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Abstract

Lung cancer is one of the major causes of cancer-related deaths worldwide. Stimuli-responsive
polymers and nanoparticles, which respond to exogenous or endogenous stimuli in the tumor
microenvironment, have been widely investigated for spatiotemporal chemotherapeutic drug
release applications for cancer chemotherapy. We developed glutathione (GSH)-responsive
polyurethane nanoparticles (GPUs) using a GSH-cleavable disulfide bond containing polyurethane
that responds to elevated levels of GSH within lung cancer cells. The polyurethane nanoparticles
were fabricated using a single emulsion and mixed organic solvent method. Cisplatin-loaded GSH-
sensitive nanoparticles (CGPU) displayed a GSH-dose dependent release of cisplatin. In addition,
a significant reduction in /in vitro survival fraction of A549 lung cancer cells was observed
compared to free cisplatin of equivalent concentration (survival fraction of ~0.5 and ~0.7,
respectively). The /in vivo biodistribution studies showed localization of fluorescently labeled
GPUs (~7% of total injected dose) in the lung tumor regions after mouse-tail IV injections in
xenograft A549 lung tumor models. The animals exposed to CGPUs also exhibited the inhibition
of lung tumor growth compared to animals administered with saline (tumor growth rate of 1.5 vs.
13 in saline) and free cisplatin (tumor growth rate of 5.9) in mouse xenograft A549 lung tumor
models within 14 days. These nanoparticles have potential to be used for on-demand drug release
for an enhanced chemotherapy to effectively treat lung cancer.
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INTRODUCTION

Lung cancer is one of the most common causes of cancer-related mortality in the United
States, with over 230,000 new cancer cases and over 150,000 deaths in the year 2018 [1].
The major variant of lung cancer is non-small cell lung cancer (NSCLC) that accounts for
over 85% of these cases, thus there is an urgent need to effectively treat this deadly disease
[2]. The anti-neoplastic drug cisplatin (cis-diamminedichloroplatinum (11)) has been widely
investigated in the clinic to treat various solid tumors, such as head and neck squamous
carcinoma and ovarian cancer, and it is the first-line FDA approved treatment for NSCLC
[3]. Cisplatin has decreased the overall lung cancer associated mortality by 6.9% compared
to that of untreated controls [4]. Although cisplatin has been used in chemotherapy to
effectively kill lung cancer cells and reduce lung tumor growth, it has several drawbacks,
including severe toxicity in visceral organs and fast clearance resulted in inadequate intra-
tumor drug concentrations [5]. Additionally, cisplatin is poorly soluble in aqueous solvents
affecting its bioavailability and therapeutic index [6]. The efficacy of cisplatin therapeutics is
also limited by innate and acquired drug resistance [3].

The limitations of chemotherapy drugs such as their systemic toxicity, poor plasma-
solubility and low bioavailability, can be potentially overcome by encapsulating them into
nanoparticles (NPs). NPs as drug carriers for chemotherapy have achieved tremendous
popularity because of their small size, and customizability to improve their accumulation in
the tumor tissues, thereby improving drug bioavailability and distribution in the tumors [7].
Stimuli-responsive nanoparticles are a class of nanoparticles that observe low drug release in
normal physiological conditions and enhance drug delivery at the targeted site upon
exposure to a stimulus rendering the ability of spatial, temporal and dose-controlled drug
release [8]. Thus, stimuli-responsive nanoparticles are gaining significant insight for treating
various cancers that dispense various endogenous stimuli to trigger the drug release from
these nanoparticles, such as changes in pH and enzyme levels in the tumor
microenvironment [9]. The cancer microenvironment also hosts enhanced levels of
molecular species, namely antioxidants like glutathione (GSH), that are upregulated in
response to high levels of oxidative stress within the cancer tissues [10]. The GSH levels in
the intracellular environment of cancer cells are over 100-1,000 times higher than that in the
environment surrounding the cancer cells [8]. This observation has led to the development of
redox-responsive polymers comprised of disulfide bonds in the backbone that undergo
reduction-mediated cleavage in response to increased levels of GSH, thereby quickly
releasing their payloads [8, 9].

Recently, increasing use of GSH responsive nanoparticles for cancer therapy has been
witnessed, however, such nanoparticles for lung cancer therapy have been scarcely reported.
In this proof-of-concept work, we developed a GSH-responsive nanoparticle loaded with an
anti-cancer drug and investigated its potential to specifically treat NSCLC in a subcutaneous
cancer model. A biodegradable polyurethane comprised of disulfide linkages in the
backbone named as PU-SS, has been previously developed in our lab [11]. It exhibited a
high degradation rate when exposed to GSH and consisted of good /7 vitro cytocompatibility
and /n vivotissue compatibility. In our research, the anticancer drug cisplatin was used as a
model drug to be encapsulated in PU-SS NPs (Figure 1). The drug release kinetics of
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cisplatin from these NPs in response to GSH concentrations was investigated. Their cell
compatibility, blood compatibility, cancer cell killing, and cell uptake were assessed /n vitro.
The in vivo distribution and therapeutic efficacy of these NPs were further evaluated in a
murine subcutaneous lung tumor model using A549 cells (Figure 1).

EXPERIMENTAL SECTION

2.1 Materials

Polycaprolactone diol, 1,6-hexamethylene diisocyanate, dimethyl sulfoxide (DMSO),
dichloromethane (DCM), hexafluoroisopropanol (HFIP), polyvinyl alcohol (PVA), o-
phenylenediamine (OPDA) were purchased from Millipore Sigma. Cisplatin was purchased
from Cayman Chemicals. Poly(lactide-co-glycolide) (PLGA 50:50, lactic acid: glycolic acid
ratio of 50:50) was purchased from PolySciTech® (Molecular weight of 55-65 KDa). A549
lung cancer cells were purchased from ATCC, and Type | lung epithelial cells (AT1) were
purchased from Abmgood.

2.2 Fabrication of PU-SS nanoparticles

Glutathione-sensitive PU-SS polymer was synthesized using polycaprolactone diol
(MW=2000) and 1,6-hexamethylene diisocyanate, with hydroxyethyl disulfide (Sigma) in a
molar ratio of 0.2:2:1.8 according to Xu et al [11]. Cisplatin loaded PU-SS NPs (CGPU)
were prepared by a standard emulsion technique. Briefly, a 10% solution of cisplatin in 200
ul of DMSO was added to a 2% solution of PU-SS dissolved in a solvent mixture of 95%
DCM and 5% HFIP. PU-SS is hard to be dissolved in DCM at room temperature, and it is
easy to be soluble in HFIP. The HFIP addition helped PU-SS soluble in DCM at room
temperature. This solution was then sonicated using a microtip sonicator at 10 watts for 5
minutes, and then added dropwise to 4 ml of 5% PVA, followed by sonication using an
ultrasonicator at 30 watts for 5 minutes. Following overnight stirring, NPs were washed with
deionized water and collected by centrifugation and lyophilization. Blank PU-SS NPs
(GPU), cyanine-7-, or coumarin-6 loaded GPUs (1% wi/w of dye to polymer) were also
synthesized using the same method described as above. Cisplatin-loaded PLGA 50:50 NPs
(CPLGA) were synthesized as described earlier [12]. Briefly, 10% w/w cisplatin/DMSO
solution was added to a solution of 3% v/v PLGA 50:50 in DCM and sonicated using a
microtip sonicator at 20 watts for 1 minute to mix the solutions. The resulting solution was
further added dropwise to a 5% w/v PVA solution (12 ml) and ultrasonicated at 30 watts for
10 minutes while on ice. After overnight stirring and complete solvent evaporation, the NPs
were washed and collected via ultracentrifugation and lyophilization.

2.3 Characterization of nanoparticles

Particle size, size distribution, and surface charges were measured using the dynamic light
scattering (DLS) technique using a ZetaPALS zeta potential analyzer (Brookhaven
Instruments Inc.). Transmission electron microscopy (TEM, JOEL 1200EX) and scanning
electron microscopy (SEM, Hitachi S-4800 Il FE SEM) were also used to visualize the
morphology of these NPs.
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For cisplatin loading efficiency, cisplatin in the supernatant collected from the NP
fabrication was quantified through an o-phenylenediamine (OPDA) based
spectrophotometric detection technique [13]. A mixture of the cisplatin solution (250 pL), 1
ml of 1X PBS (pH 6.8) and 1 ml of OPDA solution (18 mg/ml in 1X PBS, pH 6.8) was
heated at 100°C for 10 minutes and cooled down to room temperature, and then 7 ml of
dimethylformamide was added. The change in color as a result of the interaction between
OPDA and cisplatin was detected by a UV-Vis spectrophotometer at 703 nm (Infinite M200,
Tecan Group Ltd). The cisplatin loading efficiency was calculated as:

Cisplatin loading efficiency (%) = % x 100 o
Where C1 is the amount of cisplatin used in the nanoparticle formulation, and C2 is the
amount of cisplatin in the supernatant.

To study the GSH triggered cisplatin release kinetics from the CGPUs, the lyophilized NPs
were re-suspended in 0, 5, or 10 mM of GSH (Cayman chemicals) in 1X PBS (pH 7.4) ina
1 mg/ml concentration. The NP suspension (1 ml) was added to a microcentrifuge tube (4
replicates were used for each glutathione concentration) and incubated at 37 °C. At pre-
determined time points, the NP suspensions were centrifuged, 1 ml of the supernatants from
each tube were collected, and the pellets were resuspended in 1 ml of the same GSH
solutions and incubated at 37°C until the next time point. The amount of cisplatin released
from the NPs was quantified by the OPDA chemistry as described above. A standard curve
of known cisplatin concentrations was used to determine the cumulative cisplatin release.
Stability of the NPs was determined by measuring the NP size using DLS when incubated
these NPs in 10% FBS, 0.9% saline, or Gamble’s solution (simulated human lung fluid) at
37°C for 3 days. A sample size of n=3 per group was used.

2.4 Cytotoxicity analysis of nanoparticles

Lung alveolar Type 1 epithelial cells (AT1) cells were seeded at a density of 8,000 cells/well
in a 96 micro-well plate and incubated overnight to facilitate cell attachment. The cells were
then incubated with varying concentrations of non-drug loaded GPUs (0, 10, 50, 100, 200,
500, 750 and 1000 pg/ml). After 24 hours incubation, cell viability was determined using
MTS cell viability assays (CellTiter 96®AQueous One Solution Cell Proliferation Assay,
Promega) and visualized using a live-dead assay (LIVE/DEAD ® Viability/Cytotoxicity Kit
for mammalian cells, Invitrogen) according to the manufacturer’s instructions.

2.5 Hemocompatibility analysis of nanoparticles

A hemolysis evaluation of the non-drug loaded GPUs was conducted as described previously
[14]. Human blood from a donor was acquired in acid citrate dextrose (ACD) containing
tubes following methods approved by the Institutional Review Board at the University of
Texas at Arlington. After collection, the human blood was incubated with the GPUs at
concentrations of 100 pg/ml or 1,000 pg/ml in PBS, 0.9% saline (as negative control), or
distilled water (positive control) for 2 hours at 37°C. The samples were then centrifuged at
1,000 g, and their absorbance intensity at 545 nm were recorded using a UV-Vis
spectrophotometer. The percentage of hemolysis was calculated using the equation below:
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Al — A2

m X 100% (2

% Hemolysis =

Where: Al = Absorbance of sample at 545 nm; A2 = Absorbance of negative control at 545
nm; and A3 = Absorbance of positive control at 545 nm.

For the blood clotting kinetics, the non-drug loaded GPUs at concentrations of 100 or 1,000
pg/ml), water (negative control), and 0.9% saline (positive control) were added to the human
blood activated with 0.1M CaCl,, in 1.5 ml microcentrifuge tubes, and then the tubes were
incubated at room temperature. At pre-determined time points (10, 20, 30, and 60 minutes),
water was added to the tubes to lyse the red blood cells (RBCs) that were not a part of the
formed clot. Absorbance readings of supernatant were recorded at 540 nm using a UV-Vis
spectrophotometer. The absorbance intensities are inversely proportional to the size of the
resulting clot. A sample size of n=8 per group was used for the hemolysis and blood clotting
studies.

2.6 Cellular uptake of nanoparticles

2.7

Cellular uptake of GPUs was determined by measuring the amounts of fluorescently labeled
NPs internalized by lung cancer cells. Coumarin-6 loaded GPUs were used to facilitate
fluorescent mediated detection of the NPs in the cells. A549 human lung cancer cells were
seeded at a seeding density of 10,000 cells/well in a 96 micro-well plate. After overnight
attachment, the cells were incubated with GPUs at different concentrations (0, 50, 100, and
250 pg/ml) at 37°C for 2 hours. After 2 hours, the cells were washed 3X with sterile 1X
PBS, and then lysed using 1% Triton X-100. The amount of internalized NPs was
determined by measuring the fluorescence intensity of coumarin-6 (translated to pug of NPs)
at a wavelength of Aex 458 nm and Aem 540 nm and normalized against the amount of total
protein from cells per well, determined using bicinchonic acid assay (BCA) as per the
manufacturer’s protocol (Pierce™ BCA Protein Assay Kit, Thermo Scientific).

The cellular uptake of GPUs by A549 lung cancer cells was also visualized by fluorescence
imaging. A549 cells were seeded at a cell seeding density of 15,000 cells/chamber on an 8-
chamber slide and allowed to attach overnight. Then, the A549 cells were exposed to 50
pg/ml, 100 pg/ml, and 250 pg/ml of coumarin-6 loaded GPUs for 2 hours, following 3X
rinse with PBS, and then the cells were fixed for 30 minutes in 4% paraformaldehyde. The
fixed cells were then washed with PBS to remove excess paraformaldehyde, and their
nucleus stained with NucBlue (Thermoscientific). The cells were then observed under a
fluorescence microscope (Cytoviva, Inc.).

In vitro lung cancer cell killing studies

The in vitro cancer killing efficacy of CGPUs was determined by lactate dehydrogenase
(LDH) cytotoxicity assays. Briefly, A549 lung cancer cells were seeded at a seeding density
of 20,000 cells/well in a 48 micro-well plate and cultured overnight. The cells were then
treated with 1 mL per well of free cisplatin (3 pg/ml or 5 ug/ml drug concentration) or NPs:
CGPUs, and cisplatin loaded PLGA NPs (CPLGA) (NP concentration equivalent to 3 ug/ml
and 5 pg/ml of cisplatin determined from the drug release kinetics) for 72 hours. In case of
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bare GPUs (no drug), the cells were treated with equivalent amounts of NPs as that of the
CGPUs (corresponding to 60 pg/mL and 100 pg/mL for the 3 ug/mL and 5 ug/mL cisplatin
groups, respectively). Untreated cells and cells treated with 1% Triton were used as the
negative and positive controls, respectively. After 72 hours, cell death was determined by
LDH cytotoxicity assays per the manufacturer’s instruction. /n vitro cancer cell death was
further verified using live/dead cell staining (Enzo Lifesciences) following the
manufacturer’s protocol.

In vitro cancer cell killing efficacy was also confirmed by quantifying the caspase-3
expression, as a marker for cell apoptosis after treatment. The A549 lung cancer cells were
seeded at an initial seeding density of 250,000 cells/flask in T-25 flasks. Once the cells
reached confluency, they were treated with free cisplatin (5 pg/ml) or NPs: CGPUs, CPLGA
(concentration equivalent to 5 pg/ml of cisplatin determined from the drug release kinetics)
for 72 hours. Similar to the previous study, the concentration of GPUs exposed to the cells
was equivalent to that of CGPUs used. Untreated cells and cells exposed to 10% DMSO for
the same period as the treatment groups served as the negative and positive control,
respectively. After 72 hours, caspase-3 expression in the cells was detected by EnzChek™
caspase-3 assay kit #1 (Thermofisher Scientific) following the manufacturer’s protocol.

To observe the survival of cancer cells upon exposure to the CGPU NPs, colony formation
assays were performed. Colony formation assay (CFA) is used to establish the ability of
individual cells to survive and undergo cellular division, forming their individual colonies
[15]. The effects of therapeutic reagents are reflected in the ability of the cancer cells to
form their colonies after exposure to these agents. Colonies comprising of more than 50 cells
are considered as one colony and counted. The A549 lung cancer cells were seeded on 60
mm petri-dishes, and /n vitro CFA studies were performed as described previously [16]. The
cells were treated with free cisplatin (100 ng/dish) or NPs such as CGPUs and CPLGA
(concentration equivalent to 100 ng/dish of cisplatin) and incubated at 37°C for 10 days.
A549 lung cancer cells without treatment were included as controls. Blank NPs or GPUs
were also studied for comparison. When the cancer cell colonies had reached a colony of at
least 50 cells, the cells were rinsed with phosphate buffered saline and stained with crystal
violet dye (0.5% w/v in 6% v/v glutaraldehyde). The number of colonies in each dish was
then counted. A sample size of n=3 per group was used.

In vivo biodistribution of fluorescently labeled nanoparticles

To detect the /n vivo biodistribution of GPUs, athymic nude mice (Foxn1", Jackson labs)
were implanted with A549 lung cancer cells (2 million cells) subcutaneously in the hind-
limb, following the protocol approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Texas at Arlington. When the tumors reached a diameter of
approximately 10 mm, treatment was commenced. 0.9% saline served as a negative control,
while cyanine-7 loaded GPUs served as the study groups. Animals were injected with saline
or 1.5 mg of the NPs (n=4 per group) intravenously. 24 hours post NP administration, the
mice were euthanized, and their tumors and visceral organs excised for fluorescence
imaging using an /n7 vivo bioimager (Kodak In vivo Fx Pro system). The tissues were further
homogenized using a tissue homogenizer (Precellys evolution, Bertin Instruments), followed
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by centrifugation and the supernatant read using a UV- Vis spectrophotometer (Infinite
M200, Tecan Group Ltd) at wavelengths of Excitation: 760nm and Emission: 830nm. The
concentration of GPUs in the tissue was calculated using a standard curve of cyanine 7
loaded GPUs and reading the sample value in a spectrophotometer at wavelengths of
Excitation: 760nm and Emission: 830nm. To estimate the amount of GPUs accumulated in
the tissues, we then calculated the percentage of injected dose (ID) per gram tissue (% 1D/g)
using Equation 3 below [17].

Amount of NPs in tissue specimen

Total amount of NPs administered x 100)

% NP localization in tissue = (

®

/weight of tissue in gram

2.9 Invivo lung tumor therapeutic efficacy study

For the /in vivo therapeutic efficacy of the CGPUSs, athymic nude mice (Foxn1"Y, Jackson
labs) were implanted with A549 lung cancer cells as described earlier. The treatment was
executed when the tumors reached a diameter of 7 mm measured by a caliper. The saline
(0.9%) served as a negative control. The study groups included free cisplatin (2.5 mg/kg per
dose) and NPs, including GPUs and CGPUs (at an equivalent dose of 2.5 mg/kg cisplatin per
dose). Six randomly allocated mice per group (3 males and 3 females) were used. The
animals were injected with the control or study group dose via tail vein injection twice per
week. Body weight (g) and tumor diameters (mm) were measured before each dosing
regimen. Once the tumors in the control saline group reached a diameter of 20 mm, the
study was considered to reach the endpoint. Then the animals were euthanized, and their
tumors excised and fixed in 4% paraformaldehyde (4% PFA). The lungs, heart, kidneys,
liver, and spleen were also collected and fixed in 4% PFA. The tumor volumes were
determined by the following:

Tumor volume = ((tumor Widthz) X tumor length)/ 2 (4)

Tumor growth rates (TGR: V/V;) were calculated by normalizing tumor volumes (V) at a
specific time to the tumor volume at the start of NP/drug administration (V) using equation:

Tumor growth rate = V/V (5)

2.10 Statistical analysis

Results were analyzed statistically using 2-way ANOVA and Fisher’s post-hoc analysis
(Statview 5.0 software) with p<0.05 considered as a significant value. All results are
displayed as mean + SD, and quadruplet samples were used for each experiment if not
specified.
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3. RESULTS

3.1 Nanoparticle characteristics

The biodegradable polyurethane nanoparticles were fabricated using a single emulsion

technique and mixed organic solvent method. The GPUs and CGPUs had a mean diameter
of 189+21 nm and 245+20 nm, respectively (Figure 2A). The zeta potentials of GPUs and
CGPUs were determined to be —=14+4 mV and —12+2 mV, respectively (Figure 2A). TEM
and SEM images revealed a spherical, smooth morphology of the CGPU NPs (Figure 2B).

The stability of the GPUs in 0.9% saline, complete media (supplemented with 10% FBS),
and gamble’s solution was determined by measuring the NP size at various time points using
dynamic light scattering (Figure 2C). Stable NP sizes up to 48 hours were observed in all
three solutions. The drug loading efficiency of cisplatin in the CGPUs was measured
(Equation 1) to be about 55%. Cisplatin release kinetics observed a GSH dose dependent
increase in the amounts of drug release. Nanoparticles exposed to 5 mM and 10 mM of GSH
released nearly 5 times and 8 times higher drug release respectively compared to 0 mM of
GSH, within 100 hours of exposure time (Figure 2D). A higher drug release at elevated GSH
concentrations could potentially result from faster and greater breaking of the disulfide links
in the nanoparticle backbone, thereby accelerating drug release from the nanoparticles. The
enhanced drug release upon exposure to elevated GSH levels thus confirms the GSH
responsiveness of the nanoparticle formulation.

3.2 Invitro cytocompatibility, hemocompatibility, and cell uptake

The cytocompatibility of GPUs at increasing concentrations was determined by MTS assays
(Figure 3A) and live/dead staining (Figure 3B). The GPUs exhibited over 90% cyto-
compatibility up to 500 pg/ml, and more than 80% cell viability at the highest NP
concentration of 1000 ug/ml to AT1, showing a good cyto-compatibility of the NPs to the
healthy lung cells.

The hemocompatibility of the GPUs were evaluated through the hemolysis of blood and
blood clotting profile of the human whole blood exposed to the GPUs. The GPUs showed
less than 1% hemolysis, which is much lower than the acceptable range for hemolysis.
Furthermore, the effects of GPUs on the blood clotting kinetics were evaluated by
comparing to the blood exposed to 0.9% saline (positive control) over 60 minutes. The
general clotting trend for blood treated with GPUs was observed to follow that of blood
treated with 0.9% saline, where blood progressively clotted within 20 minutes of exposure to
the NPs. Furthermore, GPU NPs and saline treated blood also observed a decrease in size of
the blood clot, indicated by the decrease in absorbance of the blood samples with time
(Figure 3C).

The cell uptake of coumarin-6 loaded GPUs was determined by measuring the fluorescence
(as an indicator of NPs internalized into cells) normalized to the amount of proteins (as a
determinant of cell number) using a spectrophotometer (Figure 4A). Coumarin-6 loaded
GPUs observed a NP concentration dependent uptake into A549 lung cancer cells, with
significantly higher amounts of NPs up taken at the 250 pug/ml dose compared to lower
doses. Fluorescence microscopy also revealed a dose-dependent accumulation of GPUs
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(bright green dots) within A549 lung cancer cells and their microenvironment, where higher
concentrations of NPs accumulated at a higher number compared to cells treated with lower
concentrations of GPUs (Figure 4B).

lung cancer cell killing

The therapeutic efficacy of CGPUs was determined by exposing A549 lung cancer cells to
the cisplatin loaded NPs, and determining the treatment induced cell death via cytotoxicity
assays and CFA assays. The significant cisplatin dose-dependent cell death of the A549 lung
cancer cells over a 72-hour period were observed when the A549 cells were exposed to the
treatment groups (CGPU) compared with free cisplatin of equivalent concentrations. Within
72 hours, CGPUs treatment significantly increased the cancer cell death (~70%), especially
at higher drug concentrations (5 pg/ml of cisplatin), compared to those treated with free
cisplatin (~ 60%) and CPLGA (~ 30%) (Figure 5A). Notably, there was a significant
difference in the cancer killing efficacy even at low drug doses where, CGPU3 and GPU3
(P-value = 0.0001) and that of CGPU3 and CPLGA (P-value = 0.012). The significance
difference between GPU3 and CPLGA was 0.29 indicating that the results of these two
groups were not significantly different. Figure 3A observed approximately 90% cell viability
i.e. ~ 10% cell death within 24 hours of ~ 0.1 mg/mL GPU exposure to the cells, thus the
20% cell death observed in this study after 72 hours at similar NP concentrations used in this
study (Figure 5A) could potentially be due to longer NP exposure times. Furthermore, the
therapeutic efficacy of the CGPUs were assessed by detecting the amount of caspase-3
produced during the treatment over 72 hours. Caspase-3 production is a marker of cellular
apoptosis, indicating cellular death. Similar to the above results tested by LDH assays, the
CGPU treatment augmented the caspase-3 production from the A549 cells (~ 86%),
compared to free cisplatin (~83%) and CPLGA NPs (~80%) (Figure 5B).

Clonogenic assays were utilized to determine the survival of A549 cancer cell colonies. The
Ab549 cells treated with CGPUs observed a survival fraction of 0.51, which was significantly
lower than free cisplatin (0.72), and CPLGA NPs (0.56) (Figure 5C). A similar trend in
cancer cell killing was observed via live/dead staining where CGPUs showed a larger
number of dead cells (red colored cells) compared to those treated with free cisplatin (Figure
5D). The CGPUs also showed better /inn vitro therapeutic efficacy than the cisplatin loaded
PLGA NPs (CPLGA).

3.4 Invivo biodistribution study

In vivo biodistribution studies were performed to determine the localization of the GPUs in
the tumor and other organs in the animal body. The nude mice bearing subcutaneously
implanted A549 lung tumors were injected with cyanine-7 loaded GPUs to determine NP
enrichment efficacy with saline as a background control. After 24 hours NP administration,
the mice, tumors, and visceral tissues were imaged ex vivoand NP localization in the tissues
was calculated using Equation 3 (Figure 6A). The mice administered with the GPUs
observed 6.5 £ 1.4% (of total injected NPs, %ID/g of tissue) accumulation in the tumor
tissues within 24 hours of administration (Figure 6B), which could potentially be due to the
enhanced permeability and retention (ERP) effects of tumor blood vessels that improve the
chances of the NPs to be retained in the tumor regions. In addition, we observed NP
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localization in the liver (29.3 + 7.8%), kidneys (20.5 + 4.8%), and spleen (7.4 + 1.6%). Our
observations from the fluorescence images correlated with our analysis of homogenized
organs, where higher amounts of GPUs were observed to localize more in the visceral
organs than in the tumor.

In vivo tumor growth inhibition

The tumor growth rates (TGR, calculated by Equation 4 and 5) of the mice treated with
saline and bare NPs exhibited an increase in relative tumor volume with time (Figure 6C).
During the 14-day treatment period, the TGR of mice administered with saline increased
from 1 to 13, while those administered with bare GPUs increased from 1 to 12.2, indicating
no effect of the bare NPs on the tumor growth. The mice administered with free cisplatin
exhibited an increase in relative tumor volume, but the TGR (1 to 5.9) was slower than those
for the saline and bare NPs. However, mice treated with CGPUs observed a TGR of 1.5
within 14 days indicating a negligible change in the TGR. These results were further verified
using ex vivo representative photographs of tumors excised from the various groups that
exhibited the differences in tumor sizes across the groups (Figure 6D).

4. DISCUSSION

The GSH/glutathione disulfide (GSSG) is the major redox couple in mammalian cells, and it
is a major determinant of the anti-oxidative capacities of cells, while extending cell-
protection against free radicals [18]. The intracellular GSH/GSSG levels are regulated by
various redox couples, like NADH/NAD*, NADPH/NADP* and thioredoxin,eq/
thioredoxingy [18]. GSH dysregulation plays a key role in human cancers, often increasing
cellular resistance to several chemotherapeutic drugs [19]. Since tumor tissues express
immensely higher levels of GSH (~2-10 mM) compared to normal tissues (~2—10 uM),
GSH is a valuable endogenous tool to trigger drug release from polymers exhibiting GSH-
responsive behaviors [8, 18].

The most common approach to GSH-responsive materials involves incorporation of disulfide
linkages in the polymer backbone that scavenge GSH, undergo reduction and subsequent
disassembly to release their payload. For example, amphiphilic copolymers containing
disulfide linkages were utilized for drug release in response to elevated GSH levels [20].
However, these micelles observed poor sensitivity to GSH levels up to 10 mM of GSH but
demonstrated an increased drug release with 30 mM of GSH. An amphiphilic graft
copolymer of hydrophobic poly(amidoamine) and poly(ethylene glycol) incorporating
disulfide linkages observed nearly 100% drug release within 10 hours of exposure to 1 mM
of DTT [21]. However, over 25% of the drug was released within the same timeframe in the
absence of DTT, which is significantly higher compared to our observation (5% within 100
hours in the absence of GSH for CGPU NPs). In another approach, mesoporous silica NPs
capped with disulfide linkages on their surface were coated with N-acetylated heparin
encapsulating doxorubicin [22]. These NPs showed a GSH concentration sensitive increase
in doxorubicin with approximately 100% release within 24 hours upon exposure to 10 mM
of GSH and ~20% release in the absence of GSH, which is significantly higher than that
observed from our NPs (~5% cisplatin release in the absence of GSH). Our NPs observed
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distinctive sensitivity to GSH levels at 5 mM and 10 mM of GSH, with 5-times and 10-times
more drug release compared to 0 mM of GSH. These results highlight the sensitivity of our
NPs towards GSH levels. The improved GSH sensitivity is potentially due to higher
disulfide bonds in the parent polymer, which also increases the hydrophilicity of the polymer
[11]. A higher degree of disulfide bonds in the parent polymer could also indicate rapid
cleavage of the bonds in reducing the GSH environment, leading to higher drug release rates.
Previously, our group also demonstrated that higher disulfide bonds containing polyurethane
scaffolds degraded faster /in vitroand /n vivo studies [11]. PU-1.8SS (43.6% mass
remaining) exhibited the fastest degradation rate compared to PU-0.5SS (87%), PU-1SS
(80%), and PU-1.5SS (55%) in 10 mM GSH after 14 days. The presence of GSH cleaved
disulfide bonds caused polymer degradation /n vitro, so the higher disulfide bonds are the
quicker degradation. /n vivo mouse subcutaneous implantation thickness of PU-1.8SS
scaffold significantly showed thinner than those of PU-1SS and PU-BDO after 2 months. It
indicated that the GSH sensitivity of such polyurethane polymers could be tuned by altering
disulfide contents in the polymer backbone, which is very important when such NPs are
used for lung cancer treatment.

The CGPUs significantly out-performed cisplatin-loaded PLGA NPs that are conventionally
used as drug carriers for chemotherapy due to their biodegradable and biocompatible natures
[23]. Moreno et al. [24], observed tumor bearing mice treated with cisplatin-loaded PLGA
NPs exhibited a tumor inhibition similar to free cisplatin, while the NPs group showed less
toxicity side-effect than free cisplatin. However, our observation of /in vivo therapeutic
efficacies witnessed a plateau in tumor growth rates in the mice treated with CGPUs, while
mice treated with free cisplatin observed a significant increase in tumor growth rates at the
same drug dose. These results might be due to the stimuli-responsive “on-demand” drug
release from the GSH-responsive nanoparticles. Similarly, Ryu et al. [20], observed about
80% viability of MCF-7 breast cancer cells treated with doxorubicin-loaded GSH-responsive
micelles. The addition of exogenous GSH further decreased cell viability to 30% for cells
treated with 20 mM of GSH in addition to the Dox-loaded micelles. Our results observed
that CGPUs significantly reduced the viability of A549 lung cancer cells (up to 70% cell
death) compared to free cisplatin (up to 60% cell death) at equivalent concentrations without
the addition of GSH. Additionally, our CGPU NPs showed higher sensitivity of GSH
concentrations compared to those synthesized by Ryu et al [20], thus contributing to
enhanced therapeutic efficacy.

Since the end goal of CGPUs is to augment the cancer killing ability of chemotherapeutic
drugs, it is imperative to determine this ability in /n vivo tumor models. The cancer killing
ability and tumor localization of CGPUs were investigated in athymic nude mice implanted
with A549 lung cancer cells on their hindlimb. Our major findings indicate significantly
higher localization of the NPs in the organs such as liver and kidney, with a comparatively
meager 7% GPUs localized in the tumor, an outcome often witnessed by intravenous drug
delivery [25]. The fast clearance of the NPs from the kidneys, could be due to clearance of
the small sized NPs and small molecular weight dyes [26]. We also speculated that the
stimuli responsive release of cyanine 7 dye from the dye-loaded GPUs within the tumor
microenvironment might also contribute to the accumulation in the kidney. These results are
supported by the observations of Wu et al [25], where 24 hours post injection significant
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amount of cyanine 7 was cleared by the kidneys. The remaining NPs, which were not
observed to localize in the tumors, liver, kidneys or spleen in our animal studies, may be lost
at the injection site during tail vein injection, localized in other organs, including heart, or
circulating in plasma as observed in other studies [25, 27-29]. Furthermore, we do not
observe a clear correlation between the fluorescence images and the results obtained from
homogenized tissues, and it might be due to a result of autofluorescence artifact in the
fluorescence images [29]. This effect is possibly eliminated by subtracting the background
in homogenized samples. These results noted that although GPUs could be localized in the
tumor regions, lack of specificity and targeting would drive their accumulation into other
organs. Similar results were observed by He et al [30], where 8.5% of injected untargeted
NPs accumulated in the tumors. Furthermore, a comprehensive study looking at the tumor
localization efficiency of nanoparticles via passive transport in rodents, observed between
0.01 to 28.8% NP localization, indicating that the 7% GPU localization observed in our
study contends with commonly observed results [31]. It is also important to consider the
heterogeneity of the EPR effect, as result of which the low engraftment may be sufficient to
achieve better therapeutic results than the chemotherapeutic drugs [32]. Based on our /7 vivo
tumor killing study in a similar tumor model, we also observed that CGPUs with such
percentile in the tumor are able to deliver cisplatin and curb tumor growth than that of free
cisplatin, thus producing promising therapeutic outcomes.

Limitations of this study include the use of subcutaneous tumor models instead of orthotopic
lung tumor models that would provide a more relevant microenvironment to study the
therapeutic efficacies and biodistribution of the NPs [33]. The intracellular GSH
concentration has been reported variously with different cancer types in literatures. Although
the GSH level in lung cancer tissues is significantly higher than other tissues, it is unclear
whether the amount of GSH in NSCLC is enough to trigger drug release. Our NPs will
release a drug effectively in the presence of GSH concentrations at 5 mM and 10 mM.
Rowell et al. [34], reported that the GSH concentration in lung cancer patients was 2.76
mM, while the concentration in a normal lung was 1.04 mM. The GSH level is quite low to
trigger a drug release. It was reported that glutathione levels in lung cancers varied 1 to 3
umol/g-tissue from 10 different studies [35]. Thus, it is hard to know how effectively NPs
release drugs in lung cancer patients. However, it is feasible to include more disulfide bonds
in the polymer to increase the GSH sensitivity. Furthermore, grafting lung cancer cell
targeting moieties on the CGPUs, and use of local drug delivery techniques, such as direct
inhalation delivery of the NPs to the lung, may support specific localization and enrichment
of the NPs at the tumor site [36], which is our future work.

5. CONCLUSION

We developed glutathione-responsive polyurethane NPs specifically to address the need for
effective therapeutics for lung cancer. The particles were stable up to 48 hours in the culture
medium and exhibited a glutathione concentration dependent release of cisplatin up to 5
days. They showed good cyto-compatibility to AT1 lung cells, hemocompatibility to human
blood, and concentration-dependent uptake into A549 lung cancer cells. Furthermore, the
cisplatin-loaded GPUs significantly reduced the tumor growth rate /7 vivo compared to the
free cisplatin in a subcutaneously implanted murine A549 lung tumor model. The cisplatin
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loaded glutathione-responsive NPs have great opportunities to be further investigated and
utilized to enhance chemotherapeutic efficiency for lung cancer treatment.
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Highlights:
. Glutathione is abundantly available in lung cancer microenvironment.
. Biodegradable polyurethane nanoparticles were fabricated via a single

emulsion with a mixed organic solvent.

. GSH-sensitive biodegradable polyurethane nanoparticles (GPUs) released
encapsulated cisplatin in response to elevated glutathione levels.

. Cisplatin loaded GPUs significantly reduced tumor growth in a
subcutaneously xenograft A549 lung tumor mouse model compared to the
free cisplatin.
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Figure 1.
Ilustration to develop GSH responsive polyurethane nanoparticles loaded with an anticancer

drug for lung cancer treatment. The polyurethane with disulfide bonds (PU-SS) was
fabricated into the nanoparticles loaded with model anticancer drug cisplatin (CGPU). The
CGPU NPs were injected into a lung cancer bearing mouse model through tail 1V, and the
NPs released cisplatin at a high GSH level environment inside the tumor to kill the lung
cancer cells.

J Control Release. Author manuscript; available in PMC 2021 May 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

lyer et al. Page 18
) Nanoparticle VAE
size (nm) potential
(mV)
GPU 189 % 21 -1414
CGPU 245 * 20 -12% 2
C) D)
-0 mMGSH ¢5mMGSH -*10 mM GSH
OGamble's solution - 60 1
600 20.9% Saline T 50
o o
,€ Complete RPMI & 40
£ 400 2@ 39
g 28
N ~ o
@ 200 2e%
g 10 —
0 g 0 : . : .
0 3 6 24 48 72 3 0 20 40 60 80 100
Time (hours) Time (hours)

Figure 2.
Nanoparticle characterization. A) Size and zeta potential of GSH sensitive NPs via dynamic

light scattering (DLS). B) TEM (left; scale bar: 500nm) and SEM (right; scale bar: 500nm)
images of GSH sensitive NPs observe smooth morphology. C) NP stability evaluated by
changes in the NP size over time in gamble’s solution (stimulated lung fluid), 0.9% saline,
and complete cell culture media (RPMI) up to 48 hours. D) CGPUs exposed to 5 mM and 10
mM of GSH experienced significantly higher drug release, compared to OmM of GSH.
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Figure 3.
In vitro cytocompatibility and blood compatibility of GPUs. A) /n vitro cyto-compatibility

studies of GPUs observed over 80% viability of alveolar type-I cells via MTS assays. B)
LIVE/DEAD cell viability assays also observed AT1 survival over 90% of AT1 survival at
the highest NP concentration (* p< 0.05 vs. (+) control/complete media). C) GPUs observed
low hemolysis (inset), and a blood clotting trend similar to that of saline control confirmed
by the blood clotting profile.
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Figure 4.

In vitro cell uptake study of GPUs. A) Fluorescently labeled GPUs observed dose-dependent
NP cellular uptake to A549 cells. B) Representative fluorescence microscopy images
observed NP concentration-dependent localization of GPUs (bright green dots) in the lung
cancer cells. Scale bar: 30 pm.
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Figure 5.

In vitro lung cancer cell killing assessment of CGPUs. CGPU showed significant
improvement in A549 lung cancer cell survival via: A) LDH assays depicting higher cell
death of A549 cells treated with CGPUs (* P<0.05 vs. CGPU NPs equivalent to 3 ug/mL of
cisplatin and 1 P<0.05 vs. CGPU NPs equivalent to 5 pg/mL of cisplatin). GPU
concentrations of 60 pg/mL and 100 ug/mL corresponding to 3 ug/mL and 5 pg/mL cisplatin
groups, respectively, were used for this study. B) Caspase-3 assays observed significantly
higher caspase-3 production by A549 cells treated with CGPUs (* P<0.05 vs. CGPU). C)
Reduced survival fraction of A549 cells treated with CGPU compared to that of free
cisplatin by colony formation assays (* P<0.05 vs. CGPU). D) A549 cells treated with
CGPUs showed higher density of dead cells (red) compared to live cells (green) by live/dead
fluorescence imaging (scale bar: 100 pm).
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Figure 6.
In vivo distribution and therapeutic efficacy study. A) /n vivo fluorescence imaging observed

cyanine 7 loaded GPU localization in tumor tissues within 24 hours of administration to
mice bearing subcutaneously implanted lung tumors. B) Ex vivo analysis of tumor
homogenates observed ~7% accumulation of GPUs in the lung tumor site. C) A549 tumor
growth rate significantly declined and slowed down in mice treated with CGPUs, compared
to those by the free cisplatin, GPUs and saline (control). *P < 0.05 vs. CGPUs_14 days and
$P< 0.1 vs. CGPUs_14 days. D) Ex vivo photographical representation of excised tumors
observed smaller tumor sizes in the mice administered with CGPUSs.
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