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Abstract

High recurrence and metastasis to vital organs are the major characteristics of triple-negative
breast cancer (TNBC). Low vascular oxygen tension promotes resistance to chemo- and radiation
therapy. Neuropilin-1 (NRP-1) receptor is highly expressed on TNBC cells. The tumor-penetrating
iRGD peptide interacts with the NRP-1 receptor, triggers endocytosis and transcytosis, and
facilitates penetration. Herein, we synthesized a hypoxia-responsive diblock PLA—diazobenzene—
PEG copolymer and prepared self-assembled hypoxia-responsive polymersomes (Ps) in an
aqueous buffer. The iIRGD peptide was incorporated into the polymersome structure to make
hypoxia-responsive iRGD-conjugated polymersomes (iPs). Doxorubicin (DOX) was encapsulated
in the polymersomes to prepare both targeted and non-targeted hypoxia-responsive
polymersomes (DOX-iPs and DOX-Ps, respectively). The polymeric nanoparticles released less
than 30% of their encapsulated DOX within 12 hours under normoxic conditions (21% oxygen),
whereas under hypoxia (2% Oxygen), doxorubicin release remarkably increased to over 95%.
The targeted polymersomes significantly decreased TNBC cells’ viability in monolayer and
spheroid cultures under hypoxia compared to normoxia. Animal studies displayed that targeted
polymersomes significantly diminished tumor growth in xenograft nude mice. Overall, the targeted
polymersomes exhibited potent anti-tumor activity in monolayer, spheroid, and animal models of
TNBC. With further developments, the targeted nanocarriers discussed here might have the

translational potential as drug carriers for the treatment of TNBC.
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1. Introduction

Breast cancer is a challenging disorder for women, regardless of the treatment strategy used." A
high recurrence rate and metastasis to different organs (e.g., lung, bone, liver, and lymph nodes)
contribute to adverse outcomes.? Metastatic breast cancer claims about 40,000 lives in the US
annually.® Triple-negative breast cancer (TNBC) is marked by the loss of all biomarker
expression* and includes about 15% of all diagnosed breast malignancies.® Based on the gene
expression profiles, there are four subtypes of TNBC.® Effective therapies are available for the
estrogen, progesterone, and human epidermal growth factor receptor-positive subtypes.
However, no promising treatment exists for TNBC other than systemic chemotherapy.” This is
partially due to rapid cell proliferation and inadequate blood flow, which creates a low oxygen
concentration (hypoxia) in tumors.® Notably, hypoxia is a primary driver of metastasis and

aggressiveness in TNBC, which hinders treatment.®"!

Due to the lack of specific targeting, chemotherapeutic drugs for TNBC inflict severe damage to
healthy tissues. Besides, low solubility, decreased bioavailability, and accelerated clearance of
drugs from the bloodstream make it challenging to achieve the desired clinical outcomes.'? To
address these problems, nanotechnology has emerged as a rapidly developing field to design
drug carriers for TNBC treatment.”®'* Drugs encapsulated in nanocarriers have several
advantages compared to the free molecules. For instance, polymeric nanoparticles help increase
lipophilic drugs' solubility by carrying these drugs within their bilayer.'>'® Polyethylene glycol
(PEG) on the outer layer extends the nanoparticles' circulation time and allows accumulation into
the cancer tissues through enhanced permeability and retention (EPR) effect.”® Nanoscale
carriers with targeting moieties for the overexpressed surface receptors target the disease site,
thus minimizing off-target side effects.?®?' In addition, stimuli-responsive nanoparticles respond

to specific triggers for releasing anticancer drugs only in the presence of a stimulus.?2

Polymersomes are nanoparticles prepared from amphiphilic copolymers. Several properties
render polymersomes more advantageous than other nanoparticles, including membrane
stability, the tunable molecular weight of the polymers, ligand conjugation capacity, and more.?*%*
Hydrophobic molecules are encapsulated within the polymer bilayer, whereas hydrophilic drugs
are incorporated into the aqueous core of the polymersomes, thereby carrying both types of drugs

simultaneously.?®

The tumor-penetrating iIRGD peptide (CRGDKGPDC) contains the RGD motif for specific

interactions with the overexpressed a.fs integrins on endothelial cancer cells.?® Subsequent
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cleavage of iRGD peptide exposes the CendR (RGDK) motif with a higher binding affinity to the
neuropilin-1 (NRP-1) receptor. This ligand-receptor binding promotes transcytosis and
endocytosis, leading to tumor penetration.?” Hence, surface conjugation of iRGD peptide to the

drug-encapsulated polymersomes allows them to penetrate solid tumors 28 (Figure 1).

Doxorubicin (DOX) is a common anthracycline drug used for treating various cancers, particularly
TNBC.82° DOX can be encapsulated into biocompatible nanocarriers to increase therapeutic
index and sustained release.’® In this study, we synthesized DOX-encapsulated, iRGD-
conjugated, hypoxia-responsive, polymersomes (DOX-iPs) as targeted drug delivery vehicles to
deliver DOX into solid tumors of TNBC. The targeted polymersomes offered here are dual-
functional nanoparticles that bind specifically to the surface NRP-1 receptors and translate into
TNBC cells. Then, the diazobenzene linker of the PLA-PEG polymer undergoes reduction within
hypoxia, disintegrates the polymersome membrane, and releases encapsulated DOX in the tumor
microenvironment. We also prepared non-targeted polymersomes (DOX-Ps) to evaluate their

efficacy along with targeted polymersomes.

- Triggered
. Dox release 7 a%

TNBC tumor

Figure 1. Schematic illustration of the iRGD peptide-mediated targeting and penetration into the
solid TNBC by the polymersomes.

2. Materials and Methods

2.1. Chemicals

The amino acids were purchased from Alfa Aesar. DPPE-lissamine rhodamine lipid dye was
obtained from Avanti Polar Lipids. mPEG20-NH> was bought from Biochempeg. All other

chemicals for polymer synthesis were purchased from Millipore Sigma. The complete cell culture
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medium was obtained from VWR International. The antibiotic-antimycotic (Penicillin-

Streptomycin-Amphotericin B) solution was purchased from Corning.

2.2. Synthesis and characterization of copolymers and targeting peptide

The PLAss00-Azo-PEG2000 polymer was synthesized in our laboratory, as previously reported.® The
"H NMR, *C NMR, and gel permeation chromatography (GPC) were used to analyze the final
product (Supporting Information, Figures S1-S3). As previously reported, a peptide synthesizer
(Liberty Blue) was used for synthesizing Hex-iRGD in our laboratory.'” The product (145 mg, 64%)
was characterized by circular dichroism and mass spectrometry (Supporting Information, Figures
S4-S5).

2.3. Synthesis of PLAg500—PEG2000—iRGD polymer

The PLAss0o—PEG2000—N3 polymer was synthesized in our laboratory, as previously reported.®'
[2+3]-cycloaddition reaction was carried out for conjugating Hex-iRGD to PLAgs00—PEG2000—Ns3
polymer, as previously reported. The lyophilized product was freeze-dried (yield: 50%) and

characterized by circular dichroism spectroscopy (Supporting Information, Figure S5).

2.4. Preparation of the polymersomes encapsulating doxorubicin

The fluorescent lipid DPPE-N-lissamine rhodamine (LR, 5%), PLAsgs00-Az0-PEG2000 polymer
(85%), and PLAss00—PEG2000—iRGD (10%) were used for preparing targeted doxorubicin-
encapsulated polymersomes (DOX-iPs). LR (5%) and PLAgs00-Az0-PEG2000 polymer (95%) were
used to make doxorubicin-encapsulated polymersomes (non-targeted polymersomes, DOX-Ps).
Doxorubicin encapsulated polymersomes were prepared using the pH gradient method.?® The

method and chemicals used to prepare polymersomes were previously reported.®
2.5. Preparation of plain polymersomes

Plain (HEPES buffer-encapsulated) nanoparticles were made from the PLAgs00-Az0-PEG2000
polymer (95%) and LR dye (5%). Briefly, LR was air-dried to make a thin layer film. PLAgs00-Az0-
PEG2000 polymer (100 pL) was mixed with the dried LR and added dropwise into 1000 pyL 25 mM
HEPES buffer (pH 7.4) and evaporated for 45 minutes. Subsequently, the mixture was sonicated
for 1 hour and filtered by Sephadex G100 column. Plain polymersomes were the control for the

cell cytotoxicity studies.
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2.6. Characterization

The charge and size of the polymersomes were measured by Dynamic Light Scattering (DLS)
instrument (Malvern Zetasizer). All samples were measured five times, and the average was

recorded.

Nanoparticle solutions (10 yL, 1 mg/mL) were dried by nitrogen flow. A microscope (NT-MDT
NTEGRA AFM) was employed for acquiring AFM images. Samples were prepared for

transmission electron microscopic (TEM) images based on a reported protocol.®
2.7. Release studies

The release kinetics of the nanoparticles was carried out by preparing a mixture of targeted
polymersomes, NADPH, and liver microsomes under hypoxic (2% oxygen) and normoxic (21%
oxygen) conditions according to previously reported protocol from our laboratory.® The loading
content and encapsulation efficiency of the drug in the vesicles were calculated by measuring

absorbance at 480 nm.32
2.8. Cell culture

The MDA-MB-231 cells were purchased from American Type Culture Collection (Manassas, VA)
and cultured as recommended by the vendor. For the normoxic conditions, cells were grown in
an incubator at 37 °C containing 5% CO2and 21% oxygen. For the hypoxic conditions, cells were

incubated in a hypoxia chamber (Biospherix C21) with 5% CO2 and 2% oxygen at 37 °C.
2.9. Neuropilin-1 protein expression

The TNBC cells were seeded (2.5 x 10° cells/well) in cell culture plates and incubated in normoxic
conditions. When the cells reached around 40 to 50% confluence, a set of plates were moved to
the hypoxia chamber (2% oxygen). The cells were then incubated in both hypoxic and normoxic
chambers, and their protein was collected after 24 hours. The whole-cell lysates were analyzed
using 10% SDS polyacrylamide gel electrophoresis. Proteins were transferred on PVDF
membranes before incubation with NRP-1 (Abcam) and B-Actin (Applied Biological Materials)
primary antibodies. Protein bands were detected by imaging the membrane, and densitometry

analysis was carried out by Image Studio v.5.2 software.
2.10. Cellular uptake studies

The cells were seeded (5,000 cells/well) in two 12-well tissue culture plates and incubated under
5% CO2. When the cells reached 80% confluence, they were washed with 1X PBS and

5
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replenished with fresh cell culture media. Then, one of the plates was moved to the hypoxia
chamber (2% oxygen) for one doubling time before starting the experiments. The cells in both
plates were treated with iRGD-conjugated and non-conjugated polymersomes (targeted and non-
targeted treatments, respectively, 20 uL each) for three hours. The plates were then washed three
times with PBS, and the cell nuclei were stained with DAPI (NucBlue, Invitrogen). The images
were taken by a Leica fluorescence microscope and analyzed by the NIH ImageJ (version: 1.52a)

software.
2.11. Cell viability and cytotoxicity in monolayer cultures

The cells were seeded (5,000 cells/well) in the plates and grown 24 hours. The wells containing
the cells were categorized into five treatments: HEPES-buffer encapsulated polymersomes, non-
targeted polymersomes (DOX-Ps), targeted polymersomes (DOX-iPs), free DOX, and control
(only HEPES buffer). In these experiments, 1, 2, and 4 uyM of free DOX and the same amounts
of drug-encapsulated polymersomes were used for 72 hours under hypoxic and normoxic
conditions. For the cytotoxicity study, the cells were incubated with different concentrations of
plain polymersomes (20 to 100 uyg/mL). The cytotoxicity was measured after 4 hours by recording

the fluorescence (excitation at 560 nm and emission at 595 nm).
2.12. Three-dimensional cytotoxicity studies

The spheroids were prepared using a Nanoshuttle three-dimensional cell culture kit (Greiner Bio-
one). The NanoShuttle nanoparticles (200 pL) were added into 80-90% confluent MDA-MB-231
cells for magnetizing the cells overnight. The cells were dislodged, counted, and 20,000 cells
were transferred into each well. The plates were laid on top of magnetic spheroid drives for 15
minutes to form spheroids and incubated for 24 hours. The wells were then categorized into five
treatments and incubated for 72 hours in hypoxia and normoxia with three different doxorubicin
concentrations (1, 2, and 4 yM). The spheroids were then washed with PBS, transferred to new
plates for growing 24 hours. Subsequently, the cytotoxicity was determined (same as monolayer

cell viability assay).
2.13. In vivo toxicity and anti-tumor efficacy

The anti-tumor efficacy of the polymersomes was evaluated on tumor-bearing mouse models,
following an approved IACUC protocol. The MDA-MB-231 cell suspension (10° cells per mouse)
was mixed in Matrigel (Corning) at a 1:1 ratio (total 200 pL) and subcutaneously injected into the

8-week-old female athymic nude mice (Envigo). Three weeks after injection, 30 mice with a tumor
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volume ranging from 50-80 mm? were randomly divided into five treatment groups. The treatment
groups were vehicle, free DOX, polymersomes, non-targeted, and targeted nanoparticles. The
control and polymersome-only groups received saline and polymersomes, respectively. The other
3 groups received 5 mg DOX/kg dose. All treatments were given twice per week for four weeks.
The body weights and tumor volumes were evaluated once every three days. Two weeks after
the treatment ended, all mice were euthanized, the tumors were excised, and weighed. The vital

organs were dissected and fixed in 10% formalin for histological evaluation.
2.14. In vivo biodistribution

Tumor-bearing female athymic nude mice were i.v. injected with iRGD-polymersomes containing
lissamine rhodamine fluorescent dye. The mice were then euthanized after 3 and 8 hours; the
organs (lung, liver, and kidney) were excised and imaged. The fluorescence integral density of

accumulated polymersomes in each organ tissue was analyzed.
2. 15. Statistical analysis

The statistical analyses were all processed using Origin software (Origin 9.3, Northampton,
Massachusetts) and presented as mean + SEM. The significant statistical difference between

normoxic and hypoxic conditions within treatment groups was evaluated by ANOVA.

3. Results and Discussion
3.1. Synthesis and characterization of polymersomes

Hypoxia contributes to the overall progression, migration, and invasion of TNBC and other solid
tumors.® We synthesized PLAgs00-Az0-PE G000 polymer with a hypoxia-responsive diazobenzene
linker (Scheme 1 and Supporting Information, Figures S1, and S2), which self-assembles into

polymersomes under appropriate conditions.
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Scheme 1. Synthesis of the polymer with hypoxia-sensitive diazobenzene linker (green: PLA; red:

hypoxia-responsive linker; blue: PEG).

The polydispersity index was calculated from Gel Permeation Chromatography to be 1.17
(Supporting Information, Figure S3). The surface PEG groups increase circulation time and the
amount of polymersomes in cancerous tissue microenvironment by EPR effect.’® The alkyne
functional group on hexynoic acid was used for the conjugation of iRGD peptide to the azide (N3)
functional group of PLAsgs0o—PEG2000—N3 polymer (Scheme 2). This peptide conjugation with the
polymer was evaluated by circular dichroism spectroscopy (Supporting Information, Figure S5).
We actively encapsulated doxorubicin into the nanoparticles, while unencapsulated doxorubicin
was separated by passing the sample through a gel filtration column. A standard curve was plotted
by measuring doxorubicin absorption as a function of concentration (Supporting Information,
Figure S6). The encapsulation efficiency and loading of the non-targeted polymersomes were
51% and 9 weight percent, and for the targeted polymersomes were 63% and 11 weight percent,
respectively. These polymersomes were stable over 8 weeks at 4 °C (Supporting Information,
Figure S7).
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28 Scheme. 2. Reaction of PLAgs00—PEG2000—N3 polymer and Hex-iRGD.

The synthesized PLAss00—PEG2000-iIRGD conjugate was then incorporated into the polymeric
33 nanoparticles to prepare doxorubicin encapsulated hypoxia-responsive iRGD-conjugated
35 polymersomes (DOX-iPs). The iRGD peptide on the polymersome first targets a.fz and a.fs
36 integrins on the cells. Subsequent enzymatic cleavage exposes the CendR (RGDK) motif to
38 interact with the NRP-1 receptors, cellular internalization, and endocytic transcytosis.* The size,
charge, and polydispersity index (PDI) of the nanoparticles were measured by dynamic light
41 scattering, DLS (Figure 2A, 2B, Table 1), and the spherical shape was confirmed by atomic force
43 microscopic (AFM) imaging (Figure 2C, 2D). The nanoparticles' average size significantly
44 changed in hypoxic conditions (Figure 2A S8, Table 1). Targeted vesicles indicated larger
46 diameters because of the conjugation of the iRGD peptide. Figure 2B, S9, and Table 1). The
slightly positive ¢ potential almost remained consistent within all conditions for non-targeted and

49 targeted polymersomes (Table 1).
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Figure 2. The size of non-targeted (A) and targeted (B) nanoparticles. AFM images of non-

targeted (C) and targeted (D) nanoparticles.

Table 1. Diameter, g potential, and PDI of different polymersomes.

Polymersome Average diameter (nm) ¢ potential (mV) PDI

Normoxia | Hypoxia Normoxia | Hypoxia Normoxia | Hypoxia

Non-targeted | 118 + 4 43+4,419+£22 | 013+£0.09 | 0.21+£0.11 | 0.13£0.02 | 0.73+£0.16

Targeted 136 £ 7 51+3,574+27 | 0.23+0.12 | 0.31+0.14 | 0.18 £ 0.05 | 0.76 + 0.19

3.2. Release studies in hypoxia and normoxia

Solid tumors have an environment that is rich in reducing agents.?> The diazobenzene
moieties in the polymers' structure undergo a four-electron reduction reaction in hypoxia, which
leads to the disassembling of block polymers. This disintegrates the polymersomes and releasing

the encapsulated drugs * (Figure 3A).

10
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To check the drug release from polymersomes, targeted DOX-loaded polymersomes (DOX-iPs)
were prepared. The release behavior was evaluated within hypoxic and normoxic conditions as a

function of time (Figure 3B).
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30 Figure 3. (A) Mechanism of the reduction under hypoxic environment. (B) DOX release in

32 hypoxic (2% oxygen) and normoxic (21% oxygen) conditions (n = 3).

36 The polymersomes released a significantly higher amount of Dox in hypoxia than normoxia.
38 Polymersomes released about 95% of their encapsulated DOX in hypoxic conditions and about
25% in the normoxic condition in 12 hours. This confirmed that nanoparticles released their cargo

41 due to the reduction of diazobenzene linker in hypoxia (Figure 3A).

43 AFM and TEM images showed that the nanoparticles' vesicular shape changed within hypoxia
45 (Figure 4). Irregular morphology of the polymersomes in hypoxic conditions demonstrates
possible disintegration and fusion of the polymeric vesicles (Figure 4B, 4D). We also observed
48 that hypoxia decreased the hydrodynamic diameter and increased the vesicles' polydispersity
index (Table 1).
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Figure 4. AFM and TEM images of the vesicles within normoxic (A, C) and hypoxic (B, D)

conditions (scale bar: 50 nm).

3.3. Neuropilin-1 expression

To investigate any hypoxia-induced expression of NRP-1, the MDA-MB-231 cells grew under both
normoxic (21% oxygen) and hypoxic (2% oxygen) conditions. Western blotting demonstrated a
significant increase in NRP-1 protein expression within the cells cultured in hypoxia than normoxia
(Figure 5). The protein B-actin used as an internal control. We found that the level of NRP-1
expression significantly increased after 24 hours within hypoxia (Figure 5B). This result suggested
that hypoxia might structurally and functionally induce transmembrane NRP-1 protein expression

through angiogenesis in TNBC cells.

12
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Figure 5. (A) NRP-1 expression in MDA-MB-231 cells with significant upregulation in hypoxic
conditions (24h exposure). (B) The level of NRP-1/B-Actin expression (n = 3, *p < 0.05).

3.4. Cellular uptake

To demonstrate the nanoparticle penetration into TNBC cells, DPPE-lissamine rhodamine lipid
(5%) was incorporated into the composition of polymersomes (without drug) to ease visualization
fluorescence microscopic imaging.?®>*” The MDA-MB-231 cells were treated for 3 hours with both
targeted and non-targeted polymersomes. The red fluorescence (lissamine rhodamine dye) was
observed inside the cells treated with targeted nanoparticles under hypoxia. However, the cells
incubated with non-targeted vesicles (control) did not show significant intensity of the red
fluorescence inside the cells (Figure 6A) either in hypoxia or normoxia. The images' quantitative
fluorescence integral density indicated a significant difference between the iRGD-targeted
polymersomes in hypoxia and normoxia. The uptake results were significantly different for
targeted and non-targeted polymersomes within hypoxia and normoxia (Figure 6B). It was found
that the intensity of targeted nanoparticles was 8.5 times more than non-targeted polymersomes
within the hypoxic condition and 3 times more than targeted nanoparticles within the normoxic
condition. According to earlier studies, nanocarrier uptake in TNBC cells increases dynamically
within the hypoxic condition.®® Since TNBC cells overexpress the NRP-1 receptor on the surface,*®
targeted iRGD-conjugated polymersomes will show increased uptake within these cells. Besides,
western blotting of MDA-MB-231 cells displayed an increased expression of NRP-1 under
hypoxia. Based on these findings, we concluded that exposing the MDA-MB231 cells to iRGD-

conjugated polymersomes for three hours elevated the cellular uptake.

13
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Figure 6. (A) Fluorescence microsocpic images of polymersome uptake in MDA-MB-231 cells
under hypoxia and normoxia (scale bar: 50 um). (B) Image intensity of polymersome uptake (n =
3, *p < 0.05, **p < 0.01).

3.5. Polymer toxicity and monolayer cytotoxicity

To assess polymer toxicity, the cells were treated with different amounts of the polymersomes
encapsulating HEPES buffer within hypoxia and normoxia for 3 days. The polymersomes
demonstrated more than 88% cell viability with a maximum of 100 ug/mL polymer concentration
(Figure 7A), indicating minimal toxicity. To demonstrate polymersomes' efficacy, the MDA-MB-
231 monolayer cultures were treated for 3 days using four groups: control (no treatment, HEPES
buffer only), free drug, non-targeted, and targeted nanoparticles. The results demonstrated that
incubating the MDA-MB-231 cells with 4 yM DOX encapsulated within targeted polymersomes
under hypoxia reduced cell viability to 28% compared to normoxia (Figure 7B, p < 0.05). It was
observed that targeted vesicles were more effective than non-targeted polymersomes and free
DOX to kill TNBC cells under hypoxia. This is likely due to the binding of tumor-homing iRGD
peptide on the targeted polymersomes with the overexpressed NRP-1 receptors on TNBC cells.
According to drug release study (Figure 3B), nanoparticles released one-third (33%) of their

loaded DOX within 3 h and around 79% within 8 h. Therefore, 3-day treatment will ensure enough

14
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time for the polymersomes to translocate the breast cancer cells, break open, and release their

drug cargo within the cells.
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Figure 7. Viability of MDA-MB231 cells (monolayer) after 3-day treatment with buffer-
encapsulated polymersomes (A, n = 6), free DOX, non-targeted, and targeted polymersomes (B,
n=3,*P<0.05).

3.6. Cell viability in spheroid cultures

The MDA-MB-231 three-dimensional spheroids were cultured for 3 days in hypoxic and normoxic
conditions with the same treatment groups as a monolayer cell viability study (Figure 8A). The
results indicated that under hypoxia, the cell viability was significantly diminished to 36% when
the spheroids were incubated with 4 yM DOX loaded within targeted vesicles in contrast to non-
targeted vesicles within the normoxic condition (66%) (Figure 8B). However, there was no
significant difference in viability when the cells were incubated with non-targeted vesicles or free
drug within hypoxic and normoxic conditions. This might reflect the slow diffusion of non-targeted
nanoparticles and DOX inside the three-dimensional cultures. Instead, targeted polymersomes
showed enhanced cytotoxicity based on receptor-mediated cell penetration. Some polymersomes
might release the encapsulated DOX in the extracellular regions. In this regard, the free drug
penetrates the cells via the cell membrane.*® However, passive diffusion could be less prevalent

in comparison with targeted drug-encapsulated nanoparticle delivery.

15

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Bio Materials

Control Free DOX Non- Targeted
targ eted

120
B I Normoxia
Normoxia before 100 [ ]Hypoxia
treatment
¥ *
Normoxia : 80+
after treatment
60

Hypoxia before
treatment 1
Hypoxia after 20+
treatment e e
NG * 0l

Figure 8. (A) Three-dimensional MDA-MB-231 spheroid images before and after incubating the

40

Percent cell viability

Control Non-targeted Targeted DOX
Treatment (uM)

cells with non-targeted and targeted vesicles under hypoxic and normoxic conditions (scale bar:
100 um). (B) Viability of MDA-MB-231 cell spheroids (n = 3, * P < 0.05).

3.7. In vivo anti-tumor efficacy

To evaluate the anti-tumor efficacy, MDA-MB-231 tumor-bearing female nude mice were
administered through the tail vein with saline (control), DOX, plain polymersomes, non-targeted,
and targeted DOX-polymersomes twice per week for 4 weeks. Mice were monitored daily for the
drugs' potential toxicity, and the tumor volume and body weight were calculated once every three
days. The percent tumor volume growth within days was calculated (Figure 9A) and suggested
tumor growth inhibition in all DOX-treated groups compared to the control. The tumor growth in
the group treated with plain polymersomes demonstrated a slight difference compared to the
saline group. Free DOX showed an increase of 337% in tumor volume. Non-targeted
polymersomes exhibited a 253% increase in tumor volume that was significantly different
compared to the saline group. However, targeted DOX-encapsulated nanoparticles demonstrated
a much lower growth in the volume (129%) and displayed a significant difference in comparison
with non-targeted vesicles, DOX, and saline (p < 0.05 vs. non-targeted polymersomes p < 0.01
vs. free DOX, and p < 0.001 vs. saline). This suggested that targeted polymersomes were the
most effective nanoparticles to inhibit TNBC tumor growth. After six weeks, we euthanized the

animals, removed and weighed the tumors (Figure 9B).

The plain polymersomes, free DOX, and non-targeted polymersome treatment groups revealed
the average tumor weights of 0.712, 0.661, and 0.565 g, respectively. However, the targeted
polymersome treatment group resulted in the lowest average tumor weight of 0.312 g, significantly

different compared to DOX treated groups and saline (p < 0.05 vs. non-targeted, p < 0.01 vs. free
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DOX, and p < 0.001 vs. saline). The percent tumor growth inhibition (TGI) was determined based
on DOX treated groups' tumor volume compared to the saline tumor volume group (Figure 9C).
The free DOX and non-targeted polymersome groups presented TGl of 41% and 55.7%,
respectively. However, targeted polymersome treatment groups demonstrated a TGl of 77.6%
that was significantly higher than non-targeted polymersome and free DOX treatment groups.
Excised tumors in all treatment groups were dissected in half and imaged (Figure 9D). Overall,
the expected high anti-tumor efficacy of the targeted polymersomes might be due to the defective
tumor vasculature, enhanced blood circulation and accumulation within the tumors via surface-
modified tumor penetrating iRGD peptide,3® disintegration within hypoxic niches of breast tumors

based on the presence of hypoxia-responsive moiety, and liberation of the drug within the cells.
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Figure 9. In vivo anti-tumor efficacy studies (A) Tumor volume growth of MDA-MB-231 cancer
xenografts treated with saline, plain polymersomes, DOX, targeted, and non-targeted
polymersomes with a dose of 5 mg DOX/kg. (B) Average tumor weight of all treatment groups (n
=3, *p < 0.05, **p < 0.01). (C) Percent tumor growth inhibition (TGI) of DOX treated groups (n =

3, *p < 0.05, **p < 0.01). (D) Excised tumor images from outside (scale bar: 5 mm).
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3.8. In vivo toxicity of polymersomes

To determine the polymersomes' toxicity, main organs (lung, liver, and kidney) were collected at
the end of the experiment and evaluated using histological assessments (hematoxylin and eosin
staining, Figure 10). Histological analyses of mice treated with saline demonstrated some
metastatic lesions within the liver tissue (black arrows) due to the diffusion of neoplastic cells
through the vessels. The mice treated with DOX, non-targeted, and targeted nanoparticles did
not show any metastatic lesion or toxicity. This presented substantial tumor growth inhibition and
anti-tumor efficacy of the polymersome formulations and free drug. We did not evaluate heart
tissue lesions in our study. However, possible toxicity might be expected with high doses of DOX
to create myocardial damaged fibers. Overall, most of the organs treated with DOX-loaded
vesicles were normal with no tissue necrosis or cell lesion. The histological evaluations
demonstrated that non-targeted and targeted polymersomes delivered their drug cargo into the

tumor tissues, enhanced anti-tumor efficacy, and reduced off-target toxicity.

Lung Liver Kidney

e

Saline ¥

Polymersome |

Free DOX
Non-targeted |
Targeted

Figure 10. Histological assessment of lung, liver, and kidney tissues of nude mice after treating
with control, free DOX, non-targeted, targeted, and plain polymersomes (scale bar: 100 um,10x
objective). In the saline-treated group, liver tissues demonstrated metastatic lesions (black

arrows).
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3.9. Biodistribution and nanoparticle accumulation

To assess the biodistribution of the targeted polymersomes, fluorescently labeled iRGD-
conjugated polymersomes were injected via the tail vein into the female nude mice. The mice
were euthanized at predetermined time points, and the liver, kidney, and lung were excised and
imaged (Figure 11A). We did not observe any significant polymersome accumulation within
organs after either 3 h or 8 h post-injection. The biodistribution study showed that targeted
nanoparticles might selectively accumulate within the tumor tissues and reduce off-target organ
cytotoxicity. The fluorescence integral density of nanoparticle accumulation within organ tissues

was calculated by NIH ImagedJ software (Figure 11B).
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Figure 11. (A) Biodistribution to organs at 3 h and 8 h post-injection of indocyanine green-loaded
iRGD-polymersomes (n = 3) (scale bar: 2 mm). (B) Accumulation of targeted Polymersomes in

organs after 3 h and 8 h post-injection of polymersomes (n = 3).

4. Conclusion

We synthesized an amphiphilic diblock copolymer with a hypoxia-responsive diazobenzene linker
capable of self-assembly into polymersomes. Doxorubicin was successfully encapsulated into the
polymersomes. The tumor-targeting and penetrating iRGD peptide was conjugated into the
polymersomes via click chemistry to make targeted hypoxia-responsive polymersomes. Targeted
polymersomes exhibited higher cytotoxicity on TNBC cells in hypoxia than normoxia in monolayer
and three-dimensional spheroid cell cultures. In vivo studies on TNBC tumor-bearing, nude mice
demonstrated that targeted polymersomes had enhanced anti-tumor efficacy compared to non-

targeted polymersomes and free doxorubicin. These drug-loaded polymer nanoparticles
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demonstrated no toxicity against various internal organs, such as the liver, kidney, and lung. This
is the first administration of hypoxia-responsive iRGD-polymersomes encapsulating doxorubicin
in animal models of triple-negative breast cancer. An earlier study has demonstrated tumor
suppression by employing doxorubicin within hypoxia-responsive nanoparticles to reach the
TNBC tumors via the EPR effect.*! The nanoparticles in our study are hypoxia-responsive and
iRGD-conjugated. Hence, they offer the benefit of selective delivery of doxorubicin to TNBC
tumors via active receptor-mediated targeting and enhanced penetration into the cells while
lowering the off-target toxicity compared to passive tumor diffusion of nanoparticles or free drugs.
The inclusion of diazobenzene hypoxia-responsive moiety contributes to the selective release of
chemotherapeutics within breast tumors' hypoxic niches. The results of this study indicated that
targeted hypoxia-responsive polymersomes could be administered for effective anticancer drug

delivery into solid tumors of TNBC.
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Appendix A. Supplementary data

The following is Supplementary data to this research:

"H NMR spectrum of the hypoxia-responsive polymer PLAgsoo—diazobenzene—PEGaoo, *C NMR
spectrum of the hypoxia-responsive polymer PLAgsqo—diazobenzene—PEG200, GPC in THF of the
hypoxia-responsive polymer PLAgso—diazobenzene—PEG2000, MALDI-TOF mass spectrum of the
synthesized iRGD peptide, circular dichroism (CD) spectrum of the synthesized iRGD peptide, a

calibration curve of doxorubicin hydrochloride solution, polymersome stability at 4 °C.
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