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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

Theranostic =

MRI PET/SPECT Photodynamic
DJ-‘ i = z \ —
|Enosqc * Thef’a‘ggghc —> Gene Therapy
- i
l l Hyperthermia

NIR Fluorescence

Chemotherapy

Radiation

combined with one or more imaging functionalities for both in vitro and in vivo studies. Different imaging probes, such as MRI
contrast agents (T, and T, agents), fluorescent markers (organic dyes and inorganic quantum dots), 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.

he term “theranostic” was coined in 2002 by Funkhouser'

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.””* 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.’

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.® Also, when considering novel
cancer treatments, blood vessels in many tumor types are ir-
regular in shape, dilated, leaky, and can present fenestrations in
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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.”® 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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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.” However, systemic injection of naked
DNA is largely ineftective 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.'® Viral vectors can
achieve high transfection efficiency and integration of the target
gene into the chromosomal DNA of the recipient cell(s). Several
clinical trials'""? 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.”"*'* 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."* 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.'®"”

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-lapse microscopy,
fluorescence resonance energy transfer (FRET),"®" and fluor-
escence correlation spectroscopy (FCS).*® 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.'” used dual-color
fluorescence fluctuation spectroscopy (FFS) to monitor com-
plexes comprising CyS-labeled poly(-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 FES led to novel and
interesting findings, such as the observation that high molecular
weight pPDMAEMA (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.*' Further, some
research has also indicated that labeling the polymer with a
fluorescent label can change its physiochemical properties. For
example, Remaut et al.>* 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 CyS. 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.***
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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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 CyS upon excitation of QD-labeled DNA. (b) Confocal images showed localization of intact chitosan—DNA complexes
(indicated by sensitized FRET signal from CyS$ 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 Cy$ 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).
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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).

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.'® demonstrated that the intracellular
dissociation of polymer—pDNA complexes can be monitored via
QD-FRET (Figure 1). In this study, streptavidin-functionalized,
CyS-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 (CyS).

1881

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-workers®**® synthesized near-infrared
(NIR) QDs (emission max 655 or 705 nm) functionalized with
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Figure 3. (a) Laser confocal microscopy images of SKBR3 cells showing HER2 siRNA-containing chitosan—QD nanoparticles (cyan) with (A) and
without (C) anti-HER?2 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 MCEF-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).

PEG and amino groups and attached with an siRNA (designed to
knock down expression of enhanced green fluorescent protein
(EGFP)) and a cell-targeting moiety (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-
down was compared. The resulting molecule 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.*® 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 the HER2-targeting moiety on
the nanoparticles in cellular uptake and target gene knockdown
(Figure 3). The QD was encapsulated to probe the delivery of the
siRNA—carrier system.

Prigodich et al.*” 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
CyS 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. % 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 Sa). The flexibility in this
platform is that the lanthanide-binding domain can be chelated to
either gadolinium (Gd), a MRI contrast agent for sub-micrometer
to millimeter scale imaging or luminescent europium (Eu) for
visualization on the nanometer to micrometer 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 Gd**-containing analogues show high
image contrast (compared to untransfected cells) and Eu** ana-
logues can be imaged with fluorescent microscopy inside the cell
(Figure Sb,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
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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.
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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 Eu®*-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, ], 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. US.A. 106, 16913—16918, Copyright (2009) National

Academy of Sciences, U.S.A.

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. 2% Moreover,
these lanthanides are known to form LRET pairs with some

fluorescent dyes, such as tetramethyl rhodamine (TMR), CyS,
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- (Tb>"-) containing analogues of these

polymers.

1883 dx.doi.org/10.1021/bc200151q |Bioconjugate Chem. 2011, 22, 1879-1903



Bioconjugate Chemistry

(a)

%Em

Single IONP particles
with shorter T2 relaxation time

%DNA

2 Unpackaging of
+ Formation of SPIO-Polyplex
by biological molecules +
9
k] 29
s 9 v
s s %
- Aggregated IONP particles “
@ with longer T2 relaxation time g -
USPIO-PEI v

Single IONP parlicles
with shorter T2 relaxation time

(b) 1800 A

T2 Relaxation Time (ms)
=)
(=]
(=}

USPIO-PElI SPIO-Polyplex

SPIO-Polyplex
+ 1M NacCl
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upon addition of salt.

Figure adapted from Park, L-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).

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 um), 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 MR, 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 T, (positive) and T, (negative) contrast agents can be
employed within theranostic materials. For in vitro imaging, iron
oxide based nanoparticles (T, 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.” >

Park et al.** developed magnetic iron oxide-based nanoarchitec-
tures that allow assessment of polyplex dissociation via tracking of
changes in T, relaxation rates. Poly(ethyleneimine) (branched PE,
MW 10kDa) that can bind to DNA via electrostatic interactions was
covalently conjugated to ultrasmall superparamagnetic iron oxide
(USPIO) to form higher-order structures (size ~100 nm). A “T,
relaxation switch” (Figure 6a) was proposed as a tool for monitoring
packaging and unpackaging of the polyplexes. When complexed
with DNA, the nanoparticle carriers show longer T, relaxation
times; conversely, upon dissociation, they reduce back to original
values (Figure 6b). Increases or decreases in T, 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 T, 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.** demonstrated that QDs encapsulated into
phospholipid-block copolymer micelles (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
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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 um; (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.
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Figure 8. (a) Schematic of dextran-coated magnetic iron oxide nanoparticles containing siGFP, a NIR dye, CyS, and a membrane 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 from Medarova, 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.

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 80 min, a time at which rhodamine green dextran
dye was completely photobleached. Toxicity studies indicated
no abnormalities in the embryo at typical concentration (<5 X
10° QDs/cell)—they showed unaltered phenotype and normal
health.

Medarova et al.** synthesized dextran-coated superparamag-
netic nanoparticles (MN) covalently attached to siRNA targeting
green fluorescent protein (siGFP; five per particle), an NIR-
emitting dye, CyS.S (NIRF; three per particle), and a membrane
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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)) was monitored by fluorescence micro-
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 and mismatch controls (Figure 8b).
After success of these proof-of-concept studies with GFP, MN-
NIRE-MPAP-siSurvivin was developed to target survivin, a
member of the inhibitor of apoptosis protein (IAP) family. MN-
NIRE-MPAP-siSurvivin was injected into nude mice bearing sub-
cutaneous human colorectal carcinoma tumors (LS174T) over a
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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, 1. 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

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-workers®®*” 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.*® 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
[**Cu], 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.* 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 CyS, respectively, and analyzed via flow
cytometry, confocal microscopy, and fluorimetric techniques to
calculate the donor- (E4) and acceptor-based (E,) efficiencies of
energy transfer (Figure 10). Different optical settings (donor
excitation wavelengths) were used for flow cytometry (excitation =
488 nm) and microscopy (excitation = 523 nm) to study the
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Figure 10. FRET efficiencies for donor (E4) and acceptor (E,)
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).

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,*’ several approaches*"**
have been recently taken to substitute gadolinium with manga-
nese (Mn). For example, Pan et al.*' 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 chloroform with a core containing a porphyrin—Mn(III)
complex, which is a T, 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
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Figure 11. (a) Schematic of formation of nanobialys. (b) T,-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. ], Gaffney, P. J., Wickline, S. A, Lanza, G. M. (2008) Ligand-directed

nanobialys as theranostic agent for drug delivery and manganese-based magnetic resonance imaging of vascular targets. J. Am. Chem. Soc. 130,9186-9187.

with permission from ACS.

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.** developed manganese oxide-based hollow nano-
particles (HMONS) as dual (T, and T,) MRI contrast and drug
delivery agents. HMONSs 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 these HMON s were efficiently taken up by cultured
cancer cells and induced cell death. High T; and T, image
contrast was obtained upon MR imaging of transfected cells as
well as the brain of a mouse injected with HMONS s (Figure 12).

It has been shown that, at very low concentrations, circulating
iron can impart T; contrast to MR imaging; however, at con-
centrations that are commonly used for T,-weighted imaging, T,
contrast is the predominant effect.** Encapsulation of iron oxide
within a hydrophobic matrix can abate the T, effect and, thereby,
improve T; contrast; hence, this can enable one to develop
positive contrast agents that are devoid of the gadolinium cation.
Senpan et al." 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 T, relaxivity (7 [Fe] mM ' s~ ") com-
pared to those with a mixed core (Fe,O;—Fe;0, mixture,
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Figure 12. (a) Schematic of formation of HMON. (b) T;- and T,-weighted magnetic resonance images of DOX-loaded HMONS incubated with MCEF-
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, L. 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.
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Figure 13. (a) Schematic of formation of fumagillin-loaded CION with a targeting ligand on the surface. (b) T,-weighted MR 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.

1.3 [Fe] mM ' s') 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.
Researchers**** 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.** Upon
encapsulation into CPNPs, lifetimes and quantum properties
of fluorescent dyes are believed to be improved.***” 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.** 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-workers*™*® developed poly(ethylene oxide)
(PEO)-modified poly(-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
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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.
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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—lO (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 from Barth, 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, ]. 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.

pH 6.5, PbAEs release their payload of chemotherapeutic drug,
such as paclitaxel. In vivo biodistribution of encapsulated
polymeric nanog)artides was studied in nude mice via radi-
olabeling using '''Indium oxine (Figure 16b). When tumor-
bearing (human ovarian adenocarcinoma) mice were evaluated
S 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.
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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.>® synthesized magnetoplasmonic particles with a
magnetic iron oxide (Fe;0,) 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 T, 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.>' 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 CyS.5 (fluorescence imaging) and [**Cu]
(PET imaging) via NHS ester-NH, coupling (Figure 18a). For
in vivo and ex vivo imaging, animal models were prepared by
subcutaneously injecting glioblastoma cells (U87MG) into the
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Figure 16. (a) Chemical structure of poly(S-amino ester) (PbAE). (b) Biodistribution of PEO-modified PbAE based nanoparticles loaded with
gamma-emitter indium [""In] 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.

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 (r,) values and longer blood
circulation half-life than a frequently used contrast agent, Feridex.

Liong et al.>* 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 o-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-workers>*** 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(p,L-lactide) copolymer (MAL-PEG-
PLA) and methoxy-terminated poly(ethylene glycol)-block-poly-
(p,i-lactide) copolymer (MPEG-PLA) were developed and loaded
with doxorubicin (DOX) and superparamagnetic iron oxide
(SPIO). Functionalization of these polymeric micelles was
performed with a,f3; 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 O, receptors overexpressed on lung cancer cells. The
specificity of LCP for a.,[4-expressing H2009 cells (lung cancer
cells) was evaluated by comparative exposure to O,,[3¢-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 [*H] radioactivity
measurements, confocal microscopy (Figure 21), and MRL

The folate receptor is another surface molecule overexpressed
on many 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.>* devel-
oped a novel synthetic method to prepare biodegradable and
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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., Zhy, 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.
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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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Figure reprinted from Liong, M., L, J., Kovochich, M., Xia, T., Ruehm, S. G, Nel, A. E., Tamanoj, F., and Zink, J. I. (2008) Multifunctional inorganic
nanoparticles for imaging, targeting, and drug delivery. ACS Nano 2, 889-896 with permission from ACS.
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(2006) Multifunctional polymeric micelles as cancer-targeted, MRI-ultrasensitive drug delivery systems. Nano Lett. 6, 2427-2430 with permission from
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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 (AS49, overexpress folate receptor) and cardiomyocytes
(H9¢2, do not overexpress folate receptor) viaa MTT assay. The
results from the MTT assay indicated almost 100% survival, for
both AS549 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.
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In another example of targeting of the folate receptor,
Kohler et al.*® 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.>’ synthesized N-phosphonomethyl iminodiacetic
acid (PMIDA)-functionalized ultrasmall iron oxide nanoparticles
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Figure 21. Evaluation of the cellular uptake of LCP-functionalized,
doxorubicin (Doxo)-loaded multifunctional micelles (LCP20-MFM) in
o, f¢-positive H2009 cells (top panels) and 0,,[¢-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.

(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.>® have developed a facile synthetic route
(Figure 22a) with good control over size to synthesize mono-
disperse, discrete mesoporous silica materials (smaller than 100 nm)
containing a single Fe;O, nanocrystal as a core (Fe;04@mSiO,).
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 (Fe;0,@mSiO,(R)-PEG) to

(2)

- water transfer =
N using CTAB

Fe,0, in chloroform

Fe, 0/ CTAB in water

mesoporous silica
coating

Removal of

Fe,0, cores PEGylation

hollow mSiO, Fe,0,@mSi0, Fe,0,@mSi0,-PEC

(b)

Figure 22. (a) Schematic for synthesis of Fe;0,@mSiO,-PEG. (b) In
vivo Tp-weighted MR imaging (top) and fluorescence microscopy
imaging (bottom) of MCF-7 cells transfected with Fe;0,@mSiO,-
PEG, either unlabeled or labeled with rhodamine.

Figure adapted from Kim, J., Kim, H. S., Lee, N., Kim, T., Kim, H., Yu,
T., Song, L. 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.

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 Fe;0,@mSiO,(R)-PEG
nanoparticles. In vivo studies were performed by subcutaneously
injecting MCF-7 cells pretreated with Fe;0,@mSiO,(R)-PEG
particles into the dorsal shoulder of nude mice. The MCE-7 cells
containing Fe;0,@mSiO,(R)-PEG particles were easily detect-
able as dark spots on T,-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.'**¢!

Bagalkot et al.% have developed multifunctional nanoparticles
for drug delivery based upon QDs that are capable of detecting
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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.
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Figure 24. (a) Results from MTS assay of the viability of human macrophage (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 from McCarthy, J. R,, Jaffer, F. A., and Weissleder, R. (2006) A macrophage-targeted theranostic nanoparticle for biomedical applications.

Small 2, 983—987. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

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 Al0 aptamer.
However, upon the dissociation of the conjugate/complex to release
drug, the fluorescence is turned “ON”; hence, this system can be used
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 from QD-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 O,)
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.

1894 dx.doi.org/10.1021/bc200151q |Bioconjugate Chem. 2011, 22, 1879-1903



Bioconjugate Chemistry

(b) ..

No particles

1050 pg/mL

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 ug/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 vivo MRI enhancement and photodynamic therapy of a
rat brain cancer. J. Magn. Magn. Mater. 293, 404-410 with permission, Copyright Elsevier (2005).

McCarthy et al.** 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, on macrophages were synthesized**~**
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.% 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 a.,[33-expressing cancer cells (MDA-435) than
o, f33-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 S min of light exposure.
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Figure 26. (a) Schematic of targeted PAA nanoparticles for PDT and diffusional MR imaging. (b) Cell viability studies performed on MDA-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.

Studies have shown that PDT can be promising for treatment
of malignant brain tumors, for which more than 80% of the tumor
growth recurs after therapy. Being a localized theragy, PDT has
the potential to be very beneficial in this scenario.””” ”* 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.”> 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 S 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 halflife (from 39 to 123 min)
and T,-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 m®/ 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.”*”” Cheng et al.”®
synthesized (Figure 27ab) phosphorescent Pd-meso-tetra
(4-carboxyphenyl) porphyrin (PdTPP) covalently embedded in
MSNs (MSN-PATPP) as theranostic agents for the imaging and
treatment of breast cancer. The energy required for phosphor-
escence imaging is only 10 *—107" 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 ug MSN-PATPP for 2 h at 37 °C, followed by photo-
irradiation (532 nm wavelength with energy 1.2 J/cm?), 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.”””*" 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 the K;-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.* used a noncationic liposome-based vehicle for delivering
fluorescently labeled (fluorescein isothiocyanate, FITC) antibo-
dies, namely, TuBB-9 and MIB-1, that recognize K;-67 protein in
two different states. Twenty four hours after transfection in
ovarian cancer cells (OVCAR-S), 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/cm® 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.*>** With no
chemical payload to deliver, hyperthermia is less prone to toxic
side effects that often accompany chemotherapeutic agents.
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Figure 27. (a) Schematic of the mechanism of PDT with MSN-PdTPP. (b) Chemical structure of PATPP covalently attached to MSN. (c) Propidium
iodide (PI) staining of MDA-MB-231 cells treated with 25 yg of MSN-PATPP 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.

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.*>*® 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,%” 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 (Fe,0,) or maghemite (y-Fe,O,),
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.*> Iron oxide particles impart a high T, relaxivity
(good negative contrast for MRI) and, in the presence of a

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

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.*’ designed magnetic gold nanoshells (Mag-GNS)
consisting of a magnetic iron oxide (Fe,O,) 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 (Abppga/nen), a cell surface molecule that is over-
expressed on breast cancer cells. SKBR3 breast cancer cells
and lung cancer cells (HS20 cells, which do not overexpress
HER2/neu) were treated with Abyggs/meq—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. T,-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.”® 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 (Fe;O,@Au) were surface-functionalized
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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-$) 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.

(a)

o @

EMPA- Gold saed gald shell
stabilized nanoparticles growih
Magnetite
nanoparlicles
Silica sphere Magnetic gold
nanoshells
(b) (c)
Control SKBR3
Control H520 SKBR3
, < TR e
T,-weighted . NS e
Image IO o |
T, m$ 115 76.9 54.8 i

Figure 29. (a) Schematic of synthesis of magnetic gold-nanoshells (Mag-GNS); (b) T,-weighted MR imaging of Mag-GNS-Abyrr, /ne,-transfected
SKBR3 and H520 cells, compared to untransfected SKBR3 cells (“Control”). (c) Change in morphology of SKBR3 cells upon transfection with Mag-
GNS-Abyigga/meq 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.

with anti-HER2 monoclonal antibodies (Figure 30a). The spe- with tetramethyl rhodamine isothiocyanate (TRITC); TRITC
cificity of the antibody attached on the surface of HGNS fluorescence was only seen in SKBR3 cells, implicating HER2
(Fe,O3@Au) was tested in SKBR3 (HER2-positive) and MCF- engagement in the uptake of these nanoparticles. Photothermal

7 (HER2-negative) cancer cells by further labeling these particles therapy performed on treated SKBR3 cells with an 808 nm laser
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Figure 30. (a) Schematic of the synthesis of hollow gold nanoshells
(HGNS) functionalized with iron oxide, a HER2-targeting antibody, and
poly(ethylene glycol) (PEG). (b) SKBR3 cells incubated with the
targeted HGNS (Fe,O3@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.

resulted in cell death within 3 min of exposure without causing
any damage to unexposed cells (Figure 30b).

Hybridization of MnFe,O,4 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.gl*93 Magnetic con-
trast agents consisting of magnetic kernels of manganese and iron
oxide clusters were used to improve image contrast. Lee et al.”*
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. T,-weighted MR imaging of these multifunctional
magnetic gold nanocomposites (MGNCs), performedona 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-workers®® 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.”> 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-CoFe,0,)
core. In the presence of a high-frequency magnetic field (168
kHz, 21 kA/m), these particles can heat the surrounding cells up

(a) EG Outer La
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(b) : — 431
—
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+ Laser +Laser

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 MCEF7 cells treated with
ERB-MGNCs and IRR-MGNCs and irradiated with a NIR laser for S
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.

To B X

CoFe,0,core

PLGA-BSA-CoFe;0,

Figure 32. Schematic representation morphology of PLGA-BSA-Co-
Fe,0, 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.

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

Radiation therapy uses high-energy radiations, such as X-rays,
y rays, and charged particles, to kill target cancer cells.”®
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Figure 33. Structures of somatostatin analogues: octreotide, Tyr -
octreotide and Tyr’-octreotate

Figure adapted from de Jong, M., Breeman, W. A. P., Kwekkeboom, D.J.,
Valkema, R, and Krenning, E. P. (2009) Tumor imaging and therapy
using radiolabeled somatostatin analogues. Acc. Chem. Res. 42, 873-88
with permission from ACS.

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.”” devel-
oped an alternative approach based on biodegradable poly-
(t-lactide) (PLL) microspheres. PLL microspheres (size 0.5—2
um) were functionalized with a microSPECT/CT contrast
agent, [*”™Tc], 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 3-emitting
radionuclides such as [*°Y], 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 y- 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 y-emitters like indium-111 ["''In] or [**™T¢] for
SPECT imaging and/or positron emitters such as gallium-68
[°®Ga] or fluorine-18 [*°F] for PET imaging. In addition, when
labeled with S-emitting species (such as yttrium-90 [*°Y] and
lutetium-177 ['7"Lu]), they can effectively eradicate the targeted
tumor cells.”®

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-Tyr>-octreotide/octreotate, and DOTA-Tyr -octreotide/
octreotate have high binding affinity for the subtype 2 (sst,) of

somatostatin receptors (Figure 33).””'%

B 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-['°F]-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.” 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.

Bl AUTHOR INFORMATION

Corresponding Author
*E-mail:treineke@umn.edu.

B REFERENCES

(1) Funkhouser, J. (2002) Reintroducing pharma: Theranostic
revolution. Curr. Drug Discovery 2.

(2) McCarthy, J. R. (2009) The future of theranostic nano-
agents. Nanomed. (London, England) 4, 693-695.

(3) McCarthy, J. R. (2010) Multifunctional agents for concurrent
imaging and therapy in cardiovascular disease. Adv. Drug Delivery Rev.
62, 1023-1030.

(4) Sumer, B., and Gao, J. (2008) Theranostic nanomedicine for
cancer. Nanomed. (London, England) 3, 137-140.

1900 dx.doi.org/10.1021/bc200151q |Bioconjugate Chem. 2011, 22, 1879-1903



Bioconjugate Chemistry

(5) Warenius, H. M. (2009) Technological challenges of theranos-
tics in oncology. Expert Opin. Med. Diagn. 3, 381-393.

(6) Alexis, F., Pridgen, E., Molnar, L. K, and Farokhzad, O. C.
(2008) Factors affecting the clearance and biodistribution of polymeric
nanoparticles. Mol. Pharmaceutics S, 505-515.

(7) Iyer, A.K, Khaled, G., Fang, J., and Maeda, H. (2006) Exploiting
the enhanced permeability and retention effect for tumor targeting. Drug
Discovery Today 11, 812-818.

(8) Maeda, H., Greish, K., and Fang, J. (2006) The EPR effect and
polymeric drugs: A paradigm shift for cancer chemotherapy in the 21st
century. Adv. Polym. Sci. 193, 103-121.

(9) Niidome, T., and Huang, L. (2002) Gene therapy progress and
prospects: Nonviral vectors. Gene Ther. 9, 1647-1652.

(10) Heilbronn, R, and Weger, S. (2010) Viral vectors for gene
transfer: Current status of gene therapeutics. Handb. Exp. Pharmacol.
197, 143-170.

(11) Scollay, R. (2001) Gene therapy: A brief overview of the past,
present, and future. Ann. N.Y. Acad. Sci. 953, 26-30.

(12) Thomas, C. E., Ehrhardt, A, and Kay, M. A. (2003) Progress
and problems with the use of viral vectors for gene therapy. Nat. Rev.
Genet. 4, 346-358.

(13) Akhtar, S. (2006) Non-viral cancer gene therapy: Beyond
delivery. Gene Ther. 13, 739-740.

(14) Medintz, 1. L., Uyeda, H. T., Goldman, E. R,, and Mattoussi, H.
(2005) Quantum dot bioconjugates for imaging, labelling and sensing.
Nat. Mater. 4, 435-446.

(15) Godbey, W. T., Wu, K. K,, and Mikos, A. G. (1999) Tracking
the intracellular path of poly(ethylenimine)/DNA complexes for gene
delivery. Proc. Natl. Acad. Sci. U.S.A. 96, 5177-5181.

(16) Ho, Y.-P., Chen, H. H., Leong, K. W., and Wang, T.-H. (2006)
Evaluating the intracellular stability and unpacking of DNA nanocom-
plexes by quantum dots-FRET. . Controlled Release 116, 83-89.

(17) Lucas, B., Remaut, K., Sanders, N. N., Braeckmans, K., De
Smedt, S. C., and Demeester, J. (2005) Studying the intracellular
dissociation of polymer-oligonucleotide complexes by dual color fluor-
escence fluctuation spectroscopy and confocal imaging. Biochemistry
44, 9905-9912.

(18) Matsumoto, Y., Itaka, K., Yamasoba, T., and Kataoka, K. (2009)
Intranuclear fluorescence resonance energy transfer analysis of plasmid
DNA decondensation from nonviral gene carriers. J. Gene Med. 11,
615-623.

(19) Stryer, L. (1978) Fluorescence energy transfer as a spectro-
scopic ruler. Annu. Rev. Biochem. 47, 819-846.

(20) Schwille, P. (2001) Fluorescence correlation spectroscopy
and its potential for intracellular applications. Cell Biochem. Biophys. 34,
383-408.

(21) Resch-Genger, U., Grabolle, M., Cavaliere-Jaricot, S., Nitschke,
R, and Nann, T. (2008) Quantum dots versus organic dyes as
fluorescent labels. Nat. Methods S, 763-775.

(22) Remaut, K, Lucas, B, Raemdonck, K., Braeckmans, K.,
Demeester, J., and De Smedt, S. C. (2007) Can we better understand
the intracellular behavior of DNA nanoparticles by fluorescence correla-
tion spectroscopy? J. Controlled Release 121, 49-63.

(23) Correa-Duarte, M. A, Giersig, M., and Liz-Marzan, L. M. (1998)
Stabilization of CdS semiconductor nanoparticles against photodegrada-
tion by a silica coating procedure. Chem. Phys. Lett. 286, 497-501.

(24) Chen, A. A, Derfus, A. M., Khetani, S. R., and Bhatia, S. N.
(2005) Quantum dots to monitor RNAi delivery and improve gene
silencing. Nucleic Acids Res. 33, €190/191-e190/198.

(25) Derfus, A. M., Chen, A. A,, Min, D.-H., Ruoslahti, E., and Bhatia,
S. N. (2007) Targeted quantum dot conjugates for siRNA delivery.
Bioconjugate Chem. 18, 1391-1396.

(26) Tan, W.B, Jiang, S., and Zhang, Y. (2007) Quantum-dot based
nanoparticles for targeted silencing of HER2/neu gene via RNA inter-
ference. Biomaterials 28, 1565-1571.

(27) Prigodich, A. E., Seferos, D. S., Massich, M. D., Giljohann, D. A.,
Lane, B. C., and Mirkin, C. A. (2009) Nano-flares for mRNA regulation
and detection. ACS Nano 3, 2147-2152.

(28) Bryson, J. M., Fichter, K. M., Chu, W.-],, Lee, J.-H,, Li, ],
Madsen, L. A, McLendon, P. M., and Reineke, T. M. (2009) Polymer
beacons for luminescence and magnetic resonance imaging of DNA
delivery. Proc. Natl. Acad. Sci. US.A. 106, 16913-16918.

(29) Selvin, P. R. (1996) Lanthanide-based resonance energy trans-
fer. IEEE Journal of Selected Topics in Quantum Electronics 2, 1077-1087.

(30) Ichikawa, T., Hoegemann, D., Saeki, Y., Tyminski, E., Terada,
K., Weissleder, R., Chiocca, E. A,, and Basilion, J. P. (2002) MRI of
transgene expression: Correlation to therapeutic gene expression.
Neoplasia (New York, NY, United States) 4, 523-530.

(31) Moore, A., Josephson, L., Bhorade, R. M., Basilion, J. P., and
Weissleder, R. (2001) Human transferrin receptor gene as a marker gene
for MR imaging. Radiology (Oak Brook, IL, United States) 221, 244-250.

(32) Weissleder, R, Moore, A., Mahmood, U., Bhorade, R., Benveniste,
H,, Chiocca, E. A, and Basilion, J. P. (2000) In vivo magnetic resonance
imaging of transgene expression. Nat. Med. (New York) 6, 351-354.

(33) Park, I-K, Ng, C.-P,, Wang, J., Chu, B, Yuan, C., Zhang, S., and
Pun, S. H. (2008) Determination of nanoparticle vehicle unpackaging by
MR imaging of a T, magnetic relaxation switch. Biomaterials 29, 724-732.

(34) Dubertret, B., Skourides, P., Norris, D. J., Noireaux, V.,
Brivanlou, A. H,, and Libchaber, A. (2002) In vivo imaging of quantum
dots encapsulated in phospholipid micelles. Science (Washington, DC,
United States) 298, 1759-1762.

(35) Medarova, 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.

(36) Hu-Lieskovan, S., Heidel, J. D., Bartlett, D. W., Davis, M. E., and
Triche, T. J. (2005) Sequence-specific knockdown of EWS-FLI1 by
targeted, nonviral delivery of small interfering RNA inhibits tumor
growth in a murine model of metastatic Ewing’s sarcoma. Cancer Res. 6,
8984-8992.

(37) Pun, S. H, Tack, F,, Bellocq, N. C., Cheng, ], Grubbs, B. H,
Jensen, G. S., Davis, M. E., Brewster, M., Janicot, M., Janssens, B., Floren,
W., and Bakker, A. (2004) Targeted delivery of RNA-cleaving DNA
enzyme (DNAzyme) to tumor tissue by transferrin-modified, cyclodex-
trin-based particles. Cancer Biol. Ther. 3, 641-650.

(38) Bartlett, D. W., Su, H., Hildebrandt, 1. J.,, Weber, W. A., and
Davis, M. E. (2007) Impact of tumor-specific targeting on the biodis-
tribution and efficacy of siRNA nanoparticles measured by multimod-
ality in vivo imaging. Proc. Natl. Acad. Sci. U.S.A. 104, 15549-15554.

(39) Schneider, S., Lenz, D., Holzer, M., Palme, K., and Suess, R.
(2010) Intracellular FRET analysis of lipid/DNA complexes using flow
cytometry and fluorescence imaging techniques. J. Controlled Release
145, 289-296.

(40) Kuo, P. H. (2008) Gadolinium-containing MRI contrast
agents: Important variations on a theme for NSF. ] Am. Coll. Radiol. S,
29-3S.

(41) Pan, D., Caruthers, S. D., Hu, G., Senpan, A., Scott, M. J,,
Gaffney, P. ], Wickline, S. A., and Lanza, G. M. (2008) Ligand-directed
nanobialys as theranostic agent for drug delivery and manganese-based
magnetic resonance imaging of vascular targets. J. Am. Chem. Soc. 130,
9186-9187.

(42) Shin, J., Anisur, R. M., Ko, M. K., Im, G. H., Lee, J. H.,, and Lee,
L. S. (2009) Hollow manganese oxide nanoparticles as multifunctional
agents for magnetic resonance imaging and drug delivery. Angew. Chem.,
Int. Ed. 48, 321-324.

(43) 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., and Lanza,
G. M. (2009) Conquering the dark side: Colloidal iron oxide nanopar-
ticles. ACS Nano 3, 3917-3926.

(44) Barth, B. M, Sharma, R, Altinoglu, E. L, Morgan, T. T,,
Shanmugavelandy, S. S., Kaiser, J. M., McGovern, C., Matters, G. L.,
Smith, J. P., Kester, M., and 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.

(45) 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

1901 dx.doi.org/10.1021/bc200151q |Bioconjugate Chem. 2011, 22, 1879-1903



Bioconjugate Chemistry

nanocomposite particles for in vitro imaging and encapsulated che-
motherapeutic drug delivery to cancer cells. Nano Lett. 8, 4116-4121.

(46) Morgan, T. T., Muddana, H. S., Altinoglu, E. I, Rouse, S. M.,
Tabakovic, A., Tabouillot, T., Russin, T. ]J., Shanmugavelandy, S. S,,
Butler, P. J., Eklund, P. C., Yun, J. K, Kester, M., and Adair, J. H. (2008)
Encapsulation of organic molecules in calcium phosphate nanocompo-
site particles for intracellular imaging and drug delivery. Nano Lett.
8, 4108-4118.

(47) Muddana, H. S., Morgan, T. T., Adair, J. H., and Butler, P. J.
(2009) Photophysics of Cy3-encapsulated calcium phosphate nanopar-
ticles. Nano Lett. 9, 1559-1566.

(48) Shenoy, D, Little, S., Langer, R., and Amiji, M. (200S) 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.

(49) Shenoy, D, Little, S., Langer, R., and 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. Pharmaceutics 2, 357-366.

(50) Chen, W., Xu, N, Xu, L, Wang, L,, Li, Z., Ma, W,, Zhu, Y., Xu,
C., and Kotov, N. A. (2010) Multifunctional magnetoplasmonic nano-
particle assemblies for cancer therapy and diagnostics (theranostics).
Macromol. Rapid Commun. 31, 228-236.

(51) 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 nano-
particles. Biomaterials 31, 3016-3022.

(52) 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.

(53) 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. Pharmaceutics 7, 32-40.

(54) Nasongkla, N., Bey, E., Ren, J., Ai, H,, Khemtong, C., Guthi, J.
S., Chin, S.-F., Sherry, A. D., Boothman David, A., and Gao, J. (2006)
Multifunctional polymeric micelles as cancer-targeted, MRI-ultrasensitive
drug delivery systems. Nano Lett. 6, 2427-2430.

(55) Santra, S., Kaittanis, C., Grimm, J., and Perez, J. M. (2009)
Drug/dye-loaded, multifunctional iron oxide nanoparticles for com-
bined targeted cancer therapy and dual optical/magnetic resonance
imaging. Small (Weinheim an der Bergstrasse, Germany) S, 1862-1868.

(56) Kohler, N., Sun, C., Wang, J., and Zhang, M. (2005) Metho-
trexate-modified superparamagnetic nanoparticles and their intracellular
uptake into human cancer cells. Langmuir 21, 8858-8864.

(57) Das, M., Mishra, D., Dhak, P., Gupta, S., Maiti, T. K., Basak, A.,
and Pramanik, P. (2009) Biofunctionalized, phosphonate-grafted, ultra-
small iron oxide nanoparticles for combined targeted cancer therapy and
multimodal imaging. Small (Weinheim an der Bergstrasse, Germany)
S, 2883-2893.

(58) Kim,]., Kim, H.S., Lee, N, Kim, T., Kim, H., Yu, T., Song, . C,,
Moon, W. K, and Hyeon, T. (2008) Multifunctional uniform nanopar-
ticles 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.

(59) Gopalakrishnan, G., Danelon, C., Izewska, P., Prummer, M.,
Bolinger, P.-Y., Geissbuhler, I, Demurtas, D., Dubochet, J., and Vogel,
H. (2006) Multifunctional lipid/quantum dot hybrid nanocontainers for
controlled targeting of live cells. Angew. Chem., Int. Ed. 45, 5478-5483.

(60) Michalet, X., Pinaud, F. F., Bentolila, L. A., Tsay, J. M., Doose,
S., Li, J. J., Sundaresan, G., Wu, A. M., Gambhir, S. S., and Weiss, S.
(200S) Quantum dots for live cells, in vivo imaging, and diagnostics.
Science (Washington, DC, U. S.) 307, 538-544.

(61) Yao, J., Larson, D. R, Vishwasrao, H. D., Zipfel, W. R,, and
Webb, W. W. (2005) Blinking and nonradiant dark fraction of water-
soluble quantum dots in aqueous solution. Proc. Natl. Acad. Sci. US.A.
102, 14284-14289.

(62) 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 bi-fluorescence resonance energy transfer. Nano Lett.
7, 3065-3070.

(63) McCarthy, J. R, Jaffer, F. A, and Weissleder, R. (2006) A
macrophage-targeted theranostic nanoparticle for biomedical applica-
tions. Small (Weinheim an der Bergstrasse, Germany) 2, 983-987.

(64) Denis, M. C., Mahmood, U., Benoist, C., Mathis, D., and
Weissleder, R. (2004) Imaging inflammation of the pancreatic islets in
type 1 diabetes. Proc. Natl. Acad. Sci. US.A. 101, 12634-12639.

(65) Jaffer Farouc, A., Nahrendorf, M., Sosnovik, D., Kelly Kimberly,
A., Aikawa, E., and Weissleder, R. (2006) Cellular imaging of inflamma-
tion in atherosclerosis using magnetofluorescent nanomaterials. Mol.
Imaging S, 85-92.

(66) Kircher, M. F., Mahmood, U,, King, R. S., Weissleder, R., and
Josephson, L. (2003) A multimodal nanoparticle for preoperative
magnetic resonance imaging and intraoperative optical brain tumor
delineation. Cancer Res. 63, 8122-8125.

(67) Pande, A. N, Kohler, R. H., Aikawa, E., Weissleder, R., and
Jaffer, F. A. (2006) Detection of macrophage activity in atherosclero-
sis in vivo using multichannel, high-resolution laser scanning flour-
escence microscopy. J. Biomed. Opt. 11, 021009/021001-021009/
021007.

(68) Weissleder, R, Kelly, K, Sun, E. Y., Shtatland, T., and Josephson,
L. (2005) Cell-specific targeting of nanoparticles by multivalent attach-
ment of small molecules. Nat. Biotechnol. 23, 1418-1423.

(69) Kopelman, R, Koo, Y-E. L, Philbert, M, Moffat, B. A,
Ramachandra Reddy, 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 vivo mri enhancement and photodynamic
therapy of a rat brain cancer. J. Magn. Magn. Mater. 293, 404-410.

(70) Kaye, A. H., Morstyn, G., and Brownbill, D. (1987) Adjuvant
high-dose photoradiation therapy in the treatment of cerebral glioma: A
phase 1—2 study. J. Neurosurg. 67, S00-505.

(71) Kostron, H., Weiser, G., Fritsch, E., and Grunert, V. (1987)
Photodynamic therapy of malignant brain tumors: Clinical and neuro-
pathological results. Photochem. Photobiol. 46, 937-943.

(72) Muller, P. J., and Wilson, B. C. (2006) Photodynamic therapy
of brain tumors--a work in progress. Lasers Surg. Med. 38, 384-389.

(73) Perria, C,, Capuzzo, T., Cavagnaro, G., Datti, R., Francaviglia,
N,, Rivano, C., and Tercero, V. E. (1980) Fast attempts at the photo-
dynamic treatment of human gliomas. J. Neurosurg. Sci. 24, 119-129.

(74) Popovic, E. A, Kaye, A. H., and Hill, J. S. (1995) Photodynamic
therapy of brain tumors. Semin. Surg. Oncol. 11, 335-345.

(75) 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.

(76) Lo, L.-W., Koch, C. J., and Wilson, D. F. (1996) Calibration of
oxygen-dependent quenching of the phosphorescence of Pd-meso-tetra
(4-carboxyphenyl) porphine: A phosphor with general application for
measuring oxygen zconcentration in biological systems. Anal. Biochem.
236, 153-160.

(77) Vinogradov, S. A, and Wilson, D. F. (1994) Phosphorescence
lifetime analysis with a quadratic programming algorithm for determining
quencher distributions in heterogeneous systems. Biophys. J. 67, 2048-2059.

(78) Cheng, S.-H., Lee, C.-H,, Yang, C.-S., Tseng, F.-G., Moy, 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.

(79) Dougherty, T. J., Gomer, C. J., Henderson, B. W,, Jori, G,,
Kessel, D., Korbelik, M., Moan, J., and Peng, Q. (1998) Photodynamic
therapy. J. Natl. Cancer Inst. 90, 889-905.

(80) Price, M., Terlecky, S. R, and Kessel, D. (2009) A role for
hydrogen peroxide in the pro-apoptotic effects of photodynamic ther-
apy. Photochem. Photobiol. 85, 1491-1496.

1902 dx.doi.org/10.1021/bc200151q |Bioconjugate Chem. 2011, 22, 1879-1903



Bioconjugate Chemistry

(81) Hasan, T., Ortel, B,, Solban, N., and Pogue, B. W. (2006)
Photodynamic therapy of cancer. Cancer Med. 7, 537-548.

(82) Rahmanzadeh, R,, Rai, P., Gerdes, J., and Hasan, T. (2010)
Targeted light-inactivation of the ki-67 protein using theranostic lipo-
somes leads to death of proliferating cells. Proc. SPIE 7576, 757602/
757601-757602/757605.

(83) Hilger, L, Andra, W., Hergt, R., Hiergeist, R., Schubert, H., and
Kaiser, W. A. (2001) Electromagnetic heating of breast tumors in
interventional radiology: In vitro and in vivo studies in human cadavers
and mice. Radiology 218, 570-575.

(84) Hilger, I, Fruhauf, K., Andra, W., Hiergeist, R, Hergt, R., and
Kaiser, W. A. (2002) Heating potential of iron oxides for therapeutic
purposes in interventional radiology. Acad. Radiol. 9, 198-202.

(85) Jain, P. K, Huang, X., El-Sayed, I. H,, and El-Sayed, M. A.
(2008) Noble metals on the nanoscale: Optical and photothermal pro-
perties and some applications in imaging, sensing, biology, and medi-
cine. Acc. Chem. Res. 41, 1578-1586.

(86) Melancon, M. P., Lu, W,, and Li, C. (2009) Gold-based
magneto-optical nanostructures: Challenges for in vivo applications in
cancer diagnostics and therapy. MRS Bull. 34, 415-421.

(87) Mahmood, U., and Weissleder, R. (2003) Near-infrared optical
imaging of proteases in cancer. Mol. Cancer Ther. 2, 489-496.

(88) Gilchrist, R. K., Medal, R., Shorey, W. D., Hanselman, R. C.,
Parrott, J. C., and Taylor, C. B. (1957) Selective inductive heating of
lymph nodes. Ann. Surg. 146, 596-606.

(89) Kim,]., Park, S, Lee, J. E., Jin, S. M., Lee, J. H, Lee, LS., Yang, I,
Kim, J.-S., Kim, S. 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.

(90) 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.

(91) Berret, J.-F., Schonbeck, N., Gazeau, F., El Kharrat, D., Sandre,
O., Vacher, A., and Airiau, M. (2006) Controlled clustering of super-
paramagnetic nanoparticles using block copolymers: Design of new
contrast agents for magnetic resonance imaging. J. Am. Chem. Soc.
128, 1755-1761.

(92) Lee, J.-H., Jun, Y.-W., Yeon, S.-I, Shin, J.-S., and Cheon, ]J.
(2006) Dual-mode nanoparticle probes for high-performance magnetic
resonance and fluorescence imaging of neuroblastoma. Angew. Chem.,
Int. Ed. Engl. 45, 8160-8162.

(93) Perez,]. M., Josephson, L., O’Loughlin, T., Hoegemann, D., and
Weissleder, R. (2002) Magnetic relaxation switches capable of sensing
molecular interactions. Nat. Biotechnol. 20, 816-820.

(94) Lee, ], 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 epithelial can-
cer detection via magnetic resonance imaging and localized synchronous
therapy. Adv. Funct. Mater. 18, 258-264.

(95) 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 (Weinheim an der Bergstrasse, Germany) 6, 366-370.

(96) Kaplan, H. S. (1977) Basic principles in radiation oncology.
Cancer 39, 689-693.

(97) Saatchi, K., and Hafeli, U. O. (2009) Radiolabeling of biode-
gradable polymeric microspheres with [**™Tc(CO);]* and in vivo
biodistribution evaluation using microspect/ct imaging. Bioconjugate
Chem. 20, 1209-1217.

(98) de Jong, M., Breeman, W. A. P., Kwekkeboom, D. J., Valkema,
R, and Krenning, E. P. (2009) Tumor imaging and therapy using
radiolabeled somatostatin analogues. Acc. Chem. Res. 42, 873-880.

(99) Krenning, E. P., Kwekkeboom, D. J., Bakker, W. H., Breeman,
W. A, Kooij, P.P., Oei, H. Y., van Hagen, M., Postema, P. T., de Jong, M.,
and Reubi, J. C. et al. (1993) et al. Somatostatin receptor scintigraphy

with ['"'In-DTPA-D-Phel]- and [123I-Tyr3] -octreotide: The rotterdam
experience with more than 1000 patients. Eur. J. Nucl. Med. 20, 716-731.

(100) Reubi, J. C., Schar, J.-C., Waser, B., Wenger, S., Heppeler, A,
Schmitt, J. S., and Macke, H. R. (2000) Affinity profiles for human
somatostatin receptor subtypes SST1-SSTS of somatostatin radiotracers
selected for scintigraphic and radiotherapeutic use. Eur. J. Nucl. Med.
27,273-282.

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



COMMUNICATION

Bioconjugate
Chemistry

pubs.acs.org/bc

Novel Strategy for Microsphere-Mediated DNA Transfection

. # #
Jessica G. Borger, " Juan Manuel Cardenas-Maestre,”* Rose Zamoyska,*’* and

Rosario M. Sanchez-Martin*"

"Institute of Immunology and Infection Research, School of Biological Sciences, University of Edinburgh, Ashworth Laboratories,
King's Buildings, West Mains Road, Edinburgh, EH9 3JT, United Kingdom

*School of Chemistry, University of Edinburgh, West Mains Road, Edinburgh, EH9 3]J, United Kingdom

e Supporting Information

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 naive T cells.

he 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 and medicine." In the
past few years, different technologies and methodologies have been
developed in order to efficiently deliver nucleotides at the cellular
level” Examples include cell penetrating peptides,>* cationic
lipids,*® nanodevices such as biodegradable nanoparticles” and
nanotubes,® dendrimers,”'® polymer-mediated delivery including
cationic polymers,11 cationic :mlphiphiles,12 and quantum dots, " in
addition to more invasive techniques such as particle bombard-
ment'* and electroporation.'* 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 ym)
are efficient delivery agents, which can be taken up by a wide range
of cell lines including adherent, suspension, primary, and stem
cells."*'® We have achieved the effective microsphere-based
delivery of siRNA" and proteins*® among other biological
cargos.”' ~** 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.”* 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,

v ACS Publications © 2011 American chemical Society

cytoplasmic localization of microspheres and their cargo.”® 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. pPDNA was linearized and
functionalized with S-(3-aminoallyl)-2"”-deoxyuridine 5" tri-
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,N'-
diisopropylcarbodiimide (DIC) as coupling reagents. The car-
boxy-linker (3,3'-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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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.”**” 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

Scheme 1. Microsphere Preparation for Conjugation to
Linearized pDNA"
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“ Reagents and conditions: (i) Fmoc-PEG-OH spacer (S equiv), Oxyma
(5 equiv), DIC (S equiv), DMF, 2 h, 60 °C; (ii) 20% piperidine in DMF,
3 % 20 min; (iii) 3,3'-Dithiodipropionic acid (S equiv), DIC (5 equiv),
DIPEA (0.1 equiv), DMF, 2 h, 60 °C.

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).2® 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 3’-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 3’ 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, naive T
lymphocytes are small, nonproliferating, metabolically inert cells
that are readily killed by most standard transfection protocols. T

Scheme 2. Strategy for Conjugation of DNA to Microspheres”

2-
o:F:? Q\F;P Q0
0 “o ~o” “0 ’

(0]

HzN/\/\L)LNH
Lk

= N0
Q0 o
w_ g g o
(4) (5) HO
linearised pDNA
] fL H \o
H
N— PEG” "N— pec._ N
(i) | HoP g8 H
\/\Ig \Ic'l;
(3)
o]
HN NH S. H
| S N— PEG.__N— PEG
OA\N B g/\/ H Tg H/o
5]
%IAU%—wﬁm

OH

(6) PEP-YFP pDNA

“Reagents and conditions: (i) TdT (20 units), 10x TdT buffer, CoCl,, 37 °C, 20 min; (ii) 1. EDC, H,O, rt, 4 h; 2. PBS pH 7.4, 18 h, rt.
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Figure 1. FS.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 pPDNA conjugated (Naked beads). (D) Confocal microscopy image of a single T cell hybridoma (FS.BW)
loaded with pDNA—microsphere conjugate 6 (DIC) expressing PEP-YFP (green). Image taken after 24 h at a 63 x magnification, where nuclei are

stained with DAPL

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 S—7 #M to ~12 uM)
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 naive T lymphocytes remains a
challenge that currently is not met by the relatively few transfec-
tion technologies available, all of which are associated with hi§h
toxicity, low efficiency, and relative lack of reproducibility.”>
In order to test the beadfection protocol in T lymphocytes, we
initially used an immortalized T cell hybridoma line (FS.BW).
Given the relatively small size of T lymphocytes, we first evaluated

the optimum size and number of microspheres that gave the most
efficient delivery using fluorescein (FITC)-labeled microspheres
following a previously described procedure'® (see Supporting
Information). After 24 h incubation, microspheres of 200 nm
were found to be taken up most readily by the FS.BW hybridoma
T cells, as the larger bead sizes were either less efficient (500 nm)
or not taken up at all (900 nm) (Figure SIA-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
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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 FS.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 S min after which the microspheres were
washed and analyzed by flow cytometry for the presence of DNA.
FigurelA 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 FS.BW hybridoma T cells as
determined by the detection of YFP fluorescence by flow
cytometry. As shown in FigurelBii, the majority of the FS.BW
hybridoma T cells expressed the PEP-YFP protein 24 h after
transfection with pDNA conjugated microspheres (6). Coupling
the microspheres with 7.5 tg of DNA rather than S ug provided a
slight increase in transfection efficiency. As a positive control, FS.
BW hybridoma T cells were transfected by the Amaxa (Lonza)
electroporation method, currently the most efficient means of
transfecting T lymphocytes.”' ~** Using the same relative con-
centration of DNA (S ug/1 x 10° cells), FS.BW hybridoma T
cells were Amaxa transfected and assessed by flow cytometry for
YEP 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 FS.BW hybridoma T cells in
Figure 1Bii. By comparison, only half as many cells were YFP*
following Amaxa electroporation (FigurelC). 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,** and
transfected PEP was shown to localize within the cytoplasm in
the nonimmune cell line HeLa.*® Using confocal microscopy, we
identified that the transcribed PEP-YFP protein similarly loca-
lized within the cytoplasm of FSBW hybridoma T cells
(FigurelD). 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 naive
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,
naive CD8" T lymphocytes were as efficient in the uptake of
FITC-labeled microspheres as the FS.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 naive 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 naive T lymphocytes
stimulated with antibody to the T cell receptor (anti-CD3, Figure
$4D) did show expression of CD69. Imaging of the cells by
confocal microscopy confirmed that the microspheres had
entered the naive 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 naive 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.

s Spacer\n/H\/O

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 eqg; 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)

Cr i
H H
O\[I/N\/\/O\/\O/\/O\/\/NNOH

O o

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:H20 (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



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

The agueous phase was then acidified to pH 2 with 37% HCI, 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
%).

HPL C (S50D, A=220 nm): purity 100%, retention time 8.4 minutes.

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

1H NMR (500 MHz, CD30D) & (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, CD30D) &
(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)
X
H
—PEG —PEG._N
H,N— PE H \n/ \/O

) ©

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 eg) 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 finaly DMF (3 x 1 ml). Next, ninhydrin test was



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)

H j\ H\O
N— PEG" N—PEG-_N
H hil

o

0

HOMS/SV\H/
© @)
Amino functionalized microspheres 2 (1 mL; 1leq) were washed in DMF (3 x 1 mL)
and suspended in DMF (1 mL). Separately, 3,3'-Dithiodipropionic acid (Sigma-
Aldrich, 10 eqg) 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 incor poration

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 1ug 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/pig DNA in molecular biology grade water was prepared. pDNA
(PEP-YFP) was added to the cocktall 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-AcetateeEDTA buffer.
Samples were loaded at 0.5ug in 1x Blue juice loading dye where a 1 kb molecular
weight DNA was used as ladder. Gel was visualised by UV.



3.3. Ethanol precipitation

Linear DNA (IDNA) was ethanol precipitated and resuspended in TE buffer. Protocol:
To precipitate IDNA, 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 1ug/ul.

3.4. Aminoallyl-dUTP incorporation

Termina deoxynucleotidyl transferase (New England BiolLabs) addition of 2 mM
aminoallyl-dUTP (Y orkshire 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,
CoCl,, 10 mM aa-dUTP and 1U TdT/ug 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 abovein 3.3.

4. DNA-microspheres conjugation

)ﬁ/\/\ O (@)
NH H B
”— PEG\[rN— PEG ﬂ@

QF? 0
O o—a N
OH
(6) PEP-YFP pDNA

Carboxy functionalised microspheres (3) (0.1 mL; leq) 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 IDNA-microspheres conjugates.



5. Biological Evaluation
Cedll culture conditions

Cells were cultured in RPMI medium 1640 supplemented with 5% FCS, L-
glutamine, 100 U/ml penicillin and streptomycin (GIBCO) and 50 pM -
mercaptoethanol. F5 hybridoma T cells were additionaly incubated in 500 pg/mi
G418 for selection.

Microsphere incubation

Cells were seeded in a 24 well-plate at a density of 1 x 10° cells per well. Once cells
settled as a monolayer, microspheres at varying concentrations (5x10™, 10™°, 2x10%)
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% CO,. 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 pg/ml anti-CD3 (145-2C11,
BD Pharmingen) and 2 pg/ml anti-CD28 (37.51, BD Pharmingen) for 24 hours during
incubation with microspheres.

Flow cytometry

Samples were collected on aflow cytometer (LSR I, BD) and analysed using FlowJo
Version 8.8.6 software (Tree Star Inc.). At least 50,000 events per sample were
anayzed. T cells were stained with antibodies CD8a-PerCP (53-6.7, BD Bioscience)
and CD69-Pe (H1.2F3, eBiosciences). Cell viability was determined by staining with
TOP-RO-3 lodide (Invitrogen) in PBS (1:10000).

Confocal microscopy

Cells were diluted to 10%ml, aiquoted 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. Nuclel were stained with DAPI supplemented at 1 pg/ml in
Prolong Anti-fade Gold (Invitrogen) mounting media. Samples were examined on the
Leica SP5 Il (Leica Microsystems) with lasers exciting at 405 and 488 with the 63x

objective. Data was rendered and analysed using Volocity software (Improvision).
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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) Confoca 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 $4. (A-B) Flow cytometric analysis of naive 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) Celular activation following 24 h
incubation with different concentrations of 200 nm microspheres was gauged by
upregulation of CD69 using a positive control of 5 pg/ml aCD3 stimulation. (E)
Confocal image of naive T lymphocyte loaded with 200 nm microspheres (green).

Image taken after 24 h at a 63x magnification, where nuclel are stained with DAPI.
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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-

A S Dual signal-responsive liposome
& whose destabilization is dually controlled by temperature and pH

i 25 . 5 Local heating @
L Endocyiasi attarget tissue g o
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Delivery into
\’ L ] ‘ 2
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HNucheus

" .' " Physiological pH

Unheated Locally heated

nation with the brief heating caused eflicient 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.

B 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.' > These temperature-sensi-
tive liposomes encapsulating membrane-permeable anticancer
drugs, such as doxorubicin, exhibited efficient tumor growth
suppression upon mild heating of tumor sites.”> 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.®” 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.®””

v ACS Publications ©2011 american chemical Society

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.'® 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,'® 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.
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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.

B EXPERIMENTAL PROCEDURES

Materials. HPG with 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 Red DND-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.'” 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 in N-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-
SuCSS-HPG Compositions of polymers were estimated using 'H
NMR. '"H NMR spectra for Suc-HPG40 and NIPAM;;5-Sucss-
HPG were shown in Supporting Information Figure S1 A and B,
respectively. Integration of peaks for these spectra indicated that
essentially no hydroxyl groups remained in Suc-HPG40 (Figure S1 A)
and the molar ratio of NIPAM, Suc, and N-decylamide (DA)
groups was 34.9/55.3/9.8 in NIPAM;;s-Sucss-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, S 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 sample was 1.0 °C min ™~ ". 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 S00 4L of aqueous
35 mM pyranine, S0 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,
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Figure 2. Preparation of NIPAM-Suc-HPG. DMT-MM and NMP represent 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium chloride and

N-methylpyrrolidone, respectively.

liposome was ultracentrifuged twice at 55000 rpm for 2 h to
remove free pyranine and free polymer from the pyranine-loaded
liposomes.

Pyranine Release from Liposomes. Release of pyranine from
liposomes was measured as previously reported.*'' 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 X 10> 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

release(%) = (F, — F;)/(Ff — F;) x 100

where F; and F; mean the initial and intermediary fluorescence
intensities of the liposome suspension, respectively. Fy 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 x 10° 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 uL). The pyranine-loaded liposomes
(0.6 mM, S00 uL) 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 S EXCITER (Carl Zeiss Co. Ltd.). The cells
without the 15 min heating at 45 °C were also observed using
CLSM (A, =485 nm). For inhibition of endosomal acidification,
cells were preincubated with 100 #M chloroquine for 30 min
before the incubation with liposomes.

B RESULTS AND DISCUSSION

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

Table 1. Characterization of NIPAM-Suc-HPGs”

molar ratio”

polymer NIPAM Sue DA
NIPAM,-Sucgo-HPG 0 88.9 11.1
NIPAM;;-Sucss-HPG 34.9 5583 9.8
NIPAM;4-Sucs5-HPG 56.4 32.9 10.7
NIPAMg,-Suc,-HPG 63.5 26.6 9.9
NIPAM,-Suc;-HPG 71.9 17.3 10.8
NIPAMg,4-Sucss-HPGegne 63.8 36.2 0

“ Suc-HPG40 was obtained by reacting HPG40 completely with excess
succinic anhydride. And then NIPAM and DA groups were incorporated
to Suc-HPG40 by condensation of a part of Suc groups with isopropy-
lamine and decylamine. ¥ Molar ratios of NIPAM, Suc, and DA groups in
the polymers were evaluated based on "H NMR (see Supporting
Information).

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.'® The pH-sensitive and temperature-sensitive proper-
ties of the HPGs having NIPAM and Suc groups (NIPAM-Suc-
HPGs) are dependent on their compositions.'® 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 NIPAMg4-Suc3s-HPGopny 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 NIPAMgs-Sucys-HPGone
and NIPAM;4-Sucs3-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,
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Figure 3. Temperature and pH-sensitive phase transition of NIPAM-Suc-HPGs. Temperature dependence of transmittance for solutions of NIPAM -
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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 NIPAMg¢-
Sucs3-HPG changed its water-solubility with temperature gra-
dually in broad temperature regions at weakly acidic pH com-
pared to NIPAMg;s-Sucss-HPGopn. For NIPAM6-Sucs3-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 NIPAMg;s-Sucss-HP G, 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, NIPAMss-
Sucs3-HPG, and NIPAM,-Suc;,-HPG, as well as NIPAM-free
NIPAM,-Sucog-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.'"'* 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
NIPAMy-Sucgy-HPG showed significant pH-responsive content
release, which was significantly promoted below pH S.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 NIPAM¢¢-
Sucz3-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 NIPAM.,-Suc,,-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 NIPAM4-Sucs3-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." As
Figure S 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 NIPAM;4-Suc;3-HPG might change its character
from hydrophilic to hydrophobic around 30 °C at pH S5.5.
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 delivery mediated by
the dual signal-responsive NIPAM;-Suc;3-HPG-modified lipo-
somes. The liposome membrane was labeled with Rh-PE
to detect the location of liposomes in the cell. Plain EYPC
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liposomes labeled with Rh-PE and loaded with pyranine were
also examined as a control. These liposomes were incubated with
HelLa cells for 4 h at 28 °C, where the NIPAMgs-Sucs3-HPG-
modified liposomes were stable, even at weakly acidic pH
(Figure SB), 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
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Figure 6. CLSM images of HeLa cells treated with pyranine-loaded
plain (A,B) and NIPAMg4-Sucs3-HPG-modified (C—F) liposomes
labeled with Rh-PE in the absence (A—D) or presence (E,F) of 100 uM
chloroquine. Cells (2 X 10° 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 15 min and
were observed with CLSM. Bars represent 20 ym.

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-
PAM4-Sucs3-HPG-modified liposomes at 28 °C mainly 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 SB,
NIPAMjs4-Sucs3-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 NIPAMg4-Sucs3-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.'* 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 NIPAM-Sucgo-HPG-modified lipo-
somes (Figure 4D) via the same incubation procedures. HeLa
cells treated with the NIPAM-Sucgy-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 NIPAM,-Sucgy-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.

B 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
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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.

B ASSOCIATED CONTENT

© Supporting Information. 'H NMR spectra of polymers
(Figure S1), pyranine release from plain liposomes (Figure S2),
and CLSM images of HeLa cells treated with NIPAMg-Sucgo-
HPG-modified liposomes (Figure S3). This material is available
free of charge via the Internet at http://pubs.acs.org.
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Figure S1. Chemical structures and *H NMR spectra for Suc-HPG (A) and NIPAM ss-Sucss-HPG (B)

in CD30D.



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 Hel a cells treated with NIPAM o-Sucge-HPG-modified liposomes label ed

with Rh-PE and loaded with pyranine in the absence of serum. Cells (2x10° 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

(B) for 15 min and were observed with CLSM.
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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 = S
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

Yﬁvmaimon Py

new generation of in vivo gene delivery vectors.

B 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,’ fibers,> or more complex
assemblies.’ * These cationic constructions have received a lot
of attention, partly due to their use as synthetic supramolecular
vectors for gene delivery.®® Ordered cationic liposomes or micelles
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.”~ "' Among the large number of cationic amphi-
philes, which induce effective gene transfer, amine- and ammonium-
based detergents are still the most studied.®” 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.'”"*> Core cross-linked
micelles and shell cross-linked micelles are usually obtained from
copolymers and show some interesting properties in drug delivery."*'*
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.'®
This leads to the formation of more rigid structures and could
also provide some new supramolecular nanoconstructs.'” The
potential application range from biosensors,"®" nonlinear op-
tical devices™ through to drug delivery.”"* It has been shown
that diacetylene formulations™ or polymerized liposomes>* can
deliver genes, but to the author's knowledge, few studies have
been conducted on micelles.

v ACS Publications © 2011 American chemical Society

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 pPCMV-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.

B 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 N HCl solution (25 mL)
and the mixture concentrated to dryness under reduced pressure.
The aqueous layer was extracted with EtOAc (2 x 30 mL), and
the combined organic layers washed with 1 N HCI (20 mL),
dried over anhydrous Na,SO,, 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 CH,Cl, (60 mL) were successively
added p-toluenesulfonyl chloride (3.49 g, 18.30 mmol),
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triethylamine (2.55 mL, 18.30 mmol), and catalytic amounts of
DMAP. The resulting solution was stirred overnight at RT. A
saturated solution of NaHCO; (25 mL) was added and the
aqueous layer was extracted with CH,Cl, (2 x 15 mL). The
organic phases were combined, washed with a saturated solution
of NaCl (15 mL), dried over anhydrous Na,SO,, 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 Na,COj; (7.35 g,
69.3 mmol) in CH3CN (150 mL) was added diethylamine
(5.07 g,69.3 mmol). 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 NaHCO; (60 mL). The
aqueous layer was extracted with CH,Cl, (4 x 25 mL), and the
organic layers were combined, washed with a saturated solution
of NaCl (15 mL), dried over anhydrous Na,SO,, 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 (147 g, 10.05 mmol) in THF (40 mL) at 0 °C was slowly
added BocON (4.95 g, 20.11 mmol) in THF (50 mL). The solution
was stirred overnight at RT. The solvent was removed under
reduced pressure and the residue was poured into EtOAc (S0 mL).
The organic layer was washed with NaOH 1 M (2 x 10 mL).
The aqueous layer was diluted into a saturated solution of
NaCl (20 mL) and was extracted with EtOAc (3 x 10 mL).
The organic layers were combined, dried over anhydrous
Na,SO,, filtered, and concentrated under reduced pressure.
The residue was purified by silica-gel chromatography (eluting with
CH,Cl,/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 CH,Cl,
(20 mL) were added successively 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide (0.83 g, 4.33 mmol) and N,N-diisopropy-
lethylamine (757 uL, 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 H,O (2 x 10 mL), dried over anhydrous
Na,SO,, filtered, and concentrated under reduced pressure. The
white solid was solubilized into THF (50 mL) with Et;N (606 uL,
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 CH,Cl, (5 mL) was added trifluoroacetic acid
(327 uL, 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 1 M (1 x 10 mL), dried over anhydrous Na,SO,, 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. { potentials were measured with
the same apparatus and with the following specifications: 20 mea-
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 TEM Phillips 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 L drop of 2%
uranyl acetate, wicked again, and air-dried before imaging.

Agarose Gel Electrophoresis. Twenty microliters of water
containing 5% glucose or 150 mM NaCl, 0.4 ug 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 ug/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 gg/mL). Cells were
maintained at 37 °C in a 5% CO, humidified atmosphere and all
experiments were done in triplicates. The day before experiment,
cells were seeded in 24-multiwell plates at 5 x 10* 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: M P, MNP, MgP;;, and MgNP (volume
depending on N/P ratio), was diluted up to 50 4L 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 pPCMV-Luc (corresponding to 2 ug of pCMV-Luc)
was diluted up to S0 uL in water containing 5% glucose or
150 mM NaCl. The solution was then homogenized and left for
10 min, after which the M,P,1,, MyNP, MgP,1,, or MgNP 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 (1 mL).
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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Scheme 1. Synthesis of Amphiphile 4
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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, Charbonniéres, France). The luminescence was
measured from 10 uL 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, Brebieres, 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 to manufacturer’s instructions.

B 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.®

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 MNP and MgNP solutions allowed us to access the critical
micellar concentrations (CMC) of nonpolymerized solutions.
Curves are presented in the Supporting Information. MyNP and
M;NP solutions have CMC values of 12 mol/L (0.0049 mg/mL)
and 21 umol/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 «M (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 = S), amphiphile 4
led to the formation of nonpolymerized micelles (M4NP) of
9 nm diameter (see Supporting Information). Similarly, non-
polymerized micelles of compound 8 (M) at S00 #4M (0.25 mg/mL)
were only observed in 0.1 M acetate buffer. Micelle formation
and size were confirmed by transmission electron microscopy

1918 dx.doi.org/10.1021/bc200083p |Bioconjugate Chem. 2011, 22, 1916-1923
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Figure 1. TEM images of M, and Mg (C = 600 #M and S00 M, respectively) in 0.1 M acetate buffer. A, MyNP; B, MyP,y,; C, MyPy, diluted to 60 M in
phosphate buffer; D, MgNP; E, MgP,y,. Scale bars: 100 nm (A, B, C, and E) and 50 nm (D).

A

Photopolymerization
—_—————
UV irradiation (254 nm)

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.)

(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 (M,P,}). 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 (MgPy,). The dilution of M,P;y,

micelles to 60 #M 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
between plasmid DNA and nonpolymerized or polymerized micelles

1919 dx.doi.org/10.1021/bc200083p |Bioconjugate Chem. 2011, 22, 1916-1923
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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). The DNA was detected using ethidium
bromide orange fluorescence.

MNP 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 M, 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 Mg 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

Apbsoprtion at 284 nm
B e
LY n = - Y

o
o -

10 20 30 40 50 60 70 80 90 100
Photopolymerization time (min)

Figure 3. Absorption at 284 nm vs photopolymerization time. Green
line: M, solution. Red line: Mg solution.

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 M,Py;, lipoplexes (Figure SA)
showed that their diameter decreased when the N/P ratio was
increased. The same behavior was observed for MgPy, 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 (&) potential measurements made on the
above lipoplexes showed increasing positive surface charges with
N/P ratio (Figures SB). When prepared in 150 mM NaCl,
lipoplexes at N/P S became micrometric structures made of
aggregated spheres (see Supporting Information).

Transfection of Cells in Culture. pCMV-Luc gene delivery
experiments were conducted with M, and Mg lipoplexes on HeLa
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 ug/mL.

In each case, the polymerized micelles exhibited higher trans-
fection efliciency and lower toxicity than the nonpolymerized
micelles.

N/P § was the optimal ratio for both M4Py;, and MgPyy,, and
they have the same level of luciferase expression, between 10'°
and 10" RLU/mg of protein. This level is 1 order of magnitude
lower than the JetPEI system, which is considered a “gold standard”

MNP MaPin
0123510200

0123510200

NaCl

0123510208

Gle

0123 5102sS

MsNP MsPin
012351020 0123510200

0123510208 012 3 510208

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

A B
80 |
NP MPyy MsPy, o
(nm) (nm)
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5 40 47 § ol
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-40

23 456 7 8 91011121314151617 1819 2C

N/P ratio

Figure S. DLS results for M4P1h and M8P1h lipoplexes in 5% glucose aqueous solution. A: diameters at various N/P ratios. B: Zeta potentials. Green

line: MP,y, lipoplexes. Red line: MgPy, 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, M,P;;, were
found to be quite toxic, compared to MgPy;, 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.

B 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

Figure 6. TEM images of micelles/pCMV-Luc lipoplexes at N/P 5 in
water with 5% glucose. (A) M,P,;,/pCMV-Luc lipoplexes. (B) MgP 1,/
pCMV-Luc lipoplexes. Scale bars: 100 nm.

properties.”> 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 robust micelles
and is readily available, we decided to use 10,12-pentacosadiynoic
acid (C,s) 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 polymerization®® 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.'®
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

Table 1. M, and Mg Monomer Concentrations for Trans-
fection Assays

N/P ratio 0 1 2 3 S 10 20

M, (M) 0 61 121 182 303 607 1213
Mg (uM) 0 20 40 61 101 202 403
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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),
M,NP (light red), M,Py;, (dark red), MgNP (light green), and MgP;, (dark green). Means and sd of separate triplicates are given.
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Figure 8. Gene delivery experiments of pCMV-Luc at various N/P (lipoplexes prepared in 5% glucose solution), with serum. Luciferase expression
(bars) and percentage of total cellular proteins (line and circles) are given for negative control (untreated), positive control (JetPEI), MyNP (light red),
M,Py;, (dark red), MgNP (light green), and MgP;, (dark green). Means and sd of separate triplicates are given.

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 M, or Mg 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 pPCMV-Luc plasmid molecule have
a size of about 25 nm.*” 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 §, especially for Mg, which is considerably less
toxic than M. This is expected since, at any given N/P ratio, the
triamine Mg concentration is only one-third of the monoamine
M, concentration. At the optimal N/P ratio in 5% glucose
solution, MyPy;, and MgPyy, transfection efficiencies are compar-
able, in serum-free serum conditions, to that of JetSi-ENDOQO, a

1922

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.

B ASSOCIATED CONTENT

(5] Supporting Information.  Characterization and NMR
spectra of compounds, UV/visible spectra, DLS experiments,
TEM images and gene transfer experiments. This material is
available free of charge via the Internet at http://pubs.acs.org.
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A. Materials and methods

General remarks

Unless stated otherwise, al 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. *H and **C spectra were obtained on a Brucker Advance Il instrument (BBFO+
probe). Mass spectrometry was performed on a MS Bruker (lon 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 § units (ppm)
relative to tetramethylsilane and converted to the TMS scale using the residual proton of
CDCl, (7.26 ppm for *H NMR, and 76.91 for *C NMR). Data are reported as follows:
multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, br = broad),
coupling constants, integration and assignment. Merck Silica Gel 60 F,, 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, KMnO,/H,0O, or Ninhydrin/EtOH. Merck Silica gel 60 (particle: 40-63 pum)
was employed for column chromatography. UV /vis. absorption spectra were recorded with a
Varian Cary 100 bio spectrophotometer. The extinction coefficients (¢, M™cm™) 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.



B. Product characterization
Pentacosa-10,12-diyn-1-ol (2)

11 OH
25 23 21 19 17

24 22 20 18 16 14

R = 0.32 (MeOH/CH.Cl: 2/100); *H NMR (400 MHz, CDCl,) & 3.63 (t, J = 6.6 Hz, 2H, H,),
224 (t, J=7.0 Hz, 4H, H, ,,), 1.58-1.25 (M, 34H, H, 1s,,), 0.88 (t, J= 6.8 Hz, 3H, H,y); *C
NMR (75 MHz, CDCl,) § 77.7 (1C, C,,), 77.6 (1C, Cy,), 65.4 (2C, C,,1,), 63.2 (1C, C)), 32.9
(1C, C,), 32.1 (1C, Cy), 29.9-28.5 (13C, C,g151729), 25.9 (1C, Cy), 22.8 (1C, C,,), 19.4 (2C,
Cy1s), 14.3 (1C, Cy5); MS m/z (relative intensity) 360 [M]*(3.8); mp 62 = 1 °C. UV/vis (CHCI,):
Amax (100 €) = 244 (2.72) nm.

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

4 1
2
14 12 10 8 6 /©/
16 553
18 Z 0" Yo 4
30 28 26 24 22 20 15 13 11 9 7

29 27 25 23 21 19

R; = 0.68 (EtOAc/cyclohexane: 2/8); *"H NMR (400 MHz, CDCl,)) & 7.79 (dd, J, = 6.4 Hz, J, =
2.0 Hz, 2H, H,), 7.34 (dd, J, = 8.4 Hz, J, = 0.8 Hz, 2H, H.), 4.02 (t, J = 6.6 Hz, 2H, H,), 2.45
(s, 3H, H,), 2.23 (t, J= 7.2 Hz, 4H, H,,.0), 1.64 (M, 34H, Hy 15.05), 0.88 (t, J= 7.0 Hz, 3H,
Hs); °C NMR (75 MHz, CDCl,) § 144.7 (1C, C,), 133.47 (1C, C,), 129.9 (2C, C,), 128.0
(2C, C)), 77.8 (1C, Cyy), 77.6 (1C, C), 70.8 (1C, Cy), 65.5 (1C, C,), 65.4 (1C, C;;), 32.1 (1C,
C,1), 31L.3 (1C, C;), 29.9-28.4 (13C, Cg.15.20 2028), 25.4 (1C, Cy), 22.8 (1C, C,), 21.8 (1C, C)),
19.4 (2C, Cy 1), 14.3 (1C, Cy); MS m/z (relative intensity) 537 [M+Na]"(100); mp 56 + 1
°C. UVNis (CHCIy): A (I0g €) = 241 (2.90) nm.

N,N-Diethyl-pentacosa-10,12-diyn-1-amine (4)

A



1 9 7 5 3 2

15 =Z N
27 25 23 21 19 17 12 10 8 6 4 K
14 2

26 24 22 20 18 16 1

'H NMR (400 MHz, CDCl,) & 2.51 (g, J= 7.5 Hz, 4H, H,), 2.39 (t, J= 7.8 Hz, 2H, H,), 2.23
(t, J=7.0Hz, 4H, Hy;,¢), 1.52-1.25 (m, 34H, H, 1917.56), 1.01 (t, J= 7.1 Hz, 6H, H,), 0.88 (t, J
= 6.9 Hz, 3H, H,,); ®*C NMR (75 MHz, CDCl,) 8 77.5 (2C, Cy,,5), 65.4 (2C, Cy3.4), 53.1 (1C,
C,), 46.9 (2C, C,), 31.9 (1C, Cy), 29.7-27.0 (15C, C,19171025), 22.7 (1C, Cy), 19.2 (2C, Cyy 46),
14.1 (1C, C,), 11.7 (2C, C,); MS m/z (relative intensity) 416 [M+H]" (100). UV/vis (CHCl,):
Amax (100 €) = 243 (2.43) nm.

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

9ll

o) (o) 11
8 10

6 _NH
7

1 11
3
HZN\/\4N£

TN
HN\?O
O\}/
'H NMR (400 MHz, CDCl,) 8 3.16 (m, 4H, H¢), 2.72 (t, J= 5.8 Hz, 2H, H,), 254 (t, J= 6.0
Hz, 4H, H.), 2.49 (t, J = 6.0 Hz, 2H, H;), 1.43 (s, 18H, H,)); BC NMR (75 MHz, CDCl,) &

156.3 (2C, C;), 79.3 (2C, C,), 57.1 (1C, C,), 54.4 (2C, C;), 40.0 (2C, C;), 38.8 (1C, C,), 28.6
(6C, C,1); 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)



'H NMR (400 MHz, CDCl,) 6 6.81 (br s, 1H, Hy.), 5.06 (br s, 2H, H,), 3.27 (g, J = 5.3 Hz,
2H, H,,), 3.14 (q, J= 4.6 Hz, 4H, H,), 2.55 (t, J= 5.6 Hz, 2H, H,), 2.50 (t, J= 5.4 Hz, 4H, H,),
2.25-2.21 (m, 6H, Hyg,,0), 1.44 (s, 18H, H,), 1.39-1.23 (m, 32H, Hy3452534), 0.87 (t, 6.8 Hz,
3H, H,.); C NMR (75 MHz, CDCl,) 6 173.8 (1C, C,,), 156.6 (2C, C,), 79.5 (2C, C,), 77.7
(2C, Cy29), 65.4 (2C, C,, 1), 55.1 (2C, Cy), 54.2 (1C, Cy), 39.1 (1C, Cy), 37.5 (1C, Cy), 36.5
(1C, Cy), 32.0 (1C, Cy), 29.7-28.5 (12C, C,,15527.35), 28.6 (6C, C)), 25.9 (1C, Cy5), 22.8 (1C,
Cs), 19.3 (2C, Cyy24), 14.2 (1C,Cy5); MS m/z (relative intensity) 704 [M+H]™ (100).

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

16 14 12 10 2 _NH,
8 7 5 J/
HN 3
32 28 ~"N
6 4
31 29 27 25 23 21 H
NH,

'H NMR (400 MHz, CDC,) & 7.06 (br s, 1H, H,), 3.31 (g, J= 5.2 Hz, 2H, H,), 2.79 (t, J= 5.8
Hz, 4H, H,), 2.60 (t, J= 6.0 Hz, 2H, H.), 2.56 (t, J = 5.8 Hz, 4H, H,), 2.24 (t, J = 7.0 Hz, 4H,
Husor), 2.16 (t, J= 7.6 Hz, 2H, Hg), 2.06 (br s, 4H, H,), 1.62-1.22 (M, 32H, Hyg1551), 0.88 (t,
7.0 Hz, 3H, Hy,); ®C NMR (75 MHz, CDCl,) 8 77.8 (2C, Cy750), 65.4 (2C, Cy410), 56.8 (2C,
C,), 53.5 (1C, Cy), 39.7 (2C, C,), 36.8 (1C, Cy), 32.1 (1C, Cys), 29.8-28.5 (15C, Co 11.15 22 52.51);

26.0 (1C, Cy), 22.8 (1C, C;y), 19.3 (2C, ci621), 14.3 (1C, C;,) ; HRMS m/z (relative intensity)
503.5 [M+H]" (100).



NMR Spectra
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Figure S1. 'H and *C NMR spectra of compound 2
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D. Micelles

CMC measurements

Figure S7. Surface Tension measurements of M ,NP solutions.

Figure S8. Surface Tension measur ements of M ,P,;, solutions.
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Figure S9. Surface Tension measurements of MNP solutions.

Figure S8. Surface Tension measur ements of MgP,;, solutions.
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Polymerization.
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Figure S7. UV-Vis spectra of M, solutions (C = 0.25 mg/mL) with increasing photopolymerization time
(0—90 minutes).
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Figure S8. UV-Vis spectra of Mg solutions (C = 0.25 mg/mL ) with increasing photopolymerization time
(0—90 minutes).
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Figure S10. Size distribution of M /NP at 0.25mg/mL in 0.1 M acetate buffer

Figure S11. Size distribution of M ,P;, at 0.25mg/mL in 0.1 M acetate buffer
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Figure S13. Size distribution of M P, at 0.25mg/mL in 0.1 M acetate buffer
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Figure S14. Size distribution of MgNP at 0.25mg/mL in 0.1 M acetate buffer

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

Figure S16. TEM images of M,NP at 0.25 mg/mL in 0.1 M acetate buffer.
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Figure S17. TEM images of M P, at 0.25 mg/mL in 0.1 M acetate buffer.
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Figure S18. TEM images of M ,P;;, diluted to 0.025 mg/mL in 0.1 M PBS buffer.
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Figure S19. TEM images of MgNP at 0.25 mg/mL in 0.1 M acetate buffer.
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Figure S20. TEM images of MgP,;, at 0.25 mg/mL in 0.1 M acetate buffer.
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E. Micelle/pCMV-Luc lipoplexes
DLS, € potential.

Figure S21. Size distribution of M ,P;,/pCMV-Luc lipoplexesat N/P = 1 in water with 5% glucose.

Figure S22. Size distribution of M ,P;,/pCMV-Luc lipoplexesat N/P = 2 in water with 5% glucose.

S24



Figure S24. Size distribution of M ,P;,/pCMV-Luc lipoplexesat N/P = 5in water with 5% glucose.

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

Figure S26. Size distribution of M ,P;,/pCMV-Luc lipoplexesat N/P = 2 in water with 5% glucose.

Figure S27. Size distribution of M ,P;,/pCMV-Luc lipoplexesat N/P = 5in water with 5% glucose.
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Figure S28. Size distribution of M ,P;,/pCMV-Luc lipoplexes at N/P = 20 in water with 5% glucose.
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Figure S29. Size distribution of MgP;,/pCMV-Luc lipoplexesat N/P = 1 in water with 5% glucose.

Figure S30. Size distribution of MgP;,/pCMV-Luc lipoplexesat N/P = 2 in water with 5% glucose.

Figure S31. Size distribution of MgP;,/pCMV-Luc lipoplexesat N/P =5 in water with 5% glucose.
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Figure S32. Size distribution of MgP,,/pCMV-Luc lipoplexes at N/P = 20 in water with 5% glucose.
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Figure S33. Zeta potential distribution of MgP,,/pCMV-Luc lipoplexesat N/P = 1in water with 5%

glucose.

Figure S34. Zeta potential distribution of MgP,,/pCMV-Luc lipoplexesat N/P = 2 in water with 5%

glucose.

Figure S35. Zeta potential distribution of MgP,,/pCMV-Luc lipoplexesat N/P =5in water with 5%

glucose.
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Figure S36. Zeta potential distribution of MgP,,/pCMV-Luc lipoplexesat N/P = 20 in water with 5%

glucose.
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Electron microscopy analysis.

Figure S37. TEM images of M ,P,/pCMV-Luc lipoplexes at N/P =5 in water with 5% glucose.
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Figure S38. TEM images of M ,P,/pCMV-Luc lipoplexesat N/P = 5in water with 150 mM NaCl.
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Figure S39. TEM images of MgP,,/pCMV-Luc lipoplexes at N/P =5 in water with 5% glucose.
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Figure S40. TEM images of MgP,/pCMV-Luc lipoplexesat N/P = 5in water with 150 mM NaCl.
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F.  Gene transfer experiments
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ABSTRACT:

Self-assembly

Poly(ethylene glycol)-b-poly(y-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-NH,). 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.

l 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.' > 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.®” For example, aliphatic polyester-based micelles,
extensively studied as drug carriers, have shown sustained drug

v ACS Publications ©2011 american chemical Society

release over a period of days to weeks,®® 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,’
reductive agents,'® and enzymes."" After reaching the tumor sites
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Figure 1. Synthetic route for PEG-SS-PBLG block copolymers.

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 blomaterlals that
are sensitive to various stlmuh such as ultraviolet,'” ultrasound,"?

H, 14716 and temperature ® 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 cytoplasm of the cell (1—10 mM),
whereas it is rarely present in blood plasma (~2 uM)."**° This
unique feature of GSH has encouraged development of disulfide-
bearing carriers for intracellular delivery of siRNA,*' DNA,**** and
low molecular weight drugs.'** > 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 amblent conditions, thus forming dimers instead of the
desired product.”

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(y-
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-NH,). 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 'H NMR, dynamic light scattering (DLS), transmis-
sion electron microscopy (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.

B EXPERIMENTAL PROCEDURES

Materials. a-Methoxy-w-amino PEG (mPEG-NH,, M, =
2000 g/mol) and mPEG-nitrophenyl carbonate (M,, = 2000 g/mol)
were purchased from Laysan Bio Inc. (Arab, AL, USA).
Doxorubicin* hydrochloride (DOX-HCI), CPT, benzyl gluta-
mate, and triphosgene were purchased from Sigma-Aldrich Co.
(St. Louis, MO, USA). Cystamine - dihydrochloride was obtained
from Tokyo Chemical Industries (Tokyo, Japan). The water 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.’
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-NH,. Triethylamine (2.8 mL, 20 mmol)
and cystamine - dihydrochloride (2.25 g, 10 mmol) were dis-
solved at 0 °C in DMSO. mPEG-nitrophenyl carbonate (4 g,
2 mmol) in DMSO was slowly added over 15 min 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 distilled water for two days, followed by 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-NH,). Benzyl glutamate NCA
(0.6 g, 2.3 mmol) was added to the PEG-SS-NH, (0.5 g, 0.23
mmol) solution in DMF 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 coded depending on the degree
of polymerization (DP) of the benzyl glutamate hydrophobic
block. For example, PEG-SS-PBLG, 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 "H NMR (JNM-AL300, JEOL, Tokyo,
Japan) operating at 300 MHz, for which the samples were
dissolved in CDCl;. 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 usmg fluorescence spectroscopy in the presence
of pyrene molecules.®" In brief, a pyrene solution (12 x 10~7 M)
was prepared in distilled water, which was then mixed with the
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Figure 2. Schematic illustration of GSH-sensitive release of the drug from PEG-SS-PBLG micelles.

block copolymer solution to obtain a polymer concentration
ranging from 1.0 x 10~ * to 1 mg/mL. The final concentration of
pyrene in each sample was fixed at 6.0 x 107 M. The fluores-
cence spectra were recorded using an ISS K2 multifrequency
phase and modulation fluorometer (ISS, Champaign, IL, USA).
The excitation (A.,) and emission (A.;,) 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.**
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, S, 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.>
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
045 pm 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 °C water 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 1640 medium (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% CO,/95% air atmosphere.
The cells were seeded at a density of 1 x 10* 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
medium was 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 10 min 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).

B 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 ."*°

Synthesis and Characterization of PEG-SS-PBLG Diblock
Copolymers. For facile synthesis of the disulfide-bearing diblock
copolymer, PEG-SS-NH, was first prepared as the macroinitiator
by reacting mPEG-nitrophenyl carbonate with cystamine. The
"H NMR spectrum for PEG-SS-NH, 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-NH,. Figure 3 shows the "H NMR spectrum of PEG-
SS-PBLGy as the representative diblock copolymer, exhibiting
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Figure 3. '"H NMR spectra of PEG-SS-NH, and PEG-SS-PBLGg.

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-NH,. 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).

CMC:s of the copolymers were determined using pyrene as a
fluorescent probe.>' For all copolymers, the intensity ratios

Table 1. Physicochemical Characteristics of the Diblock
Copolymers

sample FR* DP? size (nm)* M,?
PEG,-SS-NH, - . - 2180
PEG,;-SS-PBLG, 5 40 19.6 £ 4.61 3065
PEG.s-SS-PBLGo 10 8.5 513+2.69 3761
PEG,-SS-PBLG 15 132 12694 3.15 5101

“Molar feed ratio of [benzyl glutamate NCA] to [PEG-SS-NH,].
b Degree of polymerization calculated using "H NMR.  Mean diameter
measured using the particle analyzer. ¢ Number- average molecular
weight calculated using 'H NMR.

(Iz38/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.*> 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 amphiphiles**** and low molecular weight surfactants
(e.g, 1.0 mg/mL for deoxycholic acid). Of the copolymers
tested, PEG-SS-PBLG,; 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-PBLGy was chosen as the representa-
tive bioreducible block copolymer and PEG-b-PBLG, 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-PBLGy was significantly af-
fected by GSH inducing cleavage of the disulfide bond (see
Supporting Information Figure S2). The PEG-SS-PBLGy 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-PBLG
and 10 mM GSH, 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-PBLGy copolymer was used to prepare bioreducible
micelles, whereas PEG-b-PBLG, 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
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Table 2. Physicochemical Characteristics of CPT-Loaded
Block Copolymers

CPT feed

sample name amount (%) efficiency (%)" content (%) diameter (nm)”

loading loading mean

CPT5-SS-PM S 834214 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 4 14.86
CPT10-PM 10 74 £2.30 7.4% 90 £ 6.60

“Determined using UV—visible spectrophotometer. " Determined
using the particle analyzer.

CPT, its loading efficiencies were always greater than 60%,
implying that CPT was effectively encapsulated into the micelles
by the solvent casting method. The particle sizes of CPT-SS-PMs
(77—120 nm) were higher than that of the bare PEG-SS-PBLGy
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-PBLGy copolymer were compar-
able to those for the PEG-SS-PBLGy 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 ). 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-PM was 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-PBLG, (DOX-SS-PM) and PEG-b-PBLG, (DOX-
PM) in the presence of GSH as the reducing agent. Since DOX,
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Figure 5. In vitro release behavior of CPT from PEG-SS-PBLGg in the
absence and presence of GSH. The CPT-loaded PEG-b-PBLGy micelle
(CPT-PM) was used as the control. The error bars in the graph
represent standard deviations (n = 3).

an anticancer drug, is a hydrophobic fluorescent substance, it can be
readily encapsulated into micelles in the quenched state.”*® There-
fore, the release of DOX from micelles 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-loaded micelles in a PBS (pH 7.4)
solution. In the absence of GSH, no significant fluorescence signals
were observed for both DOX-PM and DOX-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-PBLG micelles were highly susceptible to GSH, which is in
good agreement with the release pattern of CPT in Figure S.
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Figure 6. Fluorescent images of DOX-PM and DOX-SS-PM under different concentrations of GSH.
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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).

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-PBLGy and PEG-b-PBLGy did not
exhibit cytotoxicity to SCC7 cells. In particular, most cells were
viable up to 100 ug/mL of PEG-SS-PBLG,, 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 the micelles (Figure 8). On the
contrary, for the reduction-insensitive control (DOX-PM), fluor-
escent signal was partially observed at the cytoplasm of the cell.

Overlay

DOX DAPI DIC

Figure 8. Fluorescent microscopic image of SCC7 cells incubated with
(a) DOX-PM and (b) DOX-SS-PM. Each sample (50 ug/mL in PBS)
was incubated with SCC7 tumor cells in a serum free medium for 12 h.

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.

Il 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 stable micelles
in an aqueous solution and encapsulated CPT in hydrophobic

1929 dx.doi.org/10.1021/bc2000963 |Bioconjugate Chem. 2011, 22, 1924-1931
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inner cores with the high loading efficiency. The resulting bioredu-
cible micelles could release CPT in the presence of GSH to mimic 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.

B ASSOCIATED CONTENT

© Supporting Information. Pyrene intensity as a function of
the polymer concentration and photographical images of polymer
solutions at 0 mM and 10 mM GSH. This material is available free of
charge via the Internet at http://pubs.acs.org.
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Figure S1. Plot of pyrene intensity versus polymer concentration: (a) PEG-SS-PBLGy; (b) PEG-
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at 0 mM and 10 mM GSH. The photographs were taken after 24 h.
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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

; g:g' ©
H’ 1,‘9‘8 $ ._"11‘

. ol e
YYY:*

o

for a-chymotrypsin with one cleavable peptide bond have been prepared from morpholinecarbonyl-Rhodamine 110 (MC-Rh110).
A comparison of their kinetic properties with the corresponding (peptide),-Rh110 derivatives revealed that these frequently used
double-substituted substrate analogues yield only apparent K, and k., 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.

B 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." 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.” * 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 transfer® or fluorescence resonance
energy transfer.®” 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.

v ACS Publications ©2011 american chemical Society

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.® 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.” Except for resorufin and
DDAO, these substrate analo%ues contain two sites for conjugating
the enzyme-cleavable group.'®”'? Using the double-substituted
pro-fluorescent derivatives for kinetic measurements complicates a
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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.'>'* 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 a monoamide Rh110 derivative is limited
by its fluorescence, which is approximately still 10% relative to
Rh110." 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."°"'® The best blocking group
known to date, which preserves much of the high fluorescence
of Rh110, introduces a urea functionality into Rh110." Origin-
ally designed by Wang et al.,** 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.'®*°

Using a-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 of MC-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.

B 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

X
o
W,

o
W,

o]
o}

Non flucrescent lactone form
(apolar environment)

Fluorescent open form
{polar environment)

and S um particle size) were used. MPLC chromatography was
performed using a Buchi 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 (0) are reported in parts per
million (ppm) referenced to tetramethylsilane ('H) or the
internal (NMR) solvent signals (**C). Rhodamine 110 (99%
pure, laser grade, Acros) was used for the synthesis of the
substrate analogues.

(suc-AlaAlaProPhe),-Rh110; (sucAAFP),-Rh110. The synthesis
of (sucAAPF),-Rh110 was performed as described in the Supporting
Information of De Cremer et al.”' 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.>* 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/CHCl;/MeOH (50:47.5:2.5). Yield: 25%.
MS (ESI+): 444 (MH"). 'H NMR (600 MHz, CDCL;): & (ppm)
7.99 (d,J = 7.9 Hz, 1H; H-6),7.65 (t,] = 7.5 Hz, 1H; H-5'), 7.59
(t, ] = 7.5 Hz, 1H; H-4"), 7.50 (s, 1H; H-5), 7.15 (d, ] = 7.6 Hz,
1H; H-3'), 6.83 (d,] = 6.8 Hz, 1H; H-7), 6.63 (d, ] = 8.6 Hz, 1H;
H-8),6.53 (d,J=8.3 Hz, 1H; H-1), 6.51 (s, 2H; H-4), 6.34 (d, ] =
6.8 Hz, 1H; H-2), 3.90 (s, 2H; NH,), 3.74 (t, ] = 4.7 Hz, 4H;
H-2a, 6a), 3.49 (t, ] = 4.7 Hz, 4H; H-3a, 5a). *C NMR (125
MHz, CDCl3): 6 (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-2'),135.1 (CH; C-4'),129.7 (CH; C-1), 129.2 (CH;
C-8), 128.5 (CH; C-§'), 1269 (C; C-1'), 125.0 (CH; C-6'),
1242 (CH; C-3'), 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 (CH,; C-2a, 6a), 44.4 (CHy; C-3a, Sa).

"H NMR (600 MHz, D,0 + 5% DMSO-ds): 0 (ppm) 8.02
(d,]=7.3Hz, 1H; H-6'), 7.89 (s, 1H; H-5), 7.78 (t, ] = 7.3 Hz,
1H; H-5"),7.75 (t,] = 7.3 Hz, 1H; H-4'), 7.45 (d, ] = 8.6 Hz, 1H;
H-8), 7.44 (d, ] = 8.6 Hz, 1H; H-1), 7.40 (d, ] = 7.3 Hz, 1H,
H-3'),7.36 (d, ] = 8.6 Hz, 1H; H-7), 7.00 (d, ] = 10.6 Hz, 1H;
H-2),6.95 (s, 1H; H-4), 3.82 (t, ] = 4.6 Hz, 4H; H-2a, 6a), 3.82
(t, ] = 4.6 Hz, 4H; 3a, Sa). Carbon signals as derived from
HSQC and HMBC NMR measurements (D,O + 5% DMSO-
dg): 0 (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-1"), 133
(C-1), 131.3 (C-2'), 130.4 (C-8), 130.2 (C-4') 129.9 (C-5'),
129.6 (C-3'), 128.9 (C-6'), 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, Sa). (See Chart 1 for atom numbering and molecular
structure in different solutions.)
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suc-AlaAlaProPhe-Rh110-MC; sucAAPF-Rh110-MC. TBTU
(N,N,N',N'-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 L, 2 mmol) was dissolved in 1 mL of dry DMF
and added to Boc-L-Phe-OH (180 mg, 0.7 mmol) dissolved in
2 mL of dry CH,Cl, under Ar. MC-Rh110 (50 mg, 0.1 mmol) was
dissolved in 1 mL dry CH,Cl, 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/CH,Cl, (3 mL) to Boc-Phe-Rh110-MC (30 mg,
0.04 mmol) in CH,Cl, (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 uL, 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 4L, 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*). "H NMR
(300 MHz, DMSO): 6 (ppm) 9.98 (d, ] = 5.4 Hz, 2H), 8.86 (s,
2H), 8.09—8.00 (m, 8H), 7.86 (dd, ] = 1.7 Hz, = 4.9 Hz, 2H),
7.80 (t,J=7.3Hz,2H),7.73 (t,]=7.3 Hz,2H),7.68 (d,] = 1.9
Hz, 2H), 7.30—7.14 (m, 20H), 6.74 (d, ] = 8.7 Hz, 2H), 6.66
(d,] = 8.7 Hz, 2H), 4.58 (dd, ] = 1.7 Hz, ] = 4.9 Hz, 2H), 4.51
(t, ] = 7.0 Hz, 2H), 4.28—4.21 (m, 4H), 3.62 (d, ] = 1.9 Hg,
2H), 7.30—7.14 (m, 20H), 6.74 (d, ] = 8.7 Hz, 2H), 3.15 (dd,
J=4.7Hz, ] = 14.7 Hz,2H),2.93 (dd, J = 9.4 Hz, ] = 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),-Rh110; (suc-F),-Rh110. (Boc-Phe),-Rh110 was
obtained as the product of the first step of the synthesis of (suc-
AAPF),-Rh110. It was deprotected and succinylated as described
above. After purification by HPLC (37% ACN in water; iso-
cratic), the desired (suc-F),-Rh110 was obtained. MS (ESI+):
826 (MH"). '"H NMR (600 MHz, DMSO): 6 (ppm) 10.39 (s,
2H), 8.38 (d, ] = 7.9 Hz, 2H), 8.02 (d, ] = 7.5 Hz, 1H), 7.88 (2s,
2H),7.79 (t, ] = 7.5 Hz, 1H), 7.72 (t, ] = 7.5 Hz, 1H), 7.28—7.21
(m, 10H), 7.20—7.18 (m, 2H), 6.73 (d, ] = 8.7 Hz, 2H), 4.62 (s,
2H),3.07 (d, ] = 9.4 Hz, 2H), 2.87 (t, ] = 9.7 Hz, 2H), 2.38—2.24
(m, 8H). *C NMR (125 MHz, DMSO): 6 (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 (CH,),
30.0 (CH,), 29.7 (CH,).

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"). "H NMR (400 MHz, DMSO): 6 (ppm) 10.51 (s, 1H),
8.78 (s, 1H), 8.39 (d, ] = 6.5 Hz, 2H), 7.94 (d, ] = 7.8 Hz, 1H),
7.90 (s, 1H), 7.72 (t, ] = 7.3 Hz, 1H), 7.65 (t, ] = 7.3 Hz, 1H), 7.59
(S,1H), 7.38—7.35 (m, 1H), 7.21—7.17 (m, SH), 7.12—7.09 (m
2H), 6.64 (Sp,, 2H), 6.60 (t, ] = 8.3 Hz, 4H), 4.50—4.48 (m, 1H),
3.54 (t,J = 4.3 Hz, SH), 3.37 (t, ] = 4.8 Hz, 5H), 3.07 (dd, ] = 4.0
Hz, ] = 13.7 Hz, 2H), 2.80 (dd, J = 9.8 Hz, ] = 13.4 Hz, 2H), 2.6
(s, 1H), 2.26—2.01 (m, SH).

Boc-Phe-Rh110; Boc-F-Rh110. During the synthesis of (Boc-
Phe),-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: '"H NMR (600 MHz, CDCL): 6
(ppm) 7.99 (d, ] = 7.5 Hz, 1H), 7.68—7.56 (m, 3H), 7.30 (d, ] =
6.8 Hz, 1H), 7.29—7.21 (m, 3H), 7,14 (d, ] = 6.8 Hz, 1H), 6.79
(spy 1H), 6.65 (d,J= 8.3 Hz, 1H), 6.55—6.51 (m, 2H), 6.34 (d, ] =
7.9 Hz, 1H), 5.10 (s, 1H), 4.44 (s, 1H), 3.90 (s, 2H), 3.15 (s, 2H),
1.42 (s,9H). *C NMR (125 MHz, CDCl,): 8 (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 (CH,), 28.4 (CH,).

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 uL, 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
CH,Cl,/MeOH (9:1) as the eluent. Removal of the methyl
group was carried out in CH,Cl, and 0.3 M NaOH. After that,
the reaction was neutralized by HCl and again purified on a silica
gel column using CH,Cl,/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) and DIPEA (75 uL, 0.4 mmol) were dissolved in 2 mL
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.'®

Kinetic Measurements. Chymotrypsin (a-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 uL of chymotrypsin in PBS to
10 uL of a substrate solution in the cuvette. The final enzyme
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Scheme 1. Two-Step Enzymatic Hydrolysis of the Fluorogenic Substrate Analogue (suc-AAPF),-Rh110 into the Fluorescent
Product Rhodamine 110 Showing the Production of the Less Fluorescent Intermediate
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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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concentration was 3 nM for (suc-AAPF),-Rh110 and suc-AAPF-
Rh110-MC or 900 nM for (suc-F),-Rh110 and suc-F-Rh110-
MC. The substrate concentrations varied between 0.4 and 50
UM. Product formation was followed by recording fluorescence
(Aex = 488 nm; Ay, = 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. K, k.., and
kcat/ Ky, values were obtained by least-squares fitting of the data
to the Michaelis—Menten equation using Origin (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 IRF with a decay function for
a O-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.**

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.** The measurements of the fluorophore solutions
(absorption between 0.07 and 0.15) were performed in triplicate.

B RESULTS AND DISCUSSION

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

Rh110-MC, (suc-F),-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),-Rh110 and (suc-F),-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 -
chymotrypsin is higher for the substrate analogues containing
the AAPF sequence instead of phenylalanine only. It has been
observed before that the activity of a-chymotrypsin increases
with increasing length of the peptide.”> 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 k., values for
the peptide-Rh110-MC based substrate analogue are higher
than for the (peptide),-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 alower
measured reaction velocity and k., "*? value. The lower K,***
values for the (peptide),-Rh110 substrate analogues can po-
tentially result from a higher effective molarity of the cleavable
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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 k.,;"** and
K.,"*? 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."

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
kat/ Ky, 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
K,,™® and k_,,"*? 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
K., and k.

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

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

kcat/ I<m

substrate analogue ke [s 1] K, [uM] M s

(suc-AAPF),-Rh110 0.43+0.03 87+£16 (50+1)x10*
apparent

suc-AAPF-Rh110-MC 1141 68+7 (16+2)x10*

(suc-F),-Rh110 apparent 0.003540.0003 3144 (1.1£02) x 10

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.”® The latter is confirmed by our measurements that
show similar photophysical properties for Boc-F-Rh110 and Boc-
AAPF-Rh110 (see Supporting Information).

For both MC-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 'H signals for protons
1,2, 7, and 8 of the xanthene moiety are shielded, and the carbon
'3C signal at 84 ppm corresponds to carbon 9 (see Supporting
Information). Combining the '>C 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 52000 M~ " cm ™" for Boc-
F-Rh110 and MC-Rh110, respectively. NMR measurements of
MC-Rh110 in D,O/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).”” 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-

suc-F-Rh110-MC 005440006 182423 (3.0 40.5) x 10* Rh110. These results can be rationalized by considering the
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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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Table 2. Spectroscopic Properties of Rhodaminel10 and Its Monoderivatives

molecule fluorescence lifetime [ns] D55
Rhodaminel10 4.0 0.97
(24 x 10%)° +0.05

(7.5 x 10°)°
MC-Rh110 36 0.60
(1.7 x 10%)® +0.03

(1.1 x 10%)°
Boc-Phe-Rh110 2.8 0.31
(1.1 x 10%)° +0.02

(2.5 x 10%)°

 oe = 488 nm, Aoy, = 520 nm. Pk [s71]. Sk [s71]-

Amax abs [NM] Amax em [nm]

£455 [M " em™ '] FL Int (rel)”

495 69000 1
523

492 52000 0.3
528

489 24600 0.1
529

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 st-cloud results in a
reduced transition dipole moment between the Sy and S, 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 X
10°s™" in Rh110 over 1.1 x 10®s™ ' in MC-Rh110 and 2.5 X
10 s 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.>"** 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),-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 a-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.
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© Ssupporting Information. Calculation of the individual
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Determination of the kinetic parameters of the different substrate analogues

The enzymatic reaction of the “good” substrates (suc-AAPF),-Rh110 and suc-AAPF-Rh110-MC has been

measured at 12 different concentrations between 400 nM and 25 uM using 3 nM a-chymotrypsin. For the
substrates containing only Phe ((suc-F),-Rh110 and suc-F-Rh110-MC) a much higher enzyme
concentration (900 nM) was required to obtain a measureabl e 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 K, and k., 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.
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Figure S1. Michaelis-Menten plots of the 4 different substrate analogues (- fit to the Michaeglis-Menten

equation; P1 =k, P2 = K,). A) (suc-AAPF),-Rh110, B) suc-AAPF-Rh110-MC, C) (suc-F),-Rh110, D)

suc-F-Rh110-MC.
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Calculation of theindividual kinetic constants of the two-step hydrolysisreaction

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 fina
product by the enzyme. Assuming Michaeglis-Menten kinetics for the individua steps, the two-step
reaction needs to be described by the following scheme:

K ky
E+S::ES—>E+I+R

Wk
E+l<ElI—-E+P+R,

Ky

where S signifies substrate, I 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 I can be seen as competitive
inhibitors. For this case velocity equations for two-substrate kinetics are valid to describe the overall
reaction:!”

dS_ k,-E-S
dt K, H+S

P _ K -El

dt K,-H,+I

oKyt
Km

H=Kn*S
K

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:
signal =cf (Rn110)-0.1- | + cf (Rn110)- P 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 ¢ of molecules contributing to the fluorescence signal corresponds to
c=signal/cf (Rn110)=0.1-1 + P.

Using the above differential equations we have performed a numerical fit of several kinetic measurements
using a 10 uM solution of (suc-AAPF),-Rh110 (Figure S2). To do so, we first calculated concentration
changes starting from a 10 pM solution in time intervals of 0.25 s. We then performed least squares
fitting of the measured to the calcul ated data set allowing the four parameters K,,, k,, K,, and k, to vary.
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Figure S2. Measured and calculated kinetic data of the enzymatic hydrolysis of 10uM (sucAAPF),-
Rh110. The numerical fit is aso shown in the diagram (red line).

Thefitting 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 variationsin the individual parameters have been obtained (and
k. and K,, can not be determined accurately) it was observed that the values obtained for k,/K,, and
k, /K, (i.e. k,/K,) are obtained reproducibly and yield approximately 50-10* M*s* and 4-10* M's",
respectively. We would like to note here that good fits can only be obtained if K,, # K,, and k, # k,
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 initiadly, 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 atwo step hydrolysis reaction with apparent
k., and K,, 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.! 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 fluor escence 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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Figure S3. A) Absorption and B) emission spectraof a2 uM solution of Boc-AlaAlaProPhe-Rh110 and
Boc-Phe-Rh110in PBS.

Crystalsof 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 $4.

Figure $4. Crystal structure of MC-Rh110.

NMR measur ements

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 CDCIl, solution. Due to the low solubility of these compounds in H,O, however, only a poor resolution
3C NMR spectrum was achieved. The more sensitive two-dimensional HSQC and HMBC measurements
performed for MC-Rh110 in D,O + 5% DM SO-d, 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 CDCl,. 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 asigna 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 *C 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 D,O + 5% DMSO-d, 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, '"H 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 fluorescei n-di-[ beta] -gal actopyranoside. Anal. Biochem. 131, 180-186.
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ABSTRACT: Multidrug resistance (MDR) is a major 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(é-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-

Drug-Loaded Shell-Detachable Nanoparticles
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(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 in MCF-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.

B INTRODUCTION

Multidrug resistance (MDR) is a major impediment to the
success of cancer chemotherapy.' > 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.*"® 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,”®
and may provide opportunities for overcoming MDR. " Many
nanobased drug delivery systems have been used for the inhibi-
tion of drug efflux mediated by P-gp."> ' 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.**~** It has been suggested that
MDR cancer cells may have limited capacity to defend them-
selves against cytotoxic chemicals.”® In this sense, realizing a

v ACS Publications ©2011 american chemical Society

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 drug molecules
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.”>*® 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-oft by P-gp

Received:  March 18, 2011
Revised:  July 15,2011
Published: August 25, 2011

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



Bioconjugate Chemistry

a Redox- Hydrophilic domain
Hydrophobic responsive  with high cell affinity
domain linkage ?CH;CH;
0. = P.
H‘t e ’};“\-./S s\/‘\o{’g“‘o/\\/o}”’.‘

b Drug-Loaded Redox-Responsi particles

Free Drug

P-glycoprotein @ Doxorubicin

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).

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).*” 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).

B MATERIALS AND METHODS

Syntheses of Block Copolymers. The block copolymers
were synthesized as previously reported.”**® Briefly, block
copolymer of poly(é-caprolactone) and poly(ethylene glycol)
(PCL-b-PEG) was synthesized by ring-opening polymerization
of e-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.” The average molecular weights were 4900 and 5000 for
PCL block and PEG block, respectively.

Block copolymer of poly(e-caprolactone) and poly(ethyl
ethylene phosphate) (PCL-b-PEEP) was synthesized by ring-
opening polymerization of ethyl ethylene phosphate using poly-
(&-caprolactone) as the initiator and stannous octoate as the
catalyst at 30 °C in tetrahydrofuran.”® 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(&-caprolactone)
and poly(ethyl ethylene phosphate) (PCL-SS-PEEP) was
synthesized through a coupling reaction between the thiol end
group functionalized poly(é-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.”®

The molecular weights of the polymers above were all
calculated based on "H 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 (S L) was
added. The mixture was stirred for 2 h at room temperature.
Thereafter, the solution was added dropwise to ultrapurified
water (S mL) with stirring and transferred into Spectrum/Por
dialysis membrane (M, cutoff = 14000 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 (M, cutoff = 10000 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.”® 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 (MCE-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 MCE-7 cell line, MCE-
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% CO,
incubator. MCE-7/ADR cells were maintained with free DOX at
Sug mL ",

Determination of Intracellular Accumulation or Retention
of Doxorubicin. MCE-7 or MCE-7/ADR cells were seeded in
24-well plates at a density of 7 x 10* 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 S ug mL ™. 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 reported”® 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
pL-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 RE-5301PC spectrofluorophotometer.

To determine the drug release of DOX from DOX-loaded
nanoparticles, the nanoparticles were suspended in PBS at
1 mg mL ' in the dialysis membrane tubing (M,, 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.
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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.
MCE-7/ADR cells were seeded in 24-well plates at 1 x 10° cells
per well in 500 uL of complete RPMI 1640 medium containing
10% fetal bovine serum, and incubated at 37 °C in 5% CO,
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 ug mL™", and the cells were further incubated for various
lengths of time. Cells were washed with PBS twice and harvested,
then suspended in PBS (200 #L) 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 x 10* 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
Sug mL™") 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 15 min 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 were mounted 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 x 10° cells per well in complete
RPMI 1640 medium (100 L), and incubated at 37 °C in 5%
CO, humidified atmosphere for 24 h. The culture medium was
then replaced with freshly prepared culture medium (100 uL)
containing either free DOX or DOX-loaded nanoparticles at
different concentration (from 1 x 10> to 1 x 10” ug mL™").
The cells were further incubated for 24, 48, or 72 h, and MTT
(25 uL, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide, Sigma-Aldrich Co., USA) stock solution (5 mg mL ™" in
PBS) was added to each well to achieve a final concentration of
1 mgmL ™", with the exception of the wells as blank, to which PBS
(25 uL) was added. After incubation for another 2 h, extraction
buffer (100 uL, 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 of MCF-7/ADR cells cultured in the complete culture medium.
The half maximal inhibitory concentrations (ICs() values were
calculated based on the percentage of treatment over control.

B RESULTS AND DISCUSSION

Preparation of Polymers and Nanoparticles. PCL-SS-PEEP
is a disulfide-bridged diblock copolymer of poly(&-caprolactone)

Table 1. Characterization of Doxorubicin-Loaded
Nanoparticles

polymer diameter [nm] PDI*  zeta potential [mv] DLC (%)"
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 —-72 5.26

“ Polydispersity index determined by dynamic light scattering. b Loading
content of doxorubicin (w/w).

and PEEP, which was prepared as previously reported.”® 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(&-caprolactone)-b-poly(ethyl ethylene
phosphate) (PCL-b-PEEP) and poly(é-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 ug mL~". The drug resistance of MCE-7/ADR cells was
demonstrated by the overexpression of P-gp encoding the
MDRI 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 MCE-7/ADR cells was
significantly lower than that in MCE-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.*>*' PEG also exhibits low affinity to cell membranes,
behaving as an unexpected barrier to accessing the targeted
cells.>* As shown in Figure 2B, the cellular DOX level in MCFE-7/
ADR cells reached ~0.96 ug 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 MCE-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 ug per mg protein after 4 h incubation, indicating
that nanoparticles with PEEP shells showed greater affinity for
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Figure 2. Doxorubicin (DOX) accumulation in wild-type MCF-7 and
drug-resistant MCF-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.

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 ug mL™ " in treatments with DOX-
loaded nanoparticles but intentionally increased the initial con-
centration of DOX to 40 ug mL ™" 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 in MCF-7/
ADR cells.

DOX Release from DOX-Loaded PCL-SS-PEEP Nanoparti-
cles Caused by the Reductive Condition. We thus demon-
strated that more DOX can be accumulated and retained in MDR
cells when delivered with nanoparticles, and that nanoparticles
with a PEEP shell have a greater affinity for MDR 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 in MDR cancer cells,”’ being significantly higher
than the level outside the cells (ca. 2 #M).*>** Therefore, it is

25 ~#-DOX
= -8-DOX-loaded PCL-b-PEG
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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 ug mL ™!, while it was § ug mL ™" for DOX-loaded nanoparticles.

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 pL-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 DOX when
compared with free DOX at the same concentration due to the
self-quenching effect.>> 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 with MCF-7/
ADR cells, and analyzed the cells using flow cytometry at
different time intervals. As shown in Figure SA, 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
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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 from DOX-loaded PCL-SS-PEEP nanoparticles in PBS (pH 7.4) at 37 °C with 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.
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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 ug mL™". (B)
Flow cytometric analyses of MCF-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 ug mL ™" in cell culture.

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 SB) 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

DOX loaded  DOX loaded
PCL-SS-PEEP PCL-b-PEEP

DOX

DOX loaded  DOX loaded

PCL-SS-PEEP = PCL-b-PEEP

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 ug mL ™" in cell culture.

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.3%37 MCE-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
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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 (ICso) of DOX to MCF-7/
ADR cells measured by MTT assay (n = 3).

located in the perimembrane region when MCF-7/ADR cells
were cultured with free DOX at 5 g mL ™" 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, DOX was 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 in MCF-7/ADR cells, and
is expected to improve its cytotoxicity and overcome the MDR 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 with MCF-7/ADR cells for 24 h, 48,
or 72 h, and determined the half-maximal inhibitory concentration
of DOX (ICs0) by MTT assay. The cytotoxicity to MCF-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 ICy, 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 ICs, 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.

B 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.
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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 ("H NMR, HPLC) of NEM conjugated
to 4-mercaptophenylacetic acid (MPA), N-acetylcysteine, or
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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% for MPA and N-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.

B 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," enzymatic degradation,” and disulfide
exchange.’ 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 M glutathione) compared with that of
reductive cellular compartments or highly reductive and hy-
poxic tumor tissues (ca. 0.5—10 mM glutathione).*” Disulfide
bonds have relatively short half-lives (<1 h) in highly reductive
environments, while maintaining a degree of stability in
circulation.”® 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).®

v ACS Publications ©2011 american chemical Society
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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.'°
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.'’ Maleimides have thus
been utilized in homobifunctional cross-linkers,"> heterobifunc-
tional cross-linkers,' fluorescent labels,"*'> as well as in PEGyla-
tion reagents16 and cross-linking of hydrogels."”

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)"® and in
some aqueous environments,'* >~ although the mechanisms 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 «,
B-unsaturated carbonyls such as ethacrynic acid and 4-hydroxyalkenals
has been long reported.** *” We have thus recently explored the
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Scheme 1. Proposed Exchange of Synthesized Maleimide
Thiol Adducts (1) with Glutathione in Aqueous Solutions
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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.

B 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 um particle size, 4.6 X 75
mm) and preparative (S um particle size, 19 X 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 '"H NMR.
"H 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.

Synthesis of Succinimide Thioether Compounds. Methanol-
soluble mercapto-acids, MPA and MP (conjugates la 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 (0.01Xx) 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 mL with 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) "H NMR (MeOD): 0 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). ESL-MS: 338.1
(M-1H+2Na)", 338.0 calc’d (C4H,;4NO,SNa,"). 1b (Figure S2)
"H NMR (MeOD): 6 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). ESLMS: 289.1
(M+H)*,289.1 calc’d (C,H;,N,05S"). 1c (Figure $3) "H NMR
(MeOD): & 1.14 (t, 3H), 2.44—22.50 (dd, 1H), 2.69 (t, 2H),
2.91—-2.99 (m, 1H), 3.09—3.23 (m, 2H), 3.53 (g, 2H), 3.91—3.94
(dd, 1H). ESI-MS: 276.0 (M-1H+2Na)*, 276.0 9 calc’d (CoH;»-
NO,SNa,"). 3 (Figure $4) "H NMR (D,0): 6 1.03 (t, 3H), 2.14
(m, 2H), 249 (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). ESLMS: 455.2
(M+Na)*, 455.1 calc’d (C;¢H,4N405SNa").

NMR Analysis of MPA-NEM Retro Reactions. '"H NMR
spectroscopy with WS 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% D,0O. 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 (~S5 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 S0 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 uL samples were collected periodically
and added to 150 L 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.

B 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
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Figure 1. "H NMR of aromatic protons of (A) MPA, (B) after addition of NEM to MPA, (C) immediately after addition of GSH to (NEM+MPA) and
(D) after incubation of (C) @ 37 °C for 24hrs. Evident in (D) are free MPA and small amounts of ring-opened 1a (7.14, 7.32 ppm) and GS-MPA mixed

disulfide (7.4S, 7.18 ppm).

thioethers under reducing conditions. These experiments in-
volved "H NMR analysis of the reaction of 4-mercaptophenyla-
ceticacid (MPA) with N-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 'H 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 2 was added to the solution
of MPA; 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 la (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 pK, values
(6.6,° 9.5° 10.3,>" respectively), were selected to determine
how the rate of exchange may vary with the pK, 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 1la.
Over time, the peak for 1a decreased in intensity, while peaks for
compounds 3, GS-MPA mixed disulfide, and lagg (ring-opened 1a)
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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 lago
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 lago 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
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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 2** (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.
Either GSH or GSSG causes exchange, with 5.0 mM GSSG yielding
identical results as 10 mM GSH (Supporting Information, Figure
SS). 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.

1949

Scheme 3. Simplified Reaction Cycle and Kinetics Constants
for the Reaction of 1

Iro

3k_3> 3ro

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, k; and k3, can be defined for the ring-opening
of 1 and 3, and k, can be defined as the pseudo first-order rate
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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 (M) 1 (a or b), (O) 1go, (@) 3, and (O) 3go.

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
S mM GSSG). Using the simplified Scheme 3, reaction rate equa-
tions (eqs 1—4)

W b - 1)
d[tllzo] 1] (2)
B o -k ()
d[zlzo] 3] (4)

can be defined and converted to integrated rate laws (eqs S—8)

[1] = [t]ge” 0+ o (5)
[lro] = %(1 —e it kz>t> (6)
S -kzzg](’— et =) @)
i

Fractional concentrations of 1, 1go, 3, and 3gro 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 (R* > 098)), yielding k;, k,, and k; 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

1950

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

retro reaction ring-opening

conjugate ky (h™1) half-ife (h)  k; orky (h™")  halfdife (h)
la 0.03714+0.0038 19+2  0.0033+0.0002 (k;) 211+1S
1b 0.00207 £ 0.0002 337 +27 0.0044 +0.0003 (k;) 157 +12

Ic n/a 0.0032 £0.0002 (k;) 21511
3 - - 0.0076 +0.0007 (k;) 9242

“Standard deviations for all values were calculated from the standard
error from fit.

n/a

eqs 5—8. As dlearly 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 k; was
determined. The fractional concentrations of 1 and 1y as a
function of time decreased and increased, respectively, as ex-
ponential decay functions with respect to k; and k,, as shown in
Figure 3. The dependence of the fractional concentrations of
3 and 3go 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 3go increased over time with a
delayed onset. The extent of formation of 1go and 3o was
directly related to the relative reaction rates of k; and k. In the
reactions of 1a, k, > k;; therefore, the major product at equili-
brium is 3gro. Conversely, for 1b k; > k; 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™" 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. 10%) 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™'),* indicating that the use
of maleimide—thiol adducts rather than disulfides may have
advantages for producing more stable, yet degradable
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Figure 4. Fraction of 3 generated from (M) la, (@) 1b, and (A) Ic
(at the baseline) in the presence of (—) 10 mM, (--) 1.0 mM, and (- -)
0.1 mM GSH.

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.”?>?*
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). la 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 1, for
which no measurable conversion was observed. The rate of
exchange of the initial adduct is clearly impacted by the thiol
pK,, with higher pK, decreasing the rate (Figure 4); the use of a
Michael donor with sufficiently high pK, (~10.3) can eliminate
any impact of the retro reaction, as illustrated by the lack of
conversion of lc.

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."”” 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.*® Concurrently,
Lin et al. described studies indicating that maleimide—cysteine
adducts disappeared in cells while similar iodoacetate adducts
were stable.”! 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.”> " 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 GSH>® or TCEP*” 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.

Bl 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."*
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;>®* these observations suggest that the retro reac-
tion may 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 drug may 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
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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
(ie, 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 incorforation could be em-
ployed for the addition of suitable thiols.*® 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.*'
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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'H-NMR Spectra of synthesized compounds
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Analysis of formation of 3, monitored by HPLC
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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 k, was
derived. Figure S5 displays the kinetic fit curves for solutions 1a incubated with 210mM GSH and
5mm GSSG. The data points for each reading of la 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 k.
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10mM GSH (squares) and 5mM GSSG (circles) over time, with constructed curves using derived



rate constants and equations 5-8. Kinetic parameters statistically indifferent (2 sample t-test, p =
0.58, indicating no statistical evidence of adifference).

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
anaysis was not possible for all compounds studied. The procedureis 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 3rp, 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, ks, for the ring-opening of 3 was determined to
be 0.0076+0.0007 hr. Computationally, the total concentration of 3gro ([3ro]) present at given
time points throughout the experiment could be calculated by integrating the rate of ring-opening
for 3 over time:

t

[Brolly’ = j ot
t:L

Wherer isfirst order rate law equation:

_—d[3]
ot

r =Kks[3]

The concentration of 3 ([3]) over a short range of time can aso be estimated by aline fit between
two data points (e.g., between any given t; and t, data pointsin Figure S6) where the y-values are
the integrated peak area of 3 determined from HPLC evaluation of the retro reaction, misthe
slope and b is the y-intercept:

[3]=mt+b

Overdl, yielding afinal equation for the amount of 3o as.

ty
[Broll; = ke [ (mt+ byct

4

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 t, yields the constructed conversion curve of 3 (total compound 1
converted 3) presented in Figure 4 in the main manuscript.



The accuracy of estimating the total amount of converted 3 (via measurement of 3 and
calculation of 3rp) 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 laro (Which would reduce the concentration of 1a in the reaction without conversion
to 3). Compound laro bound to the HPLC column and could be quantified. Thus, the amount of
la and laro 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 la to form larp, the total amount of compound l1a converted to 3 a any point in
time, t, would be:

[3]= [1a], - [1a], - [1ag, ]t

Where [1a], is the initial concentration of 1a employed in the experiment, and [1a]; and [1aro]:
are the measured concentrations of 1a and laro determined in the HPLC measurements at timet.
Molar concentrations for 1la and laro were calculated from HPLC peak areas based on the
extinction coefficients for 1a and laro, 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).

3(au)

300

Time (hrs)



Figure S6. GS-NEM (3) formed from (m) 1a (e) 1b (A) 1cin the presence of (=) 5mM (--)
0.5mM (-) 0.05mM GSSG.
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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 timeisaresult of ring opening, and thus

this decrease indicates the rate of the ring opening.
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ABSTRACT: Hydrazone formation and similar reactions are highly § w
versatile and specific, but their application to biological systems has % Oleng —
been limited by their characteristically slow reaction kinetics at neutral T j’j Sy
pH. Catalysis of these reactions through imine formation with aromatic C j@ @
amines such as aniline has broadened the applicability of these reactions I OO TRt @ | o o
to biomolecular labeling. High concentrations of the catalyst are oty A g . o cung - 7Y

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- | o T

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.

B INTRODUCTION

Site-specific chemical modification of biomolecules relies on
reactions of functional groups with reactivities that are orthogo-
nal to endogenous moieties.” 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.” *
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 pK, of the nucleophile,” dropping off
sharply at higher and lower pH.® 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.” In this manifestation, the un-
natural amino acid is appended to a-tubulin by a highly specific

v ACS Publications ©2011 american chemical Society

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, &, 3-tubulin, is highly temperature and pH sensitive.® "
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.>'*~ "> However, it was not known at
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the outset of this investigation whether aniline catalysis would
be amenable for use with 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 ™" for bisaryl
imines)."¢

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,"” 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.

B 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.” 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 MgSO,, 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 109000 M~ cm ™" at 588 nm (TxRed, DMSO),
46000 M~' cm ™" at 420 nm (DCCH, DMSO), and 19 000
M ' em™ ! at 346 nm (CH, PME).” 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 uM 3f-Tyr and 20 mM of aniline, Phe,

Chart 1. Structures of the Catalysts, Targets, and Probes
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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:

—In(Adeg — AA) = ket

where AAq is the absorption difference at equilibrium, AA, is
the absorption difference at time ¢, and ks is the observed rate
constant for approach to equilibrium, which is the sum of the
forward and reverse rate constants. Values for k., 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 #M 3f-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,
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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 uM 3f-Tyr
and 80 uM 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

AA(t) = AAgna(1 — e 1)

where AA(t) is the absorption difference at time t, AAg,; is the
absorption difference at completion, and k' 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 wavelengths monitored 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 #M after mixing in
experiments with CH, TxRed, and NH. The concentration of
DCCH was reduced to produce a final concentration of 20 4M
due to low solubility of the hydrazone product from this reaction.
Corroborating fluorescence experiments were conducted as pre-
viously described.”

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 uM 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.'® 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.'” The concentration
was determined spectroPhotometrically using an extinction
coefficient of 114000 M ™" cm ™" 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.”® A detailed procedure can be found in Supporting
Information.

Effect of Catalyst on Microtubule Formation. Tubulin
(10 uM) 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 ICs value extracted from a nonlinear sigmoidal fit done in
SigmaPlot 10.0.>

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.” Purified tubulin
(40—80 uM) in PME buffer was treated with carboxypeptidase A
(Sigma) for 30 min at 37 °C to remove the C-terminal tyrosine
from a-tubulin. The reaction was stopped by addition of 20 mM
DTT. Tubulin was equilibrated into TTL buffer (25 mM MES,
150 mM KCl, 27 uM MgCl,, 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 ™" 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 mgmL ™" GST-TTL (&350 pm = 100000 M~ " cm ™, MW =
71078). The extinction coefficient was calculated using the
same method used for tubulin, and is detailed in Supporting
Information.

Fluorescent Labeling of a-Tubulin. Tubulin hybridized with
3£Tyr (40 uM) was incubated with 400 #M 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.

B RESULTS AND DISCUSSION

The application of hydrazone ligations to biological systems
has been limited by the slow kinetics of such reactions at neutral
pH.”®> 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.**** 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.>'>~'**>"%” The work presented here
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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 M and the concentrations of aniline, Phe, or 4a-Phe were 10 mM. Arrows indicate the wavelength at the maximum
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.

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 a-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 (a-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 a-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 (a-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
a- 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

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

amine kops X 107 (s7)* Amax (nm)”
Aniline 53+02 445—440
4a-Phe 3.7+ 0.1 443—415
Phe 14+ 0.1 40S

“ Rate constant for equilibration of 400 #4M 3f-Tyr and 10 mM of each
substance at 25 °C in PME at pH 6.9, determined as described under
Experimental Procedures. ” Range of maximum wavelength of the absorp-
tion difference spectrum over the course of the reaction and monitored by
absorption difference spectroscopy.

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 this moiety 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.” 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
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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.” 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).** 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 a-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

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

catalyst ICso (mM)* k(10 (s1)b
uncatalyzed - 3.54+02
aniline 28+3 66 + 0.8
4a-Phe 88 £ 13 45 + 04
Phe >100 5.5 +0.08

#ICsy for tubulin polymerization activity. Tubulin (10 #M) was incu-
bated with varying concentrations of the catalyst in PME (pH 6.9) for 4 h
at 25 °C and then polymerized at 37 °C. "Pseudo first-order rate
constant for the reaction of 40 uM CH with 400 #M 3f-Tyr in the pre-
sence of 10 mM catalyst at 25 °C in PME (pH 6.9). Note the increased
ICsq 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.

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.*” According to equilibrium thermodynamic
parameters measured for related o-hydroxyl aldehyde-amine
systems, imine formation is exothermic.!” 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.
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Figure 2. (A) Absorption difference spectra for the reaction of CH (40 #M) with 3f-Tyr (400 uM) at 25 °C in PME buffer, pH 6.9 in the presence of 4a-
Phe (10 mM). (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.

1958

dx.doi.org/10.1021/bc2001566 |Bioconjugate Chem. 2011, 22, 1954-1961



Bioconjugate Chemistry

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

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

molecular tag Kancat (107 (s7)? ke (1074 (s71)°

NH 52403 452+ 04
DCCH 0.11 £ 0.01 14.2 £+ 0.04
TxRed 0.60 £ 0.12 1.8 £ 0.1

“ Apparent 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 uM 3f-Tyr with 40 «M molecular tag (20 uM
in the case of DCCH) in the presence or absence of 10 mM 4a-Phe at
25 °C in PME (pH 6.9).  Absence of 4a-Phe. ‘ Presence of 4a-Phe.

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 S). 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.*” It appears that
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Figure 3. Effect of temperature on the absorption difference spectrum
of 4a-Phe plus 3f-Tyr. A solution of 10 mM 4a-Phe and 400 uM 3f-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).

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
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Table 4. Relative Initial Rate of 4a-Phe/3f-Tyr Imine For-
mation at Various Temperatures”

temperature ki, app/ kx, app, RT
0°C 04+ 0.1
25°C 1.0 £ 0.1
37 °C 1.6 £0.1

“Initial rates of formation imine at varying temperatures were deter-
mined as described under Experimental Procedures. A 400 1M 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 Formation”

temperature Kunear (1074 (s71)° ke (1074 (s1)°
0°C 3.32 + 0.04 944 + 2.8
25°C 3.52 +£0.20 44.8 + 04
37°C 3.92 + 0.08 51.6 = 04

¢ Apparent pseudo first-order rate constants for the reaction of 400 M
3f-Tyr with 40 M CH in the absence or presence of 10 mM 4a-Phe at 0,
25, and 37 °C in PME (pH 6.9). " Absence of 4a-Phe. ‘ Presence of
4a-Phe.

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
a-tubulin as described previously® 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 10°—10°M 128
Kalia and Raines argue that oximes are preferred over hydra-
zone linkages because of their superior resistance to hydrolysis.
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Figure 4. SDS-PAGE of a-tubulin labeled with hydrazine-containing
fluorophores, visualized under long-wavelength UV light (top) and
stained with Coomassie blue (bottom). Samples of tubulin (40 «M)
in PME buffer were incubated with fluorophore (400 uM) 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 a-tubulin (control), (2) 3f-Tyr-a-tubulin, (3) 3f-Tyr-a-
tubulin +4a-Phe. Note the increased fluorescence signal in most of the
bands for the catalyzed reactions compared to the corresponding
uncatalyzed reactions.

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 S to pD 9 in D,O.
These experiments illustrate what is generally known: hydrazone
stability is degendent on structures of both reactants and pH of
the medium.” 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.>

B 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 a-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.
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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

'H, 13C spectra were recorded on instruments operating at a frequency of 360 MHz. *H NMR
spectra were referenced to CDCl; (7.26 ppm). *C NMR spectra were referenced to the CDCls
(77.00 ppm). Chemical shift multiplicities are reported as s= singlet, d = doublet, t = triplet, g =
guartet 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, silicagel 60 Fusq,

Fluorescence Quantum Yield Deter mination

The relative fluorescence quantum yields (¢r) were determined in dilute solutions with an
absorbance below 0.1 at the excitation wavelength. Quinine sulfate in 0.1 M H,SO,4 (Aex = 347
nm) was used as a standard, which has a quantum yield of 0.57.! Solvents were dried before use.

The dlit 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:

OF sample _ OF standerd (Fsample_ Fsolvent) /(Fstandard_Fsolvent) y (nsample/nstandard) x ( A\ Standard | Asample)
where F denotes fluorescence integral with respect to wavelength, A denotes the absorbance at

the excitation wavelength, and n denotes the refractive index of the solvent.

2-Naphthylhydrazine hydrochloride (1)

1

The procedure is modified from Portoghese et. al.? 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 O °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 mal) 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%) ); *H NMR (360 MHz, DMSO—dG) 0 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); *C NMR

(360 MHz, DM SO—dG) 0 143.4, 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)

2-Naphthylhydrazine (1.42 g, 9 mmol) was dissolved in 5 mL of 95% ethanol. Salicylaldehyde
(2.1 g, 9 mmol) was aso 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 %).

R = 0.56 (CH,Cl2); 'H NMR (360 MHz, DMSO-d) 6 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); *C

NMR (360 MHz, DMSO—dG) 0 171.8, 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 Aaps Max (nm) Aem Max(nm) Ora
MeOH 330 383 0.021
1 DMSO 338 407 0.140
Dioxane 345 391 0.059
MeOH 360 444 0.065
2 DMSO 359 440 0.054
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 pl/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.

1 MSPI LGYVKI KGLVQPTRLLLEYLEEKYEEHL YERDEGDKWRNKKFELGLEFPNLPYYI D 60
61 GDVKLTQSMAI | RYI ADKHNMLGGCPKERAEI SMLEGAVLDI RYGVSRI AYSKDFETLKY 120
121 DFLSKLPEM.KMFEDRL CHKTYLNGDHVTHPDFM.YDAL DVVLYNMDPMCLDAFPKLVCFK 180
181 KRI EAI PQ DKYLKSSKYI AWPL QGWQATFGGGEDHPPKSDL VPRSGENL YFQGASKEFGT 240
241 MYTFVVRDENSSVYAEVSRLLLATGHWKRL RRDNPRFNL M. GERNRL PFGRLGHEPGLVQ 300
301 LVNYYRGADKLCRKASLVKLI KTSPELAESCTWFPESYVI YPTNLKTPVAPAQNG QPPI 360
361 SNSRTDEREFFLASYNRKKEDGEGNVW AKSSAGAKCGEG LI SSEASELLDFI DNQGQVH 420
421 VI QKYLEHPLLLEPGHRKFDI RSW/LVDHQYNI YLYREGVLRTASEPYHVDNFQDKTCHL 480
481 TNHCI QKEYSKNYCKYEEGNEMFFKEFNQYLTSALNI TLESSI LLQ KHI | RNCLLSVEP 540
541 Al STKHLPYQSFQLFGFDFMVDEELKVWLI EVNGAPACAQKLYAELCQA VDI Al SSVFP 600
601 PPDVEQPQTQPAAFI KL 617

Bl ue
Red

Open Readi ng Frame for GST Tag
Open Reading Frame for TTL

Mol ecul ar Wei ght = 71077.57 (Predicted)

Figure S1. Predicted sequence of GST-TTL fusion protein. The molecular weight was confirmed
by SDS-PAGE (data not shown). Unlabeled sequence from E227 to T240 contains a Tobacco
Etch Virus protease site as well as transcript from a multiple restriction site in the expression

plasmid.

Tubulin and GST-TTL Extinction Coefficients
Tubulin and GST-TTL extinction coefficients at 280 nm were cal culated as described previously

with minor modifications.? 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:

e(Mfem™) = (5,500 M em™)(nrp) + (1,490 M 'em™)(nry) + (125 M em™)(neys)

Where nrp, Nryr, and Neys are the number of tryptophan, tyrosine, and cysteine residuesin a
protein, and the corresponding coefficients are the average absorption coefficients for those
residues in when in a protein. This eguation assumes each cysteine represents one half a cystine.
In the case of tubulin, afourth term must be added to account for the absorbance of the two

bound guanine nucleotides per dimer, yielding the following equation:

g(Mem™) = (5,500 M 'em™)(nr) + (1,490 M 'em™)(nry,) + (125 M 'em™)(neye) + (7,760 M em™) (Naricor)

Where nareiepp is the number of bound guanosine nucleotides (two in the case of atubulin

dimer) and its corresponding coefficient is the extinction coefficient for GTP/GDP in agqueous

buffer at pH 6.9 as determined in our lab. The tubulin sequences used for bovine brain tubulin

dimers were a; and By, as obtained from Swiss-Prot (P81947 and Q6B856 respectively). The

sequence used for GST-TTL isreported in figure S1.
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In this study, siRNAs terminated with thiol groups were multimerized and cross-linked using ~$ nm gold nanoparticles (AuNPs) via
Au—S chemisorption that can be intracellularly reduced. AuNPs immobilized with single-stranded antisense siRNA were 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.

H 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.'™*

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.>” 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.* !

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.'> '® Clinical applications of siRNAs
have been limited mostly by the lack of efficient and biocompa-
tible delivery carriers.'”'® Since siRNA molecules have a low

v ACS Publications © 2011 American chemical Society

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.'” 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."”*° The reducibly multimerized siRNA
was synthesized by forming covalent bonds between two or more
siRNA monomers via bifunctional disulfide-containing cross-
linkers (e.g., dithio-bis-maleimidoethane (DTME)). It was de-
monstrated that the one-dimensionally aligned siRNA molecules
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 AuNDPs. 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.

B EXPERIMENTAL PROCEDURES

Materials. Tetrachlorohydrogenaurate (HAuCly), sodium
citrate, sodium borohydride (NaBH,), phosphine (4,4'-(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-PEL, M,,: 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:
§'-AACUUCAGGGUCAGCUUGC(dT);-3'; antisense strand:
5'-GCAAGCUGACCCUGAAGUU(AT)s-3'), vascular endothe-
lial growth factor (VEGF) siRNA (sense: S-GGAGUACCC-
UGAUGAGAUC(dT);s-3'; antisense: $'-GAUCUCAUCAGG-
GUACUCC(dT)s-3'), alkanethiol-modified siRNA (the 3'-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.”"
Following the synthesis, the AuNPs were capped with phosphine
and concentrated by precipitation and resuspension as described
previously. * 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.” The
concentration of AuNPs was calculated using an extinction
coefficient of 1 x 10’ M~ em ™" at 520 nm.

AuNP-Mediated Assembly of Multimerized siRNA (M-siRNA).
Phosphine-capped AuNPs were separately functionalized with
single-stranded sense or antisense siRNA, according to the
method described previously.”” 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 X TBE (45 mM Tris-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
50000 x 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.>® The resultant siRNA-function-
alized AuNPs were treated with 12 mM 2-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.**
Briefly, 3'-end thiol-modified single-stranded sense siRNA
(GFP; $'-AACUUCAGGGUCAGCUUGC(dT),-3') 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 300 mesh 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 M in plasma), it was expected that M-siRNA would
have an ability to selectively deliver siRNA into the cytoplasm.”
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 (g
equiv siRNA) was incubated in 0.1 M PBS solution (pH 7.4)
containing 0, 100, 200, or 300 uM 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-HCI, 1% (v/v) acetic acid, 1 mM EDTA). After
staining with ethidium bromide, the gel was imaged under UV
illumination.
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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 5'-AACUUCAGGGUCAGCUUGC(dT)s-SH-3' (sense) and 5-GCAAGCUGACCCUGAAGUU(dT)s-SH-3' (antisense). The sequence of
dimerized sense siRNA is $-AACUUCAGGGUCAGCUUGC(dT),-ss-(dT),CGUUCGACUGGGACUUCAA-S'.

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 uL of the
reaction buffer solution (10 mM Tris—HCI (pH 7.5), S mM
EDTA, and 200 mM sodium acetate). In order to examine the
effect of GSH on the enzymatic stability of M-siRNA, the samples
were also simultaneously treated with 100 uM 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 ] software (NIH Image).

Preparation and Characterization of M-siRNA/L-PEI Poly-
electrolyte Complexes. To form polyelectrolyte complexes,
M-siRNA or monomeric siRNA (2 pg) 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 L of the sample
solution was deposited onto a clean mica 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-43S) was provided from Samyang
Corp. (Daejeon, South Korea). The human prostate carcinoma

196

cell line (PC-3 cells) was provided form the Korea Cell Line Bank
(Seoul, South Korea). GFP-expressing MDA-MB-43S5 cells were
seeded in a 24-well plate at a density of 2 x 10° 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 S 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-PEl 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 VEGF mRNA levels according
to our previous report.”®

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-43S cells were seeded in a 48-well plate at a density
of 2 x 10* 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 ug/mL), which were prepared at
varying N/P ratios (N/P ratios ranging from 2 to 12), or naked
siRNA (2 #g/mL) as a control. After incubation for 10 h, the cells
were washed with the PBS solution, and then treated with a XTT

4 dx.doi.org/10.1021/bc200172p |Bioconjugate Chem. 2011, 22, 1962-1969
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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).

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 100 mm culture dish at a density of 1 x
10° 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 Sh
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).

B 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

1965

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
siRNA molecules on the surface, 5 nm AuNPs were prepared.”' 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 (A, = $14 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 3’ end. The thiolated 3’ end of
siRNAs had an extended (dT)s 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.”>?* 2% Because of the stiff nature of siRNA, the
anchored siRNAs might be oriented perpendicularly onto the
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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 4M 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.
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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.

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 feed molar 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 $17 to 519 nm (Figure 2D). When the two
separately prepared AuNPs immobilized with single-stranded
sense and antisense siRNA were mixed, 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
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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-PEl, 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 VEGF mRNA level in PC3 cells transfected with M-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-435S 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.

distance between the two neighboring AuNPs is well-matched with a
calculated length of an siRNA duplex structure. The surface plasmon
peak of S nm AuNPs was also significantly red-shifted to 529 nm after
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 distance between the two adjacent AuNPs was 11.1 &
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.

1967 dx.doi.org/10.1021/bc200172p |Bioconjugate Chem. 2011, 22, 1962-1969



Bioconjugate Chemistry

Glutathione-Triggered Regeneration of Monomeric siR-
NA from M-siRNA. M-siRNA was incubated with glutathione
(GSH, final concentration: 0—300 M) to verify the intracellular
regeneration of naked siRNAs. The formation of monomeric
siRNA was examined by agarose gel electrophoresis. The thiol-
Aulinkages could be reduced by intracellular reductive molecules
such as GSH.***° 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 fabricated M-siRNAs were mixed with 10 units of RNase with
or without 100 uM GSH. As shown in Figure 3B and C,
M-siRNA survived 822 £ 14% 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 #M) 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.'*'® This was caused by
enhanced electrostatic interactions between multimeric siRNA
and cationic polymers. M-siRNA polyelectrolyte nanocomplexes
were prepared using L-PEI (M,, 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-
Iyte complexes could be attributed mainly to ionic interactions of
L-PEI with cross-linked siRNA units and, more importantly,
highly anionic phosphine-capped AuNPs .>' 3> The resulting
complexes had a zeta potential value of +132 £ 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 ug/mL)
under serum-deficient conditions. As shown in Figure SA,
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 SB), 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 SC, when siRNA concentration was increased from 0.17
to 1.0 ug/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 ug/to 1.0 ug/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-43S 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.”® 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 SE).
These results clearly demonstrate the intracellular uptake of
M-siRNA/L-PEI complexes.

Il 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/MS" 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/MS" 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.

B INTRODUCTION

Red clover necrotic mosaic virus (RCNMYV) is a soil-borne plant
virus that has a robust and stable capsomere, which is common
for the members of family Tombusviridae. The capsidisa T = 3
icosahedron composed of 180 subunits of a 37 kDa capsid
protein (CP) in one of three conformations.' RCNMV has two
nonhomologous RNAs, 3.9 kb polycisronic RNA-1 encoding the
37-kDa CP, RNA polymerase, and related protein,” 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.> 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.° Upon depletion of divalent ions,
such as Ca** and Mg2+, the virus has been observed to exist in an

v ACS Publications © 2011 American chemical Society

open-pore state.” 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 doxorubicin molecules can be infused into
the interior of the virus.® 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
RCNMYV, RNA-interacting (R), shell (S), and protruding (P)
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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.
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Figure 2. Scheme of a two-step reaction of PVN formulation. Step 1: lysines on RCNMYV react with the NHS ester group on sSSMCC. Step 2: cysteine on

the conjugating peptide reacts with the RCNMV-sSMCC maleimide moiety.

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.” 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.” "' 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."*~"* 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 imIportant technique in
protein identification and characterization.” Ultra Performance
(UP) LC/MS® methodology was used in this study. Unlike
conventional data-dependent acquisition (DDA) MS/MS, MS*
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."”"® Thus, it is an ideal tool for capsid protein
characterization.

B 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
dialyzed RCNMV (S mg/mL) and sSMCC cross-linker (0.5 mg/mL)
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Table 1. Peptides Conjugated to RCNMV*

peptide sequence
GSGS GSGSGC
RME® NPVPYEDESGGGC
CD46" AKRARLSTSFC
ADH304° Ac-FHLRAHAVDINGNQVC-NH,

Ac-FHLRAHAVDINGNQV(Lys(Maleimide)]
“All the peptides were synthesized and characterized by GenScript.

Receptor -mediated endocytosis and nuclear localization sequences
derived from human adenovirus fiber protein.**  ADH peptide contain-
ing the HAV tripeptide can be recognized by N-cadherin, the upregula-
tion of which is a sign of tumor progression.**

maleimide

(Pierce) was mixed in SO 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-2S 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 mlomgflocmf1 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
RCNMYV 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 L. All the samples were filtered prior to LC/MS"
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 uL
of each sample was loaded onto a Waters Symmetry C18
trapping cartridge (300 ym i.d. X 1 cm length) at a flow rate
of 10 uL/min, and then peptides were separated by gradient
elution usinga 75 umi.d. X 25 cm column packed with BEH C18
matrix, 1.7 um particle size (Waters), at a flow rate of 0.300 uL/
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/uL (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 MS® acquisitions, alternate scans (m/z
50—1990) of 4 V for low-energy (MS channel) and 15 to 30 V
for high-energy (MS® 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 RCNMYV, trypsin,
chymotrypsin, and human keratin sequences using the ion
accounting algorithm (IDENTITY®). 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,*® which is a web portal providing analysis of mass
spectrometry data for a variety of cross-link peptides. The
annotation of 1dent1ﬁed fragment ions was performed as pre-
viously described.”! Virus peptides and conjugating peptides
were defined as the a and 3 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 cllélantltatlvely related
to the concentration of peptide/protein. Therefore, our
quantification of conjugation yield is primarily based on
comparing the intensities of precursor ions from intact and
modified samples.

B RESULTS

Protein Sequence Coverage of Native RCNMV. To ascertain
the conjugation sites, acceptable protein sequence coverage of
RCNMYV is required. As shown in Figure 3, LC/MS" 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 at K102/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 sSSMCC sample, product ion data indicated both K102
(modified b, ion LK, unmodified ys; KLTLR) and K103
(modified ys 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
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Figure 3. Coverage maps for native RCNMYV. 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)

precursor ion

nonhydrolyzed
hydrolyzed

SMCC SMPEG
intensity [M+H]" cal/obs intensity [M+H]" cal/obs
427 x 10* 1090.70/1090.70 1.17 x 10* 1357.83/1357.64
3.92 x 10* 1108.71/1108.71 1.05 x 10* 1375.84/1375.84

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 sSSMCC 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 sSSMCC can amidate lysine (case 1)
and the maleimidyl moiety can react with cysteine via a
Michael addition (case 3). In either case, sSSMCC 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

1973

preparation.”> The final possibility is a cross-link between K and
C on the same capsid protein (case S).

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 sSSMCC sample showed both
modifications for the capsid peptide (145)SVSTAVYEKCSL-
TIPADNQWR(165). The hydrolyzed SMCC modification was
assigned to cysteine because the y;, 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 by ion or unlabeled y;, 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 sSSMCC 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
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(152)EKCSLTIPADNQW(164) from the chymotryptically
digested sample confirmed that the hydrolyzed linker on lysine
(modified b,) 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.”® The end-to-end
length is equal to / /N where / 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 sulthydryl as estimated from the structure in the
VIPER database (RCN7). These considerations agree with the
lack of observed by or y;, 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 sSMCC** leads
to near-complete hydrolysis of SMPEG. Intensities and scores
of related precursor ions are shown in Table 3. Since the precursor
ion of capsid peptide (145)SVSTAVYEKCSLTIPADNQWR-
(165) does not exist in the RCNMYV 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 RCNMYV 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

. sMce 2 SMCCH0 3 SMee

SVSTAVYEKCSLTIPADNOWE ~ SVSTAVYEKCSLTIPADNQWE ~ SVSTAVYEKCSLTIPADNOWE

4 SMCCHO s Swcg

SVSTAVYEKCSLTIPADNOWE ~ SVSTAVYEKCSLTIPADNOWE

Figure 4. Schematic representation of five possible products for
sSMCC conjugation of the peptide fragment (145)SVSTAVYEKCSL-
TIPADNQWR(165).

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 sSSMCC 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 RCNMYV 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. The R-domain contains a K-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 MS® product ion spectra
of the unmodified, sSMCC-modified, and sSMCC-GSGS
peptide-modified peptide (26)TVAIPFAKTQIIK(38) at K33
obtained from the conjugated RCNMYV sample. All three of the
K-rich capsid peptides had similar fragmentation patterns with
the most abundant ion being y3 (the precursor ion) at m/z
1429.88,1648.97, and 2115.11, followed by yg and y,, ions, and
then b; and by. By comparing intensities of intact precursor ions
((26)TVAIPFAK(33) and (26) TVAIPFAKTQIIK(38)) of na-
tive RCNMYV 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 Samples”

precursor ion RCNMV
C(~OH)SLTIPADNQWR
CSLTIPADNQWR 6.78 x 10°
SVSTAVYEK(~)CSLTIPADNQWR
SVSTAVYEKC(~OH)SLTIPADNQWR
SVSTAVYEK 2.03 x 10°
CK(~)QGNTFILG
CK(~OH)QGNTFILG
CKQGNTFILG 1.73 x 10°
QGNTFILG 429 % 10°

“~ = linker, ~OH = hydrolyzed linker.

RCNMV-SMCC RCNMV-SMPEG
1.20 x 10° 2.14 x 10°
5.56 x 10* 2.02 x 10°
1.06 x 10° 1.43 x 10°(~OH)
8.73 x 10*
1.36 x 10° 5.63 x 10°
1.64 x 10*
9.64 x 10" 122 x 10*
2.85 % 10° 8.14 x 10°
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Figure 5. MS® 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 RCNMYV-GSGS Peptide Samples”

precursor ion RCNMV  RCNMV-GSGS peptide

TVAIPFAK 8.87 x 10° 691 x 10°
TVAIPFAKTQIIK 1.48 x 10* 1.67 x 10*
TVAIPFAK(-SMCC) TQIIK nd. 9.86 x 10°
TVAIPFAK(-GSGS peptide) TQIIK n.d. 2.16 x 10*

“n.d., not detected.

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 S.

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)

Table 5. List of Product Ion Intensities and Monoisotopic
Masses for Peptide Conjugate
(26) TVAIPFAK(~LSTSFC)TQIIK(38)”

RCNMV-GSGS RCNMV- CD46
normalized [M+H]* normalized [M+H]*
ions intensity (%) cal/obs intensity (%) cal/obs
prescursor ion 100 2115.12/2115.11 100 2305.25/2305.25
YouYep 46.7 1730.88/1730.88 34.9 1921.02/1921.02
VitaYes 129 1914.98/1915.00
Visayis 117 1769.88/1769.88
YoaV1p 96  1385.75/1385.74

“ All intensities have been normalized to the value of the corresponding
precursor ion.

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

1975 dx.doi.org/10.1021/bc2001769 |Bioconjugate Chem. 2011, 22, 1970-1982



Bioconjugate Chemistry

A
100 =
£ Precursor mass
& 75 2211.165
o
§ i /
= B 'J 7
: v |
& i :
2 0 N " . u]l 1]
- i T———— - iy T T | — T p— —

1167 2000 i 3000 4000 4225

precursor mass 2211.165, charge 2.86
B 20

" Yi2aYe3-2H,0 Yi2aYes
a

= y Y12aYag-2H:0
% 15 - V:_u i Yi2a¥Yas ’
3 _ YaaVes
™ |b vTﬂ
0 3a Yi0aYeg
E 10 1 Ysa VaaY Yiza¥1s
5 sa¥1p
= YGC( Vﬁn‘h!
g 8- | ;
* ‘

o b R L || |

0 1000 2000 3000
M+H

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 MS® product ion spectrum pertinent to conjugate peptide identification.

Table 6. List of Product Ion Intensities and Monoisotopic Masses for Peptide Conjugates of (34) TQIIKTVNPPP(44)"

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
Y12aY28 S.18 1822.98/1822.97

Yi2aY18 S.16 1675.91/1675.91 34.93 1674.93/1674.92
YioaYep 5.17 1791.93/1791.91 4.05 1982.07/1982.07

YsaYep 4.34 1565.76/1565.76

YoaYep 3.18 1868.98/1969.00

Y8ay18 2.69 1220.64/1220.61

¢ All intensities have been normalized to the value of the corresponding precursor ion.

additional evidence for labeling at this position (Figure 6B).
Fragment ions yo.yss and yioayss (which contains the full
LSTSFC peptide modification) were detected, as well as the
V12425 and yiaqy1p 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
b,-b, and y,-y; ions for the capsid peptide (a 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 SS) 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 the CD46 labeled sample, K45 was also found to be modified
to some extent, as in the capsid peptide sequence (39)TVN-
PPPKLAR(48). The peptide TVNPPPK(~LSTSFC)LAR was 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 y,,
ions containing an uncleaved f3 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 ysayi8.48 Y7aY18-58 YeaV18-48
however, single peptide ions such as y,, b, and yz were less
numerous with diminished intensity.

On the basis of these data, K33, K38, and K4S are unequi-
vocally modified. Among them, K38 had the greatest range of
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Figure 7. Portion of the MS® product ion spectrum pertinent to conjugate peptide identification of TVNPPPK(~LSTSFC)LAR from the CD46
sample. Doubly fragmented product ions ys.y14.48 Y7a¥18-sp and ysayi5.4p 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 122 % 10° 8.07 x 10°
RCNMV-SMCC 2.61 x 10* 122 % 10°
RCNMV-GSGS 2.24 x 10" 9.84 x 10°

2 RCNMV 1.87 x 10° 8.19 x 10°
RCNMV-CD46 172 x 10° 7.17 x 10°
RCNMV-ADH304 6.59 x 10° 5.61 % 10°

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 Cresidues. For each labeling reaction analyzed, the reference
capsid peptide did not elicit a significant reduction in intensity
for the sSSMCC or peptide-conjugated samples compared to the
intact RCNMV sample.

1977

Evidence for Cysteine Labeling by Maleimide Peptide
Modification. Given the cross-linking, aggregation, and hydro-
lysis issues of the sSSMCC 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
RCNMYV 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/MS" mode of acquisition. A
series of y-ions for the virus peptide (& chain) were generated,
including yi, to ¥su ¥sw Yiow and yiiq. All b-ions of the
ADH304 peptide (/3 chain) were produced except bgg. Doubly
fragmented ions were also detected as indicated in Figure 8C.
Those ions that contain both one cleaved and one intact peptide,
the y124¥18 baay12p and yiauy,p 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 bsuyig brayis biayi1p baayip 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 sulthydryl side chain of
the N-terminal Cys residue of the virus peptide. Thus, it is less
likely that product ions containing both a and /3 peptides will be
observed, particularly those with both incomplete peptide frag-
ments. By comparing the intensity of the unmodified and modified
RCNMYV 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
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Figure 8. Detection of conjugated peptide C(ADH peptide) SLTIPADNQWR from the one-step labeling reaction of RCNMYV with the maleimide-
ADH304 peptide. (A) Scheme of cross-link between capsid peptide () and conjuhgated ADH peptide (8). (B) MSF peptide mass chromatogram with
the conjugated precursor mass and intensity as indicated. (C) A protion of the MS" product ion spectrum pertinent to conjugate peptide identification.

Figure 9. SDS page gel of the RCNMYV capsid protein and its conjuga-
tion products with sSMCC and maleimide-ADH304 peptide labeling.
M, marker; lane 1, RCNMYV; lane 2, RCNMV-SMCC; and lane 3,
RCNMV-peptide. Proteins were stained with Coomassie blue.

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 RCNMYV, 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

Figure 10. SDS page gel showing intercapsid cross-linking induced by
treatment with sSSMCC. M,marker; lane 1, RCNMYV; lane 2, RCNMV-
SMCC; and lane 3, RCNMV-CD 46. Proteins were stained with
coomassie blue.

was observed in samples from the lower bands but not the

upper bands.
M 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
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a folic acid-PEG by Cu(I) catalyzed azide—alkyne cycloaddition
(click chemistry™). Specific recognition of the resulting nano-
particle by tumor cells bearing the folate receptor was observed.*®
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.””
In addition, modification of antitumorgenesis peptide on the viral
cage of Cowpea chlorotic mottle virus (CCMV) has been investi-
gated and verified.”® We have recently reported a similar strategy
in RCNMYV, where doxorubicin-loaded capsids® were function-
alized with various targeting peptides using sSMCC.*® 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 sSSMCC 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 sSSMCC.

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 by MS
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 sSSMCC 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 sSSMCC 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.”” 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 a3 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.” 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
RCNMYV 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.****! 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. sSSMCC has been used as a cross-linker in
various systems involving proteins/peptides,®* % especially
in the field of nanotechnology where modification of nanopar-
ticles such as quantum dots, virus, or virus particles are in-
volved.”®**73% For example, sSSMCC has been used to link
bisphosphonate to synthetic salmon calcitonin, which is a 32
amino acid hormone with two lysines.>* The reactions were
monitored by MALDI-TOF analysis, and products with diverse
numbers of SMCC/BP conjugates were observed.’ Indeed,
sSMCC has been effective in most cases, exemplified by bovine
serum albumin, which contains numerous reactive lysines.*”*'
However, the application of sSSMCC must be used with caution.
It has been found that sSSMCC destabilizes silica nanoparticles
and causes aggregation.*” There are several reports of both
inter- and intra-cross-links by sSMCC in bioconjugation
studies.***” Our results also showed a significant degree of
intercapsid cross-linking for RCNMYV 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 sSSMCC 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 efliciency. sSSMCC is used
instead of the uncharged variant SMCC because of the higher
solubility conferred by a charged moiety. 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 sSSMCC 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 RCNMYV 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 RCNMYV, 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 conjugation where
aprecursor ion was detected with 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 sSSMCC modifica-
tion on K33 and sSSMCC-GSGS peptide modification on K38.

The reason for the assignment was probably the presence of yg
ion (K*TQIIK) containing the sSSMCC modification and the by
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 sSSMCC. Thus, manual analysis of
product ion spectra is necessary in these cases.

B CONCLUSION

We have systematically investigated the conjugation of the
capsid protein of RCNMYV 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 sSSMCC, 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 sSSMCC
as a heterobifunctional linker, which include intracapsid and
intercapsid cross-linking and attachment of sSSMCC 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 sSSMCC during the actual formulation. Since these factors
are difficult to precisely control, sSSMCC 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 by mass 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-la