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Abstract

Emerging tumor treatment demands on high-sensitivity and high-spatial resolution diagnosis
in combination with targeted therapy. Here, we report that iodine-rich polymersomes (I-PS)
enable versatile SPECT/CT dual modal imaging and potent radioisotope therapy of breast
cancer in vivo. Interestingly, I-PS could be easily and stably labeled with radioiodine, '3I and
311, Dynamic light scattering and transmission electron microscopy showed that '25I-PS had a
size of 106 nm and vesicular morphology, similar to the parent I-PS. MTT assays displayed
that I-PS and '?°I-PS were non-cytotoxic while 13!I-PS caused significant death of 4T1 cells at
5 mg PS/mL with radioactivity 12 pCi. Pharmacokinetic and biodistribution studies showed
that !2I-PS have a prolonged circulation and distribute mainly in tumor and
reticuloendothelial system. The intravenous injection of '2’I-PS to 4T1 murine breast
tumor-bearing mice allowed simultaneous high sensitivity and high-spatial resolution imaging
of tumor by SPECT and CT, respectively. The therapeutic studies revealed that '3'I-PS could
effectively retard growth of 4T1 breast tumor and significantly prolong mice survival time.
H&E staining assay proved that 13!I-PS induced tumor cell death. I-PS emerges as a robust

and versatile platform for dual modal imaging and targeted radioisotope therapy.

Keywords: Polymersomes; Contrast Agents; SPECT/CT; Theranostics; Radioisotope
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Introduction

Relying on the high-sensitivity and high-spatial resolution diagnosis, combined therapy has
attracted great attention in recent years.!?> Single photon emission computed tomography
(SPECT) with a high sensitivity and functional imaging is widely used for cancer
theranostics.®> Owing to the limitation of the anatomical information of SPECT imaging,
X-ray computed tomography (CT) has been widely conducted for patients imaging due to its
high spatial and density resolution and provides the information of anatomic structure.*3
However, compared to SPECT imaging, CT imaging lacks sufficient sensitivity and
molecular information. To overcome the limitations of single modal imaging, dual and
multi-modal imaging has attracted great attention.>! For instance, °°™Tc-labeled
dendrimer-entrapped gold nanoparticles,!!-14 mTc-labeled dendrimer with iodine!®> and
153Sm-labeled lanthanide-based nanoparticles'®!” have recently been designed and
investigated for in vivo SPECT/CT imaging. These reported nano-contrast agents exhibited
significant improvements of both SPECT and CT signals in tumor, sentinel lymph node and
atherosclerosis plaques. However, huge dose of CT contrast agents is needed for improving
the imaging sensitivity. On the other hand, given the potential toxicity, it is very difficult to
translate inorganic CT contrast agents to the clinical applications. It is impendent to develop
multifunctional contrast agents for multimodal imaging.

Theranostics that combines diagnostics and therapy, has received widespread interests as
future personalized medicine.!3->* Polymersomes with a vesicular structure as for liposomes
are able to deliver hydrophilic and hydrophobic imaging agents and drugs, offering a versatile
platform for theranostics. Compared to liposomes, polymersomes are more stable and easier
to fabricate with tunable properties.?>?° Notably, nano-sized polymersomes can target to
tumor through the enhanced permeation retention (EPR) effect (“passive targeting”).303!

Various imaging agents such as fluorescent dye, magnetic particles, quantum dots and
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radionuclides have been integrated with polymersomes.’>-3® Polymersomes have also been
employed for loading different drugs, including chemotherapeutics, proteins, and siRNA, for
cancer treatment.3*#? Drugs loaded in polymersomes exhibited enhanced tumor accumulation
and significantly improved anticancer efficacy. Notably, integration of polymersomes with
radionuclides labeling for radioisotope therapy has not yet been reported to our knowledge.

In the past years, different iodine-rich polymers and nanoparticles have been developed for
CT imaging in that they provide several advantages over small molecule contrast agents like
preventing fast renal excretion, reducing iodine hypersensitivity, prolonging circulation time,
and achieving targeted imaging.>*’ In our recent work, we have reported that
iodine-rich-nanopolymersomes (I-PS) have shown great X-ray attenuation ability.*® Compared
with the Iohexol, a commercial X-ray contrast agent, I-PS possesses strong CT signals in the
blood pool, reticuloendothelial system (RES) and several malignant tumors of mice after
intravenous injection. In this work, we further develop I-PS as multimodal contrast agent for
versatile SPECT/CT imaging and potent radioisotope therapy of tumor in vivo (Scheme 1).
31T has been used for radioisotope therapy as it emits high energy beta particles that can cause
cell DNA strand breaks and induce cell death, while '>°T is mostly used for imaging as it emits
Auger electron that can cause DNA strand breaks only when close to the cell nucleus.*-3!
With the radiolabeling, '2°1 and '3'I labeled I-PS, were able to achieve high-efficiency CT
imaging and SPECT imaging, as well as radioisotope therapy for tumors. This represents a
first report on radiolabeled polymersomes for dual modal imaging guided radioisotope

therapy.
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21 Scheme 1. A schematic illustration shows the preparation of radiolabeled iodine-rich
23 polymersomes, 25I-PS and !3'I-PS. '25[-PS for SPECT/CT dual mode imaging and '3!I-PS for
radioisotope therapy of cancer. PEG-PIC is an abbreviation of poly(ethylene

28 glycol)-b-poly(iodinated carbonate) copolymer.

Materials and Method

35 Chemicals

37 Radioiodine (Na!>I and Na 3'T) was supplied by Shanghai GMS Pharmaceutical Co., Ltd.
Acetic acid, dimethylformamide and ethanol were bought from Sinopharm Chemical Reagent

42 Co., Ltd. All chemicals and reagents were used as received.

46 Synthesis of PEG-PIC (12’I) and PEG-PIC (3'I)

Poly(ethylene glycol)-b-poly(iodinated carbonate) (PEG-PIC) with an M,, of 5.0-50.0 kg mol-!
51 was synthesized as previously reported.*® For synthesis of PEG-PIC (!2°1), Na!?°I (500 puCi,
53 370 mCi/mL) was mixed with ethanol (270 puL) and evaporated at 85 °C by Thermo Shaker.
PEG-PIC (1 mg) and acetic acid (2 pL) in DMF (200 pL) was added to the dry Na'>I (iodine
58 in PEG-PIC/Na!?’I molar ratio = 2.08 x 10%) and heated to 70 °C with varied time from 1 h to

60 10 h under shaking. Radiochemical yield was measured by thin layer chromatography assay
5
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using saline as a mobile phase. Rf of 'ZI-PS~0.1, Rf of free 1°1~0.9. PEG-PIC (13!) was

obtained by the same method.

Preparation of 12°I-PS and 3'I-PS

125I-PS and 3'-PS were prepared by solvent exchange method. In a typical example, 200 uL
of PEG-PIC('*°I) solution in DMF (5 mg/mL) was added dropwise to 800 uL of deionized
water. To remove free Na!?’I and DMF, the resulting '2I-PS dispersion was dialyzed against
200 mL of deionized water for 8§ h with three times change of deionized water (MWCO =
8000 Da) and concentrated by ultrafiltration (Millipore, MWCO =10 kDa) at the speed of
4500 r/min for 10 min. B!'I-PS and I-PS were obtained using the same method.

The hydrodynamic radius of I-PS and !'?°I-PS was measured by dynamic light scattering
(DLS). All experiments were performed on a Malvern Zetasizer Nano ZS90 equipped with a
solid-state He—Ne laser (A = 633 nm) in triplicate at 25 °C. Transmission electron microscope
(TEM) (FEI Tecnai F20) was used to measure the size and morphology of !2°I-PS,
manipulating at 120 kV. 'ZI-PS (10 pL 1 mg/mL) was dropped onto a carbon coated copper
grid of 200 mesh and redundant liquid was removed using a filter paper after five minutes.
Phosphotungstic acid aqueous solution (10 mg/mL, 10 puL) was dropped onto copper grid to

dye the '2I-PS.

Cytotoxicity Assay of ’I-PS and 3'I-PS

MTT assays were used to evaluate the cytotoxicity of '’I-PS and 3'I-PS. 4T1 cells were
seeded and cultured in 96-well plate (1 x 10* cells/well) in DMEM with 10 % fetal bovine
serum (FBS) at 37 °C for 24 h in a 5% CO, atmosphere. The medium was aspirated and
replaced by I-PS, 'I-PS and "3'I-PS with different concentrations (0.31, 0.63, 1.25, 2.5, 5

mg/mL, corresponding to radioactivity of 0.75, 1.5, 3, 6, 12 nCi/mL, respectively) at 37 °C for
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24 h. The cells were cultured with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide solution (100 pl, 0.5 mg/mL) for 4 h before the addition of dimethyl sulfoxide (100
pL). A microplate reader (Thermo, Varioskan Flash) was used to measure the absorption of

each solution.

In Vitro and In Vivo Dual Modal Imaging

In vitro and in vivo dual modal imaging was performed on the microSPECT/CT scanner
(Milabs, Utrecht, the Netherlands) with a multipinhole focused collimator. The SPECT was
performed for 15 min per scan with energy window from 20 to 40 keV. Parameter of the CT
scan was set as an accurate mode using three frames averaging, full angle, with 55 kV tube
voltage, and 615 mA tube current. To evaluate the in vitro performance of dual modal
imaging, concentrations of '2°’I-PS varied from 0, 6.25, 12.5, 18.75 to 25 mg/mL, which
corresponded to radioactivity of 0, 6.25, 12.5, 18.75 and 25 pCi, respectively, in tube
phantom.

All animal experiments were operated following a protocol approved by the Animal Care and
Use Committee of Soochow University. Female BALB/c mice (6 weeks of age, 20—23 g per
animal) of specific pathogen free (SPF) grade were received from Shanghai SLAC Laboratory
Animal Co., Ltd. The breast tumor model was established by subcutaneous injection of 4T1
cell suspension (~5x10° cells) into the flank region of the right back of mice and the
consequent tumor was allowed to grow for 10 days. 4T1 tumor bearing mice were injected
with '2I-PS (1000 mg/kg, 200 uCi) by intravenous injection though the tail vein without
thyroid pre-blocking. 1.5 % isoflurane/oxygen gas mixtures (flow rate: 0.6 L/min) were used
to anesthetize the mice by inhalation on the temperature-controlled animal bed of the
microSPECT/CT, scanned with varied times (0, 4, 6, 8, 12, 24 and 48 h). To study the

retention of 123I-PS in tumor, the acquisition times of 4T1 tumor bearing mice were scanned at
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2, 6, 10, 14, 24, 48, 72, 96, 144 and 192 h post injection. All microSPECT/CT data were

handled with POMD (Version 3.602) software.

Blood Circulation and Biodistribution

For in vivo pharmacokinetic studies, blood samples were collected from the retinal veins of
healthy BALB/c mice (n=3) after post injection of '2I-PS at 0, 1, 2, 4, 6, 8, 24 and 48 h,
respectively. The blood samples were weighed and the radioactivity was measured by
y-counter (LB 2111 Multi Crystal Gamma Counter). To study biodistribution of '>I-PS,
major organs (heart, kidneys, liver, lungs and spleen) were weighed and radioactivity was

measured.

In Vivo Therapy

4T1 tumor bearing BALB/c mice (30~50 mm?) were randomly divided into two groups: I-PS
and B'I-PS (200 puCi, 50 mg/kg). The above agents were intravenously injected every 4 days
at day 0, 4, 8, and 12 without thyroid pre-blocking. The tumor volume was monitored by a
caliper every 2 days, and calculated according to the following equation: V = LW?/2, where L
and W are the length and width of the tumor, respectively. Data of body weight and death rate
were recorded to evaluate the treatment performance. The relative tumor volume was
calculated by V/V,, where V, means the tumor volume on day 0. For histological analysis
staining, tumor and major organs were harvested, fixed in 10 % neutral buffered formalin,
embedded in paraffin. The tumor then was sectioned into thin slices and stained with

hematoxylin and eosin (H&E).

Statistical analysis

All data were presented as the mean + standard deviation (SD). One-way analysis of variance
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(ANOVA) was used to assess significance between groups, after which post-hoc tests with the
Bonferroni correction were used for comparison among individual groups. *p < 0.05, was

EE T

considered significant, and **p < 0.01, **p < 0.001 considered highly significant.

Results and Discussion

Preparation and Cytotoxicity of Radioactive Iodine-Rich Polymersomes

Iodine-rich polymer, PEG-PIC, was synthesized with an M, of 5.0-50.0 kg mol-!, which
corresponded to an iodine content of 60.4 wt.%, according to our previous protocols.*®
PEG-PIC was radiolabeled with, radioisotopes, '2°I and 13'1, via isotopic exchange in dimethyl

formamide (DMF) solution at 80 ° C using acetate acid as a catalyst (Figure 1A). As shown in

Figure 1B, '?°I radiolabeling efficiency increased with increasing time. The maximum

radiolabeling yield was measured to be 63.9 6.3 % through thin layer chromatography (TLC)

assay. The radiolabeling efficiency of '3'I-PS was similar to '?°’I-PS (Figure S1). *I-labeled
PEG-PIC readily formed polymersomes in water. Similar to non-radioactive I-PS, the
dynamic size of '?’I-PS was 106 nm as determined by dynamic light scattering (DLS) assay
(Figure 1C). Transmission electron microscopy (TEM) imaging showed that '?’I-PS had a
spherical vesicular structure with an average size of 80 nm, which was close to the DLS data
(Figure 1D). Hence, the isotopic exchange, with radioisotopes such as !2°T and 3! has not
changed the intrinsic properties of iodine-rich polymersomes. We further tested the radio
stability of '?°I-PS and "3'TI-PS in PBS and 10 % serum. The results showed little loss of ']
and 'T in 48 h (Figures S2 and S3), confirming a high radio stability. This radiolabeling
strategy is easy, fast and stable.

Prior to the in vivo evaluation, we firstly investigated the potential cytotoxicity of I-PS,
125I-PS and B'-PS in murine 4T1 breast cancer cells by the methyl thiazolyl tetrazolium

(MTT) assay. No obvious toxicity to the 4T1 cells was observed even at a concentration of 5
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mg/mL for I-PS. Notably, similar to non-radioactive I-PS, '2°I-PS was practically nontoxic to
4T1 cells even at a high concentration of 5 mg/mL, which corresponded to a radioactivity of
12 puCi (Figure 1E), suggesting that '’I-PS has good safety. The lack of cytotoxicity of
1251-PS is likely due to its low dose, as '>’I causes DNA strand break via Auger electron that
works only when close to the cell nucleus. With '2°T both high dose and nuclear entry are
required for effective radiotherapy. However, 13!I-PS caused obvious toxicity to 4T1 cells due
to the released Prays from the 3'I. The immunofluorescence cell experiments further
confirmed that 3'I-PS caused the DNA double strand breaks while I-PS and '’I-PS did not
(Figure S4). Therefore, '?I labeled I-PS might be used for SPECT/CT imaging of mice
bearing 4T1 tumors, while 3! labeled I-PS might act as therapeutic agents for radioisotope

therapy of tumor.

10
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Figure 1. Synthesis and characterization of radiolabeled polymersomes: (A) Synthesis of
PEG-PIC('?I) and PEG-PIC(!3'T) by isotopic exchange. (B) Radiolabeling efficiency as a

52 function of time. The iodine exchange reaction was carried out with 200 uCi Na'?’I in DMSO
>4 at 80 °C. (C) Size distribution profiles of I-PS and '>’I-PS measured by DLS. (D) TEM image
of 1¥I-PS. (E) MTT assays of I-PS, '>I-PS and 3'I-PS at polymer concentrations varying

59 from 0.31 to 5 mg/mL in 4T1 cells following 48 h incubation (n=6) (corresponding '?’I-PS

11
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and 3'1-PS radioactivity varying from 0.75 to 12 pCi). (F) Phantoms reconstructions of
125-PS measured at polymer concentrations varying from 1 to 25 mg/mL (corresponding
radioactivity varying from 0 to 25 uCi). (G) Quantification of CT and SPECT from phantoms

reconstructions.

In Vitro and In Vivo SPECT/CT Dual Modal Imaging

In our previous work, I-PS with a remarkably high iodine content of 60.4 wt.% has
demonstrated to be an excellent CT contrast agent compared with the commercial contrast
agent Iohexol.*® To explore the potential of '2°I-PS for dual modal imaging, we performed in
vitro SPECT/CT scan by using tube phantoms. It was found that the intensity of reconstructed
images of both CT and SPECT increased by increasing the concentration of I-PS and '>°1
radioactivity, respectively. The CT and SPECT images matched well with each other (Figure
1F). The quantitative analysis showed that X-rays attenuation value increased from 192.4 HU
to 602 HU with increasing concentrations of '2°I from 6.25 to 25 mg/mL, owing to the large
attenuation of X-rays by iodine atom.#-*¢ The radioactivity intensity of '2°I-PS increased
linearly from 0.52 x 10-2 to 2.3 x 102 puCi /mL from the SPECT imaging assay (Figure 1G).
The phantom studies suggested that the developed %I-PS could be used for SPECT and CT
dual modal imaging.

To study the in vivo performance of '°I-PS, SPECT and CT dual modal imaging of '>’I-PS in
mice bearing 4T1 tumor was conducted. The 3D images of SPECT showed that '>5I-PS
exhibited whole body distribution after injection. After 48 h of injection, '>’I-PS showed high
tumor accumulation (Figure 2A). Notably, '2’I-PS showed also a high accumulation in liver
and spleen. By installing a tumor-targeting ligand such as antibody and peptide on >I-PS, we
might reduce its accumulation in liver and spleen and further increase its tumor accumulation.

On the other hand, no any radioactivity signal in thyroid of mice with '2’I-PS treatment was

12
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detected, further demonstrating the excellent stability of our '*°I-PS in vivo. Notably, SPECT
imaging only detects the radioisotope. We performed the CT imaging to locate the
nanoparticles. As expected, CT imaging of mice also showed a high tumor accumulation after
48 h of injection. The CT imaging was in good accordance with the SPECT imaging (Figure

2B). The X-rays attenuation value of the tumor increased from 66 =3 HU at 0 h to 256 £ 3

HU at 48 h post injection (Figure 2C). Compared to currently used small molecular contrast
agents, '°’I-PS provides a significantly longer detection window. Interestingly, quantitative
SPECT measurements showed that the radioactivity intensity of tumor tissue increased from 2

+0.45 % ID g! (percentage of injected dose per gram of tissue) at 0.5 h post injection up to
17.45+0.08 % ID g'! at 48 h post injection (Figure 2D), confirming that I-PS can target to

4T1. The high tumor accumulation of '>I-PS is likely due to a high vascularization of 4T1
tumor as well as, good stability and long circulation time of '2I-PS, both critical to observed
EPR effect.’?3* The above results demonstrate that '>5I-PS can be used as a contrast agent for
dual modal imaging. Of note, it is a practical challenge to balance the dose for dual-modal
imaging due to difference in sensitivity. Here, I-PS can uniquely meet the dose requirements
for SPECT and CT dual-modal imaging in that we can tailor '°I-PS radioactivity to make it

suitable for both SPECT and CT imaging.

13
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Figure 2. In vivo microSPECT/CT dual modal imaging of 4T1 tumor-bearing BALB/c mice
at 0,4, 8, 12, 24 and 48 h post injection of 'I-PS. (A) 3D images of mice (4T1 tumor
xenograft at right back-leg). (B) Coronal section of CT, SPECT and fusion images of mice

(tumors marked with dashed circles). Tumor uptake quantified by CT (C) and SPECT (D).
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Pharmacokinetic and Biodistribution

In order to study the in vivo behaviors of nanoparticles, healthy mice were intravenously
injected with '2I-PS without thyroid pre-blocking. After different time points, blood sample
was collected from the retinal vein for radioactivity assay by gamma counter. The results
showed that '’ I-PS exhibited long blood circulation time with pharmacokinetics followed a
two-compartment model with the first and second phase blood circulation half-lives
calculated to be 0.88 h (t,) and 10.5 h (t;p), respectively (Figure 3A). In contrast, free
Na!?’I showed significant accumulation in the thyroid and was rapidly cleared from the
systemic circulation through kidney after intravenous injection (Figure S5).

We further studied the biodistribution of '>I-PS in 4T1 tumor bearing mice. The tumor and
major organs were excised at 48 h post intravenous injection of '>I-PS (1000 mg/kg, 200
uCi) via tail vein. The radioactivity assays confirmed a high tumor accumulation of 25I-PS

17.4£0.1 % ID g'), which was significantly higher than that in the healthy organs such as
g g

heart, liver, lung, and kidney, except for spleen (Figure 3B). Figure S6 shows that !>3I-PS
could be slowly excreted from the body with time. '>’I-PS is most likely degraded by
enzymatic pathway in vivo, as reported for poly(trimethylene carbonate) and copolymers.>3- 3¢
The long circulation and favorable biodistribution make I-PS an interesting nanosystem for

radioisotope therapy.
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Figure 3. (A) The pharmacokinetics of '?’I-PS in mice following i.v. injection (n=3). (B) The
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biodistribution of '>I-PS in 4T1 tumor bearing BALB/c mice at 48 h post injection (n=3).

In Vivo Therapy

In order to assess the frequency of administration, we firstly monitored '?°’I-PS in vivo for
several days. As shown in Figure 4, tumor uptake of '2°’I-PS reached a plateau on day 4 after
injection. Combined with the half-life of '3'I, tumor uptake of 3'I-PS would reach the
maximum on day 4 and then decrease. Under the guidance of SPECT/CT dual modal
imaging, in vivo radioisotope therapy was conducted. Mice bearing 4T1 tumors were
randomly divided into two group (n=5): I-PS and 3'I-PS. 3'I-PS was intravenously injected
into mice every 4 days with radioactivity of 200 uCi and total four injections (given at day O,
4, 8 and 12). Notably, 3'I-PS significantly inhibited tumor growth compared with the
radio-inactive I-PS control (Figure 5SA). Moreover, Kaplan-Meier survival curves showed that
the mice treated with 3'I-PS had significantly longer median survival time than control group
(32 versus 14 days) (Figure 5B). Meanwhile, 3!'I-PS did not induce much loss of body weight
compared with I-PS, demonstrating that 13!I-PS does not cause significant side effects (Figure
5C). Histological assays further revealed the tumor tissues from 3!I-PS treated mice exhibited
remarkable cell necrosis while I-PS induced no obvious toxicity to cancer cells (Figure 5D). It
should be further noted that little damage was observed in the normal tissues of 3!'I-PS treated
mice, further suggesting that 3'I-PS possesses good safety (Figure S7). Therefore, iodine-rich
polymersomes enable not only SPECT/CT dual modal imaging but also potent radioisotope

therapy of breast cancer in vivo.
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Figure 5. In vivo antitumor performance of 13'I-PS in 4T1 tumor-bearing mice. 'I-PS was
given on day 0, 4, 8 and 12 at radioactivity of 200 puCi. (n=5) (A) 4T1 tumor growth rate.
Statistical analysis: One-way ANOVA with Tukey multiple comparison tests, ***p<0.001. (B)
Survival curves of mice within 32 d. (C) Body weight changes of mice. (D) Macroscopic
images of H&E stained sections of tumors excised on day 2. The scale bar corresponds to 100

pm.
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Conclusion

We have demonstrated that iodine-rich-polymersomes (I-PS) can be used for SPECT/CT dual
modal imaging as well as radioisotope therapy for 4T1 murine breast cancer in BALB/c mice.
Interestingly, I-PS with high-efficiency and stable radiolabeling with 23T or 13!l shows similar
biophysical properties to the parent I-PS. As for I-PS, '2I-PS is nontoxic, while 3'I-PS shows
pronounced toxicity to 4T1 breast cancer cells. 'I-PS provides effective and simultaneous
contrast enhancement in tumor in vivo in both SPECT and CT imaging with a remarkable
tumor accumulation of 17.454+0.08 % ID g! observed at 48 h post injection. The therapeutic
studies clearly show that 13!I-PS effectively inhibits tumor growth without inducing obvious
side effect. These iodine-rich polymersomes enabling SPECT/CT dual modal imaging and

radioisotope therapy provide a novel and unique platform for cancer theranostics.
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