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Abstract: Hypoxia in solid tumors facilitates the progres-

sion of the disease, develops resistance to chemo and ra-
diotherapy, and contributes to relapse. Due to the lack of
tumor penetration, most of the reported drug carriers are
unable to reach the hypoxic niches of the solid tumors.

We have developed tissue-penetrating, hypoxia-respon-
sive echogenic polymersomes to deliver anticancer drugs

to solid tumors. The polymersomes are composed of a hy-

poxia-responsive azobenzene conjugated and a tissue
penetrating peptide functionalized polylactic acid-polyeth-

ylene glycol polymer. The drug-encapsulated, hypoxia-re-
sponsive polymersomes substantially decreased the viabil-

ity of pancreatic cancer cells in spheroidal cultures. Under
normoxic conditions, polymersomes were echogenic at di-
agnostic ultrasound frequencies but lose the echogenicity

under hypoxia. In-vivo imaging studies with xenograft
mouse model further confirmed the ability of the poly-

mersomes to target, penetrate, and deliver the encapsu-
lated contents in hypoxic pancreatic tumor tissues.

Hypoxia or reduced oxygen partial pressure is observed in
solid tumor tissues.[1] The high interstitial fluidic pressures and

irregular blood flow lead to hypoxic regions in the tumors and
help the progression of the disease.[2] Hypoxic niches further

assist in the remodeling of the extracellular matrix[3] and
changes in biochemical makeup, which drive tumor progres-
sion and the maintenance of the progenitor cancer stem

cells.[4] Solid tumors of breast, pancreas, cervix, rectum, head,

and neck show hypoxic regions, making them difficult to
treat.[5, 6] However, the biochemical changes in the tumor mi-

croenvironment can be used as triggers for activating stimuli-

responsive carriers and deliver drugs.[7] Biochemical triggers
such as increased matrix metalloproteinase enzyme, gluta-

thione, decreased pH are demonstrated to deliver the drugs
from the carriers.[8] Hypoxia-responsive drug-delivery systems

are comparatively less explored. Hypoxic niches are usually in-
accessible to the circulating drugs due to lack of proximity to

the vasculature.[9] Although the polyethylene glycol (PEG)-con-

taining drug carriers extravasate through the leaky vasculature
in the tumor tissues,[10] reaching the hypoxic regions requires

subsequent tissue penetration.[11]

The cyclic iRGD peptide is known for its tissue-penetrating

properties. It first binds to the integrin receptors on the cell
surface. Subsequent hydrolysis and reduction generates a
shorter peptide with high affinity for the neuropilin receptors

and tissue penetration capability.[12] Nanoparticles conjugated
to the iRGD peptide have been observed to penetrate into the

tumors and deliver the drugs.[13, 14] In an in vivo study, the che-
motherapeutic drugs showed better efficacy when co-adminis-
tered with the iRGD peptide.[15] We hypothesized that iRGD
functionalized, PEGylated polymersomes will penetrate deep

inside tumor tissues to reach the hypoxic regions. Subsequent-
ly, the hypoxia-responsive groups, incorporated in the poly-
mersome bilayer would undergo reduction and destabilize the
membrane integrity. Membrane destabilization will lead to the
release of the encapsulated hydrophilic contents in the hypox-

ic tumor niches, causing cytotoxic effects. To test the hypothe-
sis, we prepared azobenzene incorporated PLA-PEG polymer

(Figure 1 A) and mixed it with iRGD conjugated PLA-PEG poly-

mer (Figure 1 C) to form polymersomes by the solvent ex-
change method.[16] Azobenzene acts as a hypoxia-responsive

linker and undergoes reduction in the hypoxic niches of the
tumor microenvironment.[17] The ratio of hydrophilicity to hy-

drophobicity in an amphiphilic polymer is critical for the for-
mation of polymersomes. Hence, we synthesized a PLA6000-
azobenzene-PEG2000 copolymer with an appropriate balance

between hydrophilic and hydrophobic polymer chains to form
vesicle structures. We confirmed the azobenzene incorporation

and the molecular weight of the synthesized polymer using
NMR spectroscopy and gel permeation chromatography (GPC)
(see the Supporting Information). To impart the tissue-pene-
trating property, hexynoic acid conjugated iRGD peptide (Fig-
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ure 1 B) was synthesized using a microwave-assisted peptide

synthesizer (Liberty Blue, CEM Corporation) and conjugated to
the synthesized PLA-PEG-N3 polymer (Figure 1 C). The MALDI

mass spectrum (expected mass: 1042.43, Observed mass:
1042.36) and circular dichroism (CD) spectroscopy confirmed

successful conjugation of the peptide to the amphiphilic copo-
lymer.

We have used the iRGD peptide to enhance the tumor pene-

tration of liposomes in the tumor tissues.[13] However, polymer-
somes are considerably more stable compared to the lipo-

somes, and offer better membrane stability with reduced drug
release in the absence of stimulus.[18] The polymer composition

of the polymersomes was optimized by varying each compo-
nent and determining the size and content release under hy-
poxic conditions. The optimized polymersome formulation was

composed of PLA-azobenzene-PEG (90 mol %) and PLA-PEG-
iRGD (10 mol %). We observed that the polymersomes pre-
pared by the solvent exchange method were less than 200 nm
in size. Exposure to hypoxia resulted in a reduction in size and

increase in polydispersity index (PDI) value, indicating varied
size distribution in the polymersomes (Figure S1, Table S1, Sup-

porting Information). To further investigate the structural

changes, we imaged the polymersomes by transmission elec-
tron microscopy (TEM). TEM imaging indicated the spherical

shape of the polymersomes under normoxic conditions (Fig-
ure 2 A). However, under hypoxia, the polymersome structures

were disrupted (Figure 2 B).
The ability of the polymersomes to release encapsulated

contents under hypoxic conditions was studied by encapsulat-

ing the self-quenching dye carboxyfluorescein (100 mm) in the
vesicles. The polymersomes released 85 % of the encapsulated

dye after 2-hour exposure to hypoxic conditions created in the
presence of rat liver microsomes, NADPH (100 mm), and bub-

bling nitrogen gas. Under normoxia (no nitrogen gas bub-
bling), the release of the dye was less than 10 %, indicating rel-

ative stability of the polymersomes in the presence of oxygen
(Figure S3).

Echogenic nanoparticles entrap air in their core or mem-
branes and allow simultaneous ultrasound imaging.[19] We have

demonstrated that incorporation of cryoprotectants during the

preparation allows entrapment of air in the nanoparticles.[20]

Echogenicity was induced in the iRGD functionalized polymer-

somes by using mannitol (320 mm) as the cryoprotectant. We
carried out three freeze and thaw cycles to incorporate bub-

bles in the bilayer or the core (the exact location is unknown).
We freeze-dried the polymersome solution and reconstituted

with water for the ultrasound imaging employing a diagnostic

frequency ultrasound scanner (Figure S4). The ultrasound re-
flection was observed in the echogenic polymersomes (manni-

tol-encapsulated) samples (0.1 mg mL@1), but not in the control
samples (buffer-encapsulated polymersomes). Subsequently,

the pancreatic cancer cells (BxPC-3) were cultured under nor-
moxic and hypoxic environments. Monolayer cultures of BxPC-

3 cells were incubated with the echogenic polymersomes

under hypoxia for one hour and then imaged. We observed
that, after one hour of hypoxia, the polymersomes showed de-

creased grayscale values in the ultrasound images indicating
decreased echogenicity (Figure 3). The images analyzed by the

NIH ImageJ software showed a three-fold decrease in the
echogenicity after one hour of incubation in the hypoxic envi-

ronment, suggesting disruption of polymer membrane and re-

lease of encapsulated air bubbles.
Because the iRGD peptide possesses anti-metastatic proper-

ties,[21] we evaluated the toxicity of the peptide-decorated vesi-
cles towards pancreatic cancer cells. We observed 80 % viability

of the BxPC-3 cells in the presence of 100 mg mL@1 concentra-
tion of the polymersomes (Figure 4). After confirming the

echogenicity, stimuli-responsiveness, and the viability of the
cells, we encapsulated the anticancer drug gemcitabine in the
polymersomes (efficiency: 50 %) using the pH-gradient
method.[20] We treated monolayer cultures of BxPC-3 cells with
the polymersomes encapsulating gemcitabine (20 mm) for 72 h.

We used four controls to demonstrate the effectiveness of the
gemcitabine-encapsulated, iRGD-conjugated, hypoxia-respon-

sive vesicles: (C1) iRGD-conjugated, hypoxia-responsive test

polymersomes encapsulating buffered saline only (i.e. , no gem-
citabine), (C2) gemcitabine-encapsulated, iRGD-conjugated

polymersomes prepared from PLA6000-PEG2000 (devoid of hy-
poxia-responsive linker), (C3) gemcitabine-encapsulated, hypo-

xia-responsive polymersomes without the iRGD peptide, and
(C4) un-encapsulated gemcitabine (20 mm) (Figure 4 A).

Figure 1. Structures for hypoxia responsive polymer (A), hexynoic acid conju-
gated iRGD peptide (B), and peptide iRGD conjugated PLA-PEG polymer (C).
The hypoxia-sensitive azobenzene group is indicated in red.

Figure 2. TEM images of polymersomes before (A) and after (B) exposure to
hypoxia (scale bars indicate 20 nm).
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In hypoxic monolayer cultures of BxPC-3 cells, iRGD peptide

conjugated hypoxia responsive polymersomes (Test, red
column, Figure 4 A) showed a decreased cell viability of 25 %,

similar to the cytotoxicity of free gemcitabine (C4, red
column). The results indicate that nearly all of the encapsulat-

ed gemcitabine is released from the polymersomes under hy-
poxia. In addition, these polymersomes showed less effective-

ness under normoxic conditions (Test, black column, cell viabili-

ty: 80 %), demonstrating the role of hypoxia in releasing the
encapsulated gemcitabine from the vesicles. The vesicles

devoid of the hypoxia-responsive polymer (i.e. , prepared from
PLA6000-PEG2000; C2) showed high cell viability (82 %), which

further confirmed the stimuli-responsive release of the gemci-
tabine from the vesicles (Figure 4 A).

The reduced vasculature in the pancreatic tumors rapidly

gives rise to the hypoxic niches. The development of hypoxia
is commonly associated with disease progression, poor prog-

nosis, and impaired therapeutic response.[23] In-vitro studies
with monolayer cultures do not provide realistic predictions

about the efficacy of the drug carrier.[24] The three-dimensional
(3D) spheroid cultures are better in vitro models for testing

drug delivery systems.[25] We cultured 3D spheroids of BxPC-3

cells and treated them with the polymersome formulations.
The spheroidal cultures under normoxia showed decreased cell

viability in the presence of hypoxia-responsive polymersomes
encapsulating gemcitabine (52 %; Figure 4 B, Test, black

column). Cell spheroids often exhibit hypoxia in the core.[25]

We speculate that decrease in the cell viability under normoxic

conditions may be due to iRGD peptide-assisted penetration

of the vesicles to the hypoxic niches and subsequent release
of gemcitabine. However, the targeted, drug-encapsulated

polymersomes were more effective in the spheroids of the
pancreatic cancer cells compared to the monolayer cultures

(Figure 4 B, Test, red column). In fact, the gemcitabine released
from the targeted, hypoxia-responsive polymersomes (Test

Figure 3. Ultrasound images of BxPC-3 cells treated with polymersomes under normoxic and hypoxic conditions in a 96-well plate (A). Change in grayscale
value observed by the ImageJ software (n = 3) (B). The reduction in the grayscale value was after the hypoxic treatment indicated loss of echogenicity due to
the disintegration of the polymersomes and release of contents (B).

Figure 4. Cell viability in monolayer (A) and spheroidal (B) cultures of BxPC-3
cells after treatment with free gemcitabine, gemcitabine encapsulating con-
trol, and iRGD incorporated, gemcitabine encapsulated, hypoxia responsive
polymersomes (Test) under normoxic (black bars) and hypoxic (red bars) en-
vironment. The controls are: (C1) iRGD-conjugated, hypoxia-responsive test
polymersomes encapsulating buffered saline only (i.e. , no gemcitabine),
(C2) gemcitabine-encapsulated, iRGD-conjugated polymersomes prepared
from PLA6000-PEG2000 (devoid of hypoxia-responsive linker), (C3) gemcita-
bine-encapsulated, hypoxia-responsive polymersomes without the iRGD
peptide, and (C4) un-encapsulated gemcitabine (20 mm).
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column, red bar) were more effective compared to the free
drug (column C4, red bar), possibly due to the higher penetra-

tion depth of the targeted vesicles.

To determine the iRGD assisted penetration depth of the
polymersomes, cell layers were cultured on the wet strength-

ened Whatman filter papers (#114) employing an in-house, 3D-
printed culture apparatus (Figure 5).[26] When layered cultures

were treated with the carboxyfluorescein encapsulated poly-
mersomes, we observed that vesicles without iRGD-peptide

penetrated 11 layers of the stacked cells. However, the iRGD

peptide-decorated polymersomes penetrated up to 18th layer
(2.2 mm), indicating the ability to penetrate deep inside cellu-

lar systems (Figure 5).
To demonstrate active targeting of the peptide-decorated

polymersomes and hypoxia-triggered release in vivo, we devel-
oped xenografts of pancreatic cancer in male nude mice by

subcutaneously injecting the BxPC-3 cells (106). After four

weeks of tumor development, we injected the hypoxia-sensi-
tive dye Image-iT (Thermo Fisher Scientific) encapsulated, hy-
poxia-responsive, iRGD-decorated polymersomes in three mice
through the tail vein.[28] After two hours, we imaged the ani-

mals employing a Kodak reflectance imager (excitation:
490 nm; detector : 620 nm). As the fluorescence of the dye is

activated only under hypoxia, fluorescence at the tumor site
was indicative of the release of the dye from the polymer-
somes and subsequent activation under hypoxic conditions.
We observed that the polymersomes accumulate in the tumor
and release the dye (Figure 6 B). We did not observe any re-

lease of the dye when the iRGD peptide-decorated polymer-
somes lacked the hypoxia-responsive polymer (vesicles pre-

pared from the polymer PEG2000-PLA6000, Figure 6 A).
In pancreatic cancer, hypoxia promotes the development of

collagen-rich, fibrous extracellular stroma, which limits the dif-

fusion and transport of the drugs to the tumor mass.[27] To de-
termine the penetration depth of iRGD polymersomes in pan-

creatic tumors, we used mice growing pancreatic tumors xeno-
graft of BxPC-3 cells as described in the previous paragraph.

After four weeks of tumor development, we injected the non-
hypoxia responsive polymersomes (prepared from PLA6000-

PEG2000) presenting the iRGD peptide through the tail vein of

three mice. The vesicles incorporated a fluorescent lipid in the
bilayer for imaging (DPPE-lissamine rhodamine B, excitation:

560 nm; emission: 585 nm). After two hours, the mice were eu-
thanized, the tumors were excised, snap-frozen, and sliced. We

imaged a slice of the tumor, 200 mm from the surface (Fig-
ure 6 C) using a fluorescence microscope. The red fluorescence

(indicated by arrows) demonstrated that the iRGD-polymer-

somes penetrated at least 200 mm into the pancreatic tumor in
mice.[29]

To demonstrate the proof of concept, we injected the echo-
genic polymersomes (100 mL) in an anesthetized live female

nude mouse via the tail vein. A highly perfused organ (right
kidney) was then imaged with a live animal ultrasound imag-
ing instrument (VisualSonics, Vevo3100) at 40 MHz transducer

frequency. The preliminary data indicated contrast enhance-

Figure 5. Designed, 3D-printed cell culture apparatus (1A) in which a paper stack holder (1B) was paced with a press on the top of the stack with a hollow
tubing (1C) enclosed by the cover (1D). Whatman filter was inoculated with BxPC-3 cells embedded in sodium alginate and agarose (1E), and the filter papers
were stacked together (1F), and the stack was allowed to grow in the apparatus. For imaging, each stacked paper was separated (1F) and placed in a clear
glass bottom Petri plate (1G) to image under a laser-scanning confocal microscope (1H). The depth of penetration of hypoxia-responsive polymersomes
before (2X) and after iRGD conjugation (2Y). The green color in Panel 2 indicates the carboxyfluorescein dye, released from the polymersomes.

Figure 6. Imaging of hypoxic pancreatic tumor in mice and penetration
depth of the iRGD polymersomes. The release of the hypoxia-responsive dye
Image-iT from hypoxia-sensitive polymersomes was observed after two
hours (B) of injection via the tail vein in nude mice. No dye release was ob-
served when the polymersomes lacked the hypoxia-responsive linker (A).
The yellow circles represent the tumor in the mice. (C) Fluorescence micro-
scopic image of a 5 mm thick slice, 200 mm from the top surface of the ex-
cised tumor, showing the presence of the iRGD-decorated vesicles (indicated
by arrows).
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ment compared to the control (without any injected polymer-
somes, Figure S7 in the Supporting Information). We are cur-

rently optimizing the conditions to increase the contrast of the
ultrasound image of the live animal.

In conclusion, iRGD peptide functionalized hypoxia respon-
sive polymersomes encapsulated the anticancer drug gemcita-

bine with 50 % efficiency. The polymersomes successfully re-
leased the encapsulated contents in vitro and in vivo. Treat-

ment with these polymersomes significantly improved the

depth of penetration while decreasing cell viability under hy-
poxic conditions. These polymersomes were observed to be

echogenic in ultrasound imaging. In vivo imaging experiments
confirmed the improved targeting and release of the contents

in the hypoxic tissues of mice growing xenograft tumors of
pancreatic cancer cells. We have demonstrated that echogenic,
iRGD-decorated hypoxia-responsive polymersomes can be

used for imaging of hypoxia and deliver the drugs to the hy-
poxic regions of the pancreatic tumor tissues.
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