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ABSTRACT: Liposomes are attractive vehicles for the controlled release
of drugs and cytotoxins and have a long-standing history in medical
research and clinical practice. In addition to established therapeutic
indications, liposomes have several favorable properties for molecular
imaging, including high stability and the ability to be labeled with
radioisotopes, as well as paramagnetic and fluorescent contrast agents.
However, long circulation times and difficulties in creating targeted
liposomes have proven challenges for imaging. In this study, we have
addressed these limitations using a recently developed strategy for
bioorthogonal conjugation, the reaction between tetrazines and trans-
cyclooctenes. By coating radiolabeled liposomes with trans-cyclooctene and pretargeting with a tetrazine coupled to a targeted
peptide, we were able to selectively enhance the retention of liposomes and bind them to tumor tissue in live animals. The rapid
reaction between tetrazines and trans-cyclooctenes allowed imaging to be performed with the short-lived PET tracer 18F, yielding
signal-to-background activity ratios of 7:1. The covalent, bioorthogonally driven tumor-targeting of liposomes by in vivo click chemistry
is promising and should be explored for more selective and rapid delivery of radiodiagnostics and radiotherapeutics, two classes of drugs
which particularly benefit from fast clearance, low nonspecific binding, and the associated reduced toxicity to kidneys and bone marrow.

■ INTRODUCTION

High modularity, synthetic control, and favorable biological and
pharmacokinetic properties have made liposomes attractive
systems for drug delivery in recent years.1 In general, liposomal
compositions achieve enrichment in areas of interest through
one or a combination of two independent mechanisms: either
nonspecific increased retention and accumulation in tumors due
to irregular vascular architecture, abnormal fluid transport
dynamics, and highly porous blood vessels (enhanced perme-
ability and retention, EPR)2−4 or the coating of liposome
surfaces with biologically active materials selective to tumor
tissues.1,5 The successful use of liposomes as drug delivery agents
is reflected in the amount of effort devoted to liposome-based
imaging agents and radiotherapeutics.6 In particular, the
combination of PET imaging agents and liposomal nanomateri-
als has been the focus of numerous successful research projects in
recent years. Although conceptionally attractive, both EPR-
driven as well as targeted liposomal imaging agents can
demonstrate a low signal/noise ratio and a slow accumulation
of the liposomes.
In this study, we have aimed to enhance the EPR-effect by

capitalizing on bioorthogonal functional groups, which chemi-
cally bind and covalently immobilize the liposomes in vivo. Over
the past few years, bioorthogonally reactive small molecules have
attracted attention as chemical and covalent binding partners for
targets of interest in vivo, enhancing the specificity of biomolecular

vectors. One of the fastest chemically orthogonal reactions is the
tetrazine/trans-cyclooctene inverse electron demand Diels−Alder
cycloaddition (IEDDA).7 This reaction found widespread
application as a tool for the in vitro and in vivo labeling of
biologically relevant probes and has the potential to have a
transformational impact on the development of novel radiotracers
for diagnostic and radiotherapeutic applications.8 More importantly,
multiple studies have shown that the reaction of tetrazines and trans-
cyclooctenes is not only fast, but the two small molecules are also
stable enough for the bioorthogonal click-reaction to occur in vivo
on the cell surface in tumor xenografts.9−12

Moving beyond currently available technologies for the design
of liposomes, we hypothesized that the bioorthogonal IEDDA
cycloaddition between tetrazine and trans-cyclooctene might
offer a near-ideal solution to the biggest pitfall of liposome-
imaging with radioisotopes: slow accumulation in the target. We
hypothesized that bioorthogonally reactive trans-cyclooctenes on
the surface of liposomes will enable them to selectively
accumulate in tetrazine-seeded tissues. Further, we contend
that the use of bioorthogonally reactive groups enhances the
intrinsic EPR effect and such bioorthogonal liposomes are able to
target specific molecular or functional characteristics of cancer

Received: July 10, 2013
Revised: October 26, 2013
Published: November 4, 2013

Communication

pubs.acs.org/bc

© 2013 American Chemical Society 1784 dx.doi.org/10.1021/bc400322h | Bioconjugate Chem. 2013, 24, 1784−1789



cells, offering maximal versatility, modularity, and applicability.
Here, we report on the synthesis, development, and biological
validation of such bioorthogonally functionalized liposomes. The
liposomes were labeled with 18F, and their uptake was measured
in tetrazine-decorated tumors versus nontetrazine tumors.

■ RESULTS AND DISCUSSION

The conceptual methodology for the construction of such
bioorthogonally labeled 18F-liposomes is illustrated in Figure 1.

18F-labeling allows their detection as well as the quantitative
determination of their distribution over time by PET. In addition
to the radiotracer, the liposome surface is decorated with trans-
cyclooctene molecules, enabling the liposome to undergo
bioorthogonal reactions. For the individual components of the
liposome, we chose DSPC as a primary lipid, together with
cholesterol to increase biological stability. We added a PEG-
modified (2 kDa) DSPE lipid to the liposome formulation to
increase the blood half-life in a manner analogous to an approach
previously described.13 Further, the bioorthogonal reactivity was
provided by PEG-labeled DSPE lipids which were capped with
trans-cyclooctene. To these materials (DSPC:Cholester-
ol:DSPE-PEG2k:DSPE-PEG2k-TCO = 26:12:1:1), we added
18F-labeled dipalmitoyl glycol as the radioactive tracer. In
subsequent in vivo experiments, the blood/activity concentration
of the resulting liposome drops by less than 20% over 5.5 h time,
indicating a long biological half-life of the 18F-labeled and
bioorthogonally reactive nanomaterial.
In order to illustrate that the behavior of the liposomes can be

altered from nontargeted blood-pool circulation to targeted
accumulation in tumor tissues, we chose to selectively mark
tumor tissue using the pH (Low) Insertion Peptide

(pHLIP).14−16 The 37 amino acid peptide pHLIP exploits a
common byproduct of the modified metabolic pathways and
cellular machinery inmalignant tissue: an increase in extracellular
acidity.17−19 The linear pHLIP peptide was designed to change
its conformation in an acidic environment. More specifically, it
adopts an α-helical conformation exclusively in low-pHmedium,
whereupon it can translocate itself across the lipid bilayer of a cell
(Figure 2). We reasoned that a tetrazine conjugated pHLIP
(pHLIP-Tz) would enable us to selectively label the surface of
tumor cells with the bioorthogonal tetrazine tag (Figure 2). After
injection of the 18F-liposome, the bioorthogonal nanoparticle
will be able to react with the pHLIP-Tz, resulting in its covalent
immobilization on the cells. This will result in accumulation of
radioactivity in tumor tissues, which then can be visualized and
quantified using PET.
The pHLIP-Tz was generated similarly to reaction schemes

utilized by us previously (Figure 3).20 We based it on a tetrazine-
precursor with a carboxylic acid functional group (Tz-COOH,
Yang et al., 2012)21 which we reacted in the presence of
benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium hex-
afluorophosphate (BOP) and triethylamine with an amine-
functionalized maleimide to yield a tetrazine/cysteine cross-
linker, maleimide-Tz (Figure 3A). Figure 3B shows HPLC and
ESI-MS chromatograms of the pure product. To yield the final
bioorthogonal biomolecule, maleimide-Tz was used to derivatize
a 37 amino acid pHLIP-peptide. The peptide is based on wild-
type (WT) pHLIP,14−16 and its extracellular sequence includes a
cysteine, which we used to covalently react with maleimide-Tz in
PBS at room temperature. After HPLC purification, we were able
to obtain the bioorthogonally reactive pHLIP-Tz in 42% yield
and greater than 98% purity, as shown by HPLC and LC-MS
analysis (Figure 3C,D). In order to measure the stability of
tetrazine functional groups in vivo toward decomposition in
biological media, we dissolved 3-(4-phenylacetic acid)-1,2,4,5-
tetrazine (Tz-COOH) in PBS and serum. The half-life of this
tetrazine-label, estimated by HPLC in the presence of an internal
standard, was measured to be 73.4 ± 1.6 h and 28.5 ± 0.1 h,
respectively, in PBS and human serum (Figure S1), similar to
what has been found before.22 Although the decomposition rates
are increased in whole blood, a half-life on the order of hours is
sufficient for pretargeting and in vivo click chemistry.9−12

For the synthesis of the trans-cyclooctene conjugate, we chose
the PEGylated and amine-terminated DSPE-PEG2k as the lipid
starting material. We reacted the (E)-cyclooct-4-enyl 2,5-dioxo-
1-pyrrolidinyl carbonate (TCO-NHS) in dichloromethane with
the lipid to yield the resulting DSPE-PEG2k-TCO in 47%
isolated yield (Figure 4A). After the reaction and subsequent
silica gel purification, mass spectra analysis (ESI-MS) showed
that no lipid starting material was present in the reaction mixture,
indicating successful conversion (Figure 4B). [18F]-FDP was
produced based on a synthetic procedure published earlier.13

The radiolabeled lipid was obtained by incorporation of 18F into
the tosylated starting material (DP-OTs) via nucleophilic
substitution, yielding the purified product after Sep-Pak purifica-
tion in quantities of 21± 5 mCi and decay-corrected radiochemical
yields (dcRCY) of 41 ± 5% (Figure 4C). The radiochemical purity
was measured to be ≥96% by iTLC (Figure 4D).
Together with DSPE-PEG2k-TCO, DSPE-PEG2k, DSPC,

and cholesterol, [18F]-FDP was used for the assembly of 18F-
TCO-liposomes via sonication at 55 °C (Figure 5A). Specifically,
we added the radiolabeled [18F]-FDP, dissolved in DCM, to a
previously prepared mixture of the other liposome-components.
The organic solvent was then removed, PBS added, and the

Figure 1. Conceptual design of 18F-TCO-liposomes and pHLIP-Tz
coupling for pretargeting of acidosis: Bioorthogonal 18F-TCO contain
DSPC and cholesterol together with the PEGylated DSPE-PEG2k for
increased blood half-life. They further contain the 18F-labeled
dipalmitoyl [18F]-FDP and the bioorthogonal trans-cyclooctene labeled
DSPE-PEG2k-TCO, allowing them to react with tetrazine-containing
tissues in vivo.
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mixture sonicated for 30 min. The resulting heterogeneous
dispersion was then filtered using 220 nm size exclusion filters,
yielding the radiolabeled bioorthogonal 18F-TCO-liposomes
in quantities of 3 ± 2 mCi (RCP > 95%, dcRCY: 15 ± 4%,
n = 5). Dynamic light scattering showed that the 18F-TCO-
liposomes have comparable sizes and PdIs (d = 142.9 nm, PdI =
0.207, Figure 5B) to their cold nonlabeled counterparts (d =
130.3 nm, PdI = 0.081, Figure S2). Likewise, we found that after
sonication and purification, the liposomal preparation contains
exclusively liposomes (tR = 5.2 min, NMW > 670 kDa, Figure 5C)
and no free [18F]-FDP (tR = 11.8 min, NMW < 2 kDa, Figure S2).
To elucidate whether the liposome formation results in degradation
or rearrangement of the trans-cyclooctene, two solutions of DSPE-
PEG2k-TCO in DCM were prepared, one of which was subjected
to sonication at 55 °C. No difference in reactivity between the
sonicated and the nonsonicated solution with Tz-COOH was
observed, indicating that the trans-cyclooctenes retain their
reactivity after the 18F-TCO-liposome formation.
For subsequent in vivo experiments  and as a proof of

principle for this concept  tumor-bearing athymic nude mice
(n = 3) were obtained by injection of SKOV3 ovarian cancer cells
(5 × 106 cells in 1:1 PBS:BD Matrigel) into both shoulders, and
the tumors were allowed to grow and vascularize for 2 weeks.
Before injection of the PET active 18F-TCO-liposomes, pHLIP-
Tz (50 μL, 0.89 mM) was administered intratumorally into one
of the tumors (Figure 6A,B). The pHLIP-Tz was allowed to

extravasate into the tumor tissue (10 min incubation time),
before 18F-TCO-liposomes (∼250 μCi, 200 μL PBS) were
injected intravenously. As anticipated, the liposomes show a long
blood half-life, with a large portion of the 18F-probe still
remaining in the bloodstream after 2 h. A portion of the liposome
is excreted via the hepatobiliary system, which can be a
combination of pHLIP-Tz binding in these tissues and partial
excretion of the liposome.23At 1 h, 12.8± 2.0%ID/gwas found in the
liver and 16.0 ± 8.0%ID/g in the intestines, whereas the kidneys did
not show any significant accumulation. The 18F-liposome is not stable
to defluorination, with 2.7± 1.3%ID/g of the liposome accumulating
in the bone after 60 min. Immediately after injection, the liposomes
begin to accumulate in the SKOV3 tumor tissue marked with
pHLIP-Tz, resulting in the tumors being visible by PET as early as
30min. After 120min, we achieved an activity concentration of 3.5±
1.2%ID/g in the tumors marked with pHLIP-Tz, as opposed to
0.46 ± 0.04%ID/g for the tumors without pHLIP-Tz. This was also
reflected in the tumor/muscle ratios, which were 6.9 ± 1.4 for the
SKOV3 tumorsmarkedwith pHLIP-Tz and0.95±0.19 for unmarked
SKOV3 tumors (Figure 6C). Therefore, owing to the rapid reaction
rate of tetrazines and trans-cyclooctenes, we were able to increase the
uptake of the liposome in tissues of interest to levels greater than that
achieved by the more commonly exploited EPR-effect alone.
In order to ensure that the observed preferential accumulation

in tetrazine-enriched tumors is based on the bioorthogonal
IEDDA reaction and not disruption of the vasculature,

Figure 2. Pretargeting of 18F-TCO-liposomes and pHLIP-Tz rapid accumulation and covalent immobilization in tumor tissues. At low pH levels, the
polar C-terminus of pHLIP-Tz changes its conformation to a helical structure, resulting in the insertion of the peptide into the cellular membrane. The
resulting transmembrane helix displays a bioorthogonal tetrazine on the cell surface, which can then be targeted by bioorthogonal liposomes. Here, we
designed long circulating liposomes displaying the 18F-labeled lipid [18F]-FDP on the liposome surface together with the bioorthogonal trans-
cyclooctene-conjugated DSPE-PEG2k-TCO. Reaction of the trans-cyclooctene with pHLIP-Tz leads to covalent immobilization of the liposome on the
cellular surface and subsequent enrichment of 18F in tissues with high concentrations of pHLIP-Tz.
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experiments were conducted with and without the injection of
vehicle (50 μL, PBS) in the control tumor. In both scenarios, the
uptake of 18F-TCO-liposomes was significantly smaller than in
the pHLIP-Tz positive tumor (0.46 ± 0.27%ID/g without and
0.41 ± 0.37%ID/g with vehicle-injection, both at 60 min). No
statistically significant difference between muscle tissue and
unmarked tumors was observed. Likewise, when the experiment
was repeated without the use of DSPE-PEG2k-TCO in the
liposome formulation (yielding nonbioorthogonal 18F-liposomes),

we did not see a statistically significant difference between
the two SKOV3-tumors (1.15 ± 0.69%ID/g for the SKOV3
tumor marked with pHLIP-Tz and 1.10 ± 0.64%ID/g for
the tumor injected with vehicle, both at t = 60 min). The
18F-TCO-liposomes remain bioorthogonally reactive even
after long circulation times. When, 5.5 h after intravenous
18F-TCO-liposome injection, one of the SKOV3-tumors is
marked with an injection of pHLIP-Tz, the uptake of the
already circulating 18F-TCO-liposome in the tumor increases

Figure 3. Synthesis and analysis of bioorthogonal pHLIP-Tz. (A) Synthesis of Tz-maleimide (Reagents and conditions: (i) maleic anhydride, BOP,
Et3N, room temperature, 4.5 h, 34%); (B) HPLC and ESI-MS traces of Tz-maleimide; (C) Synthesis of pHLIP-Tz from Tz-maleimide (Reagents and
conditions: (ii) pHLIP, PBS, room temperature, 3 h, 77%); (D) HPLC and ESI-MS traces of pHLIP-Tz.

Figure 4. Synthesis and analysis of functionalized lipid building blocks. (A) Synthesis of DSPE-PEG2k. Reagents and conditions: (i) TCO-NHS, Et3N,
DCM, room temperature, 5 h, Yield: 47%. (B) ESI-MS analysis of DSPE-PEG2k-TCO versus DSPE-PEG2k. (C) Synthesis of [18F]-FDP. Reagents and
conditions: (ii) Acetonitrile, 120 °C, 20 min, dcRCY: 40% ± 5%, RCP: 96%. (D) iTLC of [18F]-FDP.
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rapidly from 0.36 ± 0.22%ID/g to 1.23 ± 0.32%ID/g within
60 min.
In summary, we have shown that bifunctional, bioorthogonal

18F-liposomes can be designed using tetrazine/trans-cyclooctene
technology and that these liposomes and their tetrazine-labeled
counterparts are stable enough for in vivo applications. Further,
we have found that tetrazine-labeled tumors show significantly
increased uptake of radiolabeled bioorthogonal liposomes
compared to the untreated tumors and that the uptake behavior

and pharmacokinetics of large nanoparticulate liposomes can be
altered by means of chemical modifications. This is possible
because of the extremely fast reaction kinetics and high selectivity
of the IEDDA reaction.
The bioorthogonal 18F-liposome was developed rapidly from

its lipid-based components after the introduction of the 18F
radiolabel, providing maximum modularity for subsequent
modifications. Liposome formulations with different composi-
tions and reporters could also be developed and applied in similar
ways. However, we believe that the described liposomes might be
particularly useful for the kinetically enhanced and excretory
modulated delivery of drugs, imaging agents, and nuclear
therapeutics, immobilized either on the liposomal surface or in
the endoliposomal space. The technology can be readily
expanded to other drugs, biomolecules, and molecular targets
and could facilitate the development and delivery of drugs and
imaging agents.
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