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Here, we report a method to specifically bind liposomal radio-
pharmaceuticals to a CoCrMo alloy, which can be used in arte-
rial stents, via an irreversible inverse electron-demand Diels–
Alder reaction. Inspired by recent accomplishments in pre-tar-

geted imaging using tetrazine-trans-cyclooctene click chemis-
try, we synthesized 89Zr-labeled trans-cyclooctene-functional-

ized liposomal nanoparticles, which were validated on a tetra-

zine-appended polydopamine-coated CoCrMo surface. In ef-
forts to ultimately translate this new material to biomedical ap-

plications, we compared the ability of 89Zr-TCO–liposomal
nanoparticles (89Zr-TCO-LNP) to be immobilized on the tetra-

zine surface to the control suspensions of non-TCO functional-
ized 89Zr-liposomal nanoparticles. Ultimately, this platform

technology could result in a systemic decrease of the radio-

therapeutic dose deposited in non-targeted tissues by specific
removal of long-circulating liposomal radiopharmaceuticals

from the blood pool.

Liposomal radiopharmaceuticals have drawn much attention

as clinical diagnostics and/or therapeutics in recent years.[1–5]

They have been employed as low excretion blood-pool imag-
ing agents, labeled with 18F,[2] as nanoreporters to predict ther-
apeutic outcome during DoxilS treatment,[3] and as bone
marrow imaging agents, tagged with 64Cu.[5] Nanoparticles that

are not decorated with a molecularly targeted small molecule,
peptide, or antibody can still passively accumulate in tumors,

exploiting the enhanced permeability and retention (EPR)

effect.[6] This increased accumulation of the liposomal radio-
pharmaceutical in tumor regions allows delineation of tumor

margins with positron emission tomography (PET), generally at
late time points between 24 and 48 h. However, long-circulat-

ing liposomal radiopharmaceuticals tagged with long-lived ra-
dionuclides such as 89Zr and 64Cu can deposit a significant

dose of radiation to non-targeted organs, such as the liver and

spleen of patients.[7]

Thus, it would be beneficial to utilize early time-point imag-

ing (ideally between 4–6 h post-injection) of long-circulating
liposomal nanoparticles so that sufficient tumor signal-to-back-

ground ratios can be realized without unnecessary circulation
of potentially deleterious radioisotope nanocarriers. We, there-

fore, designed a liposome-based tetrazine (Tz)/trans-cyclooc-

tene (TCO) targeting system by using the inverse electron-
demand Diels–Alder (IEDDA) click reaction (Figure 1). Over the

last six years, the potential of this reaction has been exploited
as a tool for the in vitro and in vivo labeling of biologically rel-

evant probes.[8] This extremely fast (k> 30 000 m@1 s@1), selec-
tive, and bioorthogonal click reaction[9] has been successfully

introduced as a pretargeting system for in vivo PET imaging[10]

as well as a radioimmunotherapeutic.[11]

Figure 1. Schematic overview of 89Zr-TCO-liposome uptake via bioorthogo-
nal inverse electron-demand Diels–Alder click reaction.
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In this Communication, we present our recent results to-
wards the development of a platform technology for in vivo re-

moval of a liposomal radiopharmaceutical through the IEDDA
reaction. Bioorthogonally reactive liposomes can potentially

result in a systemic decrease of the radiotherapeutic dose de-
posited in healthy tissues, yield a larger therapeutic window,

better treatment outcomes, and ultimately more satisfactory
prognoses.

To this end, we synthesized 89Zr-radiolabeled TCO-functional-

ized liposomes (Figure 2). The preparation of TCO-functional-
ized liposomal nanoparticles required the synthesis of a deriva-
tive of the phospholipid 1,2-distearoyl-sn-glycero-3- phosphoe-
thanolamine (DSPE-NH2, Figure S1). DSPE-NH2 was treated with

a TCO-functionalized N-hydroxysuccinimide (TCO-NHS) ester in
the presence of triethylamine to obtain the desired TCO-func-

tionalized phospholipid in moderate yields. After purification,

DSPE-TCO was characterized by using mass spectrometry with
electrospray ionization (ESI-MS) (Figure S1B). The TCO-function-

alized liposomal nanoparticles can then be assembled by using
a previously established protocol.[4] Together with 1,2-dipalmi-

toyl-sn-glycero-3-phosphocholine (DPPC), cholesterol, DSPE-
PEG2000, DSPE-TCO, and DSPE-desferrioxamine (DSPE-DFO), a

high-pressure tip-sonication method yielded the TCO-function-
alized liposomal nanoparticle (TCO-LNP) suspension of narrow

size distributions (mean diameter = 109.4:8.8 nm, PDI =
0.153:0.027). The overall charge of TCO-LNP was measured to

be slightly negative, with a zeta potential of @6.8:4.4 mV.
Subsequent radiolabeling of the TCO-LNP surface chelate moi-

eties was achieved through treatment with radioactive 89Zr(IV)-
oxalate (Figure 2 A). The desired 89Zr-radiolabeled TCO-func-
tionalized liposome (89Zr-TCO-LNP) was isolated by centrifugal

filtration in good radiochemical yield (49:5 %). Size exclusion
chromatography (SEC) exhibited high radiochemical purity
(>97 %) of the radiolabeled, or “hot”, liposome population
(Figure 2 B) with no statistically significant difference in particle
size and distributions compared to its “cold” precursor (Fig-
ure 2 C). Biodistribution studies in 4T1-tumor-bearing nude

mice showed typical pharmacokinetics of PEGylated liposomal
nanoparticles with increasing ratios of tumor to blood over
24 h of up to 3.12:0.57 (Figure 2 D and Figure S2). It is impor-

tant to note that while tumor/blood ratios increase between 6
and 24 h, sufficient tumoral uptake of 89Zr-TCO-LNPs was ob-

served as early as the 6 h time point. In fact, the mean percent
injected dose per gram (%ID g@1) of tumoral tissue actually de-

creases between 6 and 24 h (17.0:4.2 and 14.0:1.2 %ID g@1

for 6 and 24 h, respectively). Enhanced contrast should not
only be achieved by increased particle accumulation, but

rather clearance of 89Zr-TCO-LNPs from the blood pool. A rapid
route for selective tracer removal from the blood pool would,

therefore, decrease the radiation dose as well as allow for earli-
er imaging time points.

Rationally, a tetrazine-functionalized polydopamine-coated

CoCrMo stent alloy was prepared so that bioorthogonally se-
lective removal of 89Zr-TCO-LNPs can be realized (Figure 3). The

inherent chemical robustness of these particular alloys allows
them to be suitable as core materials for frameworking arterial

stents. The noble metal surface character of these alloys also
suggests that a thorough oxidation treatment can allow for a

subsequent treatment with a functionalized organic substrate

through the resulting strong Van der Waals forces and covalent
interactions between the substrate and the metal. Recent

preparations of polydopamine (PDA)-coated CoCr alloys uti-
lized such strategies to install functional amines on the metal

surface primarily through the chelating catechol moieties of
the dopamine monomer.[12] These functional handles were ulti-

mately employed as linkers to slow-releasing crosslinked cyclo-
dextrins for drug delivery, although PDA and its polymeric ana-
logues can be utilized in many other applications.[13] In this

report, a PDA-coated CoCrMo alloy was prepared by peroxide-
mediated surface oxidation, rendering the metal surface reac-

tive to the catechol groups on dopamine molecules (Fig-
ure 3 A). Subsequent thermal treatment cured the surface coat-

ing through polymerization of the adjacently grafted dopa-

mine molecules. It should be noted that the microstructure of
polydopamine can vary from monomer to monomer unit,

where quinone, indole, and quinhydrone-derived moieties may
exist, although their favorable intermolecular interactions con-

tribute to not only the robustness of the bio-inspired resin,[14]

but can even contribute to enhanced hemocompatibility.[15]

Figure 2. Synthesis, chemical characterization, and in vivo biodistribution of
89Zr-labeled TCO-functionalized liposomal nanoparticles. a) Formulation and
radiolabeling. b) UV (254 nm) and radio-chromatogram by size exclusion
chromatography. c) Analysis of size and polydispersity of 89Zr-labeled liposo-
mal nanoparticle. d) In vivo biodistribution of 89Zr-TCO liposomal nanoparti-
cles in 4T1-tumor-bearing nude mice.
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The grafted amines were converted in the second step to tet-
razine-appended amides by using N-hydroxysuccinimide-dis-

placement chemistry. The amide-bound tetrazines can selec-
tively “click” with trans-cyclooctene groups on substrates such

as liposomes (Figure 3 B), immobilizing the macromolecular
carriers and potentially removing them from circulation. Differ-

ent concentrations of Tz-NHS ester solutions (0.2 mm, 2.0 mm,

and 20 mm) were evaluated for the functionalization of PDA@-
CoCrMo-alloy disks to achieve maximum deposition of Tz func-

tionalities on the polydopamine-coated metal surface. After
tetrazine functionalization, Tz-PDA@CoCrMo disks (n = 3) were

incubated with 89Zr-TCO-liposomes at room temperature for
5 min and the bound activity was measured through g-count-

ing. In all cases, we observed a statistically significant increase
in uptake of 89Zr-TCO-liposomal nanoparticles on the Tz-func-
tionalized CoCrMo alloy disks (Tz-PDA@CoCrMo) in comparison

to PDA@CrCoMo metal disks, demonstrating the successful
deposition of tetrazine functionalities on the polydopamine-

coated metal disks. However, no statistical difference between
the different concentrations of Tz-NHS ester was observed.

The viability of a conceptual liposome “filter” that could be

suitable as a stent material was evaluated through radiolabel-
ing efficiencies of CoCrMo alloy disks of various coatings

(Figure 4). The tetrazine-appended polydopamine-coated
CoCrMo surface (Tz-PDA@CoCrMo) was treated with a buffered

radiolabeled TCO-functionalized liposome formulation as well
as non-TCO functionalized 89Zr-labeled liposomes (Figure 4 A),

and was left to stand for 5 min prior to a rinse to remove resid-

ual “unbound” liposomes (Figure 4 B). The amount of radioac-
tivity retained was compared to a bare CoCrMo alloy and a
non-tetrazine-functionalized PDA@CoCrMo, both of which

were treated with the same radiolabeled liposome solutions.
Figure 4 C depicts phosphor autoradiography films displaying

the radioactivity that had remained on the disk surfaces. Four
times less radioactivity was retained on the bare CoCrMo alloy

compared to the Tz-functionalized disks with the highest activ-

ity, suggesting that the TCO-tetrazine click reaction is responsi-
ble for the enhanced uptake of the liposomes. Although con-

siderably more radioactivity was retained on the tetrazine-func-
tionalized PDA@CoCrMo disk, a two-fold decrease in the

amount was still observed on the disk that was not treated
with Tz NHS-ester. This could be because of side reactions of

the strained Z-isomer of the cyclooctene, which can include

Michael addition to the polydopamine amine or even Diels–
Alder couplings with catechol-derived quinone dienes.[14]

Owing to the bioorthogonal click reaction, the majority of
PDA–liposome binding originates from the positively charged

polydopamine surface itself, which may have an inherent elec-
trostatic affinity for the negatively charged liposomes.

Figure 3. Synthesis and optimization of a tetrazine-functionalized polydopa-
mine-coated CoCrMo stent alloy (Tz-PDA@CoCrMo). a) A schematic illustra-
tion of thin-film deposition of polydopamine and tetrazine functionalization
through amide-bond formation. b) Retention of 89Zr-TCO liposomal nanopar-
ticles at different concentrations of Tz NHS ester on tetrazine functionalized
of polydopamine-coated metal disks.

Figure 4. Comparison in uptake of 89Zr-TCO-liposomal nanoparticles versus
89Zr-liposomal nanoparticles on CoCrMo alloy stent surfaces. a) Synthesis of
TCO-functionalized and non-TCO-functionalized 89Zr-labeled liposomal nano-
particles. b) Schematic illustration of the experimental setup. c, d) Analysis of
bound activity of 89Zr-labeled nanoparticles by phosphor autoradiography.
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In summary, 89Zr-radiolabeled TCO-functionalized liposomal
nanoparticles (89Zr-TCO-LNP) with good in vivo pharmacokinet-

ics were prepared for selective binding to a rationally engi-
neered tetrazine-appended polydopamine-coated CoCrMo

alloy disk. We have shown specific binding between these two
counterparts through the rapid bioorthogonal inverse elec-

tron-demand Diels–Alder click reaction between tetrazines and
trans-cyclooctenes. This report represents the first steps taken

towards a new technology of on-demand removal of circulat-

ing liposomal nanoparticles in vivo.

Experimental Section

Materials

Unless otherwise stated, all chemicals and solvents were used with-
out further purification. Water used for this study was ultrapure
(>18.2 MW cm@1 at 25 8C), and acetonitrile (CH3CN) as well as etha-
nol were of HPLC grade purity. l-Dopamine hydrochloride, TrizmaS

base, p-benzylamino tetrazine N-hydroxysuccinimidyl ester (Tz NHS
ester), triethylamine, and dimethylformamide were purchased from
Sigma–Aldrich (USA) and used as received. Phospholipids were
purchased from Avanti polar Lipids. Cobalt chromium molybde-
num alloy disks (CoCrMo, 63:30:7 wt %) were purchased from
American Elements (CA, USA). TCO-NHS ester was purchased from
KeraFast (MA, USA). Chelexed water was prepared with BT Chelex
100 Resin (Bio-Rad) and phosphate-buffered saline (PBS) was pur-
chased from the media preparation facility at Memorial Sloan Ket-
tering Cancer Center. 89Zr-oxalate was purchased from the radio-
chemistry core at Memorial Sloan Kettering Cancer Center. HPLC
reactions and quality controls (1.0 mL min@1, phosphate-buffered
saline) were performed on a Shimadzu UFLC HPLC system
equipped with a DGU-20A degasser, a SPD-M20A UV detector, a
LC-20AB pump system, a CBM-20A communication BUS module,
and a Scan-RAM radio-TLC/HPLC-detector form Lablogic using a
size exclusion column (GE SuperdexTM 200, 10/300 GL). Electrospray
ionization mass spectrometry (ESI-MS) spectra were recorded with
a Waters Acquity UPLC (Milford, CA) with electrospray ionization
SQ detector. Size and zeta potential measurements were per-
formed on a Malvern Zetasizer NanoSeries.

Formulation of TCO-Functionalized Liposomal Nanoparticles

The formulation of TCO-functionalized liposomal nanoparticles is
based on a previously established protocol.[4] In detail, the liposo-
mal nanoparticle suspension consisting of 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphocholine (DPPC), cholesterol, pegylated DSPE (DSPE-
PEG2000), DSPE-TCO, and DSPE-DFO in a 1.85:1:0.15:0.03:0.01
molar ratio was prepared by adding the individual lipids to a reac-
tion vessel in a solution of chloroform. After removing the organic
solvent under reduced pressure, the resulting lipid film was dried
under high vacuum for 2 h. Phosphate-buffered saline (pH 7.4,
4.0 mL) was added to the reaction vessel and stirred at 40 8C for
1 h. Followed by tip sonication and centrifugation, TCO-functional-
ized liposomal nanoparticles were isolated and stored as a suspen-
sion in PBS. Particle diameters were measured to be 109.4:8.8 nm
(n = 3) with a polydispersity index [PDI] of 0.153:0.027 (n = 3) and
a zeta potential of @6.8:4.4 mV (n = 3). Non-functionalized liposo-
mal nanoparticle suspensions without the DSPE-TCO constituent
were prepared as control formulations and exhibited analogous
properties to those reported by Perez et al.[4]

Radiolabeling of 89Zr-TCO-Liposomes

89Zr-oxalate (7.3 mL, 98 mCi) was added to phosphate-buffered
saline (100 mL) and the pH was adjusted to 7.5 by additing Na2CO3

(1 m, 7.0 mL). After the addition of a solution of TCO-liposomal
nanoparticles (100 mL), the reaction mixture was incubated at 40 8C
for 1 h. After purification by sequential spin filtration (5 V) using
AmiconS filters (100 kDa, EMD Millipore), 89Zr-TCO-liposomal nano-
particles were isolated (49:5 % radiochemical yield, >97 % radio-
chemical purity, n = 5) with similar characteristics (size: 103.5:
5.4 nm and PDI: 0.114:0.071, n = 3) as their precursors.

Biodistribution of 89Zr-TCO-Liposomes

Evaluating the in vivo performance of 89Zr-TCO-liposomes, 4T1-
tumor-bearing (150–200 mm3) mice (female, nude, 6–8 weeks, 20–
25 g) were intravenously injected with a solution of 89Zr-TCO-lipo-
somes (13.3–18.2 mCi, 0.5 mmol of lipid) in PBS (150 mL). At prede-
termined time points (2, 6, and 24 h post-injection), the mice were
euthanized by asphyxiation with CO2 and blood was collected via
cardiac puncture. Selected organs were harvested, weighed, and
counted by using a Wizard2 automatic g-counter from PerkinElmer.
The percentage of tracer uptake stated as percentage injected
dose per gram of tissue (%ID g@1) was calculated as the activity
bound to tissue per organ weight per actual injected dose, decay-
corrected to the start time of counting. All animal experiments
were approved by the Institutional Animal Care and Use Commit-
tee (IACUC) of Memorial Sloan Kettering Cancer Center.

Preparation of Tetrazine-Functionalized Stent Alloy

Functionalization of commercial CoCrMo alloy disks was achieved
by coating the surface with a polydopamine coating using a modi-
fied literature protocol.[12] Amidization of surface amines through
N-hydroxysuccinimide (NHS) displacement yields tetrazine covalen-
cies. The alloy disk was first surface-treated with piranha solution
(3:1 w/w H2SO4 [conc.]/H2O2 [30 % w/w]) for 16 h. After rinsing with
water, the disk was submerged in a freshly prepared aqueous solu-
tion of TrizmaS base (1.2 mg mL@1) and dopamine (2 mg mL@1)
(pH 8.5) and agitated at 20 8C for 16 h. After rinsing with water, the
disks were cured at 150 8C for 1 h. The resulting polydopamine-
coated disks (PDA@CoCrMo) were then incubated in the dark at
20 8C with layer of pipette-dropped solutions of Tz NHS ester
(0.2 mm, 2.0 mm, or 20 mm) and triethylamine (0.15 mm) for 1 h
prior to a water rinse to afford the tetrazine-appended surface-
coated alloy (Tz-PDA@CoCrMo). Then, the reaction solution was re-
moved by washing with water (3 V 1.0 mL).

Optimization of Tetrazine Functionalization of
Polydopamine-Coated CoCrMo Alloy Disks

After the dilution of 89Zr-TCO-liposomal nanoparticles (100 mL,
62 mCi) with PBS (1.0 mL), Tz-PDA@CoCrMo disks prepared under
various Tz NHS ester conditions (0.2 mm, 2.0 mm, and 20 mm ; n =
3) and non-functionalized PDA@CoCrMo disks (n = 3) were incubat-
ed with a solution of 89Zr-TCO-liposomal nanoparticles (100 mL) for
5 min at 20 8C. The disks were then carefully washed with PBS
(10 mL) and residual radioactivity on the disks was measured by
using a Wizard2 automatic g-counter from PerkinElmer.
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Comparison in Uptake of 89Zr-TCO-Liposomal Nanoparticles
and 89Zr-Liposomal Nanoparticles

For digital autoradiography experiments, bare CoCrMo, PDA@CoCr-
Mo, and Tz-PDA@CoCrMo disks were incubated with pipette-deliv-
ered drops of 89Zr-TCO-liposomal nanoparticles (2 mL, 2.0 mCi) or
89Zr-liposomal nanoparticles (2 mL, 2.0 mCi) for 5 min at 20 8C (Fig-
ure 4 A and Figure 4 B). After washing with PBS (10 mL), bound ra-
dioactivity on the metal disks was measured by exposing them to
a phosphor-imaging plate (Fujifilm, BAS-MS2325, Fuji Photo, Japan)
for 24 h at 20 8C. After exposure, the imaging plate was analyzed
by using a Typhoon FLA 7000 laser scanner (GE Healthcare, Port
Washington, NY) with 25 mm pixel resolution.
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