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Abstract

Hypoxia in tumors contributes to overall tumor progression by assisting in epithelial-to-
mesenchymal transition, angiogenesis, and metastasis of cancer. In this study, we have synthesized
a hypoxia-responsive, diblock copolymer poly(lactic acid)—azobenzene—poly(ethylene glycol),
which self-assembles to form polymersomes in an aqueous medium. The polymersomes did not
release any encapsulated contents for 50 min under normoxic conditions. However, under hypoxia,
90% of the encapsulated dye was released in 50 min. The polymersomes encapsulated the
combination of anticancer drugs gemcitabine and erlotinib with entrapment efficiency of 40% and
28%, respectively. We used three-dimensional spheroid cultures of pancreatic cancer cells BxPC-3
to demonstrate hypoxia-mediated release of the drugs from the polymersomes. The vesicles were
nontoxic. However, a significant decrease in cell viability was observed in hypoxic spheroidal
cultures of BXPC-3 cells in the presence of drug encapsulated polymersomes. These
polymersomes have potential for future applications in imaging and treatment of hypoxic tumors.
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INTRODUCTION

Rapid cell division, exponential growth, and insufficient blood supply create oxygen
gradients in solid tumors.1 Oxygen partial pressure in the tumors decreases from the surface
to the interior, reaching as low as 0-2.5 mmHg in some regions.2 These hypoxic areas assist
disease progression by remodeling the extracellular matrix, initiating the epithelial-to-
mesenchymal transition, and altering the overall biochemical environment around the cells.3
Hypoxia also plays a significant role in developing resistance to radio and chemotherapy in
cancer patients.*

Hypoxia develops in solid tumors of breast, colon, prostate, and pancreatic cancers.® This
problem is exacerbated in pancreatic cancer due to formation of dense extracellular matrix
(desmoplasia) and early development of hypoxia.” The hypoxic regions and desmoplasia
make treatment ineffective for pancreatic cancer, leading to a dismal five-year survival rate
of about 5%.5-8

Hypoxic and normoxic tissues show remarkably different microenvironments, providing an
opportunity for tumor-specific drug delivery with reduced oxygen partial pressure as the
trigger.® Polymersomes are vesicles formed from amphiphilic diblock copolymers capable of
encapsulating hydrophilic compounds in the core and hydrophobic drugs in the bilayer.10
The relative ratio of the hydrophobic and hydrophilic polymer blocks determines the
formation of polymersomes.19 The reported tumor-targeted polymersomes deliver the
encapsulated drugs at the targeted site in response to the elevated levels of enzymes,
reducing agents, reduced pH, etc.11 However, hypoxia-responsive polymeric drug carriers
are less explored. Polymeric nanoparticles with the nitroimidazole pendant groups released
encapsulated doxorubicin in a hypoxic environment.12 The reducible azobenzene group has
been used to prepare imaging agents and polymeric micelles responsive to the reducing
microenvironment of hypoxia.13.14

In this study, we have synthesized a hypoxia-responsive, amphiphilic diblock copolymer by
conjugating poly(lactic acid) (PLA) with poly(ethylene glycol) (PEG) via an azobenzene
linker. We prepared polymersomes from the synthesized copolymer, encapsulating the
anticancer drug gemcitabine and the epidermal growth factor receptor (EGFR) inhibitor

Biomacromolecules. Author manuscript; available in PMC 2017 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kulkarni et al.

Page 3

erlotinib. Gemcitabine is the first choice anticancer drug for pancreatic cancer.1® The EGFR
receptor inhibitors aid in restricting the disease progression.16 Clinical trials indicate
improved survival of pancreatic cancer patients when gemcitabine is combined with
erlotinib.8 However, erlotinib is more hydrophobic compared with gemcitabine. Hence,
encapsulation of both drugs in polymersomes has the potential to increase the overall
effectiveness of the treatment. We expected that hypoxic conditions will reduce the
azobenzene group of the polymers to amines.14 Herein, we demonstrate that the resultant
destabilization of the polymer bilayer releases the encapsulated drugs from the
polymersomes to cultured hypoxic spheroids of pancreatic cancer cells BxPC-3.

MATERIALS AND METHODS

Synthesis and Characterization of the Copolymer

Reaction of PEG-Diphenylazacarboxylate with 1- Aminopropanol—Polymer m-
PEG1900-amine was conjugated to azobenzene-4,4" -dicarboxylic acid by following a
previously published protocol.13 The PEG-diphenylazacarboxylate (1 g, 0.46 mmol) was
dissolved in pyridine (25 mL). To this solution, 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC; 134 mg, 0.69 mmol) and A-hydroxysuccinimide (NHS; 80 mg, 0.69
mmol) were added followed by excess 1- aminopropanol (175 mg, 2.32 mmol). The reaction
mixture was stirred overnight. The solvent was then removed under reduced pressure. The
residue obtained was dissolved in dichloromethane and washed with 0.5 N HCl and 0.5 N
NaOH. The clear organic solution was dried over Na,SO4, evaporated, and subjected to
chromatographic purification (R¢= 0.6, 10% MeOH in dichloromethane) yielding 677 mg
(66%) of the yellow semisolid product. 1H NMR (400 MHz, chloroform-a) & ppm: 0.02—
0.01 (m), 1.08-1.36 (m), 3.37-3.38 (m), 3.53-3.63 (m), 3.77-3.91 (m), 5.25-5.38 (m), 7.27
(s), 7.93-8.07 (m).

Synthesis of the Block Copolymer—The product obtained from the previous step (150
mg, 0.068 mmol) was taken into toluene (30 mL) and was subjected to azeotropic distillation
for 6 h employing a Dean—Stark apparatus. After the solution was cooled to room
temperature under nitrogen, p,L-lactide (450 mg, 3.17 mmol) and tin(ll) ethoxyhexanoate
(15 mg) were added, and the solution was heated to reflux under nitrogen for 14 h. After
cooling to room temperature, the reaction mixture was added dropwise to the cold ether.
After 3 h, the clear supernatant was decanted, and the precipitate was dried under vacuum.
The yellow viscous semisolid product obtained (405 mg, 67%) was analyzed by 1H NMR
spectroscopy and gel permeation chromatography for purity and molecular weight
(Supporting Information, Figures S2 and S3). 1H NMR (400 MHz, chloroform-d) & ppm:
0.00-0.11 (m), 1.40-1.61 (m), 1.68-1.78 (m), 1.81-2.11 (m), 3.62-3.89 (m), 3.92-4.16 (m),
5.08-5.35 (m).

Preparation of Polymersomes Encapsulating Carboxyfluorescein Dye

The synthesized hypoxia-responsive polymer PLAgg—azobenzene—PEG47 was dissolved in
tetrahydrofuran (10 mg/mL), and the solution (200 pL) was added dropwise to a stirred
solution (2 mL) of carboxyfluorescein dye (100 mM) in HEPES buffer (25 mM, pH 7.4).
After stirring for 1 h, the THF was evaporated by bubbling air through the solution to form
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the carboxyfluorescein encapsulated polymersomes. The formed polymersomes were then
sonicated for 1 h in a bath sonicator (Aquasonic 250D, level 9), and dialyzed (molecular
cutoff 1000) overnight in iso-osmolar HEPES buffer (25 mM, pH 7.4) to remove
unencapsulated carboxyfluorescein. The polymersomes were then passed through Sephadex
G100 gel filtration column to remove the remaining unencapsulated carboxyfluorescein. The
polymersomes collected were used for the release and cellular uptake studies.

Preparation of Polymersomes Encapsulating Gemcitabine and Erlotinib

The synthesized polymer PLAgg—azobenzene—-PEG,47 was dissolved in tetrahydrofuran (10
mg/mL) and a fluorescent lipid, 1,2-dipalmitoyl-sr-glycero-3-phosphoethanolamine- A+
lissamine rhodamine B sulfonyl ammonium salt (rhodamine lipid) was dissolved in
chloroform (0.01 mg/mL). To an empty vial, rhodamine lipid solution was added, and
chloroform was evaporated from the bottle. To the same vial, the polymer solution (200 pL,
2 mg) was added to adjust the polymer to lipid molar ratio to 95:5. The solvent was
evaporated from the vial by passing air through it, and 200 uL of THF was added to make
the concentration of polymer 10 mg/mL. In another vial, erlotinib was dissolved in 200 mM
citrate buffer (pH 4) to make drug concentration 0.2 mg/mL. Polymers dissolved in THF
were then added dropwise to an erlotinib—citrate buffer solution (2 mL). The mixture was
stirred for 1 h at room temperature. THF was evaporated by passing air through the mixture
for 45 min. The polymersomes formed were then sonicated using a bath sonicator
(Aquasonic model 250D, level 9) for 45 min, and the polymersomes were passed through
SephadexG-100 gel filtration column saturated with HEPES buffer (25 mM, pH 7.4). This
protocol generated a pH gradient across the polymersome membrane (surrounding pH 7.4,
core pH 4). Gemcitabine was added to these polymersomes (polymer to drug ratio 5:1 by
weight), and the resulting mixture was stirred for 4 h at room temperature. The
polymersomes were again passed through the SephadexG-100 gel filtration column to
remove unencapsulated drugs. Drug encapsulation was determined from the UV spectra for
the polymersomes (270 nm for gemcitabine and 247 nm for erlotinib). The amount of drug
encapsulated was measured from the standard curves. To calculate entrapment efficiency and
loading capacity of the polymersomes, the following equations were used.

amount of drug added — amount of drug el'lcapsulated><

100
amount of drug added

percent entrapment efficiency=

total weight of drug loaded in polymersomes)< 100

ercent loading efficiency=
P & v total weight of polymer

Size Analysis

The hydrodynamic diameters of polymersomes were measured using a dynamic light
scattering (DLS) instrument (Malvern Zetasizer Nano-ZS90). Measurements were
conducted at a scattering angle of 90° using disposable polystyrene cuvette. An equilibration
time of 120 s was maintained for all the measurements. For each sample, six readings were
recorded averaging six runs for the same reading.
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Transmission Electron Microscopy

Copper TEM grids (300-mesh, Formvar-carbon coated, Electron Microscopy Sciences,
Hatfield, Pennsylvania, USA) were 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 LaB6 transmission electron microscope (JEOL USA, Peabody, Massachusetts)
running at 200 keV.

Release Studies

Carboxyfluorescein encapsulated polymersomes (200 uL) were added to 1.6 mL of iso-
osmolar HEPES buffer (25 mM, pH 7.4). To this solution, 100 L of rat liver microsomes
were added along with 100 pM NADPH. The rat liver microsomes were isolated using a
reported protocol.1” Air was bubbled through the reaction mixture to create normoxic
conditions. For hypoxic conditions, nitrogen gas was bubbled through the reaction mixture.
The emission intensity was recorded every 5 min for 1 h using a spectrofluorimeter at the
emission wavelength of 515 nm (excitation 480 nm). After 1 h of normoxic or hypoxic
treatment, 20 uL of Triton was added to disintegrate the polymersomes and release the
encapsulated dye. Fluorescence intensity was measured for the total release after complete
disintegration. Percent release was calculated using following formula:

(emission intensity after release — intensity before release)

x 100

(intensity after Triton treatment — intensity before release)

Cumulative percent release profile was plotted as a function of time.

Atomic Force Microscopic (AFM) Imaging

Cell Culture

A drop of polymersome solution was placed on top of a freshly cleaved mica surface. The
surface was evenly coated with the polymersomes using spin coater at 2000 rpm and then
dried. The AFM imaging was carried out in non-contact mode at a scanning rate of 0.7 Hz
and a resonance frequency of 145 kHz using an NT-MDT NTEGRA (NT-MDT America,
Tempe, AZ). The mica substrate was glued on top of a sapphire substrate, which is a sample
holder, using Scotch double sided tape and cleaved with Scotch tape to obtain a debris-free
and flat surface. The cantilever was made of silicon nitride and was 100 pm long. The
scanning areas were 5 x 5 or 20 x 20 um? at the resolution of 512 or 1024 points per line,
respectively. The images were flattened by a first order line correction and a first order plane
subtraction to compensate a sample tilt.

The pancreatic cancer cell line BXPC-3 was purchased from American Type Culture
Collection (Manassas, VA). The BxPC-3 cells were cultured in RPMI media (Hyclone)
supplemented with 10% fetal bovine serum (Gibco) and 2% antibiotics (Corning). The cells
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were grown at 37 °C in a humidified atmosphere containing 5% CO, for normoxic
conditions. Hypoxia was induced in the cells by culturing in Biospherix C21 hypoxic
chamber supplemented with 1% oxygen.

Cell Viability Assay

Cytotoxicity of the gemcitabine and erlotinib encapsulated polymersomes was tested on
BXxPC-3 cells. The cells were incubated (2000 per well) in a 96-well sterile plate. RPMI
media supplemented with 10% FBS was added to each well (200 pL), and the cells were
allowed to grow for one doubling time. The plate was divided into three groups: control,
drug treated, and test polymersomes treated. The control polymersomes (Control P) were
prepared using PLLAs5q00—PEG2ggo polymer (Polyscitech). This polymer has similar chain
length for hydrophilic and hydrophobic portions as observed in the synthesized polymer and
can act as a good control in hypoxic conditions due to its nonresponsiveness to hypoxic
environment. Six replicates were recorded for each sample. The control group received
buffer encapsulated polymersomes. Polymersomes prepared for the cellular studies were
prepared in a buffer iso-osmolar with the cell culture medium to avoid premature leakage
from the polymeric vesicles. Drug-treated cells received the gemcitabine (20 pM)—erlotinib
(7.5 £ 1 uM) solution equivalent to the encapsulated drug concentration. Test polymersome
treated cells received an equivalent amount of encapsulated gemcitabine (20 uM) and
erlotinib (7.5 + 1 uM). The cells were treated for 3 days, and cell toxicity was recorded after
72 h with the Alamar Blue assay by following the supplier’s (Life Technologies) protocol.
Alamar Blue solution (10 uL) was added to all the wells and incubated for 2 h. Fluorescence
was recorded (excitation/emission wavelength, 585/615 nm) for cytotoxicity calculation.
The viability was determined for the normoxic and the hypoxic BxPC-3 cells.

Cellular Uptake

The BXPC-3 cells were seeded (5000 per well) on two six well plates. The cells in one plate
were allowed to grow in a normoxic environment, and the other was incubated in the
hypoxic chamber maintained at 1% oxygen level. The cells cultured in both the plates were
allowed to grow for two doubling times. Cells in both plates were treated with
carboxyfluorescein encapsulated polymersomes for 1, 2, and 3 h under normoxic or hypoxic
conditions. The uptake of carboxyfluorescein encapsulated polymersomes and the released
dye was observed by fluorescence microscopy. Images were analyzed by ImageJ software.

Cell Viability in Spheroidal Cultures

The BxPC-3 cells were cultured as three-dimensional spheroids on agarose molds. Briefly,
purchased mold (no. 24-35, Microtissues) was used to cast a 35 well agarose scaffold.
Scaffolds were seeded with BXxPC-3 cells (10 000 cells per scaffold) and were incubated at
37 °C in a CO, incubator for 15 days. As the spheroids were formed, the scaffolds were
divided into two groups (18 scaffolds in each group). One group was incubated in a
normoxic environment (supplemented with 21% oxygen, 37 °C), and the other group was
incubated in a hypoxic environment (supplemented with 1% oxygen, 37 °C). After 3 days of
incubation, the spheroids were treated with the control polymersomes (encapsulating buffer),
gemcitabine and erlotinib combination (concentrations equivalent to test polymersomes),
and polymersomes encapsulating gemcitabine and erlotinib (20 pM gemcitabine and 7.5+ 1
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UM erlotinib). The cells received treatment for 3 days under normoxic or hypoxic conditions.
To measure the cell viability after the treatment, the spheroids were dislodged from the
scaffolds with centrifugation (1000g, 37 °C) and treated in 15 mL centrifuge tubes
containing 3 mL of Tryple (recombinant trypsin). The tubes were then incubated at 37 °C for
20 min to allow dissociation of attached cells. The cells were then suspended in 10 mL of
culture media and plated on 6 wells of a 96 well plate. Similarly, the cells from all scaffolds
were collected and seeded in 96 well plates (/7= 6 for each group). The cells were allowed to
grow in a CO, incubator at 37 °C for 24 h. After the treatment, the Alamar Blue assay was
carried out following manufacturer’s protocol to estimate cell viability for each group.

RESULTS AND DISCUSSION

Polymersomes are more stable drug carriers compared with micelles and liposomes. The
ratio of the hydrophilic and hydrophobic blocks of the amphiphilic polymers is critical for
the formation of spherical bilayer vesicles.1® We synthesized the azobenzene linked polymer
PLAgo—(AZB)-PEG47 (Scheme 1) and characterized it by NMR spectroscopy. The
azobenzene group linking the PEG and PLA acts as the hypoxia-responsive unit in the
synthesized polymer.1920 The PEG groups on the surface of the polymersomes impart long
circulating and passive targeting characteristics.2! The amphiphilic nature of the
polymersomes allows encapsulation of hydrophilic drugs in the aqueous core and
hydrophobic drugs in the membrane. Since the polymer molecules in the bilayer do not flip—
flop, the structures are considerably more stable compared with liposomes.1022 However,
under reducing hypoxic conditions, the azobenzene linker undergoes reduction (mechanism
shown in Figure 1) and disrupts the polymer membrane, allowing the release of encapsulated
drugs.14

To ascertain the hypoxia sensitivity, we dissolved the synthesized polymer (1 mg/mL) in a
mixture of tetrahydrofuran and water (1:5) and added the isolated rat liver microsomes (20
ug), NADPH (100 uM), and bubbled nitrogen gas for 2 h. Subsequently, we filtered the
solution and recorded the UV—-vis absorption spectrum. We observed a shift in the Anyax
from 330 to 290 nm and the emergence of a new band at 230 nm after exposing the polymer
solution to hypoxia (Supporting Information, Figure S1). It is likely that the peak at 230 nm
is due to the formation of the aniline derivatives after the reduction of the azobenzene linker
under hypoxia.

The polymersomes were prepared using the synthesized, hypoxia-responsive polymer by the
solvent exchange method (Materials and Methods)?2 and characterized by transmission
electron microscopy (TEM, Figure 2A). To ascertain the vesicle formation, we prepared
giant polymersomes employing a reported protocol and encapsulated the fluorescent dye
FM1-43 in the bilayer (by following a procedure similar to the erlotinib encapsulation).2
We imaged the giant vesicles employing a confocal laser scanning microscope. We observed
the bilayer of the polymersomes in the images, as reported in the literature (Supporting
Information, Figure S5).24 The size of the gel-filtered polymersomes was observed to be 83
+ 2 nm with a polydispersity index (PDI) of 0.3 (by dynamic light scattering). A typical size
distribution for the polymersomes is shown in Figure 2B. Encapsulation of a dye or the two
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drugs increased the size of the polymersomes to 262 + 30 nm. The polydispersity index
(PDI) for all the batches was observed to be less than 0.4. (Tablel)

To test the stimuli responsiveness of azobenzene incorporated polymersomes, a self-
quenching dye (carboxyfluorescein) was encapsulated. Under hypoxia, the polymersomes
released 90% of the encapsulated dye within 50 min (Figure 3, green squares). No
significant release was observed from these vesicles under normoxic conditions (Figure 3,
red circles).

Atomic force microscopy indicated that the polymersomes lost their spherical morphology
after 1 h under hypoxia (Figure 4A,B). The treated sample showed irregular shapes,
indicating the disintegration of the vesicle structures (Figure 4B). We also observed (by
dynamic light scattering) a reduction in the hydrodynamic diameter of the polymersomes
(from 90 to 55 nm) and an increase in the polydispersity index (from 0.3 to 0.7) under
hypoxia.

To demonstrate content release in biological systems, we incubated the BXPC-3 cells with
the dye-encapsulated polymersomes in a hypoxia chamber supplemented with 1% oxygen.
Although we seeded an equal number of cells in the hypoxic and normoxic (control) plates
for imaging, we observed changes in cell morphology in the presence of 1% oxygen. Hence,
we normalized the fluorescence of the images with respect to the number of cells. We
analyzed the images by the ImageJ software and calculated the integral density per unit area
of the two treatment groups. We noted that the normoxic cells released a small amount of the
encapsulated carboxyfluorescein in 3 h (Figure 5, panel A). However, we observed a
significantly higher amount of dye release in the hypoxic cells after 3 h (Figure 5, panel B).

After confirming the hypoxia-triggered release from the polymersomes, we proceeded to
encapsulate the anticancer drugs gemcitabine and erlotinib using a combination of solvent
exchange and pH-gradient methods.22:26 Gemcitabine and erlotinib were encapsulated with
40% + 6% and 28% * 8% entrapment efficiency, respectively. The amount of gemcitabine
and erlotinib encapsulated were 100 + 15 pg and 60 + 16 ug per mg of the polymer,
respectively. For the cellular experiments, the treatment was determined based on the
concentration of gemcitabine, because erlotinib is used as an adjuvant to enhance the overall
effectiveness of therapy.® The buffer-encapsulated polymersomes showed more than 90%
cell viability in monolayer as well as in spheroidal cultures of the BxPC-3 cells, indicating
the nontoxic nature of the drug carrier (Figure 6).

Subsequently, we treated the BxPC-3 cells with drug encapsulated polymersomes for 72 h
(Figure 7A). The unencapsulated gemcitabine and erlotinib and polymersomes devoid of the
hypoxia-responsive polymer were used as the controls. In normoxic monolayer cultures,
treatment with the gemcitabine and erlotinib resulted in 38% + 3% cell viability. Under
hypoxic conditions, the cell viability was more (58 + 5%), showing that the free drugs were
less effective than in the normoxic conditions. When the cells were treated with control
polymersomes (prepared from PLLAs5q00-PEG2000), the cell viability decreased to 65%

+ 4% under normoxia and 71% =+ 3% under hypoxia. We speculate that the decreased cell
viability is a result of slow drug diffusion from the polymersomes to the cell culture media
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in 72 h. Treatment with hypoxia-responsive polymersomes resulted in decreased cell
viability, 61% =+ 1% under hypoxia and 77% = 4% in normoxia.

Although the monolayer cultures provide valuable information about the cellular function
and viability, it does not simulate the three-dimensional architecture of the tumor tissues. To
create a better mimic for the tumors, we cultured the BXxPC-3 cells as three-dimensional
spheroids in agar molds.2”28 Spheroidal cultures contain hypoxic cancer cells in the core as
observed in solid tumors.2930 Hence, spheroids are better models for conducting hypoxia-
responsive drug delivery studies /n vitro. The 15-day old spheroids were then treated with
the polymersomes, analogous to the monolayer cultures (Figure 7B). The results indicated
that cell viability was significantly reduced when the spheroids were treated with drug
encapsulated in polymersomes. The cell viability under normoxic conditions was unaffected
by the hypoxia-responsive polymersomes (Figure 7B, black column, Control). However, the
cell viability for the hypoxic spheroids was substantially decreased (24% + 4%) in the
presence of the polymersome encapsulated drugs compared with the free drugs (48% + 2%).
We observed that the cell viability was significantly reduced in spheroidal cultures compared
with the monolayer studies (compare Figure 7, panels A and B). The drug-containing,
hypoxia-responsive polymersomes were more effective compared with the free drug
combination. We speculate that this difference may be due to the release of drugs in the
hypoxic core of the spheroids.29:30

CONCLUSION

In conclusion, our synthesized azobenzene incorporated, amphiphilic PLA-PEG polymer
self-assembled into polymeric vesicles. The polymersomes encapsulated the anticancer
drugs gemcitabine and erlotinib with loading efficacy of 40% + 6% and 28% + 8%
respectively. These polymersomes successfully released the encapsulated drugs to hypoxic
pancreatic cancer cells, resulting in reduced cell viability in both monolayer and spheroidal
cultures. Due to the presence of hypoxia-responsive subunit in these polymersomes, the
vesicles can be used to image and deliver drugs to the hypoxic regions of tumors.
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Figure 1.
Proposed mechanism of azobenzene reduction in hypoxic, reducing environment.14
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Transmission electron microscopic (TEM) image of polymersomes (scale bar, 20 nm) (A)
and the size distribution profile by DLS (B).
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Figure 3.
Cumulative release of encapsulated carboxyfluorescein from polymersomes under normoxic

(red circles) and hypoxic conditions (green squares). The lines connecting the data points are
also shown (N = 3).
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Figure 4.
Atomic force microscopic images of the polymersomes under normoxic (A) and hypoxic

conditions (B).
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Figure 5.
Confocal fluorescence microscopic images of the BxPC-3 cells incubated with

carboxyfluorescein-encapsulated polymersomes under normoxic (A) and hypoxic (B)
conditions for 1, 2, and 3 h. (C) Quantitative fluorescence integral density for the images
shown in panels A and B indicating uptake in cells cultured under normoxic (black) and
hypoxic (red) conditions (V= 3, *p < 0.05).
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Figure 6.
Viability of the BXPC-3 cells with polymersomes encapsulating phosphate buffer (pH = 7.4)

under hypoxic (black bars) and normoxic (red bar) conditions (V= 4).
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Figure 7.
Viability of the BXPC-3 cells in monolayer (A) and spheroidal (B) cultures after treatment

with the control (hypoxia-responsive polymersomes without any drugs), anticancer drugs
(Drugs), drug encapsulated polymersomes prepared from PLLAgq90—PEG2ggg (Control P),
and the hypoxia-responsive vesicles (Test P) under normoxic (black bars) and hypoxic (red
bars) conditions (MV=6, * P< 0.05).
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Scheme 1.
Synthesis of the Azobenzene Incorporated, Hypoxia-Responsive Polymer?

@The hypoxia-responsive unit is shown in red.
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Hydrodynamic Diameters and the PDI for Polymersome Formulations Determined by DLS

Table 1

average diameter

formulation (nm) = SD PDI £ SD
buffer encapsulated polymersomes 83.6+1.9 0.30+£0.02
carboxyfluorescein encapsulated polymersomes 136.4+1.1 0.25+0.03
drug encapsulated polymersomes 262.6 + 30 0.35+0.06
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