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ABSTRACT: Radiolabeled drug nanocarriers that can be easily
imaged via positron emission tomography (PET) are highly significant
as their in vivo outcome can be quantitatively PET-traced with high
sensitivity. However, typical radiolabeling of most PET-guided
theranostic vehicles utilizes modification with chelator ligands, which
presents various challenges. In addition, unlike passive tumor targeting,
specific targeting of drug delivery vehicles via binding affinity to
overexpressed cancer cell receptors is crucial to improve the theranostic
delivery to tumors. Herein, we developed 89Zr-labeled triblock
copolymer polymersomes of 60 nm size through chelator-free
radiolabeling. The polymersomes are assembled from poly(N-vinyl-
pyrrolidone)5-b-poly(dimethylsiloxane)30-b-poly(N-vinylpyrrolidone)5
(PVPON5-PDMS30-PVPON5) triblock copolymers followed by adsorption of a degradable tannin, tannic acid (TA), on the
polymersome surface through hydrogen bonding. TA serves as an anchoring layer for both 89Zr radionuclide and targeting
recombinant humanized monoclonal antibody, trastuzumab (Tmab). Unlike bare PVPON5-PDMS30-PVPON5 polymersomes, TA-
and Tmab-modified polymersomes demonstrated a high radiochemical yield of more than 95%. Excellent retention of 89Zr by the
vesicle membrane for up to 7 days was confirmed by PET in vivo imaging. Animal biodistribution using healthy BALB/c mice
confirmed the clearance of 89Zr-labeled polymersomes through the spleen and liver without their accumulation in bone, unlike the
free nonbound 89Zr radiotracer. The 89Zr-radiolabeled polymersomes were found to specifically target BT474 HER2-positive breast
cancer cells via the Tmab-TA complex on the vesicle surface. The noncovalent Tmab anchoring to the polymersome membrane can
be highly advantageous for nanoparticle modification compared to currently developed covalent methods, as it allows easy and quick
integration of a broad range of targeting proteins. Given the ability of these polymersomes to encapsulate and release anticancer
therapeutics, they can be further expanded as precision-targeted therapeutic carriers for advancing human health through highly
effective drug delivery strategies.

■ INTRODUCTION
Breast cancer is among the world’s most common cancer
diseases and represents 25% of other cancers.1 Despite many
advancements in breast cancer treatment, its global rates of
mortality are still high.2 Current breast cancer chemotherapies
include the systemic delivery of free drugs or therapeutic
antibodies and have been often associated with cardiotoxicity
and cardiac dysfunction.3 Imaging-guided drug delivery is a
noninvasive alternative to direct injection of drugs into tumors
and systemic free drug delivery and can allow an effective drug
activity with reduced dose toxicity.4−9 In this type of delivery,
molecular imaging can be used to follow drugs with clinically
relevant imaging protocols and precisely tailored to a specific
spatial and temporal regimen. Among widely used imaging
methods, including optical imaging10 and magnetic resonance
(MRI),11 positron emission tomography (PET) is advanta-
geous in performing noninvasive clinical imaging of a whole
body and ensuring drug delivery to tumors.12,13 PET has high

sensitivity and quantitation due to the use of small amounts of
radionuclides (radiotracers) and has been widely exploited for
tracking the biodistribution of nanomaterials in vivo.14

PET radiolabeling of therapeutic molecules and nanoma-
terials usually includes coupling of chelating ligands including
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraaceticacid
(DOTA) or desferrioxamine (DFO) that produce stable
coordination bonds with radioisotope ions (e.g., 68Ga, 64Cu,
89Zr, 52Mn)15 beneficial for quantitative tracking of the in vivo
behavior and metabolism of the therapeutics.16−19 The short
half-lives of 68Ga (67.7 min half-life) and 64Cu (12.7 h half-
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life), however, might not be applicable for the development of
PET image-guided therapeutic nanocarriers desirable for a
long-term tracing of the nanocarrier in vivo outcomes.20 The
radioisotopes with much longer half-lives, including 89Zr (3.3
days), 52Mn (5.6 days), or 124I (4.18 days), would be more
suitable for imaging long-term nanoparticle circulation, specific
targeting, and drug release. The signal intensity and resolution
of PET images are also dependent on the positron ranges
defining radionuclide tissue penetration. While high-energy
positrons penetrate larger distances from the emission source
before annihilation, they can produce images with reduced
spatial resolution. Among 89Zr, 52Mn, and 124I, with the
corresponding average positron ranges in the tissues of 1.23,
0.63, and 3.48 mm, 89Zr has a good balance between longer-
term imaging and good spatial resolution.21

Polymeric nanocarriers have been shown to be advantageous
as theranostic agents that can easily combine imaging
(diagnostic) and therapeutic functions.22,23 Unlike single-
molecule therapeutics conjugates and rigid organic or
inorganic nanoparticles, which can have low blood circulation,
tissue toxicity, low drug loading, and adverse immune
responses, soft polymeric vesicles (polymersomes) assembled
from amphiphilic block copolymers demonstrated high
therapeutic payloads and can be obtained as biocompatible
and biodegradable with various functionalities providing
environmental stimuli-induced responses.24 In contrast to
phospholipid vesicles (liposomes) that may suffer short
circulation half-lives, low mechanical stability in vivo,25 drug
leakage, and fusion,26 the block copolymers provide excellent
control over the polymersome structure and physicochemical
properties.27−32 For example, varying the polymerization
degree of the hydrophilic blocks in poly(N-vinylcaprolac-
tam)n-b-poly(dimethylsiloxane)m-b-poly(N-vinycaprolactam)n
(PVCLn-PDMSm-PVCLn) and poly(N-vinylpyrrolidone)n-b-
PDMSm-b-poly(N-vinylpyrrolidone)n (PVPONn-PDMSm-
PVPONn) triblock copolymers while keeping the ratio of
PDMS/PVCL or PDMS/PVPON was shown to modulate the
size of small (<500 nm) vesicles where increasing the length of
the hydrophilic block decreased the size of a small vesicle.33−35

A superior in vivo stability of synthetic polymersomes
assembled from poly(3-methyl-N-vinylcaprolactam)-b-poly-
(N-vinylpyrrolidone) over liposomes has been shown to
decrease doxorubicin-induced cardiotoxicity.36

In addition, the availability of various functional groups for
the modification of polymer nanoparticles with active bio-
logical molecules (binding ligands) has been shown to be
crucial for enhanced tumor targeting and uptake through
specific binding of these ligands to overexpressed receptors on
target cells.37,38 Trastuzumab (Tmab), a humanized mono-
clonal antibody, is approved as a therapy against breast cancers
with overexpressed human epidermal receptor 2 (HER2),
which makes up about 30% of invasive breast cancer patients.39

Tmab has been extensively studied as a targeting ligand for
HER2 cancer cells.40

Chelator-based radiolabeling of synthetic polymer vesicles,
however, may present various challenges hampering the
development of image-guided drug nanocarriers, including
multistep modification and purification with chelator mole-
cules, limited choice of chelator ligands, transchelation,
possible release of the chelator molecules, and free radiotracers
in vivo, and adversely altering the surface properties of the drug
vehicles resulting in biodistribution changes.41−44 Conversely,
chelator-free radiolabeling can provide direct integration of the

radiotracers to delivery vehicles mitigating the above
challenges. Previously, direct radiolabeling was demonstrated
through doping of inorganic nanoparticles with radionuclides
(64Cu) during nanoparticle synthesis,45 via mixing of a PET
tracer (89Zr) with metal oxides,46 direct adsorption of arsenic
isotopes to nanoparticle surfaces through specific interac-
tions,47 through binding oxophilic radiotracers to silica
nanoparticles,48 and binding of 68Ga and 64Cu to zinc sulfide
quantum dots through cation exchange.49 While these methods
primarily concern inorganic nanoparticles, they might also
result in the loss of radioactivity, changes in surface properties,
and transchelation.45,47,48

Chelator-free radiolabeling of nanocapsule delivery vehicles,
including liposomes,50 exosomes,51 and polymersomes,44 has
been demonstrated mainly through the radiotracer encasement
within the interior cavity44,51 or nanocapsule membrane,
causing poor retention of the radionuclide in serum in vivo.
Therefore, a reliable and simple approach for chelator-free
labeling of polymeric nanovesicles with stable retention of a
radiotracer is desirable for in vivo applications. We have shown
previously that polymer nanovesicles can be obtained by self-
assembly of the poly(N-vinylpyrrolidone)5-b-poly-
(dimethylsiloxane)30-b-poly(N-vinylpyrrolidone)5 (PVPON5-
PDMS30-PVPON5) triblock copolymer through a solvent-
exchange method (nanoprecipitation).35 Polymeric nano-
vesicles from a similar triblock copolymer PVPON14-
PDMS47-PVPON14 were demonstrated to efficiently encapsu-
late and deliver PARP1 siRNA to successfully knock down
PARP1 in vivo.52 We have also demonstrated that hydrogen
bonding interactions between the polyphenol, tannic acid
(TA), and PVPON stable at physiological pH53 have the
potential as an antioxidant and immunomodulatory coat-
ing.54−57

Our previous work with poly(N-vinylcaprolactam)-b-PDMS-
b-poly(N-vinylcaprolactam) (PVCL-PDMS-PVCL) triblock
copolymer and PVCL-b-PVPON diblock copolymer polymer-
somes demonstrated biocompatibility and noncytotoxicity of
these materials (i.e., PDMS and PVPON) in vitro33,58 and in
vivo.36,59 Moreover, no cytotoxicity was found when TA was
complexed with PVPON in PVCL-PVPON diblock copolymer
polymersomes59 and in (TA/PVPON) multilayer micro-
capsules both in vitro and in vivo.55−57

In this study, we have developed a simple approach for a
chelator-free modification of the PVPON5-PDMS30-PVPON5
triblock copolymer nanovesicle (∼60 to 80 nm in diameter)
with a polyphenol polymer layer that can be simultaneously
used to anchor 89Zr radiotracer (or other active metal ions) for
molecular imaging and a HER2-targeting ligand Tmab for
nanovesicle targeting to HER2-positive breast cancer cells. The
89Zr-radiolabeled nanovesicles were analyzed in vitro for 7-day
radiotracer retention using radio-thin layer chromatography
(TLC) and in vivo using healthy nude mice through PET
imaging and biodistribution studies. We investigated the
specific targeting of 89Zr-radiolabeled polymersomes to
BT474 HER2-positive breast cancer cells by Tmab non-
covalently anchored to the vesicle surface through hydrogen-
bonded interactions with TA and found no adverse effect of
these interactions on the specific binding affinity of Tmab to
HER2 receptors on the cell membrane.
To the best of our knowledge, our work represents the first

example of a chelator-free-radiolabeled polymersome capable
of a long-term multiday PET imaging study in vivo. The
radiolabeling approach developed herein can potentially
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provide stable binding of a wide spectrum of isotopes without
radiometal leaching from the vesicle membrane in vivo.
Notably, this approach integrates the inherent advantages of
a polyphenolic polymersome membrane with the benefit of
quickly anchoring breast cancer cell targeting ligands. In
addition, the demonstrated polymer nanovesicles embody an
advanced theranostic delivery vehicle with PET imaging
capabilities that can be potentially extended to MRI or PET/
MRI combined image-guided capability.

■ MATERIALS AND METHODS
Materials. 2,2′-Azobis(2-methylpropionitrile) (AIBN; Sigma-

Aldrich) was purified by recrystallization from methanol before use.
N-Vinylpyrrolidone (VPON; Sigma-Aldrich) and tetrahydrofuran
(THF; Fisher Scientific) were distilled before use. Potassium ethyl
xanthogenate (Alfa Aesar) was recrystallized before use. Diethox-
ydimethylsilane, 2-bromopropionyl bromide, sodium bicarbonate
(NaHCO3), tannic acid (TA), poly(N-vinylpyrrolidone) (PVPON;
Mw 10 kDa), diethyl ether, ethanol anhydrous, methanol, hydrochloric
acid (HCl), sodium hydroxide (NaOH), sodium sulfate anhydrous
(Na2SO4), acetonitrile anhydrous, calcium sulfate, dialysis tubing
(MWCO 2 kDa, Fisher Scientific), and dialysis Float-a-Lyzer
(MWCO 300 kDa, Fisher Scientific) were used as received. 1,3-
Bis(4-hydroxybutyl)tetramethyl disiloxane was purchased from
Gelest, Inc. Trastuzumab (Tmab) was purchased from Genentech,
Inc. Ultrapure deionized water (DI) with a resistivity of 18.2 Ω cm
(Evoqua) was used for aqueous polymer and buffer solutions.
Synthesis of Bis(hydroxyalkyl) Poly(dimethylsiloxane)

PDMS30 and X-PDMS30-X Macroinitiators. Bis(hydroxyalkyl)
PDMS30 was synthesized via condensation polymerization with the
diethoxydimethylsilane/1,3-bis(4-hydroxybutyl)tetramethyl disilox-
ane molar ratio of 30:1.60 For that, 5 g of 1,3-bis(4-hydroxybutyl)-
tetramethyl disiloxane (0.018 mol), 65.7 g (0.54 mol) of
diethoxydimethylsilane, 10 g of DI H2O, and 1.2 mL of concentrated
HCl (12 M) were mixed and refluxed in a flask at 60 °C for 1 h.
Ethanol generated during the reaction was distilled with 42 mL of
ethanol collected. Forty-two milliliters of 6 M HCl was added to the
reaction flask and the content was refluxed for 4 h. The crude product
(bottom layer) was separated from the aqueous phase (top layer)
using a separatory funnel and dissolved in diethyl ether. The ether
solution was washed with 1 M NaHCO3 solution followed by DI
water until neutral pH was reached. PDMS30 was recovered from the
ether by rotary evaporation followed by drying under a vacuum. The
PDMS30 was washed with a methanol/water mixture (weight ratio
75:25) under slow stirring to remove lower molecular weight
fractions, including cyclic compounds. PDMS30 was dried in a
vacuum oven at 60 °C and used for macroinitiator synthesis. For the
PDMS30 macroinitiator, PDMS30 (4 g, 2 mmol) and pyridine (2 mL,
25 mmol) were combined with diethyl ether (180 mL) in a round-
bottom flask in an ice bath, and 2-bromopropionyl bromide (2 mL, 19
mmol) mixed with 20 mL of diethyl ether was added dropwise within
1 h using an addition funnel and continuous stirring. After adding the
2-bromopropionyl bromide solution, the flask was covered with a foil,
and the reaction was left to run for 24 h to yield Br-PDMS30-Br. Upon
completion of the reaction, the precipitate was filtered and Br-
PDMS30-Br was recovered by extraction using 1 M solutions of HCl
first and then NaOH, followed by rinsing with brine and drying over
Na2SO4 for 2 h. Diethyl ether was removed using a rotary evaporator
and the final product Br-PDMS30-Br was dried under high vacuum.
Then, Br-PDMS30-Br (2 g, 1 mmol) and pyridine (1 mL, 12 mmol)
were mixed in acetonitrile (80 mL), and potassium ethyl
xanthogenate (0.8 g, 5 mmol) mixed with 20 mL of acetonitrile
was added dropwise with a pipet and reacted at room temperature for
24 h to yield PDMS30 macroinitiator (X-PDMS30-X). Acetonitrile was
evaporated using a rotary evaporator, and the macroinitiator was
redissolved in diethyl ether (200 mL). The precipitate was removed
by filtration, and X-PDMS30-X was recovered by extraction, followed
by solvent removal and drying under a high vacuum as described
above for Br-PDMS30-Br.

Synthesis of the PVPON5-PDMS30-PVPON5 Triblock Copoly-
mer. PVPON5-PDMS30-PVPON5 triblock copolymer was synthe-
sized by reversible addition−fragmentation chain transfer (RAFT)
polymerization, as described in our earlier work.35 For PVPON5-
PDMS30-PVPON5 synthesis, PDMS30 macroinitiator (X-PDMS30-X, 1
g, 0.5 mmol), AIBN (50 mg, 0.3 mmol), VPON (3.5 g, 32 mmol),
and THF (6 mL) were added into a 25 mL Schlenk flask and
degassed by a freeze−pump−thaw cycle three times. The polymer-
ization was run at 65 °C in an oil bath for 90 min under an argon gas
atmosphere. Using dialysis tubing with a 2 kDa MWCO, the reaction
mixture was dialyzed in methanol for 3 days. The PVPON5-PDMS30-
PVPON5 polymer was recovered using a rotary evaporator, followed
by drying in a vacuum oven for 24 h at room temperature. Nuclear
magnetic resonance (1H NMR, Bruker; 600 MHz) spectra of the
polymers (10 mg mL−1) were collected in CDCl3 at room
temperature and corrected relative to the residual solvent resonance.
The number-average molecular weight of OH-PDMS-OH was
calculated from 1H NMR analysis based on the ratio between the
integrals at δ = 0−0.2 ppm (−SiCH3− protons in the PDMS block)
and δ = 0.6 ppm (−CH2O− protons from the end groups of PDMS).
NMR analysis verified the presence of the −CH(CH3)Br group at δ =
4.5 ppm. Using NMR analysis, we found that 95% of PDMS hydroxyl
groups were converted into the bromide groups followed by 98%
conversion of the former to the xanthate end groups (Figures S1−S4).
The average PVPON block length was calculated from 1H NMR
analysis based on half of the ratio between the integrals at δ = 2.1−2.4
ppm (−CH2CO− protons from the lactam ring of PVPON) and δ =
0.6 ppm (−CH2O− protons from the end groups of PDMS).

Gel Permeation Chromatography (GPC). The molecular
weights of OH-PDMS30-OH and PVPON5-PDMS30-PVPON5 poly-
mers and polymer dispersity (Đ) were determined by GPC using pure
THF as eluent. Measurements were performed on Waters 1525
system equipped with a Waters 2414 refractive index detector and
Waters in-line degasser AF. Polymer solutions were prepared at a
concentration of 2 mg mL−1 and separated using a set of two PSS
SDV (5 μm; 100 000 Å; exclusion limits from 1000 to 1 000 000 Da)
and a precolumn PSS SDV (5 μm) column (PSS-polymer) at a flow
rate of 1 mL min−1 at 30 °C of the column and 35 °C of the detector.
Narrow poly(styrene) standards with molecular weights within a
range of 1000−187 000 Da (PSS-polymer) were used to calibrate the
GPC columns. Weight-average (Mw) molecular weights were
evaluated using the Breeze 2 software (Waters). By analyzing GPC
traces of polymers (Figure S5), Mw of the polymers were found as
1900 Da (Đ = 1.6) for OH-PDMS30-OH and 2800 Da (Đ = 1.3) for
PVPON5-PDMS30-PVPON5.

Self-Assembly of PVPON5-PDMS30-PVPON5 Triblock Copoly-
mer Vesicles. Polymer nanovesicles of PVPON5-PDMS30-PVPON5
(PPP vesicles) were prepared using a nanoprecipitation method, as we
reported earlier.33,35 For that, 1 mL of the block copolymer solution
in ethanol (5 mg mL−1) was added dropwise to 4 mL of DI water at
room temperature and left under stirring for 6 h, followed by dialysis
in DI water for 48 h using a Float-a-Lyzer (MWCO 300 kDa, Fisher
Scientific) to remove ethanol. For coating of the vesicle shell with TA,
50 μL of TA aqueous solution (4 mg mL−1) was injected into 1 mL of
PVPON5-PDMS30-PVPON5 vesicle solution (1 mg mL−1), and the
mixture was shaken at 70 rpm for 15 min to form hydrogen bonds
between PVPON blocks and TA. After that, excess TA was removed
by dialysis in a Float-a-Lyzer (MWCO 300 kDa) against DI water for
72 h. For coating of the TA(PVPON5-PDMS30-PVPON5) vesicles
(TA-PPP) with PVPON (Mw 10 kDa) or Trastuzumab, 50 μL of
PVPON or Trastuzumab aqueous solution (4 mg mL−1) was injected
into 1 mL of TA-PPP vesicle solution (1 mg mL−1), and the mixture
was shaken at 70 rpm for 15 min. After that, an excess of PVPON or
Trastuzumab was removed by dialysis in a Float-a-Lyzer (MWCO 300
kDa) against DI water for 72 h.

Dynamic Light Scattering (DLS). The hydrodynamic diameter
of PPP vesicles before and after modification with TA, PVPON/TA,
and Tmab was measured using a Nano-ZS Zetasizer (Malvern
Pananalytical) equipped with a He−Ne laser (663 nm). The aqueous
vesicle solution (1 mL; (394 ± 24) × 107 particles mL−1) was

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.2c01539
Biomacromolecules 2023, 24, 1784−1797

1786

https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.2c01539/suppl_file/bm2c01539_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.2c01539/suppl_file/bm2c01539_si_001.pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.2c01539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


incubated at 25 °C for 24 h, transferred into a 2.5 mL four clear sided
disposable fluorescence cuvette (Fisher Scientific) and capped. After a
2 min sample equilibration at 25 °C, the average vesicle diameter was
obtained from three measurements (13 runs each). After size
measurements, each sample was transferred to a disposable folded
capillary ζ cell (Malvern Pananalytical) and an average ζ potential of
each sample was obtained from three measurements (13 runs). To
examine the size stability of Tmab-PPP polymersomes in serum
media, the polymersomes were dialyzed in fetal bovine serum media
(35-015-CV, Corning) at room temperature for 16 h using dialysis
devices (Float-a-Lyzer G2 Dialysis Device, Fisher Scientific) with
1000 kDa MWCO. After dialysis, 0.3 mL of the sample was diluted to
0.9 mL with the serum and an average hydrodynamic diameter of the
vesicles was measured at 25 and 37 °C with a 5 min equilibration for
each temperature.
Transmission Electron Microscopy (TEM). TEM images of

PVPON5-PDMS30-PVPON5 (PPP), TA(PVPON5-PDMS30-
PVPON5) (TA-PPP), and Tmab(PVPON5-PDMS30-PVPON5)
(Tmab-PPP) vesicles were obtained using FEI Tecnai T12 Spirit
TWIN TEM microscope operated at 80 kV. For that, 7 μL of each
vesicle solution was dropped onto an argon plasma-treated Formvar/
carbon-coated copper grid (200 mesh, Ted Pella). The adsorbed
vesicles were stained with 1 wt % uranyl acetate for 30 s after blotting
the excess solution.
Radio-Thin Layer Chromatography (Radio-TLC). The 89Zr

oxalate was prepared by the UAB Cyclotron Facility according to a
previously published procedure.61 A radio-TLC scanner (Eckert &
Ziegler AR-2000) was used for direct 89Zr quantification. To analyze
retention of the radioisotope by the samples, 100 μL of PPP and TA-
PPP vesicle solutions were combined with ∼100 μCi of neutralized
89Zr oxalate and incubated at 37 °C for 1 h. After 1 h, 5 μL of 50 mM
DTPA (final concentration = 2.2 mM DTPA) was added to compete
with the 89Zr−TA complex to determine the stability of 89Zr binding.
Samples were taken at 1, 4, 24, 72, and 168 h after DTPA addition.
The aliquots were analyzed by instant Radio-TLC to determine
radiolabeling efficiency. The samples were spotted on silica iTLC
plates with a 10 mM DTPA mobile phase until the solvent reached 1
cm from the top of the plate. Each sample was counted for 1 min over
the entire length of the plate to accumulate sufficient counts from the
scanner. The radiation counts were quantified by the interaction of
the radiation with P-10 gas (90% argon, 10% methane), and the plates
were analyzed using the WinScan 3.1 software. Peaks were integrated
to determine the percentage of 89Zr associated with each vesicle type.
No radiograph peaks were visible for any polymersomes without the
89Zr oxalate addition, as the TLC scanner only detects radioactivity.
Animal Model Ethical Statement. All animal experiments were

conducted in compliance with the Guidelines for the Care and Use of
Research Animals established by the University of Alabama at
Birmingham Institutional Animal Care and Use Committee.
Preparation of 89Zr-Labeled Vesicles for In Vivo Studies. The

89Zr-radiolabeled vesicles were prepared by incubating 1.02 mCi of
89Zr (60 μL) with the vesicles at 37 °C for 1 h. The samples were
spotted on silica iTLC plates as described above to determine the
radiolabeling efficiency. Since our polymersomes labeled > 95% of the
radiotracer, no further purification was needed to complete in vivo
studies.
Positron Emission Tomography (PET) Biodistribution

Imaging. The polymersome concentration was found to be (394 ±
24) × 107 particles mL−1 as measured by NanoSight NS300
instrument (Malvern Pananalytical). For in vivo biodistribution
studies, healthy female BALB/c mice (5 weeks age) were injected
via the tail vein with 100 μL of [89Zr]TA-PPP vesicle solution (∼100
μCi 89Zr as measured via Capintec dose calibrator CRC-25R).62 A
control group of mice was also injected with 89Zr oxalate to show the
biodistribution of unbound 89Zr after 24 h. Dynamic imaging for 1 h
was completed for the 1 h time point whereas static PET images were
acquired for 10, 15, 20, or 25 min for 4, 24, 72, and 168 h,
respectively. All PET images were followed by a 5 min CT at 80 kVp.
The mice for each time point (n = 4) were humanely sacrificed by
cervical dislocation following anesthetization with isoflurane at 1, 4,

24, 72, or 168 h post-injection, and select organs were collected and
counted using an automated gamma counter. Specific uptake for each
tissue was measured with background and decay correction and
expressed as percent-injected dose per gram of tissue (% ID g−1) as
calculated by normalization to the total radioactivity injected. A
known amount of injected radioactivity was used as a standard for
comparison. Biodistribution data were analyzed using Prism 8.0
software. The results were expressed as mean ± standard error. The
difference between mean values and standard deviation for each
experimental group was determined using the one-way analysis of
variance (ANOVA) with Tukey’s comparison test. In all tests, p <
0.05 was considered significant. PET and CT images were analyzed
using Vivoquant 4.0 software. CT reconstruction was completed with
the Modified Feldkamp Algorithm, while PET images were
reconstructed via the 3D-OSEM (Ordered Subset Expectation
Maximation) algorithm (24 subsets and three iterations, with
attenuation, random, and decay corrections). Standard uptake values
(SUVs) were calculated by the Vivoquant software using the following
equation

=SUV
concentration of radioactivity in organ (MBq mL )

injected radioactivity (MBq)/mouse weight (g)

1

(1)

Cell Viability Studies. BT474 and MDA-MB-468 cells were
seeded in 96-well plates as 104 cells per well. [89Zr]TA-PPP solution
was diluted with its own growth media. [89Zr]TA-PPP solution
aliquotes of 0.1, 1, 5, and 7.5 μL were used for cell studies. The same
number of cell-seeded wells and growth media alone were used as the
control group. The plates were incubated at 37 °C in a 5% CO2
atmosphere for 24, 48, and 72 h. At the end of each time point, 10 μL
of MTS Assay Kit solution (ab197010, Abcam) was added to each
well and incubated for 4 h under the same conditions. After 4 h, the
absorbances of the wells were measured using a multiplate reader at
490 nm. Cell viability (%) was calculated as [(measured absorbance
value/control absorbance value) × 100%].

Cell Binding Studies. For the cell binding study, breast cancer
cells MDA-MB-468 (HER2-negative; HER2−) and BT474 (HER2-
positive; HER2+) were purchased from American Type Culture
Collection (Manassas, Virginia). Each cell line was maintained at 37
°C with 5% CO2 in humidified incubators. Both cell lines were grown
in Gibco’s high glucose Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and
80 μM gentamicin. BT474 media also contained 1.8 mM insulin.
DMEM media, FBS, and gentamicin were purchased from Thermo
Fisher (Waltham, Massachusetts), while insulin was from Millipore
Sigma (Burlington, Massachusetts).

Both MDA-MB-468 and BT474 cells were seeded in 24-well plates
48 h prior to experiments at a concentration of 2.5 × 105 cells per
well. For cell binding studies, TA-PPP, PVPON/TA-PPP, and Tmab-
PPP polymersomes (120 μL) were radiolabeled with ∼100 μCi of
neutralized 89Zr (37 °C for 1 h, 1200 rpm). Each polymersome
solution (60 μL) was diluted in 10 mL of complete media for the
respective cell type (n = 8 of each cell type per temperature and three
standards; 0.5 mL a well). The cells were incubated for 1 h at 37 or 4
°C.

After incubation, radiolabeled media was removed, and cells were
washed with ice-cold phosphate-buffered saline (PBS) in triplicate. To
remove the cells, 250 μL of 1 M NaOH was added and gently shaken
for 5 min. Single-well components were removed and pipetted into
individual microcentrifuge tubes, followed by a 250 μL wash with PBS
from the same well. All samples were analyzed on a Hidex AMG
automated gamma counter to determine the amount of radioactivity
in each sample. Values were normalized to the overall cellular protein
amount determined by a bicinchoninic acid (BCA) assay (Thermo
Fisher) to determine the % binding (activity bound) per mg of
cellular protein. The labeling of the vesicles was found to be 99% for
[89Zr]TA-PPP, 95% for [89Zr]PVPON/TA-PPP, and 98% for
Tmab[89Zr]-PPP vesicles that were used for cell binding experiments.
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■ RESULTS AND DISCUSSION
Synthesis of PVPON5-PDMS30-PVPON5 Vesicles and

Their Modification with Trastuzumab (Tmab). To obtain
polymer nanovesicles, the PVPON5-PDMS30-PVPON5 triblock
copolymer was synthesized using the procedure we reported
earlier.35 The PDMS macroinitiator was obtained through
condensation polymerization of diethoxydimethylsilane and
1,3-bis(4-hydroxybutyl)tetramethyl disiloxane60 (Figures 1a

and S1) followed by the successive modification of the
hydroxyl end groups with 2-bromopropionyl bromide (Figures
1b and S2) and potassium ethyl xanthogenate (Figures 1c and
S3) to yield the PDMS30 macroinitiator (X-PDMS30-X). After
that, the PVPON5-PDMS30-PVPON5 triblock copolymer was
obtained from X-PDMS30-X by RAFT polymerization of N-
vinylpyrrolidone (Figures 1d and S4). The number-average
molecular weight of PDMS was calculated from NMR analysis
(Figure S1). The weight-average molecular weights calculated
from GPC analysis were found to be 1900 g mol−1 (Đ = 1.6)
for OH-PDMS30-OH and 2800 g mol−1 (Đ = 1.3) for
PVPON5-PDMS30-PVPON5 (Figure S5). By dialysis of the
PVPON5-PDMS30-PVPON5 block copolymer in an aqueous
solution (pH ∼ 5, 60 °C), the xanthogenate end groups of the
triblock copolymer were converted into hydroxyl end groups as
we reported earlier (Figure 2).35,52 Following the guidance for
the block copolymer assembly into vesicular morphology when
the fraction of hydrophilic mass to the total copolymer mass
( f) is within 0.25−0.4,33,35 this triblock copolymer has a
hydrophilic ratio f = 0.36 and can be assembled into spherical
nanovesicles (polymersomes) (Figure 2a).
The PVPON5-PDMS30-PVPON5 vesicles were self-as-

sembled via nanoprecipitation using an ethanol solution of
the triblock copolymer.35 Polymersomes assembled from block
copolymers through nanoprecipitation have been reported to
typically produce a unilamellar structure and narrow size
distributions.63 In our earlier study, using small-angle neutron
scattering (SANS), we demonstrated that the PVPON5-
PDMS30-PVPON5 copolymer assembly via nanoprecipitation
results in a three-dimensional globule shape of the vesicle with
a model fit describing a hollow sphere with a nonnegligible
shell.35 SANS analysis also confirmed no temperature-

responsive changes in the polymersome shell in the temper-
ature range from 25 to 55 °C with an average vesicle
membrane thickness of 8 nm.35

After purification of the polymer vesicles from ethanol using
dialysis in DI water, TA was adsorbed onto the vesicle surfaces
from 4 mg mL−1 aqueous solution of TA (Figure 2b,c).35,64

The excess TA was removed from the vesicle solution using
dialysis in DI water, leaving behind TA-coated PVPON5-
PDMS30-PVPON5 polymer vesicles (TA-PPP, Figure 2d). The
modification of the polymersome surfaces with TA serves two
purposes: (1) to allow efficient radiolabeling of the vesicles
with a highly stable positron-emitting isotope, 89Zr, for a
multiday in vivo imaging of the vesicles and (2) to permit a
simple and quick modification of the vesicles with targeting
ligands, such as trastuzumab (Tmab). The latter can be
possible because of strong interactions of TA with protein
molecules through hydrogen bonding between carbonyl and
amine moieties of the peptide bond and hydroxyl groups of
TA.65−68 The formation of the TA−Tmab water-insoluble
intermolecular complex was confirmed in the turbidity
measurements using UV−visible spectroscopy of TA, Tmab,
and TA−Tmab aqueous solutions at 400 nm (Figure S6). The
TA−Tmab interaction is due to the formation of hydrogen
bonds between carbonyl groups in Tmab and hydroxyl groups
of TA and ionic pairing between amine groups of Tmab and
partially ionized hydroxyl groups of TA (Figure 2e).
The interaction of TA with amine-containing polyelectro-

lytes has been previously demonstrated to produce water-
insoluble intermolecular complexes stable at physiological
conditions.69,70 Moreover, we have recently shown that
adsorbing chicken ovalbumin onto the outer TA layer of
(PVPON/TA)4 multilayer microcapsules allowed for the
targeting of hyperinflammatory macrophages to antigen-
specific T cells.55 The noncovalent anchoring of targeting
protein molecules with the nanovesicle membrane may prove
highly advantageous compared to currently developed covalent

Figure 1. Synthesis of the PVPON5-PDMS30-PVPON5 triblock
copolymer (*: mirrored chemical structure).

Figure 2. Assembly of (a) PVPON5-PDMS30-PVPON5 vesicles and
their modification with (b) TA (TA-PPP vesicles through hydrogen
bonding of PVPON and TA (c)), with (d) Tmab (Tmab-PPP vesicles
through hydrogen bonding and ionic pairing between TA and Tmab
(e)), and (f) PVPON homopolymer (PVPON/TA-PPP vesicles).
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methods as it will allow for easy and quick integration of a
broad range of targeting ligands to the vesicle surface.
Therefore, to induce TA-PPP with breast cancer cell targeting
function, Tmab was adsorbed onto surfaces of TA-PPP vesicles
from 4 mg mL−1 of the monoclonal antibody solution, and
free, nonadsorbed Tmab was then dialyzed off the solution in
DI water (Figure 2d,e). As a nontargeting negative control,
TA-PPP vesicles coated with a layer of PVPON with Mw of 10
kDa instead of Tmab were also obtained and denoted as
PVPON/TA-PPP (Figure 2f). The PVPON adsorption onto
TA-coated PPP vesicles was carried out in a dialysis tube (a
Float-a-lyzer), and nonadsorbed PVPON was removed from
the vesicle solution via dialysis in DI water.
The average hydrodynamic diameter of the PPP vesicles was

measured by DLS to be 60 ± 25 nm (Figure 3a, circles) and
did not significantly change after the interaction of the PVPON
corona on the PPP vesicles with TA. Thus, using DLS, the

average hydrodynamic size of TA-PPP vesicles was measured
as 65 ± 25 nm (Figure 3a, squares). Interestingly, TA
adsorption onto the PPP vesicle surfaces also decreased the
particle net surface charge. Thus, the surface charge of PPP
vesicles before TA adsorption was only slightly negative with
the ζ-potential value of −12 ± 5 mV (Figure 3b), which agrees
with the reported negative ζ potential values of untreated
PDMS in the range from −57 to −88 mV at neutral pH.71 A
lower value of the ζ potential observed for the PPP vesicles
herein can be due to the shielding of PDMS blocks with
PVPON outer blocks, which shifted the effective shear plane
where the electrophoretic mobility is measured away from the
polymer nanovesicle membrane due to hydrodynamic
immobilization of water associated with the polymer loops.72

After TA binding to PVPON outer blocks on the PPP vesicles,
the resultant TA-PPP polymer vesicles demonstrated a ∼2-fold
decrease in the average ζ-potential value from −12 ± 5 to −27

Figure 3. (a) Hydrodynamic diameters of the PPP vesicles before modification (circles), and after subsequent modification with TA (TA-PPP;
squares) and PVPON (PVPON/TA-PPP; rhombus) and after Tmab adsorption onto TA-PPP vesicles (Tmab-PPP vesicles; triangles). (b) ζ-
Potential measurements of PPP, TA-PPP, PVPON/TA-PPP, and Tmab-PPP vesicles.

Figure 4. TEM images of (a) PPP vesicles, (b) TA-PPP vesicles, (c) PVPON/TA-PPP vesicles, and (d) Tmab-PPP vesicles. The scale bar is 100
nm in all images.
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± 4 mV (Figure 3b). The observed surface charge decrease is
due to partial TA ionization at the vesicle solution pH of 5.4−
5.6, as TA has pKa in the range of 5−6.73

It is worth noting that we did not observe any decrease in
the TA-PPP vesicle size after TA adsorption that would be
expected upon the formation of hydrogen bonds between TA
and PVPON. Thus, for example, as reported earlier,64

hydrogen bonding of TA with the PVPON corona of
PVCL179-b-PVPON205 diblock copolymer polymersomes at
50 °C led to the size decrease of the obtained polymersomes
from 770 to 250 nm. The polymersome size decrease, however,
was dependent on the initial size of PVCL-b-PVPON
polymersomes, with the initially smaller vesicles shrinking to
a lesser extent than the larger ones. For example, the 250-nm-
sized PVCL179-b-PVPON234 diblock copolymer vesicles shrank
to only 190 nm in diameter upon interacting with TA.64

Apparently, the initially smaller size of PVPON5-PDMS30-
PVPON5 polymersomes used in this work (60 ± 25 nm) did
not facilitate any further particle size decrease.
In contrast, when Tmab was adsorbed onto TA-modified

vesicle surfaces, the net surface charge of the Tmab-PPP
vesicles increased to a slightly negative ζ-potential value of −5
± 4 mV (Figure 3b). The observed drastic increase in the
surface charge of Tmab-PPP polymer nanovesicles can be
explained by charge neutralization at the surface of the
protein−TA complexes either via electrostatic or hydrogen
bonding interactions. This result agrees with the reported
electrostatic properties of Tmab, which has an isoelectric point
of ∼8.8 and is shown to have a slightly positive net molecular
charge of +3.3 ± 0.3 mV at pH = 7.5 (0.15 M NaCl).74

Conversely, upon adsorption of PVPON on top of TA-PPP
vesicles, the net surface charge of the PVPON/TA-PPP
vesicles decreased slightly with the average zeta-potential of
−25 ± 5 mV (Figure 3b). Notably, the average hydrodynamic
size of Tmab-PPP (60 ± 18 nm) and PVPON/TA-PPP (60 ±
20 nm) vesicles did not increase and remained similar to that
of the initial PPP and TA-PPP vesicles, indicating excellent
colloidal stability of the modified nanovesicles. The negative
charge on particle surfaces was previously shown to be
beneficial for in vivo use as anionic particles demonstrated low
systemic immune response and cytotoxicity.75 Indeed, the
Tmab-PPP vesicles demonstrated good stability in serum
solution. An average hydrodynamic size of Tmab-PPP vesicles
assembled in water at 25 °C did not show significant changes
at 25 or 37 °C after exposure to fetal bovine serum for 16 h as
measured by DLS (Figure S7).
TEM analysis of four types of the polymersomes in Figure 4

demonstrated the presence of intact nanoparticles at all stages

of modification. TEM images show that after the surface
modification of PPP vesicles (Figure 4a) with TA (Figure 4b),
PVPON/TA (Figure 4c), and Tmab/TA (Figure 4d), their
shape did not change and there were no signs of vesicle fusion,
indicating their structural integrity upon modification. The
average size of the dry vesicles remained smaller than 100 nm,
which agrees with our DLS data (Figure 3a).

Radiolabeling of PPP, TA-PPP, and Tmab-PPP
Polymersomes. As TA can bind metal ions through
nonspecific ionic pairing,76 we, therefore, used it to bind
89Zr4+ radioisotope ions to TA-PPP vesicles (Figure 5a). In our
recent work on multilayer capsules made via layer-by-layer
assembly of TA and PVPON, we have demonstrated the
binding of the 89Zr radiotracer to the TA-containing capsule
wall with the radiolabeling yield of 69% after 24 h.77 In
contrast to a micrometer-sized multilayer capsule wall of 25−
50 nm made of several layers of TA shielded by PVPON layers
through hydrogen bonding, radiolabeling of an 8-nm-thick
vesicle membrane35 coated with a single TA layer can be
challenging with an uncertain fate of the radiotracer during
long-term retention by the vesicle membrane.
Herein, we have developed the vesicle labeling procedure

and investigated the efficiency of the 89Zr labeling as well as the
89Zr retention within the 89Zr4+−TA complex inside the vesicle
nanothick shell. To determine the radiolabeling efficiency, both
PPP and TA-PPP polymersome solutions were incubated with
a solution of [89Zr]Zr oxalate (∼100 μCi) at 37 °C for 1 h to
enable interaction of the TA outer layer and the radioisotope.
After polymersome labeling, the 89Zr-treated vesicles were
analyzed by radio-TLC (Figure S8). Radiolabeling yield was
quantified by integrating the peak areas on a radio-TLC plate,
and the relative peak percent representing the percentage of
89Zr bound to a vesicle shell was compared between PPP and
TA-PPP polymersomes after 1, 4, and 24 h of exposure.
Figure 5 demonstrates a dramatic difference in the

radiotracer binding to TA-PPP vesicles compared to the
unmodified PPP vesicles. After 1 h of radionuclide exposure,
the radiolabeling yields were found to be 97 ± 1 and 11 ± 3%
for TA-PPP and PPP polymersomes, respectively (Figure 5a).
The percentage of 89Zr bound to the vesicle shell only slightly
decreased to 96 ± 2 and 91 ± 4% after 4 and 24 h of
incubation for TA-PPP vesicles, while the radiotracer was
almost completely released from the bare PPP shell with the
corresponding values of bound 89Zr being 4 ± 1 and 3 ± 2%,
after 4 and 24 h (Figure 5a). The initial binding of 89Zr4+ to
PPP vesicles can be due to the isotope’s initial coordination
with hydroxyl end groups and carbonyl groups78 on PVPON
blocks of the PPP shell, with these interactions, obviously, not

Figure 5. Radio-TLC analysis of (a) PPP and TA-PPP vesicles after 1, 4, and 24 h after exposure to 89Zr oxalate solution and (b) TA-PPP vesicles
after 1, 3, and 7 days after exposure to 89Zr oxalate solution.
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sufficiently strong for long-term retention of the metal ions. In
contrast, [89Zr]TA-PPP vesicles demonstrated a highly stable
binding of 89Zr to the vesicle shell. Figure 5b shows that the
radiochemical yield remained consistent after the labeling over
1, 3, and 7 days of observation, with the corresponding values
of bound 89Zr being 91 ± 4, 90 ± 3, and 91 ± 10%. Indeed,
Zr4+−TA coordination complexes in metal-phenolic networks
were demonstrated to be highly stable in the pH range from 5
to 776,79 due to the formation of tris complexes of zirconium
ions with TA.80

In the case of Tmab adsorbed as the outer layer on the TA-
PPP vesicles to obtain Tmab-PPP polymersomes, one might
expect a decreased radiolabeling efficiency of the TA layer due
to TA interaction with Tmab, and possible electrostatic
repulsions between the amine groups of Tmab molecules
and 89Zr4+ ions. Despite that, radio-TLC analysis of Tmab-PPP
polymersomes after incubation with 89Zr showed high binding
efficiency of the radiotracer to the vesicles. Figure 6

demonstrates that the radiochemical yield of 97 ± 3% was
achieved after 1 h of incubation and remained stable for at least
168 h (7 days) of observation with the percentage of 89Zr-
bound value of 92 ± 6% at the final time point for
Tmab[89Zr]TA-PPP nanovesicles, which is similar to that

found for [89Zr]TA-PPP vesicles (91 ± 10%) after 168 h of
incubation.
Our 89Zr binding data indicates much faster and more

efficient radiolabeling of the TA and Tmab-modified PPP
vesicles compared to TA/PVPON multilayer capsules
demonstrated earlier.77 Thus, for example, the radiolabeling
yield of [89Zr](TA/PVPON) multilayer capsules with six layers
of TA slowly increased from 22 to 69% after 1 and 24 h,
respectively.77 A similar trend was found for the multilayer
capsules assembled from TA and a PVPON copolymer
containing monomer units functionalized with deferoxamine
(PVPON-DFO), where the presence of DFO led to a 17%
increase in the radiolabeling efficiency of the multilayer
capsules.77 However, the radiolabeling efficiency of TA/
PVPON-DFO microcapsules was still lower (89%) after 24 h
compared to that of the TA-PPP (∼91%) and Tmab-PPP
(∼92%) block copolymer vesicles in this work.
In another work, PEGylated liposomal vesicles assembled

with a folate-cholesterol amphiphile demonstrated a lower
radiochemical yield of 78%, which could be later increased to
98% by introducing a DFO chelator.50 Also, increasing the
incubation time of a radionuclide with glucose-modified
liposomes from 15 to 60 min was previously shown to
increase the labeling efficiency of liposomal vesicles with 177Lu
from 78 to 97%.81 However, much lower radiolabeling
efficiencies of ∼49% have been reported for polymersomes
assembled from amphiphilic poly(butadiene)-b-poly-
(ethyleneoxide) diblock copolymers and radiolabeled with
213Bi.44 Therefore, the TA-modified PPP polymersomes
demonstrated herein showed an excellent 89Zr radionuclide
binding and stability and can be a simple and facile way to
achieve it, unlike previous reports.
We also confirmed the radiolabeling stabilities of [89Zr]TA-

PPP and Tmab[89Zr]-PPP vesicles after their exposure to
human serum for 1, 4, 24, 72, 120, and 168 h. The percentage
of the vesicles intact after human serum exposure was analyzed
using radio-TLC at 1, 4, 24, 72, 120, and 168 h to determine
the amount of breakdown products (free or released
radiotracer) in each sample (Figure S9). In both types of

Figure 6. Radiolabeling (% 89Zr bound) of Tmab-PPP vesicles
analyzed as Tmab[89Zr]-PPP vesicles by radio-TLC.

Figure 7. (a, b) Representative maximum projection PET images (maximum intensity projections) of healthy BALB/c mice (n = 4) 24 h after
injection of (a) free 89Zr isotope (89Zr oxalate) and (b) [89Zr]TA-PPP vesicles. SUV scale is 1−100 in both images. (c) Biodistribution of
[89Zr]TA-PPP vesicles and free 89Zr isotope (89Zr oxalate) in BALB/c mice 24 h after injection (n = 4). Values are presented as average % ID g−1 ±
standard errors.
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polymersomes, the radiolabeling was highly stable after 1 h of
serum exposure with 98 ± 1 and 92 ± 3% of intact vesicles for
[89Zr]TA-PPP and Tmab[89Zr]-PPP, respectively (Figure
S10). After 168 h of serum exposure, the radiolabeling stability
did not significantly change for the [89Zr]TA-PPP vesicles (97
± 1% of intact vesicles) while decreasing to that of 84 ± 2% for
the Tmab[89Zr]-PPP vesicles after 72 h of serum exposure and
being stable at that value after 168 h of serum exposure (84 ±
1%) (Figure S10).
Importantly, radiolabeling of TA-PPP vesicles did not

exhibit any cytotoxicity as observed for [89Zr]TA-PPP
polymersomes incubated with BT474 and MDA-MB-468
cancer cells for 24, 48, and 72 h (Figure S11). The viability
of the cells at varied concentrations of the vesicles was found
more than 90% after 3 days of incubation with no significant
differences observed between the cell groups. These results
also agree with our previous reports on nontoxicity of PVPON
and PVPON/TA polymer materials.52−58

In Vivo PET Imaging of [89Zr]-Labeled PPP Vesicles.
Since the binding stability of 89Zr in [89Zr]TA-PPP vesicles in
situ discussed above is sufficiently high for clinical use, we
explored the stability of the radiotracer within the vesicle shell
in vivo. We carried out in vivo imaging studies of healthy
BALB/c mice (n = 4) after their injection with an average of
100 μCi dose from free 89Zr isotope (from 89Zr oxalate) or

from [89Zr]TA-PPP vesicles. Healthy mice were chosen as a
model to determine how the healthy immune response would
influence the circulation of the [89Zr]TA-PPP vesicles in a
body and affect the imaging contrast. The mice were injected
via tail vein with either the free radiotracer or labeled
[89Zr]TA-PPP polymersomes and then imaged with PET at
1, 4, 24, 78, and 168 h after injection. The biodistribution of
the vesicles within the main body organs was analyzed after
each respective time point after humanely sacrificing mice and
assaying the body organs for radioactivity. It is important to
note that strong in vivo retention of 89Zr tracer within the
polymersome membrane is especially important as that would
allow tracing the fate of the vesicles in vivo and an easy control
by PET over the delivery of therapeutics in the clinical
environment.
PET images in Figure 7 demonstrate a strong imaging

contrast in both samples after 24 h of study. The
biodistribution of the free 89Zr radionuclide from the metal
oxalate has been previously reported to localize largely in the
spine and femur in animal biodistribution models due to
chelation by phosphate constituents of bones.82−84 In fact, a
pronounced PET signal is seen in the mouse spine and hips
with a strong articulation in the knees (Figure 7a), while an
excellent imaging contrast is observed in the liver and spleen
for the [89Zr]TA-PPP vesicles (Figure 7b). Analysis of the

Figure 8. (a−e) Representative PET images (maximum intensity projections) of healthy BALB/c mice (n = 4) at (a) 1 h, (b) 4 h, (c) 24 h, (d) 72
h, and (e) 168 h after injection of [89Zr]TA-PPP vesicles. SUV scale is (a−c) 1−100 and (d, e) 1−20. (f) Biodistribution of [89Zr]TA-PPP vesicles
in BALB/c mice at 1, 4, 24, 72, and 168 h after injection (n = 4). Values are presented as average % ID g−1 ± standard errors.
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bone uptake, as the percent-injected dose per gram of tissue (%
ID g−1) as calculated by normalization to the total radioactivity
injected, shows that femur uptake was indeed high (131 ± 48%
ID g−1) for the free noncomplexed 89Zr (Figure 7a,c) after 24
h, while it was negligible in bone for the labeled vesicles at this
time point (0.9 ± 0.4% ID g−1) (Figure 7b,c). The observed
drastic difference between the biodistribution of the free 89Zr
and the metal radiotracer-labeled vesicle is important as it
demonstrates an unimpeded capability of the polymeric
nanocarrier to be tracked in vivo. In this regard, using the
89Zr radiotracer is advantageous compared to other radio-
nuclides. For example, the free 64Cu radioisotope is known to
accumulate commonly in the liver85 and can be easily mistaken
for the 64Cu-labeled carrier in the case of 64Cu weak binding to
a delivery vehicle and a possible release of the tracer from the
drug carrier.76

Excellent retention of the radiotracer in the [89Zr]TA-PPP
vesicle shell was further evidenced using PET imaging of the
mice for longer times. The PET images in Figure 8 show that a
strong imaging contrast can be observed at the final time point
of 168 h (7 days) of the imaging study. Note that a good
imaging contrast can be observed at much lower activity in
Figure 8d,e where the standardized uptake value (SUV) scale is
1−20, unlike that of 1−100 in Figure 7a−c. The PET images
do not show any imaging contrast from the bone, implying an
overall strong attachment of the radiotracer to TA in the TA-
PPP polymersome shell. Indeed, the bone (femur) uptake was
found to be less than 1% ID g−1 in the mice after 7 days,
confirming excellent retention of 89Zr−TA complexes in the
[89Zr]TA-PPP vesicle shell (Figure 8f). These results agree
with our previous study, where the biodistribution of 4-μm-
sized TA-containing multilayer capsules in the femur for
healthy mice reached 4 ± 2% ID g−1 after 7 days of
observation.77 The absence of radioactive bone uptake in the
case of the [89Zr]TA-PPP vesicle illustrates a superior
radiolabeling method compared to the chelator-free radio-
labeling of liposomes where 89Zr was directly coordinated by
phosphate heads of phospholipid membranes.50 Bone accu-
mulation in those liposomes reached up to 12% ID g−1 due to
the release of free 89Zr after 50 h post-injection.50 Moreover,
radionuclide retention by TA-PPP polymersome membrane in
this work was much more robust compared to DFO chelator-
based polybutadiene-b-poly(acrylic acid) micelles where
DFO-89Zr coordination still allowed for a partial release of
free 89Zr and, consequently, bone accumulation at 4% ID g−1.43

Note that since the PET imaging contrast was studied in vivo
using healthy mice, the 60-nm-sized polymersomes have been
accumulating mainly in liver and spleen (Figure 8f), which is
an expected clearance through the mononuclear phagocyte

system typical for nanomaterials with sizes larger than 6−8
nm.46,86−88 For example, the main accumulation sites for ∼10-
nm-sized 89Zr-labeled lipoprotein nanoparticles were found to
be in the spleen, liver, and kidneys along with tumor-associated
macrophages.89 Polybutadiene-based diblock copolymer 25
nm micelles, functionalized with 89Zr-deferoxamine, have also
been reported to accumulate in the liver and spleen after 120 h
post-injection into tumor-bearing mice.43

Targeting Tmab[89Zr]-PPP Vesicles In Vitro. We also
assessed the ability of Tmab[89Zr]-PPP vesicles to target HER2
receptors in vitro using BT474 HER2-positive (HER2+) breast
cancer cells. The HER2-negative (HER2−) MDA-MB-468
cells were used as a negative control. Three types of
polymersomes were labeled with [89Zr]Zr oxalate with a high
radiochemical yield of 99% for TA-PPP, 95% for PVPON/TA-
PPP, and 98% for Tmab-PPP vesicles and then incubated with
the cells for 1 h at 4 or 37 °C. Cell interaction with the
polymersomes at 4 °C was performed to limit the endocytosis
of HER2 receptors from the cell surface into the cell interior
(HER2 internalization).
Each sample radioactivity was used to determine the

percentage of cell binding (activity bound) per mg of cellular
protein (% ID mg−1). Binding analysis demonstrates that there
was almost no binding of nontargeting [89Zr]TA-PPP and
[89Zr]PVPON/TA-PPP vesicles to both types of HER2 cells
upon cell incubation at 4 °C (Figure 9a). In contrast, Tmab-
targeting vesicles (Tmab[89Zr]-PPP) showed a high binding
activity to the HER2-positive cells (265 ± 64% ID mg−1), with
only a marginal binding activity (29 ± 4% ID mg−1) toward
HER2-negative cancer cells (Figure 9a). This result illustrates a
specific binding of the Tmab-targeting polymersomes to
HER2+ receptors on the cell surface. The incubation at 4 °C
promoted the decrease in the amount of HER2 recycling
where HER2 is internalized after Tmab binding to the receptor
and is either recycled back to the cell surface or degraded in
cell lysosomes.90 The observed binding of Tmab[89Zr]-PPP
vesicles to the HER2+ BT474 cells confirms that TA−Tmab
complexation does not affect the specific binding affinity of
Tmab to HER2 receptors on the cell membrane and can be
used for specific targeting of the polymer nanovesicles to
HER2 receptors.
As expected, no binding to either type of cells was observed

for nontargeting TA-PPP and PVPON/TA-PPP vesicles after
cell incubation at 37 °C, similar to that observed at 4 °C
(Figure 9b). In contrast, we observed a ∼2-fold increase in
HER2 binding in HER2+ BT474 cells (505 ± 65% ID mg−1)
compared to that at 4 °C (265 ± 65% ID mg−1). This result
can possibly be explained by the internalization and rapid
recycling of HER2. As reported earlier, the ability of SK-BR-3

Figure 9. Binding (% ID mg−1 of cellular protein) of 89Zr-radiolabeled TA-PPP, PVPON/TA-PPP, and Tmab-PPP vesicles to HER2− and HER2+
cells at (a) 4 °C and (b) 37 °C (****p < 0.0001).
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cancer cells to rebind an antibody at 37 °C was shown to be
dependent on the endocytotic dissociation of a HER2/
antibody complex and HER2 recycling to the cell membrane
with the initial HER2 density on the cell surface being restored
only after 72 h. Conversely, upon HER2 internalization by
BT474 human breast cancer cells in vitro, 50 and 85% of
internalized Tmab-HER2 could be recycled to the cell
membrane within 5 and 30 min, respectively.90

Interestingly, the incubation of the cells at 37 °C resulted in
the binding of Tmab-PPP vesicles to MDA-MB-468 HER2-
negative cells with 295 ± 7% ID mg−1 (Figure 9b). As recently
demonstrated, Tmab treatment could decrease cell prolifer-
ation in HER2-negative breast cancer cell lines that have HER2
phosphorylation at tyrosine Y877 position of the receptor
(pHER2Y877+ status) to an extent comparable to what occurs
in HER2+ cell lines.91 Tmab sensitivity in HER2−/
pHER2Y877+ MDA-MB-468 cell line that was used in our
work was shown to be specific to HER2 tyrosine 877
phosphorylation; however, it required higher Tmab doses.
For instance, the decrease in the HER2−/pHER2Y877+ MDA-
MB-468 cell viability was found to start at 50 μg mL−1 of
Tmab compared to that of 4 μg mL−1 for HER2+ cell lines.91

Indeed, the observed binding of Tmab[89Zr]-PPP vesicles to
the MDA-MB-468 cells was less pronounced at 37 °C
compared to that for the HER2+ BT474 cells at this
temperature, and Tmab targeting of the polymer vesicles was
still significantly higher by 1.7-fold at 37 °C for HER2+ cells
(Figure 9b). These results from Tmab-PPP targeting polymer
nanovesicles warrant further experiments in vivo to investigate
the effect of Tmab-targeting of breast cancer tumors in HER2+
cells and in HER2-negative cell lines with pHER2Y877+ status
such as MDA-MB-468 triple-negative breast cancer lines for
which a personalized therapy is still not achieved.

■ CONCLUSIONS
We have demonstrated a simple and facile method for
chelator-free radiolabeling of block copolymer vesicles with
89Zr for PET imaging in vivo. Stable PVPON5-PDMS30-
PVPON5 triblock copolymer polymersomes of 60 nm diameter
were assembled in an aqueous solution using the nano-
precipitation method. We showed that a layer of TA could be
adsorbed on the assembled nanovesicles through hydrogen
bonding of the vesicles’ PVPON corona and TA without
affecting the polymersome size and colloidal stability. We also
demonstrated that the TA-coating could be used for a stable
noncovalent anchoring of Tmab onto the TA surface through
hydrogen bonding. The demonstrated noncovalent anchoring
of Tmab with the polymersome membrane can be highly
advantageous compared to the currently developed covalent
methods, as it will allow for easy and quick integration of a
broad range of targeting protein molecules to the vesicle
surface. We found that, unlike bare PVPON5-PDMS30-
PVPON5 polymersomes, TA- and Tmab-modified polymer-
somes could be efficiently radiolabeled with the 89Zr
radiotracer with a high radiochemical yield of more than
95% through the formation of the TA−89Zr complex. In vivo
PET imaging studies demonstrated excellent retention of the
89Zr in the TA shell of the vesicles for up to 7 days in vivo.
Animal biodistribution analysis using healthy mice revealed
that the majority of 89Zr-labeled polymersomes accumulated in
spleen and liver, with no accumulation in the femur. At the
same time, the accumulation of free nonbound 89Zr radiotracer

observed in the femur confirms the strong retention of the
radionuclide by the polymersome shell. Finally, we found that
the 89Zr-radiolabeled polymersomes could be used to confirm
specific targeting of the vesicles to BT474 HER2-positive
breast cancer cells by Tmab non-covalently anchored to the
vesicle surface through hydrogen-bonded interactions with TA.
The binding of Tmab[89Zr]-PPP vesicles to the HER2+
BT474 cells revealed that TA−Tmab complexation did not
affect the specific binding affinity of Tmab to HER2 receptors
on the cell membrane. Given the previously demonstrated
ability of these polymersomes to encapsulate and release
anticancer therapeutics into cancer cells,35,52 these theranostic
polymersomes can be further developed as advanced precision-
targeted therapeutic carriers for the advancement of human
health through highly effective drug delivery strategies.
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