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Abstract

In pancreatic ductal adenocarcinoma (PDAC), early onset of hypoxia triggers remodeling of the
extracellular matrix, epithelial-to-mesenchymal transition, increased cell survival, the formation of
cancer stem cells, and drug resistance. Hypoxia in PDAC is also associated with the development
of collagen-rich, fibrous extracellular stroma (desmoplasia), resulting in severely-impaired drug
penetration. To overcome these daunting challenges, we created polymer nanoparticles
(polymersomes) that target and penetrate pancreatic tumors, reach the hypoxic niches, undergo
rapid structural destabilization, and release the encapsulated drugs. In-vitro studies indicated a
high cellular uptake of the polymersomes and increased cytotoxicity of the drugs under hypoxia
compared to unencapsulated drugs. The polymersomes decreased tumor growth by nearly 250%
and significantly increased necrosis within the tumors by 60% in mice compared to untreated
controls. We anticipate that these polymer nanoparticles possess considerable translational
potential for delivering drugs to solid hypoxic tumors.
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Introduction.

Solid tumors account for roughly 85% of all human cancers.! While surgical resection is
often the most effective treatment, it is not always possible or practical, depending on the
type and location of the tumor. Thus, an anticancer drug(s) is the primary treatment option.
The success of each drug largely depends on efficient delivery to the tumor site, ideally with
as little offsite toxicity as possible. Not surprisingly, even the best clinical chemotherapy
agents are ineffective if they are unable to reach their intended site of action. For example, a
drug given intravenously will concentrate in areas with the best blood supply. However, in
solid tumors, sufficient blood supply is restricted to the periphery, and 90% of cancer cells
receive little or no drug.2 While this may result in an initial rapid reduction of the tumor
volume, the death of only the outer cells often leads to continued inner growth, and
eventually an increase in tumor volume as cancer cells become drug-resistant or tumor
growth outpaces cell death.

Hypoxia (reduced oxygen partial pressure) further adds to the conundrum of solid tumors.
Koong and colleagues were the first to measure the oxygenation of pancreatic tumors in
humans. Examining seven different human patient samples, they found extreme hypoxia in
pancreatic tumor tissues. The partial pressure of oxygen (pO5) in these tumors ranged from 0
to 5.3 mm Hg, while a normal pancreas range is 9.3 to 92.7 mm Hg. Multiple tumors
showed a pO; of less than 2.5 mm Hg, indicating significant levels of hypoxia.3 Studies in
glioblastoma, sarcomas, head and neck carcinomas, breast, cervix, and prostate cancers have
shown similar results for solid tumors.#~10 Cancer cells can adapt to this hostile
microenvironment through the transcriptional activity of hypoxia-inducible factors (HIF1
and HIF2). Hypoxia, along with HIFs, play intricate roles in regulating the expression of
multiple genes involved in glucose metabolism, angiogenesis, cell invasion, and metastasis,
which can significantly increase risk of cancer mortality.11-15

The tumor’s microenvironment plays a crucial role in pancreatic cancer. Many cell types
including fibroblasts, adipocytes, endothelial cells, and others, create the heterogeneity in
tumors.16-18 This heterogeneity leads to a unique environment with significant fibrosis and a
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dense extracellular matrix (desmoplasia). Cancer stem cells (CSCs) or tumor-initiating cells
are present within this microenvironment and possess the capacity to self-renew. While often
representing less than 1% of total cells, the CSCs significantly contribute to chemotherapy
resistance, metastasis, and relapse.1%-21 The signal transducer and activator of transcription
(STAT3) gene encodes a transcription factor pivotal in stem cell self-renewal. Persistent
activation of STAT3 is observed in multiple gastrointestinal cancers including hepatocellular,
pancreas, and colon carcinomas.?2-24 Evidence shows that STAT3 interacts with CD44,
upregulates NANOG, and induces CSC like properties in cancer cells.25-28

Pancreatic cancer cells overexpress the neuropilin-1 receptor.2% We recently demonstrated
that pancreatic CSCs also overexpress this receptor.39 The small circular peptide iRGD
(named for its specific amino acid sequence and internalizing property) has been reported as
a tumor-targeting and penetrating ligand.3! Recent advances have used this RGD sequence
as a diagnostic tool along with PET/CT scanning for tumor detection and conjugation for
oncolytic virotherapy.32:33 The iRGD peptide binds to avp3 and avps integrins on the cell
surface.34-36 Subsequently, proteolytic enzymes cleave the iRGD peptide, altering its
specificity towards the neuropilin-1 receptor. This binding induces a transcytosis
mechanism, allowing increased tissue penetration and cargo delivery deep into the tumors.
31.37.38 The increased expression of these receptors on pancreatic cancer cells allows for
active targeting of our polymersomes, followed by tumor penetration.

These hypoxia-induced changes, resilient CSCs, and the lack of sufficient vasculature
necessitate the need for deep-penetrating drug carriers that target the hypoxic niches of solid
tumors. Herein, we report a tumor-penetrating, hypoxia-responsive, polymeric carrier
(polymersome), which releases encapsulated drugs in the reducing microenvironment of the
hypoxic-niches inside solid pancreatic tumors. Previous use of these hypoxia-responsive
polymersomes in our laboratory using gemcitabine and an epidermal growth factor receptor
inhibitor (erlotinib) showed increased response to treatment in spheroidal cultures of
BxPC-3 pancreatic cancer cells.3° Here, we encapsulated a first-line chemotherapy treatment
option for pancreatic cancer (gemcitabine) along with a drug currently in clinical trials as a
STAT3 inhibitor (napabucasin). Napabucasin impairs tumor self-renewal by CSC as well as
induce apoptosis in this cellular subset in a variety of solid tumors.49-43 We selected a drug
with well-documented clinical efficacy in pancreatic cancer (gemcitabine) that effects all
malignant cells and napabucasin, which has increased toxicity towards resilient CSCs. We
hypothesized a more significant effect on tumor suppression and prevention of tumor self-
renewal from inside the tumor core. 4244

Materials and Methods

Materials.

The amino acids and resin for peptide synthesis were purchased from Peptides International.
Polymers for the synthesis of diblock copolymers were purchased from Biochempeg. The
fluorescent lipid 1,2-dipalmitoyl-sr-glycero-3-phosphoethanolamine-N-lissamine rhodamine
B sulfonyl ammonium salt was purchased from Avanti Polar Lipids. Pancreatic cancer cell
line (BxPC-3) was obtained from ATCC and cell culture media, serum, and antibiotics from
VWR International. The mice were purchased from Envigo.
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Synthesis and Characterization of Hypoxia Responsive Polymer PEG-azobenzene-PLA.

Polymer m-PEG,90—NH, was conjugated to azobenzene-4,4’-dicarboxylic acid by
following a previously published protocol.#> The PEG—diphenylazacarboxylate (50 mg,
0.023 mmol) was dissolved in pyridine (1.25 mL). To this solution, 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC.HCI; 6.7 mg, 0.0345 mmol) and N-
hydroxysuccinimide (NHS; 4 mg, 0.0345 mmol) were added followed by excess 3-
aminopropanol (8.75 mg, 0.116 mmol). The reaction mixture was stirred at room
temperature overnight. The solvent was then evaporated under reduced pressure. The residue
obtained was dissolved in dichloromethane (10 mL) and washed with water three times, the
bottom organic layer was dried under vacuum, yielding 34 mg (67%) of a yellow solid
product. *H NMR (400 MHz, chloroform-d) 6 ppm: 8.00-8.23(CH=CH-CH, m, 8 H), 3.67
((CH,-CH»-0), t, 4 H), 3.40 ((CH3-0), s, 3 H), 0.88 ((NH-CH»-CH»-CH»-OH), m, 2 H).

Synthesis of the block copolymer.

The product obtained from the previous step (100 mg, 0.05 mmol), D, L-lactide (500 mg,
3.5mmol) and tin(11) ethoxyhexanoate (3 uL, 0.009 mmol) were added to anhydrous toluene
(5 mL) in a 35 mL glass high-pressure vessel, then purged with nitrogen gas. The solution
was stirred at 120° C under nitrogen for 24 hours. After cooling to room temperature, the
reaction mixture was added dropwise to cold ether. The top clear supernatant was decanted,
and the precipitate was rewashed with ether, dried under vacuum. The orange solid product
obtained (305 mg, 51%) was analyzed by FTIR, 1H NMR, 13C spectroscopy and gel
permeation chromatography. 'H NMR (400 MHz, chloroform-d) & ppm: 5.19 ((-CH-C=0),
g, 1 H), 3.67 ((CH»-CH»-0), t, 4 H), 1.59 ((CH3-CH-C=0), d, 3 H) (Figure S2-S5).

Determination of Copolymer Composition.

The repeating monomer number m of PLA was also estimated from 1H NMR by comparing
(-CH-C=0) (6 ppm = 5.19 from the PLA block) to -(OCH>,CH,) + (6 ppm = 3.67 from the
PEG block), m is the number of protons of -CH-C=0; 4n is the number of protons of —
(OCH,CHy) -

m/4n = aj/ay : a; = area of peak at 5.19 ppm a, = area of peak at 3.67 ppm

Mw of PEG = 2000, n = 46, 4n = 184, then m = 188a;/ay, then Mw (PLA) = 5900.

Synthesis and Characterization of the iRGD Peptide.

Microwave-assisted, solid-phase peptide synthesis was carried out using a Liberty Blue
(CEM Corporation) synthesizer. The resin used was a Rink amide (purchased from CEM
Corporation). The sequence hexynoic acid-Cys(Acm)-Arg(Pbf)-Gly-Asp(OBtu)-Lys(Boc)-
Gly-Pro-Asp(OBtu)-Cys(Acm)-OH was synthesized without the final deprotection step. To
cyclize, 0.1 mmol thallium trifluoroacetate in DMF (5 mL) was stirred with the peptide-resin
conjugate for 1 hour. The resin was then washed with DMF and dichloromethane 3 times.
Next, the peptide was cleaved from the resin using trifluoroacetic acid (19 mL), distilled
water, (0.5 mL), and triisopropylsilane (0.5 mL) for 2 hours. Whatman Grade 1 qualitative
filter paper was used to collect the peptide in a 50 mL centrifuge tube to which 30 mL of
ice-cold diethyl ether was added. The precipitate was collected and dried in a vacuum
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desiccator overnight. The dried product was then characterized by MALDI-ToF mass
spectrometry (observed mass: 1041.42, expected mass: 1042.43, elemental composition
C41H54N1401482, Figure 86)

Synthesis of iIRGD Peptide—Polymer Conjugate.

The polymer PLA-PEG-N3 was reacted with the alkyne (hexynoic acid) moiety of the iRGD
peptide using Click chemistry (1:2 molar ratio peptide to polymer). The copper complex was
made by mixing copper (1) sulfate with N, N, N’, N’, N”"—pentamethy! diethylenetriamine
(PMDETA) for 2 hours. Ascorbic acid solution (1.4 umol) was prepared in distilled water.
The reaction mixture was then stirred for 24 hours at room temperature. The mixed solution
was then transferred to a 1000 kD dialysis bag and dialyzed against water for 72 hours to
remove the catalyst (PMDETA and ascorbic acid) as well as unreacted iRGD peptide. The
product was then analyzed by CD spectroscopy (Figure S7).

Preparation of Polymersomes.

PEG-azobenzene-PLA and iRGD polymer conjugate were dissolved (10 mg/mL) in acetone,
and lissamine rhodamine lipid (0.01 mg/mL) in chloroform. First, the lissamine rhodamine
lipid was added to a clean glass vial and air-dried. Next, polymers were added dropwise in
an 85:10:5 ratio of PEG-azobenzene-PLA, iRGD-PEG-PLA, and lissamine respectively to
HEPES buffer (10 mM and pH 7.4). The resulting mixture was stirred for 1 hour, bubbled air
for 45 minutes (to evaporate acetone), and then sonicated in a water bath sonicator (VWR
Symphony ultrasonic cleaner, Model: 97043-936) for 1 hour at 35 kHz. The polymersomes
were then passed through a Sephadex G100 size exclusion column. The eluted
polymersomes were collected and used for the studies. The encapsulation of drugs was
achieved by passive or active loading. For passive loading, napabucasin was added to the
polymer mixture and added to the HEPES buffer. For active loading, we utilized a citrate
buffer (100 mM and pH 4) instead of HEPES. Once collected through the size exclusion
column, gemcitabine was added, then pH was adjusted to 8 by adding a 1 M sodium
bicarbonate solution dropwise and testing the pH. This mixture was then stirred for 8 hours
before passing through the size exclusion column again to remove the unencapsulated drug.

Determination of critical aggregation concentration.

From a stock solution of 0.1 mM pyrene in dichloromethane, 10 pL aliquots were taken in
different vials, and the dichloromethane was allowed to evaporate in air. To each of these
vials, various measured amounts of the polymer were added (stock solution concentration 10
mg/mL in a 1:5 acetone: deionized water solution by volume) so that the concentrations
varied from 5 mg/mL to 9.8 pg/mL, and the final concentration of pyrene in each vial was 1
UM. The vials were sonicated at 35 kHz using a VWR Symphony ultrasonic cleaner (Model:
97043-936) for 45 minutes and then allowed to stand for 2 hours before recording the
fluorescence spectra. The fluorescence emission spectra were recorded at an excitation
wavelength of 337 nm with a bandwidth of 2.5 nm (for both excitation and emission). The
ratio of the intensities at 373 nm and 393 nm were plotted against the concentration of the
polymer, and the inflection point of the curve was used to determine the critical aggregation
concentration (Figure S2).46.47
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Size Analysis of the polymersomes.

The hydrodynamic diameter of the polymersomes was measured using dynamic light
scattering, using a Malvern Zetasizer instrument and Zetasizer software version 7.02. One
mL of the sample was placed in a Sarstedt Cuvette. The sample was given 120 second
equilibration time followed by three measurements, each with ten runs. Atomic force
microscopy was carried out in noncontact mode at a scanning rate of 0.7 Hz and a resonance
frequency of 145 kHz using an NT-MDT NTEGRA (NT-MDT America). The cantilever was
made of silicon nitride and was 100 pm long. Scanning area was 5 x 5 or 20 x 20 ym? at a
resolution of 512 or 1024 points per line, respectively. For electron microscopic imaging,
copper TEM grids (300-mesh, Formvar-carbon coated, Electron Microscopy Sciences) was
prepared by applying a drop of 0.01% poly(L-lysine), allowing it to stand for 30 s, wicking
off the liquid with torn filter paper, and allowing the grids to air-dry. A drop of the
suspension diluted 1:100 was placed on a prepared grid for 30 s, and wicked off; grids were
allowed to air-dry again. Phosphotungstic acid, 0.1% pH adjusted to 7-8, was dropped onto
the grid containing the sample, allowed to stand for 2 min, and wicked off. After the grids
had dried, images were obtained using a JEOL JEM-2100 LaBg transmission electron
microscope (JEOL USA, Peabody, Massachusetts) running at 200 keV.

Encapsulation of 5(6)-carboxyfluorescein.

5(6)-Carboxyfluorescein was encapsulated by the following procedure. Briefly, 10 mg of the
polymer and 1 mg of carboxyfluorescein were dissolved in 250 pL. DMSO and was then
added dropwise to a 750 pL PBS buffer solution under magnetic stirring. This was left
stirring for an hour at room temperature followed by dialysis (MWCO 1-1. 5 kDa) against
800 mL PBS buffer with regular media change till no further discoloration of the media was
observed. After the release experiments, 20 UL of Triton was added to disintegrate the
polymersome and the fluorescence emission intensity was measured for total release after
disintegration. The cumulative percentage release was plotted versus elapsed time.
Percentage release was calculated using the following equation:

Emission intensity after release—Emission intensity before release

Emission intensity after Triton—Emission intensity before release x 100

%release =

In-Vitro Uptake and Internalization.

Polymersomes were prepared using our standard protocol, but in place of lissamine
rhodamine B lipid, a FITC-PEG-PLA polymer was used at 5% concentration. Uptake was
analyzed using an Accuri C6 flow cytometer with subsequent data analysis using FlowJo
software (FlowJo, LLC).

Cell Viability Studies in Monolayer Culture.

BxPC-3 cells (5,000) were seeded in each well of 96-well clear bottom plate. The cells were
allowed 24 hours for attachment before placing them in either a normal oxygen incubator
(20% oxygen) or a hypoxia chamber (2% oxygen). The cells then grew for 24 hours before
being subjected to their respective treatments. After 3 days, the media was removed, and
cells were washed three times to remove any remaining polymersomes or drugs.
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Subsequently, 20 uL of Alamar Blue (Invitrogen, a cell health indicator that uses the
reducing power of living cells to measure viability quantitatively) and 180 uL of fresh
medium was added. The fluorescence was then measured, and viability was calculated.

Cell Viability Study in Spheroid Cultures.

Animals.

Spheroid scaffolds were prepared by adding agarose to a silicone mold (Microtissues)
following the manufacturer’s protocol using 96,000 cells/75 L to produce a spheroid
diameter of 200 um. The seeded scaffolds were incubated for 7 days, changing the standard
cell culture media every 2 days. The scaffolds were then placed in either normoxic (20%) or
hypoxic (2%) conditions for 24 hours before being exposed to their respective treatments for
72 hours. After treatment, the scaffolds were washed with phosphate-buffered saline before
viability was analyzed by Celltiter-Glo 3D cell viability assay (Promega).

All mice were housed under standard housing conditions at the Animal Studies Core Facility
of North Dakota State University (NDSU). All animal procedures were reviewed and
approved by the Institute of Animal Care and Use Committee at the NDSU, protocol number
A18037.

Orthotopic Tumor Implantation.

Mice were first anesthetized by isoflurane (3% in 1 L/min 100% oxygen for induction and
2% in 1 L/min oxygen for maintenance). A cell suspension of 10% BxPC-3 cells in 25 L
sterile saline was injected into the pancreas using a 28G needle. The peritoneum was sutured
back together using Ethicon Chromic Gut dissolvable sutures. The skin was then sutured
with an Ethicon nylon suture. A topical antibiotic and tissue glue were used over the wound
to prevent infection and help close the wound. The mice then received buprenorphine
subcutaneous injection in the scruff of the neck for post-surgical pain. Mice were given
welfare checks daily post-surgery.

Ultrasound and Photoacoustic Imaging of Tumor Volume and Oxygenation.

A VevoLLAZR system equipped with LZ250 linear array transducer (VISUALSONICS) was
used to measure tumor size, and tumor oxygenation status (oxygenated/deoxygenated
hemoglobin) A tunable laser with a pulse repetition rate of 10 Hz was used to excite the
sample from 680-970 nm. Images were obtained under identical conditions using Vevo’s 3D
ultrasound imaging (B-mode) and Photoacoustics (PA) modes, respectively. Subsequent PA
measurements of oxygenated/deoxygenated hemoglobin (750/850 nm absorption,
respectively) were obtained in triplicate from the tumor core, edge, and associated healthy
adjacent pancreas and subsequently quantified using Vevo’s OxyZated analysis software.

In-Vivo Biodistribution.

Athymic nude mice were used to establish subcutaneous tumors. Tumor-bearing mice were
injected with iRGD containing polymersomes and imaged using a Kodak In-Vivo
Multispectral Imaging System FX after two hours. Organ images were taken from mice
lacking subcutaneous tumors. The mice were injected with the iIRGD polymersome
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formulation via tail vein and were then euthanized at their respective time points (5 minutes,
2 hours, and 6 hours) and imaged using the Kodak camera at excitation 590 and emission
615.

In-Vivo Circulation Time.

iRGD polymersomes encapsulated with 12 uM ICG were injected (200 pL) via tail vein into
3 nude athymic mice. Blood draws (200 uL) were taken at 1 hour, 24 hours, and 72 hours
post-injection. The fluorescence was measured at excitation 820 and emission 850. The total
remaining ICG was estimated by extrapolating the signal from 200 uL of blood to the total
blood volume of the mouse using the equation total blood volume = 58.5 mL/kg.48 A
standard curve was made using various amounts of ICG and percent remaining was
calculated use the initial 200 L injection as a reference signal.*®

In-Vivo Animal Study.

Six-week-old nude athymic mice were purchased from Envigo. BxPC-3 cells (1.5 x 10°)
were suspended in Matrigel and injected in the right flank of the mice. Once tumors had
reached a significant size (greater than 30 mm3) as measured by calipers, the 36 mice were
randomly allocated to each of the six treatment groups with three males and three females
within each group. The control group received 200 pL of sterile saline, while the drug
treatment groups received gemcitabine at 30 mg/kg and/or napabucasin at 20 mg/kg.
Injections were given via the tail vein using a 26G needle twice weekly for four weeks. Mice
were weighed, and tumor volume measured using calipers before each injection. One week
of observation continued after the treatment ended, and tumor volume and weight were
again measured twice during this time.

Measurement by Caliper.

The estimated tumor volume was measured using an external caliper. The greatest length
and greatest width were selected and measured (mm). The total tumor volume was
calculated by the modified ellipsoidal formula.50:51

Tumor volume = V2 (lengthxwidthz)

Human Pancreatic Cancer Samples.

All human tissue samples were obtained from the University of Nebraska Medical Center
(UNMC) Rapid Autopsy pancreatic program and associated UNMC tissue bank.

Western Blot.

The normal pancreas, pancreatic cancer tissue, and metastatic tumor tissue (5 mg each) were
exposed to 300 L ice-cold RIPA lysis buffer containing 0.1% Sodium dodecyl sulfate
(SDS) and protease inhibitor and were homogenized on ice for two hours. Then, protein
contents were collected by centrifuging tissue samples at 13,000 g for 20 min at 4 °C. The
supernatant was collected, and protein concentration in each sample was measured using the
Bio-Rad DC protein assay kit. Protein samples were separated by SDS-PAGE and
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transferred to a nitrocellulose membrane. The membrane was blocked by 5% non-fat milk
for 2 hours, washed 3 times, and then incubated with Neuropilin-1, STAT-3, and GAPDH
primary antibodies (1:1000 dilution) overnight. Subsequently, the membrane was incubated
with a secondary antibody (1:1000 dilution) for two hours. The signals on the membrane
were developed by ECL reagent (Pierce, Rockford, IL) and exposed to X-ray films. The
quantitative density of the bands for Neuropilin-1/GAPDH and STAT-3/GAPDH ratios was
analyzed by NIH ImageJ software.

Synthesis of hypoxia-responsive copolymers (PLA-Azo-PEG), tumor-penetrating peptide-
polymer conjugate (PLA-PEG-iRGD), and preparation of tumor penetrating polymersomes.

In our polymersome design, a 4,4’-diazobenzene is used for linking the hydrophilic
polyethylene glycol (PEG) and the hydrophobic polylactic acid (PLA) of the diblock
copolymer (Figure 1A). The PEG to whole polymer ratio is 25%. Bilayer vesicles
(polymersomes) are formed when the ratio of PEG to the whole polymer ranges from
20-40%.52:53 Micelles would form if using a higher ratio (45-70%) PEG.52:53 Biological
reducing environments are amplified under hypoxic conditions.>4:5° The addition of the
reduction-sensitive 4,4’-diazobenzene functional group allows for the triggered release of
the encapsulated payload in hypoxic regions.39:56 Both PEG and PLA polymer blocks are
approved for human use by the US Food and Drug Administration (FDA) and are classified
into the “generally regarded as safe” category. We recrystallized commercially available DL-
lactide and carefully controlled the reaction conditions to reduce the polydispersity of the
polymers. We synthesized the copolymer by ring-opening polymerization of DL-lactide
using Sn(octanoate), as the catalyst. Hence, the resultant copolymer is racemic. The purified
hypoxia-responsive polymer PLAggg—diazobenzene—PEGyqqg Was characterized by infrared,
1H, and 13C NMR spectroscopy and gel-permeation chromatography (GPC, Supporting
Information). Analysis of the GPC data showed a polydispersity index of 1.12 for the
hypoxia-responsive copolymer.

The synthesis of the PLA-PEG-iRGD polymer (Figure 1B) was a two-step process. First,
we synthesized PLAgyoo—PEG2000—N3 polymer following our previously reported protocol.
57 Next, we conjugated the synthesized hexynoic acid-iRGD to PLAgo—PEG2g00—-N3 using
the Cu?*-catalyzed Click chemistry ([2+3]-cycloaddition). Further experimental details can
be found in the Materials and Methods section and characterization by MALDI-TOF and
circular dichroism in the Supporting Information (Figure S6—7). We determined the critical
aggregation concentration of the synthesized hypoxia-responsive polymer to be 0.86 + 0.05
mg/mL (107 £ 6 uM) employing fluorescence spectroscopy of added pyrene (Figure S1).
46,47 We prepared the polymersomes from the hypoxia-responsive polymer (85%), the PLA-
PEG-iRGD polymer (10%), and a fluorescent reporter, 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-lissamine-rhodamine B sulfonyl ammonium salt (5%) employing
the reported solvent-exchange method.%8

The effectiveness of a nanoparticle formulation can be dramatically changed by its
characteristics.5%:60 We determined the size and shape of the polymersomes by transmission
electron microscopy (TEM), atomic force microscopy (AFM), and dynamic light scattering
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(DLS). The enhanced permeability and retention effect, which arises due to leaky
vasculature, allows nanoparticles less than 200 nm to rapidly accumulate at the tumor site.
61-63 Based on our characterization, our nanoparticle formulations should be able to exploit
this leaky vasculature and reach the tumor site.

In addition to TEM and AFM (Figures 2A, B, C) images, the hydrodynamic diameter,
polydispersity index, and zeta-potential of the polymersomes were determined by dynamic
light scattering (Table S1). The average size of 107, 117, and 188 nm for control
polymersomes (containing iRGD and HEPES buffer), iGem (gemcitabine encapsulated
iRGD polymersomes), and iNap (napabucasin encapsulated iRGD polymersomes),
respectively were measured. Entrapment efficiency and drug loading content were also
calculated for each formulation (Table S1). Gemcitabine is a hydrophilic drug and resides in
the aqueous core of the polymersomes. Napabucasin, a hydrophobic molecule, partitions
into the bilayer of the polymer vesicles, causing an increase in vesicle size. These
polymersomes fit into a size window where they are large enough to escape renal filtration
(>10 nm), yet, small enough (<200 nm) to potentially avoid significant uptake by
mononuclear phagocytes and the reticuloendothelial system.54-67 The exact
pharmacodynamics and pharmacokinetics of this formulation are outside the scope of this
study and are reserved for future investigation. Next, we demonstrated the polymersomes’
ability to release the encapsulated contents under hypoxic conditions (2% oxygen). A
fluorescent dye, carboxyfluorescein, was encapsulated into the polymersomes as a model for
the hydrophilic gemcitabine. We used human liver microsomes that contain cytochrome
P450 enzymes. Reduction of the azobenzene linker requires a hydrogen donor source. The
microsomes act to oxidize the NADPH, which, in turn, provides the hydrogens needed to
reduce the azobenzene group to two aniline molecules (Scheme S1).68 A hypoxia chamber
set to 2% oxygen was to mimic hypoxic conditions further.3? The release profile was
monitored over time by measuring the fluorescence intensity of the solution. Our
polymersome formulation released 81% (+ 3) of its contents under hypoxic conditions
compared to only 21% (£ 2) under normoxia after 60 minutes (Figure 2D). A similar
strategy, but using HPLC was used to measure the release of napabucasin which showed
86% (+ 7) release over 60 minutes.

The stability of polymersomes was investigated by incubation in human serum under
normoxia. The polymersomes average size increased by about 20 nm within 48 hours of
incubation with serum and they then maintained that average size for up to 120 hours
(Figure S8). The increase in size is likely due to adhesion of molecules within the serum to
the polymersomes. Further size monitoring under hypoxic conditions was conducted using
glutathione as a reducing agent. Concentrations of 50 uM simulate the extracellular tumor
environment, while 1 mM mimics those concentrations within the cytosol.5% While under 50
UM, the polymersomes remain mostly intact as indicated by a lack of change in size. The 1
mM concentration breaks the azobenzene linker causing a significant reduction in size as
broken polymers attempt to reform (Figure S9).

In-Vitro Cytotoxicity.—Cytotoxicity was measured in monolayer cultures of BXxPC-3

pancreatic cancer cells (Figure 3A). Previous studies demonstrated that hypoxia induces
biochemical and genetic changes in pancreatic cancer cells resulting in a more gemcitabine-

Mol Pharm. Author manuscript; available in PMC 2021 May 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Confeld et al.

Page 11

resistant phenotype. 13:14.70-72 \We observed that 73% (+ 4) of cancer cells cultured in a
hypoxic environment were viable after treatment with free gemcitabine compared to 48%
(£3) viability after encapsulated (iGem) treatment. A similar result was observed with
napabucasin that showed 74% (+ 4) and 52% (£ 3) viability between unencapsulated free
drug and the encapsulated polymersome formulation, respectively. iRGD polymersomes
(iGem, iNap, and the drug combination iPsome) were able to either increase cellular toxicity
or mitigate the resistant phenotype developed under hypoxia, possibly due to increased
uptake of the vesicles, resulting in higher drug concentrations inside the cells (Figure 3C).
Next, we tested iRGD polymersomes using a three-dimensional (3D) model allowing
gradients in oxygen, nutrients, and metabolites, creating a more heterogeneous population
along with physiological cell-cell interactions.3%: 51 Cell spheroids were prepared using 3D
Petri Dish® from Microtissues®. We then tested free Gem and free Nap against the iRGD
polymersomes encapsulating these drugs. In normoxia, we observed free napabucasin
having significant cellular toxicity. This is likely due to its ease of diffusion inside the
spheroids due to small molecular size. A high chemoresistance (10-30% greater viability)
under hypoxia was observed for the free drugs due to increased diffusion barriers preventing
penetration of the drug.”®7® This chemoresistance was mitigated using the iRGD
polymersomes (Figure 4A). Cell viability of 76% (z 4) and 71% (z 3) for unencapsulated
free drugs gemcitabine and napabucasin, while the iRGD-polymersome formulations of
these drugs were 60% (+ 3) and 38% (£ 4), respectively, after 72 hours treatment in hypoxic
conditions. The polymersomes were likely better able to penetrate the dense spheroids as
compared to the free drugs leading to an overall decreased cell viability. This possibility was
previously examined by our laboratory, using an ex-vivo penetration apparatus that showed a
penetration depth of 2.2 mm for iRGD-polymersomes.>6

In-Vitro Uptake and Internalization.—The increased cellular toxicity of the drug-
encapsulated polymersome formulations is likely due to a higher accumulation of the drugs
inside the cancer cells. To validate this hypothesis, uptake and internalization of
fluorescently labeled polymersomes (incorporating a FITC-PEG-PLA polymer) into
pancreatic cancer cells (BxPC-3) was studied using flow cytometry. The iRGD-targeted
polymersomes showed 12-fold greater uptake after 12 hours of incubation with the BxPC-3
cells compared to the non-targeted polymersomes lacking the iRGD peptide (Figure 3C). A
qualitative fluorescence microscopy experiment supported the significant difference in
uptake of the iRGD-polymersomes in the pancreatic cancer cells compared to the non-
targeted (no iRGD peptide) polymersomes after 6 hours of incubation (Figure 3B). The
BxPC-3 cells are reported to overexpress the neuropilin-1 receptor on the surface.””:’8 The
macropinocytosis mechanism induced by NRP-1 activation produces vacuoles in the range
of 0.2 — 3 um in size that engulf the surrounding/bound polymersomes.’® The enhanced
uptake is likely due to the integrin and neuropilin-1 receptor targeting by the iRGD peptide.

Bio-distribution and accumulation of the polymersomes.—One of the crucial
properties of drug delivery vehicles is a longer retention time in the circulation. To evaluate
the circulation time of the iIRGD-polymersomes, we injected fluorescently labeled iRGD-
polymersomes into non-tumor bearing NOD skid gamma (NSG) mice. The iRGD-
polymersomes encapsulating the near-infrared dye indocyanine green (ICG; 10 uM,

Mol Pharm. Author manuscript; available in PMC 2021 May 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Confeld et al.

Page 12

excitation: 820 nm; emission 850 nm) suspended in 200 uL of phosphate-buffered saline
were injected in the mice through the tail vein.#® Blood (100 pL) was drawn at various time
points (1 h, 24 h, 72 h), and the fluorescence intensity of indocyanine green was measured at
excitation 820 nm and emission 850 nm. A right shift in excitation and emission maximum
was observed compared to unencapsulated ICG (780/810, respectively). We observed that
20% of the injected 1CG signal remained after 72 hours (Figure 5B). The PEG polymer on
the exterior of the polymersomes provides the stealth needed to delay uptake of the iRGD-
polymersomes by the reticuloendothelial system.8% While we lack the ability for standard
pharmacokinetic testing using clearance and volume of distribution, the circulation times we
observed put these nanoparticles in the range of other FDA approved PEGylated
nanoparticles with half-lives from 20 hours to 5 days.8%-85 Further studies are needed to
confirm this theory.

To demonstrate tumor accumulation, BxPC-3 tumor-bearing mice were injected with iRGD-
polymersomes, and live animal images were recorded. Images were acquired 2 hours after
injecting (tail vein) either a control (saline) or iIRGD-polymersomes (no encapsulated drugs).
Even when a mouse had two flank tumors, we observed a high accumulation of the
polymersomes in both tumors (Figure 5A). The organs were also examined for the
accumulation of polymersomes at various time points (Figure 5C). We found no significant
organ accumulation after either 2 hours or 6 hours post tail-vein injection (Figure S11).

Hemoglobin and Oxygenation Saturation in a Mouse Model of PDAC: BxPC-3
cells (10%) were injected into the pancreas of four athymic nude mice. Once tumors reached
an average size of 500 mm3 (measured by calipers), ultrasound and photoacoustic imaging
were performed to verify tumor size and oxygenation, respectively. Hemoglobin
oxygenation was determined by averaging three measurements from three different sites
(normal pancreas, tumor edge, and tumor core). The average percentage of saturated oxygen
(sO2) was significantly different within these locations (F(,,9) = 7.85, p < 0.05, Figure 6A).
Specifically, sO, was significantly reduced in the tumor core, relative to both the tumor edge
(p < 0.05) and normal adjacent pancreas (p < 0.01). Likewise, total hemoglobin (Figure 6B)
was significantly different across locations (F(2 9y = 4.43, p < 0.05) with the tumor core
showing significantly less hemoglobin than the tumor edge and normal adjacent pancreas (p
< 0.05). Notably, these initial results resemble those observed in patient-derived PDAC
tumors.3 The observed low levels of sO, indicate the presence of a hypoxic environment
facilitating drug release from the polymersomes.

A pilot study was then performed on these mice to better understand if the unencapsulated
drug or the polymersome is penetrating the tumor. A right shift in fluorescence of
encapsulated ICG vs. free ICG allowed for unmixing of photoacoustic images and ability to
see accumulation of the released dye and encapsulated dye simultaneously (Figure S10).
After just 1-hour post tail vein injection, we observed penetration into the tumor. Due to the
density of the tumor core, we were unable to visualize deeper polymersome penetration.

Efficacy of polymersomes in a subcutaneous mouse model of pancreatic

cancer.—Athymic nude mice were injected with 10% BxPC-3 cells suspended in 200 pL of
Matrigel® into the left flank, and the tumors were allowed to grow for four weeks. Three
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male and three female mice were randomly assigned to each treatment group. Gemcitabine
was dosed at 30 mg/kg, napabucasin was dosed at 20 mg/kg either as free drugs or
encapsulated into the polymersomes.86:87 The iPsome formulation was a volumetric mixture
of both iGem and iNap. The amount of polymer injected with each dose varied slightly
depending on the drug and entrapment of that batch of polymersomes. The average amount
of polymer per injection ranged from 2.5 mg (iNap) to 5 mg (iGem). One week after the last
treatment, we euthanized the mice and harvested the tumors. Significant suppression of
tumor growth as compared to control and free drug treatments were observed for all iRGD
polymersome groups. The end-stage tumor size was reduced by 242%, 254%, and 260%
compared to no drug control for iGem, iNap, and iPsome, respectively (Figure 7A).
Suppression of growth was also noted in the free drug groups of 113%, and 118% reduced
size for free gemcitabine and free napabucasin, but this was not significant compared to
control. Interestingly, we observed that the iRGD-treatments rendered the tumors physically
soft compared to the solid and dense control tumors. The resected tumors showed sunken
fluid-filled cores due to vastly enhanced necrosis of the tumors from inside. In a few
instances, the inside necrosis was so much that the overall tumor resembled a donut-like
structure. In general, the mice had no obvious treatment complications. Two mice from the
iPsome group were removed from the study after two weeks due to a decrease in body
weight of greater than 15% as well as one mouse from the control and free gem group that
was removed due to excessive tumor size affecting ambulation. A graphical breakdown of
weight changes overtime can be found in supporting information (Figures S12 and 13).

Histology Analysis.—Tumors were collected after study (day 35), bisected, fixed, and
embedded in paraffin wax. Tumor slices (10 pm thick) from the cut edge (tumor core) were
placed on microscope slides, stained with hematoxylin and eosin, and analyzed using NIH
ImageJ software. The area of necrosis was compared to the total area of tissue for that slide.
The average area of necrosis was then compared between all treatment groups. The iRGD
polymersome groups showed a significantly higher area of necrosis compared to control and
free drug groups (Figure 8B), with 25% more necrosis seen in iGem and iNap groups
compared to free drug. Visually, the necrotic areas can be seen in the scanned slides with a
significant difference between free drug and the respective polymersome treatment group
(Figure 8A).

Human Pancreatic Cancer Samples.—To further assess the translational potential, we
examined the tissue samples from two pancreatic cancer patients. Patient samples included a
primary pancreatic tumor, unaffected pancreas tissue, and lung metastasis all from the same
patient. Inflammation is a significant factor in the development of pancreatic cancer.88 The
release of growth factors and cytokines by tumor associated immune cells in response to
inflammation further promotes the activation of STAT3.89 We saw a 4-5 fold increased
expression of both NRP-1 and STAT3 proteins in the primary tumor as well as the metastatic
liver site (Figure 9). High expression of NRP-1 in PDAC is associated with other
clinicopathologic characteristics such as lymph node involvement, advanced stage, and
decreased survival time.?0 New evidence shows NRP-1 promotes proliferation through
activation of VEGF and EGF receptors and downstream activation of Akt leading to
downregulation of p27.91 The p27 normally suppresses activity of the CDK2/cyclin E
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complex, which leads to DNA replication.92:93 When downregulated, p27 will not
effectively suppress CDK2 and further proliferation will ensue. Insinuating that the most
lethal PDAC tumors may have high NRP-1 levels and better targets for our nanoparticle
therapy.

Discussion

Pancreatic cancer patients often have minimal clinical success. The 5-year survival rate has
remained below 10% for over 40 years, and only in the last 10 years have these rates been
above 5%.% Potentially, targeting the hypoxic tumor core, instead of the outside, may pose a
strategic advantage to these patients. Utilizing polymeric nanoparticles with a tumor
penetrating iRGD peptide and a hypoxia-responsive group, increased toxicity and uptake to
cancer cells to combat hypoxia-induced resistance. These polymersomes were able to
increase cellular toxicity by as much as 50% compared to unencapsulated drugs. The
incorporation of the iRGD peptide allowed for a 12-fold increase in cellular uptake
compared to polymersomes lacking this peptide. These initial results compelled us to further
investigate the therapeutic potential of an inside-out treatment strategy. Upon completion of
our animal study using a mouse model of pancreatic cancer, we found intriguing results.
First, the apparent tumor size and volume was suppressed by over 200% compared to
untreated controls. Interestingly, tumor volume bounced back up immediately when the
treatment had stopped in the case of the free drug group, whereas the tumor volume stayed
relatively steady when treated with iRGD polymersome encapsulated drugs. This result
potentially suggests that iIRGD polymersome encapsulated drugs decreased the number of
free drug-resistant cancer cells and delays cancer recurrence. Second, and possibly most
alluring, were the resected tumors. The iRGD polymersome groups had subjectively squishy
and less dense tumors as compared to either the free drug or control tumors. The final
finding of increased necrosis in the tumor core was another indication that our tumor
penetrating polymersomes were effective in delivering their payload deep inside the tumor
tissue.

To our knowledge this is the first reported use of iRGD conjugated polymersomes
encapsulating gemcitabine or napabucasin in an animal model of pancreatic cancer. Previous
studies have shown significant tumor reduction by co-administering free drug and free iRGD
peptide separately to induce increased cellular uptake.9%:%6 Our polymersome system, adds
the benefit of enhanced uptake, longer circulation time, and lower likelihood of toxicity
compared to delivery of free drugs.

Our future studies may look at utilizing these hypoxia-responsive nanoparticles as a vascular
normalization strategy. Development of an improved vascular system within the hypoxic
niches of the tumor may decrease the ability of stem cells to self-renew and provide a
channel for chemotherapy agents to reach their target.9”:98 Additional studies are also
needed to determine organ toxicity and better understand the pharmacokinetics of these
nanoparticles.

The polymersomes were able to suppress tumor growth, but in the end, the tumors did not
achieve complete remission. Optimization of the treatment protocol or a possible
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combination of these polymersomes with non-penetrating chemotherapy may have a better
chance of achieving complete remission.

Hypoxia-responsive targeted polymers were successfully synthesized and self-assembled
polymersomes were formed. The inclusion of the iRGD peptide significantly increased
cellular uptake and led to increased cellular toxicity in monolayer, spheroids, and an animal
model of pancreatic cancer. The inclusion of a hypoxia-responsive azo-benzene linker allows
for selective release of encapsulated cargo deep inside the tumor’s hypoxic niches. By
penetrating the outer layers of the tumor, we were able to induce significant necrosis to the
tumor’s core that led to a reduction in tumor size. Our experiments provide a rational a
treatment strategy that works to destroy the tumor from the inside-out.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Polymersome components. (A) diblock copolymer consisting of polyethylene glycol linked
to polylactic acid by the hypoxia-sensitive 4,4’-diazobenzene linker (red), and (B) iRGD
peptide conjugated to the PLA-PEG copolymer.
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Figure2.

Time (minutes)

Characterization of polymersomes. (A-C) Hypoxia-responsive iRGD peptide conjugated
polymersomes’ size and shape, as shown by transmission electron microscopy (A) and
atomic force microscopy under normoxic (B) and hypoxic conditions (C), respectively. (D)
Carboxyfluorescein release under hypoxic and normoxic conditions with NADPH and liver
microsomes. (E) Napabucasin Release under hypoxic and normoxic conditions with

NADPH and liver microsomes.
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Figure 3.
In vitro monolayer studies on cell viability. (A) Viability of BxPC-3 cells in monolayer

cultures under normoxic and hypoxic (2% O) conditions. Control treatments lack
encapsulated drugs (n = 8). (B) Cellular uptake after 2 hours of iRGD conjugated hypoxia-
responsive polymersomes in monolayer cultures of BxPC-3 cells. Control represents
polymersomes without iRGD. (C) Cellular uptake using a FITC conjugated polymer and
flow cytometry, showing fold increase in cellular uptake at selected time points (n = 3). * p-
value <0.05.
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Figure 4.
In vitro 3D spheroids. (A) Viability of BXPC-3 cells in 3D spheroid cultures under normoxic

and hypoxic (2% O,) conditions. (B) Image of a single spheroid pre-treatment. (C) Spheroid
after 72-hour treatment with iRGD-polymersomes, using live (green) and dead (red)
staining. * p-value <0.05, n = 8.
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Figure5.

In?Vivo Bio-Distribution. (A) Mice with subcutaneous tumors (circled in white) injected
with iIRGD-polymersomes and imaged after two hours showing accumulation at the tumor
site. *Ear fluorescence from permanent marker used to label mouse. (B) Circulation time of
iRGD-polymersomes based on the remaining fluorescence signal in the blood. (C)
Biodistribution to organs at 5 minutes, 2 hours, and 6 hours after tail vein injection of iRGD-
polymersomes containing indocyanine green dye. (n = 3) (scale bar = 10 mm).
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Figure®6.
In-Vivo Saturated Oxygen and Hemoglobin. (A) Average saturated oxygen levels using

photoacoustic imaging across all tumors. (B) The average concentration of hemoglobin
across all tumors. * p-value <0.05, ** p-value <0.01, n = 4.
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In-Vivo Animal Study. (A) Graphical representation of the change in tumor size throughout
the treatment. A significant difference in the end-stage tumor size between control and all
iPsome groups. (B) Excised tumors outer surface (bottom) and tumor core (top).

* p-value <0.05; N = 5 (Free Nap, Free Gem, iGem, iNap) (Control = 4, iPsome = 4)
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Figure 8.
Tumor Core Necrosis. (A) Excised tumors were sliced in half, formalin-fixed, embedded in

paraffin wax, and stained using hematoxylin and eosin. (B) Calculated and averaged total
necrotic area for each tissue section. **p-value < 0.01 ***p-value <0.001
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Figure.

Western Blot of Human Pancreatic Cancer Samples. (A) Western blot of the unaffected
pancreas, primary pancreatic tumor, lung metastatic site, and liver metastatic site all from the
same patient. (B) NRP-1 to GAPDH expression ratio. (C) STAT3 to GAPDH expression
ratio.
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Scheme 1.
Synthesis of the hypoxia-responsive copolymer.
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