g for 5 min and placed in an agar phantom.
For the electroporation experiment, (3−4) × 106 B16−

F10LacZ cells were detached from the cell culture flask with a
trypsin/EDTA solution and placed in an electroporation
cuvette containing increasing concentrations of Gd-DOTAtyr-
gal in 0.8 mL of PBS. The electroporation was performed using
Gene Pulser II electroporation system (Bio-Rad Laboratories,
Hercules, CA, USA), applying a single shock at 0.2 V, with 500
or 960 microF capacitance and with a time constant of about 10
ms. Cells were then left in ice for 30 min, washed three times
with 10 mL ice-cold PBS, and, for the T1 measurement at 1.0 T,
collected in 50 μL of PBS and transferred into glass capillaries
that were placed in an agar phantom. T1 values were measured
on an ASPECT M2 System (Israel) operating at 1 T by using a
saturation recovery spin echo sequence (TE = 8.6 ms, 12
variable TR ranging from 40 to 3000 ms, NEX = 4, FOV = 1.7
× 1.7 cm2, 1 slice, slice thickness = 1 mm).
Determination of Intracellular Gd3+Concentration. At

the end of incubation experiments, labeled B16−F10 and B16-
LacZ melanoma cells were sonicated in order to destroy cellular
membranes and obtain cell lysates. Then, cell homogenates
were mineralized with HCl 37% (50:50) in sealed vials at 120
°C overnight and the intracellular content of Gd(III)
determined according to the method reported in Supporting
Informations. The protein content was determined from cell
lysates by the Bradford method using bovine serum albumin as
standard. One milligram of protein corresponds to 6.1 × 106

B16−F10LacZ and 6.3 × 106 B16−F10 cells.
Adhesion Assay. B16−F10 and B16−F10LacZ cells were

detached using 2 mM EDTA in PBS, washed with PBS,
counted to final concentration of 5 × 105 cells/mL and
incubated with Gd-DOTAtyr-gal (15 mM) and Gd-DOTAtyr
(15 mM) for 4 h at 37 °C in DMEM containing 10% FBS. The
cells were then immediately seeded in 3.5 cm Petri dishes. After
30 min, 1 h, 2 h, and 3 h of incubation, the medium and the
floating cells were carefully removed by aspiration, and the
attached layers were washed twice with PBS. The firmly
attached cells were then counted using a cell counting chamber
(Burker-Turk chamber) for quantification. Cell adhesion curves
were generated after counting triplicate Petri dishes.
Animal Model. 6- to 10-week-old female C57Bl6 mice

(Charles River Laboratories, Calco, Italy) were inoculated
subcutaneously in the left flank with 0.2 mL of a single
suspension containing approximately 1 × 106 B16−F10LacZ or
B16−F10 melanoma cells, respectively. Mice were constantly
treated in accordance with European Community guidelines
and Ethical Committee Rules of the University of Torino.
MR Images Studies in Vivo. To investigate whether β-

galactosidase expressing cells could be noninvasively imaged,

C57Bl6 mice (n = 6) bearing subcutaneously grown B16−F10
and B16−F10LacZ tumors were injected intratumor with 40 μL
of Gd-DOTAtyr-gal solution (7.5 mM). MR images were
acquired on the Aspect M2 system (Aspect Imaging, Shoam,
Israel) operating at 1T equipped with a horizontal bore MRI
magnet using a standard T1 weighted multislice spin echo
sequence (TR = 250 ms, TE = 7.0 ms, NEX = 10, FOV = 3.5
cm, 6 slices, slice thickness = 1 mm). Prior to MRI examination,
animals were anesthetized by injecting tiletamine/zolepam
(Zoletil 100), 20 mg/kg, +xylazine (Rompum), 5 mg/kg.

■ RESULTS AND DISCUSSION

Design and Synthesis of Gd-DOTAtyr-gal and Gd-
DOTAtyr. Gd-DOTAtyr-gal was designed to detect β-
galactosidase activity through the conversion into Gd-DOTAtyr
that, in the presence of tyrosinase, polymerizes to form
melanin-like structures that are characterized by relaxivity
values higher than those of the molecular Gd-DOTAtyr-gal and
Gd-DOTAtyr complexes. Therefore, Gd-DOTAtyr-gal consists
of three moieties: (i) the outer galacto-pyranose unit that acts
as masking group and hampers the start of the polymerization;
(ii) the phenolic functionality that in the presence of tyrosinase
quickly oxidizes to yield polymeric derivatives; and (iii) the
Gd(III) complex that acts as the MRI reporting unit.
Gd-DOTAtyr has been synthetized in order to assess its

ability to polymerize in tyrosinase containing buffer or cytosol
solutions as well as in intact melanoma cells. The melanin-like
polymers display a tendency to precipitate as the molecular
weight increases. On one hand, this is a limitation because one
can exploit only the relaxation enhancement offered by the
smaller oligomers. On the other hand, the formation of a
polymer implies that the transformed Gd-complexes do not
leave the cell and, moreover, their final insolubilization appears
as an advantage in terms of limiting the toxicity of the Gd-
containing species.
Relaxometric Characterization of Gd-DOTAtyr and

Gd-DOTAtyr-gal. The relaxivity of Gd-DOTAtyr and Gd-
DOTAtyr-gal in water, at 20 MHz and 25 °C, is 5.8 and 7.8
mM−1 s−1, respectively. Their relaxivity profiles in the range of
frequencies 0.01−70 MHz (NMRD profiles) have been
registered and reported in Figure 1. The relaxivity of Gd-
DOTAgal is slightly higher than that of Gd-DOTAtyr at any
magnetic field strength because of the higher molecular weight.
The NMRD profiles have been analyzed in terms of the

available theory of paramagnetic relaxation, and the main
relaxometric parameters have been determined. The two
complexes are characterized by similar values for the electronic
relaxation time (τso = 160 ps and 150 ps for Gd-DOTAtyr-gal
and Gd-DOTAtyr) and water exchange lifetime (500 ns), while
they differ in their reorientational correlation times that were
determined to be 192 ps and 125 ps for Gd-DOTAtyr-gal and
Gd-DOTAtyr, respectively.
The cleavage of the galactosyl-pyranose moiety operated by

the β-galactosidase enzyme (2 μM) has been followed over
time at 37 °C by measuring the change in the relaxation rate (at
20 MHz and 25 °C) of the solutions of Gd-DOTAtyr-gal upon
addition of the enzyme in phosphate buffer and in serum
(Figure 2).
As shown in Figure 2, the transformation of Gd-DOTAtyr-

gal into Gd-DOTAtyr, witnessed by the observed decrease of
relaxivity, occurs quite readily either in phosphate buffer or in
serum.
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Next, the formation of melanin-like polymers from Gd-
DOTAtyr in the presence of tyrosinase enzyme has been
assessed by either colorimetric and relaxometric measurements.
In fact, the formation of melanin-like polymers is characterized
by a progressive darkening of the solution (increase of UV
absorbance at 475 nm) and by the decrease of the solvent water
proton relaxation time (Figure 3).
A similar experiment was also performed on a solution of

Gd-DOTAtyr-gal, not activated by β-galactosidase. In this case,
no darkening nor any change in the proton relaxation time was
observed when the tyrosinase enzyme was added to the
solution (Supporting Informations). Having established that
Gd-DOTAtyr-gal transforms into Gd-DOTAtyr in the presence
of β-galactosidase and Gd-DOTAtyr yields a melanin-like
polymer in the presence of tyrosinase, a solution of Gd-
DOTAtyr-gal (0.35 mM), β-galactosidase (2 μM), and
tyrosinase (3 μM) has been prepared and the change in light
absorption and proton relaxation times have been measured.

The obtained results (Supporting Informations) are very similar
to those found for the Gd-DOTAtyr in the presence of
tyrosinase. This finding clearly shows that the transformation of
Gd-DOTAtyr-gal into Gd-DOTAtyr and then the oligomer
formation take place in agreement with what was observed for
the separated steps of galactose-pyranose release and melanin
formation.
Relaxometric Analysis of the Activation Process. An

in-depth characterization of the relaxation enhancement for Gd-
DOTAtyr-gal solutions upon addition of β-galactosidase and
tyrosinase was obtained through the acquisition of the NMRD
profiles (Figure 4). As described above, the profile of Gd-

DOTAtyr-gal complex (open squares) has the classical shape

shown by low molecular weight systems. Incubation of Gd-

Figure 1. 1H NMRD profiles of Gd-DOTAtyr-gal (□) and Gd-
DOTAtyr (■) measured at 25 °C and neutral pH. The data refer to
the millimolar concentration of the paramagnetic complexes.

Figure 2. Variation of the relaxivity of Gd-DOTAtyr-gal as a
consequence of addition of β-galactosidase enzyme in phosphate
buffer (■) and in serum (□).The measurements were carried out at
20 MHz and 25 °C.

Figure 3. Plot of the spectrophotometric (■) and water proton
relaxation time measurements (□) (25 °C, 20 MHz) of a Gd-
DOTAtyr (0.35 mM) solution in the presence of tyrosinase enzyme (3
μM) as a function of time.

Figure 4. 1H NMRD profiles of Gd-DOTAtyr-gal (□), Gd-DOTAtyr-
gal after the addition of β-Gal (■), and Gd-DOTAtyr-gal after the
addition of β-Gal and tyrosinase (▼) registered at 25 °C. The data
refer to the millimolar concentration of the paramagnetic complexes.
The higher r1p values observed in the presence of the two enzymes are
due to the formation of paramagnetic melanin-like macromolecules.
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DOTAtyr-gal complex with β-galactosidase at 37 °C for 40 min
(red filled squares) led to a decrease of the relaxivity values
along the entire range of investigated frequencies. The lower
relaxivity is indicative of the formation of the lower molecular
weight system (τR = 112 ps) achieved upon the release of the
galactose moiety. The obtained profile is in fact almost
superimposable with that of the Gd-DOTAtyr complex
reported in Figure 1. The successive addition of tyrosinase
enzyme (3 μM) to the remaining complex for 40 min leads to
the formation of the oligomerized high relaxivity system (filled
triangles - τR = 5.6 ns). Polymerization is the expected reactivity
pathway for the phenolic product (obtained by the action of β-
galactosidase) in the presence of tyrosinase, in agreement with
the previously reported results for Gd-based tyrosinase and
myeloperoxidase responsive agents.8−11

Investigation into the shapes of the profiles for the polymeric
and monomeric Gd-containing systems reveals that there is a
strong dependence of the responsiveness of the Gd-probe from
the magnetic field strength at which the experiments are carried
out. A marked jump in relaxivity is in fact observed in the field
range 0.5−1.5 T (working fields of many clinical MR-scanners).
At higher field strengths, the differences in relaxivities of the
activated and inactivated systems become less marked.
Enzymatic Activity Assays in B16−F10 and B16−

F10LacZ Melanoma Cells. In order to evaluate more closely
the potential of Gd-DOTAtyr-gal for cellular applications, tests
have been carried out in B16−F10 and B16−F10LacZ murine
melanoma cells. Melanoma cells have been used for the
enzymatic assays, as these cells possess high tyrosinase activity
as witnessed by their natural melanin pigmentation.15

Cellular tyrosinase activity was assayed according to the
method of Thomita et al. using L-DOPA as substrate and
following the conversion of DOPA to DOPAchrome via DOPA
quinone.14,16 The increase of absorbance with time reports
about the DOPAchrome formation and, in turn, on cell
tyrosinase activity. Under these conditions, the enzymatic
activity of one million B16−F10 and B16−F10LacZ cells has
been estimated to be ca. 30 U and 3 U, respectively (by using
an extinction coefficient for DOPAchrome at 475 nm of 3700
M−1 cm−1). One unit of tyrosinase activity is defined as the
amount of enzyme that catalyzes the trasformation of 1 μmol L-
tyrosine/min. The low tyrosinase activity found for B16−
F10LacZ fresh homogenates appears to be a frequent
phenomenon already reported for other melanoma engineered
cells (Figure 5)14−16 where it has been described as one of the
phenotypic variations of cellular differentiation.18 However
when 1 × 106 B16−F10LacZ melanoma cells were injected into
C57BL/6 mouse, the mouse developed a partially or fully
melanotic tumor. This phenomenon, already reported in the
literature,17−19 proved that these cells retained the capacity of
producing the pigment, although this capacity appeared not to
be well-expressed in vitro. Therefore, after being cycled in mice,
the B16−F10LacZ cells were again assayed in vitro by the
method of Thomita et al. using L-DOPA as substrate, and a
significant resumption of tyrosinase activity was observed
(Figure 5).
To assess the enzymatic activity of β-galactosidase in the

cells, B16−F10LacZ cells were stained with β-Gal Staining Kit
and examined under optical microscope as shown in Figure 6.
β-Gal Staining Kit is based on 5-bromo-4-chloro-3-indolyl-β-

D-galactopyranoside (X-Gal), a non-inducing chromogenic
substrate for β-Gal. The resultant halogenated indigo is a
very stable and insoluble dark blue compound (Figure 6).

Incubation of Gd-DOTAtyr-gal with B16−F10 and
B16−F10LacZ Cell Homogenates. In each experiment, 8 ×
106 B16F10 or a similar number of B16−F10LacZ cells were
added to 100 μL of a 1 mM Gd-DOTAtyr-gal solution,
sonicated to induce cell lysis, and the proton longitudinal
relaxation rate at 20 MHz and 25 °C was measured over time
while maintaining the temperature of the reaction mixture at 37
°C (Figure 7).
As shown in Figure 7, the relaxivity steadily increases to reach

a “plateau” value, after 30 h of incubation. The observed
behavior is consistent with the formation of a Gd-incorporated,
melanin-like macromolecule. No effect is observed when Gd-
DOTAtyr-gal is incubated with B16−F10 cells, lacking the β-
Gal enzyme.
Uptake of Gd-DOTAtyr-gal and Gd-DOTAtyr into

B16−F10 and B16−F10LacZ Cells. Translation of this
enzyme-based approach to in vivo applications requires that a
sufficient amount of Gd-responsive probe is internalized by the
cells to be monitored. The uptake efficiency by melanotic B16−

Figure 5. Absorbance at 475 nm as a function of time for B16−F10,
B16−F10LacZ, and B16−F10LacZ (isolated from injected mice) cells
homogenates added to a 0.5 mL of a 1 mM L-DOPA solution.

Figure 6. B16−F10LacZ cells were stained for β-gal activity by the β-
Gal Staining Kit (1 mg/mL X-gal) before examination under the
microscope.
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F10 and B16−F10LacZ cells was assessed by incubating 1 ×
106 cells in DMEM medium in the presence of different
concentrations (10−15−20 mM) of Gd-DOTAtyr-gal and Gd-
DOTAtyr, for 4 h at 37 °C (Figure 8).

The uptake of Gd-DOTAtyr-gal in both β-Gal expressing and
parent melanoma cells is significantly higher than that of Gd-
DOTAtyr. The higher accumulation efficiency of Gd-
DOTAtyr-gal may be accounted for the specific recognition
of galectin receptors, which are galactose-specific lectins
particularly hyperexpressed on B16−F10 cells.20,22 Support to
the specificity of internalization of Gd-DOTAtyr-gal thanks to
the recognition of galectins exposed on cell membrane surfaces
has been found in measuring the perturbation of the adhesion
of B16−F10 cells to fibronectin of culture dishes. It is in fact
known that cell−cell and cell−ECM (extracellular matrix)
adhesions are mediated not only by integrin−ligand inter-
actions but also by lectin−saccharide interactions.20,21

Recently, El-Boubbou et al.20 demonstrated that galactose-
functionalized magnetic nanoparticles strongly interact with
B16−F10 cells, and that this interaction is responsible for a
reduction of adherent cells by more than 50%.
Upon incubation of B16−F10LacZ cells with 15 mM Gd-

DOTAtyr-gal, we observed a progressive reduction of the
amount of adherent cells increasing the incubation time if
compared with control cells (Figure 9). In contrast, a very small

effect was observed when cells were incubated with Gd-
DOTAtyr.
In order to be activated by the cytosolic enzymes, an

important issue for the activation of the probe relies on the
need to avoid the endosomal compartmentalization of the
internalized probe. This issue has been tackled by measuring
the variation of observed relaxation rate (at 1T and 25 °C) of
the internalized probe as a function of its intracellular
concentration (Figure 10). It was recently demonstrated that
the occurrence of a linear increase of the observed relaxation
rate with the amount of internalized paramagnetic probe is a
good reporter of the cytoplasmic localization of the Gd(III)-
probe, while a “quenching” effect on the observed relaxation
rate is observed in the case of its endosomal entrapment.23−25

As shown in Figure 10, a linear correlation has been observed,
which witnesses that Gd-DOTAtyr-gal, after being internalized
by cells, is localized in the cytosol and available for the
interaction with β-galactosidase and tyrosinase enzymes.
Furthermore, in Figure 10 the relaxation rates of cells labeled
via their incubation with Gd-DOTAtyr-gal for 4 h at 37 °C are
compared with those obtained for cells in which the same
Gd(III)-containing probe has been internalized by electro-
poration (that invariantly leads to a cytoplasmatic localization).
The two internalization pathways show the same linear growth
of observed relaxation rates as a function of the intracellular
Gd(III) complex concentration, to support the view that the
same cytoplasmic localization is taking place.

In Vivo MRI Experiments. To assess the in vivo capability
of the complex Gd-DOTAtyr-gal to discriminate between

Figure 7. Variation of the relaxivity of Gd-DOTAtyr-gal over time in
the presence of B16−F10LacZ (●) and B16−F10 (○) cell
homogenates. The measurements were carried out at 20 MHz and
25 °C.

Figure 8. Number of Gd3+ units per cell internalized after incubation
of Gd-DOTAtyr-gal in B16−F10 (black) and B16−F10LacZ (gray)
cells and Gd-DOTAtyr in B16−F10LacZ cells (white) for 4 h at 37 °C.

Figure 9. Adhesion of mouse melanoma B16−F10LacZ cells to the
surface was significantly reduced by incubation with Gd-DOTAtyr-gal
(●), while Gd-DOTAtyr (Δ) had no effect on cell adhesion as
compared to the cells without any treatment (■).
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melanoma tumors with and without β-galactosidase gene
expression, an MRI study was carried out on two tumor-
bearing animal models, namely, (i) C57Bl6 mice grafted with
the murine melanoma cell line B16−F10; (ii) C57Bl6 mice
grafted with the murine melanoma cell line B16−F10LacZ.
The model was obtained by subcutaneous injection of 1

million of B16−F10 or B16-F10LacZ cells, on the right limb of
six female C57Bl6J mice. At 10−12 days after implantation, a
tumor mass of a 2−3 cm width is clearly detectable in each
mouse at the site of injection. At this time, animals received

intratumoral injections of the Gd-DOTAtyr-gal (40 μL of 7.5
mM solution) and T1 weighted multislice MR images were
acquired at 1.0 T.
A strong T1 contrast was detected in the LacZ expressing

tumors after 4−5 h from contrast agent injection. At the same
detection time, no T1 contrast was observed in the B16−F10
tumor, which was injected with the same amount of contrast
agent (Figure 11a). The observed signal enhancement of the
B16−F10LacZ tumor was an order of magnitude higher than
the one observed for B16−F10 tumor (3.5 ± 1.6) (Figure 11b).
The intense enhancement clearly indicates that Gd-DOTAtyr-
gal is activated by β-galactosidase and tyrosinase enzymes both
presented in B16−F10LacZ tumor.

■ CONCLUSIONS

The β-galactosidase gene LacZ is often used as a reporter
constructor in eukaryotic transfection experiments due to the
proteolytic resistance of the protein product and the easily
assayed enzyme activity. In this study, a new Gd(III)-based
probe was designed, prepared, and enzymatically tested to be a
good β-galactosidase substrate in melanoma B16 homogenate.
Upon cleavage by β-galactosidase, the tyrosine residue can
interact with the tyrosinase enzyme in B16−F10LacZ
melanoma cells with subsequent formation of high-relaxivity
Gd-DOTA containing oligomers.
A good relaxation enhancement effect was detected. The

slow activation of the probe could be due to a relatively low
turnover of the enzyme; therefore, higher loading would allow a
larger amount of substrate to be converted by the enzyme, thus
giving rise to a larger relaxation enhancement effect.
The ability of Gd-DOTAtyr-gal to enter B16−F10LacZ cells

following intratumoral injection has been demonstrated.

Figure 10. Observed longitudinal relaxation rates of B16−F10LacZ
cellular pellets, measured at 1 T and 25 °C, as a function of Gd3+

concentration in the cellular pellets from uptake experiments (■) and
electroporation experiments (□).

Figure 11. (a) T1-weighted (TR/TE 250/8.9 ms) MR images of animal model at 1.0 T MR scanner: (A) precontrast image of B16−F10 tumor; (B)
at 5 h after intratumoral (IT) injection of 40 μL of Gd-DOTAtyr-gal (7.5 mM) in B16−F10 tumor; (C) precontrast image of B16−F10LacZ; (D) at
5 h after intratumoral (IT) injection of 40 μL of Gd-DOTAtyr-gal (7.5 mM) in B16−F10LacZ tumor; (b) time−signal enhancement change of the
B16−F10 and B16−F10LacZ tumor after intratumoral (IT) injection of 40 μL of Gd-DOTAtyr-gal (7.5 mM).
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Besides melanoma cells, Gd-DOTAtyr-gal would be a good
gene reporter for any doubly transfected (β-Gal and Tyr) cells.
Finally, the importance of working at low magnetic field
strength has been shown when the determinant of the
relaxation enhancement is represented by the molecular
reorientational time.
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