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Background: Cervical cancer (CxCa) ranks as the fourth most prevalent women-related
cancer worldwide. Therefore, there is a crucial need to develop newer treatment modalities.
Ormeloxifene (ORM) is a non-steroidal, selective estrogen receptor modulator (SERM) that
is used as an oral contraceptive in humans. Recent investigations suggest that ORM exhibits
potent anti-cancer activity against various types of cancers. Nanoparticulates offer targeted
delivery of anti-cancer drugs with minimal toxicity and promise newer approaches for cancer
diagnosis and treatment. Therefore, the nanotherapy approach is superior compared to
traditional chemotherapy, which is not site-specific and is often associated with various
side effects.

Methods: Pursuing this novel nanotherapy approach, our lab has recently developed ORM-
loaded poly [lactic-co-glycolic acid] (PLGA), an FDA-approved biodegradable polymer,
nanoparticles to achieve targeted drug delivery and improved bioavailability. Our optimized
PLGA-ORM nanoformulation showed improved internalization in both dose- and energy-
dependent manners, through endocytosis-mediated pathways in both Caski and SiHa cell
lines. Additionally, we employed MTS and colony forming assays to determine the short-
and long-term effects of PLGA-ORM on these cells.

Results: Our results showed that this formulation demonstrated improved inhibition of
cellular proliferation and clonogenic potential compared to free ORM. Furthermore, the
PLGA-ORM nanoformulation exhibited superior anti-tumor activities in an orthotopic cer-
vical cancer mouse model than free ORM.

Conclusion: Collectively, our findings suggest that our novel nanoformulation has great
potential for repurposing the drug and becoming a novel modality for CxCa management.
Keywords: CxCa, ORM, PLGA, nanoformulation

Introduction

Cervical cancer (CxCa) is a cancer that starts in the cervix and is the fourth most
common type of cancer in women globally. Since it develops over time, it is preven-
table. The American Cancer Society estimated that about 13,170 new cases of cervical
cancer diagnosis and 4,250 deaths from this disease to occur in 2019 in the United
States." Cervical cancer is highly associated with persistent human papillomavirus
(HPV) infection.” Efficient preventative measures such as HPV vaccines and Pap
screening tests® offer a continuous annual decline of ~2% in death rate. The Pap
screening test detects cervical abnormalities, so can be used for early treatment
modalities. HPV infection is very common in women and almost every woman is
exposed to this viral infection once in her lifetime, but few will develop this dangerous
malignancy.>* Often, the HPV infection is cleared by the immune system of the female
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body, but in cases where infection persists and remains
untreated, this results in the development of cancerous
lesions.>® HPV alone is not enough to drive the disease, it
needs some additional co-factors, namely tobacco use, an
active sexual life with multiple partners, early sexual onset,
poor hygiene, and low socioeconomic status, which collec-
tively lead to the progression of cervical cancer.” Currently,
surgery, cisplatin-based chemotherapy, and radiation are the
conventional methods of controlling this malignancy,'*'" but
these modalities in general have their own limitations, such
as widespread systemic toxicity, drug resistance, and poor

1213 Ty overcome these limitations, it

bioavailability.
becomes imperative to develop novel, improved therapeutic
regimens. In this regard, a safer and faster implementation of
an effective therapeutic regimen lies in discovering new uses
of a drug which has already been approved for another
indication.'* This is referred to as “Repurposing Drugs”
that are already approved and used to treat other medical
conditions in clinical practice.”

Ormeloxifene (ORM) is a non-hormonal, non-steroidal,
anti-estrogen oral contraceptive agent formulated for human
consumption. This is a selective estrogen receptor modulator
(SERM) which inhibits the estrogen receptor (ER) in uterus,
cervix, ovary, and breast while promoting ER in other organs
such as bones.'®!” Previous studies from our and other labs
demonstrate that ORM has strong anti-cancer properties
against a variety of cancers, including ovarian, prostate,
pancreatic, breast, and head and neck.'"® > Our recent study
delineates the molecular mechanism of anti-cancer activity
of ORM against cervical cancer.* This investigation sug-
gested that ORM effectively inhibited cell growth and
induced apoptosis in cervical cancer. Moreover, in this inves-
tigation, ORM decreased HPV-related oncogenesis and
showed excellent radio-sensitization and tumor inhibitory
properties. Thus, it is anticipated that ORM is highly impor-
tant and effective, and sustained delivery using nanoformula-
tions can improve its therapeutic index. Therefore, this study
was directed toward examining effective ORM nanotherapy
against cervical cancer.

Nanotherapy is a newer therapeutic approach that has great
success in comparison with traditional chemotherapy and
radiation.”>*® Nanoparticle formulations provide targeted
delivery of drugs along with improved bioavailability in the
system,?’ thus, are attractive tools for evolving newer treat-
ment platforms for cancer.”® Free drugs are not site-specific
when delivered to the body, while the modern nanoparticle
methodology facilitates site-specific, targeted delivery of
drugs.'” Due to the leaky vasculature of the tumor and the

enhanced permeation and retention (EPR) effect,”” nanodrugs
having the ideal size can be entrapped and specifically accu-
mulated into tumors.*° Particle sizes that are less than 5-10 nm

3132 while particle sizes around

are rapidly cleared by kidneys,
15-100 nm tend to accumulate in liver and spleen.**** The
ideal nanoparticles for cancer therapy have a suggested size
range of 100300 nm,*> and this is where the EPR effect is
achieved. Thus, size is the most important consideration while
designing a nanomedicine, as this parameter decides the fate of
the nanoparticle’s cellular uptake®® and biodistribution.*'~’
We and other researchers have shown that using poly(lactic-
co-glycolic acid) (PLGA), an FDA-approved biodegradable
and biocompatible polymer, in the formulation of nanoparti-
cles to deliver chemotherapeutic drugs results in significant
improvements in the inhibition of tumor burden in a wide
variety of cancer models.>**’

Hence, in this present study, we tested our previously
developed PLGA-based ORM nanoformulation®® for
improved anti-proliferative and anti-tumor effects in cervical
cancer. Our results indicated that the PLGA-ORM formula-
tion was stable with whole human serum up to 48 hrs. This
nanoformulation showed internalization in Caski and SiHa
cervical cancer cells in concentration and energy-dependent
manners, as confirmed by flow cytometry and fluorescent
microscopy. The cellular uptake of PLGA-ORM nanoparti-
cles followed an endocytosis-mediated pathway in cervical
cancer cell lines. PLGA-ORM nanoparticles demonstrated
improved anti-proliferative properties and decreased mito-
chondrial membrane potential compared to free ORM.
Moreover, our PLGA-ORM nanoformulation showed excel-
lent anti-tumor effects in a cervical cancer orthotopic mouse

model.

Materials and methods

Chemicals

All chemicals and reagents were purchased from Sigma
Aldrich Corporation (St. Louis, MO, USA) and all other
cell culture consumables were purchased from Corning
Life Sciences (Tewksbury, MA, USA) unless otherwise
mentioned. Information regarding ormeloxifene (ORM)
was kindly provided by Dr Man M. Singh.

Cell culture

Caski (ATCC® CRL-1550™, cervical cancer cells derived
from metastatic site of small intestine) and SiHa (ATCC®
HTB-35™, grade II, squamous cell carcinoma) cervical
cancer cell lines were obtained from American Type
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Culture Collection (ATCC) (Manassas, VA, USA). SiHa
cell line was cultured in DMEM supplemented with 4500
mg/L glucose, 4 mM L-glutamine, 10% heat-inactivated
FBS (Atlantic Biologicals, Lawrenceville, GA, USA), 5
mL sodium pyruvate, 5 mL nonessential amino acids, and
5 mL 1X anti-biotic/anti-mycotic (Sigma, St. Louis, MO,
USA). Caski cell line was grown in RPMI medium con-
taining 2.05 mM L-glutamine, 10% heat-inactivated FBS,
and 5 mL 1X antibiotic/antimycotic. Both Caski and SiHa
cell lines were incubated at 37°C in a humidified atmo-
sphere of 5% CO,.

Preparation and physicochemical

characterization

Using a nano-precipitation method, ORM-loaded PLGA
nanoformulation was prepared (Figure 1) as described in
our previous study.*’ Briefly, 90 mg PLGA (50:50 lactide—
glycolide ratio; inherent viscosity 1.32 dL/g at 30°C,
Birmingham Polymers, Pelham, AL, USA) and 20 mg
ORM were each dissolved in 5 mL acetone (>99.5, ACS
reagent grade, Sigma Chemical Co., St. Louis, MO, USA)
separately, then combined and the solution was added drop-
wise to 20 mL of aqueous 1% poly(vinyl alcohol) (PVA)
(M.W. 30,000-70,000, Sigma Chemical Co., St. Louis,
MO, USA) solution over 10 mins under constant stirring

1APLGA 1B ORM

* o ok
* O %
* % % %

1C PLGA + ORM

»

3 PVA+PLGA + ORM

with a magnetic stir plate at 500 rpm. This suspension was
stirred overnight at room temperature in a chemical fume
hood in order to completely evaporate the acetone. The next
day, 10 mg poly(L-lysine) (PLL) (M.W. 30,000-70,000,
Sigma Chemical Co., St. Louis, MO, USA) in 5 mL water
was added to this suspension and allowed to stir for addi-
tional 6 hrs. The large and unbound particles were removed
by centrifugation for 10 mins at 2000 rpm (Eppendorf AG
centrifuge, Hamburg, Germany). Then, PLGA-ORM nano-
particles were recovered by ultracentrifugation at 30,000
rpm for 2 hrs at 4°C using a Rotor 30.50 on an Avanti J-301
Centrifuge (Beckman Coulter, Fullerton, CA, USA) and
resuspended in ultra-purified water. This resulting PLGA-
ORM nanoformulation was then lyophilized using the
Labconco Freeze Dry System (—48°C, 133x107° mBar;
Labconco, Kansas City, MO). The lyophilized PLGA-
ORM was stored at 4°C for further studies. Blank (control)
PLGA nanoparticles were also prepared using the same
protocol but without ORM. The PLGA-ORM formulation
was also analyzed for its physicochemical properties as
described earlier,*® mainly for (a) particle size using a
dynamic light scattering (DLS; also known as photon cor-
relation spectroscopy) system using Zetasizer Nano ZS90
(Malvern Instruments, Westborough, MA, USA) equipped
with 50 mW diode laser as a source of light operating at

4 PLL + PVA+ PLGA + ORM

y

PLGA-ORM
2

Figure | A schematic diagram showing the step-by-step preparation method (nano-precipitation) of the PLGA-ORM nanoformulation.
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532/633 nm, and transmission electron microscope (TEM;
JEOL Ltd., Tokyo, Japan), (b) chemical composition using
Fourier transform infrared (FT-IR) spectroscopy (Perkin-
Elmer Spectrum BX, Perkin-Elmer Inc., Norwalk, CT,
USA). An average of 32 scans at a speed of 2 cm ! per
second ranging from 4000 to 650 cm ' were presented in
this study as the FT-IR spectra, (c) thermal analysis utilizing
a differential scanning calorimeter (DSC 2010; TA
Instruments, New Castle, DE, USA) acquired in nitrogen
atmosphere at the flow rate of 50 mL/min from 0°C to
200°C with the heating rate of 5°C/min, and (d) drug load-
ing using an UltiMate high-performance liquid chromato-
graph (Dionex Corporation, Sunnyvale, CA, USA) before
being tested in further in vitro and in vivo experiments.

Colloidal stability of nanoparticles

Before testing nanoparticles in vivo, it is important to confirm
in vitro stability of nanoparticles with human serum.*' If
nanoparticles are not compatible with serum, they aggregate
and result in higher absorbance value. To study human serum
compatibility of our formulation, we utilized a spectrophot-
ometer absorption method as due to the turbidity of the serum,
dynamic light scattering is not very useful for authentication.
For this experiment, PLGA-ORM was prepared at 1 mg/mL
concentration; from this stock solution, we incubated 100 pL
of this novel formulation with 100 pL of whole human serum
albumin at 37°C at different time points from 0 hr to 48 hrs. At
each time point, absorbance was measured at Amax 560 nm
utilizing a Cytation 3 imaging multi microplate reader
(BioTek, Winooski, VT, USA).

Hemocompatibility of PLGA-ORM

nanoparticles

In order to evaluate the blood compatibility of PLGA-ORM,
we performed a hemolysis study. For this study, 5 mL red
blood cells were kindly provided by Dr Santosh Kumar’s Lab
(UTHSC, Memphis, purchased at the Interstate Blood Bank,
Memphis, TN) which were resuspended in 10 mL phenol red
free RPMI 1640 growth media. One hundred microliter red
blood cells were taken in Eppendorf tubes and treated with
different concentrations (10, 50, 100, 250 and 500 pM) of free
ORM and PLGA-ORM for 2 hrs at 37°C. After the incubation,
red blood cells were centrifuged at 1000 rpm for 5 mins and
the supernatant was measured at Amax 570 nm for optical
density by a spectrophotometer. SDS and PBS were used as
positive and negative controls, respectively. Results were nor-
malized to SDS. For microscopic visualization, a drop of red

blood cells after the treatment was placed on glass slide and
imaged at 200X with a phase contrast microscope.

Cellular internalization of PLGA-ORM

In order to determine the cellular uptake of nanoparticles in
cervical cancer cells, we incorporated 5 mg coumarin 6 green
fluorescent dye to our PLGA-ORM formulation (PLGA-
ORM C6) following our previous protocol.** A total of
200,000 cells were seeded in a 6-well plate and allowed to
attach overnight. The next morning, cells were treated with
different concentrations (10 and 25 pM) of coumarin 6-
labeled PLGA-ORM, and its vehicle control PLGA, for 1
hr, then washed twice with PBS and plates were imaged with
a fluorescent microscope (Nikon Eclipse, Melville, NY,
USA). Afterward, these cells were trypsinized, washed with
PBS, and collected for uptake measurement by flow cyt-
ometer. Fluorescence levels from dye containing PLGA-
ORM in cells were measured under FL1 channel using
Accuri C6 flow cytometer (BD Biosciences, CA, USA).

Cell association study

Both cell lines were plated (300,000 cells/dish) in a 60 mm
dish for overnight attachment. The next day, cells were pre-
incubated either at physiological temperature (37°C) or at cold
temperature (4°C) for an hour before drug treatment. After an
hour, cells were exposed to coumarin 6-labeled PLGA-ORM
nanoparticles at 25 pM concentration for an additional hour.
Next, cells were washed twice with PBS, trypsinized, centri-
fuged, collected in PBS, and analyzed with Accuri BD C6
flow cytometer in FL1 channel.

Cellular uptake mechanism

For this analysis, both cell lines Caski and SiHa were seeded at
2x10°/well in a 6-well format plate and allowed to attach
overnight. The next morning, cells were pre-treated with dif-
ferent endocytosis pathway inhibitors such as genistein
(caveolae-mediated endocytosis at 200 pM), amiloride
(micropinocytosis endocytosis at 10 mM), nocodazole (micro-
tubule-mediated endocytosis at 20 pM), chlorpromazine (cla-
thrin-mediated endocytosis at 10 pug/mL), and methyl-p-
cyclodextrin (MBCD) (lipid rafts-mediated endocytosis at 10
mM) for 1 hr. Thereafter, cells were exposed to 25 pM of
coumarin 6-labeled PLGA-ORM nanoparticles for next 1 hr at
37°C. After an hour, cells were washed twice with PBS,
trypsinized, centrifuged, collected in PBS, and analyzed with
Accuri BC C6 flow cytometer in the FL1 channel. We also
confirmed the uptake mechanism with confocal microscopy.
For this experiment, cells were plated in 4-well chamber slides
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and allowed to attach overnight and next morning treated with
above mentioned treatment conditions, processed for immu-
nofluorescence and imaged at 200X.

Cell proliferation

Both Caski and SiHa (5000 cells/well) cervical cancer cell
lines were seeded in 96-well plates and allowed to attach
overnight. The following day, cells were treated with dif-
ferent micromolar concentrations of free ORM and PLGA-
ORM (10, 20 and 25 uM) and were incubated for 48 hrs.
The assay was performed by utilizing an MTS CellTiter96
Aqueous One Solution (Promega Corporation, Madison,
WI). At the end of the indicated time point, 20 uL MTS
reagent was added to each well and incubated at 37°C for
the next 2-3 hrs. The absorbance was measured at Amax
490 nm by using a microplate spectrophotometer. The
experiment was done in duplicates and repeated three
separate times. Data were compared to vehicle controls.

Real-time cell proliferation kinetic assay
The xCELLigence system was used to evaluate the effects of
PLGA-ORM on real-time cellular proliferation/growth
kinetics. The xCELLigence system is an electrical impe-
dance-based method that provides real-time proliferation mea-
surements. For this experiment, we used E plate VIEW 16
plates (ACEA Biosciences, San Diego, CA, USA), which
were pre-incubated with 30 pL. media for 30 mins at 37°C
for the background measurement. After 30 mins, Caski and
SiHa cells were plated at 8x10*/chamber in 100 pL media
with drug treatments (20 pM ORM and PLGA-ORM)
included. Plates were incubated in the xCELLigence instru-
ment chamber at 37°C with 5% CO, for real-time cell prolif-
eration analysis. The experiment was done twice.

Colony formation assay

Caski and SiHa cell lines were seeded at 500/well in 6-well
plates and allowed to adhere overnight. The following day,
cells were treated with 2.5, 5 and 10 uM of free ORM and
PLGA-ORM and their respective vehicle controls and
maintained for another 1214 days. On the 14" day, cells
were washed with PBS, fixed with ice-cold methanol,
stained with hematoxylin (Thermo Fisher, MA, USA), and
washed with water. Colonies that were visible (~50 cells)
were counted manually and compared to the vehicle con-
trols ETOH and PLGA to obtain the result. Images were
captured using UVP 810 software (UVP BioSpectrum 810

Imaging System, Upland, CA, USA). The experiment was
done in duplicate and repeated three independent times.

Mitochondrial membrane potential
(A¥M) by TMRE

Both Caski and SiHa cell lines were plated at 200,000/well in
6-well plates and allowed to attach overnight. The next day,
cells were exposed to ORM and PLGA-ORM at 25 pM
concentration along with their vehicle controls for 24 hrs. At
the indicated time point, cells were trypsinized, washed, and
centrifuged, then the final pellet was resuspended in 1 mL PBS
containing 50 nM TMRE stain. Cells were incubated with
TMRE for 30 mins in the dark at room temperature. After
the incubation was completed, cells were analyzed using a BD
Accuri C6 flow cytometer under the FL2 channel. The experi-
ment was repeated three independent times.

In vivo orthotopic tumor study

Four- to six-weeks-old nu/nu female mice were purchased
from Jackson Laboratory and maintained in a pathogen-free
environment. This mouse model was used to develop our
cervical cancer orthotopic system for this study, and all proce-
dures were carried out as approved by the UTHSC Institutional
Animal Care and Use Committee (UTHSC IACUC, Memphis,
TN, USA). A total of 5x10° Caski cervical cancer cells per
mouse were suspended in PBS and matrigel (BD Bioscience)
at a 1:1 ratio. One hundred microliters of this cell suspension
per mouse was directly injected to the cervix of these mice.
Mice were monitored periodically for the development of
tumors. Once the tumor size reached around 100 mm?>, we
started our treatment regimen. 100 pg/mouse (the concentra-
tion/dose was chosen based upon our previous study)'® of
PLGA-ORM and PLGA alone (vehicle control) was given to
these mice intraperitoneally (i.p.) thrice weekly. Tumor
volumes were calculated using the formula of tumor volume
(mm*)=r/(6xLxWxH) twice a week and mice survival data
were also recorded by Kaplan—Meir analysis until the end of
the experiment. Mice were euthanized on the 40" day after the
treatment onset and tumors were observed, dissected, and
weighed for future analyses.

Immunohistochemical analysis

Slides of five micron sections were prepared for immuno-
histochemistry from the dissected tumors after the mice
experiment was completed. Slides were then deparaffi-
nized,

rehydrated, treated with hydrogen peroxide

(0.3%), heat retrieved, blocked with background sniper
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(Biocare Kit, Biocare Medical, Pacheco, CA, USA), and
probed with primary antibodies such as HPV E6/E7 (1:50,
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA),
Ki-67 and Caspase 3 cleaved (1:100, Cell Signaling
Technology Inc., Danvers, MA, USA). Further, a MACH
4 HRP polymer detection kit (Biocare Kit, Biocare
Medical, Pacheco, CA, USA) and a 3,3'-diaminobenzidine
(DAB) substrate kit (Vector Laboratories, Burlingame,
CA, USA) were used to detect the expression of the
aforementioned molecules. Next, slides were counter-
stained with hematoxylin, dehydrated, and mounted with
VectaMount (Vector Laboratories, Burlingame, CA, USA).
Slides were further imaged and scanned at the Department
of Pathology and Laboratory Medicine at UTHSC,
Memphis, TN, USA.

Statistical methods

The data are presented as meantstandard error (SEM) in
this study. Statistical analyses were done by using an
unpaired, two-tailed student’s ¢-test. The results were con-
sidered significant if p-values<0.05. All graphs were gen-
erated using GraphPad Prism (5.03, GraphPad Software,
Inc., La Jolla, CA, USA).

Results

Physicochemical characterization of

PLGA-ORM

The PLGA-ORM nanoformulation was prepared when
required for the described experiments following our
published protocol.*® After preparation, particle size,
FT-IR spectra, thermal analysis, and drug loading were
evaluated to confirm the product consistency with our
protocol. DLS data revealed that the PLGA-ORM parti-
cle size was around ~250 nm and the drug content was
found to be around ~80% by HPLC analysis (Figure 2A)
which was in accordance with previously published stu-
dies on PLGA nanoformulations from our and other
groups.>**%*? TEM images of PLGA-ORM nanoparticles
indicated that the formed particles were spherical in
shape, with well-dispersed stage (Figure 2B). FT-IR
(Figure 2C) and DSC (Figure 2D) analyses indicated
that ORM was completely miscible with PLGA nanopar-
ticles, which suggested its superior encapsulation into the
polymer matrix. These findings were in accordance with
our previously published data.*®

Serum stability and hemocompatibility of
PLGA-ORM

Nanoparticles can easily aggregate, disintegrate, or leak
the drug upon their in vivo administration when particles
encounter systemic blood/serum. Therefore, it becomes
necessary to evaluate the stability of nanoparticles in
contact with serum.*> We utilized whole human serum
albumin to assess the stability of our PLGA-ORM nano-
formulation. Results from the absorption method indi-
cated that this formulation is highly stable with human
serum, as confirmed by no or negligible change in absor-
bance (Figure 2E). Higher absorbance value is indicative
of a higher degree of aggregation. We also evaluated the
toxicity profile or hemocompatibility of PLGA-ORM
with human red blood cells at different concentrations
(10-500 puM) (Figure 3A—C) where we used sodium
dodecyl sulfate (SDS, 500 uM) as positive control and
phosphate buffer saline (PBS, 500 uM) as negative con-
trol. SDS caused significant cell death while PBS showed
no signs of hemotoxicity. ORM and PLGA-ORM also
showed a dose-dependent response to RBCs (Figure
3A-C).

PLGA-ORM nanoparticles internalize in

cervical cancer cells

Measuring the in vitro cellular internalization of nanopar-
ticles is an essential experiment. A green dye (coumarin 6)
was tagged to PLGA-ORM nanoparticles for visual track-
ing in cells in the uptake process. Both fluorescent micro-

44,45 were

scope and flow cytometer measurements
performed to determine the cellular uptake pattern of
PLGA-ORM nanoparticles in cervical cancer cells. The
microscopic images and flow cytometer data revealed
that particles were being taken up by Caski and SiHa
cell lines (Figure 4A and B) in dose-dependent manner.
Fluorescent images suggested that PLGA-ORM was pri-
marily located in the cytoplasm of these cells. Temperature
is an important factor that facilitates the uptake of parti-
cles. In some cases, particle uptake is energy/temperature
dependent. Thus, we conducted a flow cytometry study at
two different temperatures. The results from this experi-
ment showed that at 4°C, the particle uptake was blocked,
whereas at 37°C physiological temperature, the uptake of
particles was normal in both Caski and SiHa cell lines

(Figure 4C).
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Figure 2 Physicochemical characterization of PLGA-ORM. (A) Table shows particle size (measured by DLS), drug loading, and encapsulation efficiency. (B) TEM image shows particle
size of PLGA-ORM. Image was taken at 600,000 (C) FT-IR and (D) DSC spectra of free ORM and PLGA-ORM. (E) Whole human serum stability profile of PLGA-ORM for 48 hrs.
Abbreviations: DLS, dynamic light scattering; DSC, differential scanning calorimeter; ORM, ormeloxifene.

PLGA-ORM nanoparticles utilize
endocytosis pathways for internalization

in cervical cancer cells

Endocytosis is the main pathway that nanoparticles use for
internalizing into the cells. But endocytosis has various
different mechanisms for cellular uptake*® (Figure 5E).
Therefore, to determine the uptake mechanism of PLGA-
ORM nanoparticles, we treated Caski and SiHa cell lines
with different endocytosis pathway inhibitors and per-
formed flow cytometry analyses. Data from this experiment
suggested that particles mainly utilized the lipid raft, micro-
tubule, micropinocytosis, and caveolae-dependent pathways
for their uptake into the Caski cell line (Figure SA) over the
clathrin-dependent pathway. In the SiHa cell line, particles
used all five tested pathways, namely lipid raft, clathrin-
dependent, microtubule, micropinocytosis, and caveolae-
dependent pathways for their internalization (Figure 5B).
Results were consistent with confocal images as multiple

pathways for nanoparticles’ uptake were observed in both
cell lines (Figure 5C and D).

PLGA-ORM decreases cell viability,
clonogenic potential, and mitochondrial
membrane potential of cervical cancer

cells

In order to elaborate the anti-cancer properties of PLGA-
ORM, we assessed an MTS assay for 48 hrs. The results
showed a marked decrease in cellular viability of both Caski
(Figure 6A) and SiHa (Figure 6B) cell lines when compared
to free ORM. Real-time growth kinetics measured by the
xCELLigence system also supported these findings (Figure
6C for Caski and Figure 6D for SiHa). We also performed a
flow cytometry experiment to analyze the ability of PLGA-
ORM to induce apoptosis. We used TMRE stain to detect the
depolarized mitochondria, which is an indication of apopto-
sis induction. Our flow cytometry data revealed that PLGA-
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Figure 3 Hemocompatibility (Hemolysis) of PLGA-ORM with human RBCs. (A) Optical images of the supernatant. Human RBCs were treated with PLGA-ORM at different
concentrations for 2 hrs at 37°C and centrifuged at 1000 rpm for 5 mins. Supernatant was collected in a 96-well plate and imaged with CamScanner mobile app. (B) Absorbance (optical
density) of the supernatant. Supernatant containing wells were measured at 570 nm. SDS and PBS were used as positive and negative controls, respectively. Results were normalized to
SDS. Error bars show SEM, n=3. *5<0.05. (C) Phase contrast images of RBCs. After 2 hrs of treatment, a drop of RBCs was placed on a glass slide, covered with coverslip and imaged
with a phase contrast microscope. Images shown only at the highest concentration used (500 uM). Images were taken at 200x.

Abbreviations: ORM, ormeloxifene; RBCs, red blood cells.

A PLGA-ORM C6 B C
1M : T 8000007 PLGA-ORM C6 treated cells 6000001 PLGA-ORM C6 treated cells
— E * q>_)
: 8 600000 9
S 5 @ Caski 2400000 @ 37°C
§ &3 SiHa § = 4°C
£ 400000 8
2 s
. = 2200000
£ S 2000001 g
(/)] S 2 . "
0- : 3 0 . .
PLGA  10puM  25uM Caski SiHa

200X

Figure 4 Cellular uptake and uptake mechanism of PLGA-ORM. (A) Qualitative representation of cellular uptake. Caski and SiHa cells were treated with coumarin-6-loaded
PLGA-ORM nanoparticles for | hr. Cells indicated an increased uptake in a dose-dependent manner. Images were taken at 200x. (B) Quantitative measurement of PLGA-
ORM uptake. Coumarin-6-loaded PLGA-ORM internalization in Caski and SiHa cell lines increased in a dose-dependent manner. Results were normalized to the PLGA
control particles. Error bars show SEM, n=3. #p<0.05. (C) Internalization of coumarin-6-loaded PLGA-ORM is energy-dependent. Cells were treated with PLGA-ORM Cé
and incubated at different temperatures. Cells showed blocked or inhibited uptake of particles when incubated at 4°C. Results were normalized to the particles incubated at
37°C. Error bars show SEM, n=3. *p<0.05.

Abbreviation: ORM, ormeloxifene.
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Figure 5 Internalization mechanism of PLGA-ORM nanoparticles in cervical cancer cells. (A) Caski and (B) SiHa cell lines were treated with different endocytosis pathway
inhibitors and PLGA-ORM Cé for | hr each. Cellular uptake of PLGA-ORM was decreased with multiple inhibitors’ treatment as confirmed by flow cytometer. Results were
normalized to PLGA-ORM C6 particles. Error bars show SEM, n=3. ¥p<0.05. (C) Caski and (D) SiHa confocal images also showing that PLGA-ORM C6 internalized in cells
through multiple endocytosis pathways after | hr treatment. Experiments were performed in the presence of endocytosis inhibitors. Images were taken at 200x. (E) A
schematic showing internalization of PLGA-ORM nanoparticles in cells using endocytosis pathway.

Abbreviation: ORM, ormeloxifene.

ORM significantly reduced the mitochondrial membrane
potential of both Caski (Figure 6E) and SiHa (Figure 6F)
cell lines when compared to free ORM. When we performed
the colony formation assay for the long-term treatment cap-
ability of PLGA-ORM, the results were even more dramatic.
PLGA-ORM had an inhibitory effect on clonogenic potential
of both Caski (Figure 7A and B) and SiHa (Figure 7C and D)
cell lines in comparison to free ORM. Interestingly, PLGA-
ORM treatment resulted in a lower number of colonies than
free ORM treatment even at the lowest concentration of
2.5 uM.

PLGA-ORM nanoparticles inhibit cervical
cancer tumorigenesis in orthotopic mice

model

In order to evaluate anti-tumor efficacy of PLGA-ORM
formulation, we developed an orthotopic mouse model of
cervical cancer using the Caski cell line. We designed two
groups for this study named as PLGA and PLGA-ORM with
six mice in each group. HPV-positive Caski cervical cancer
cells were directly injected into the cervix of female nude

mice. These mice started showing tumor development at
around 2 weeks and we started the drug treatment, as the
tumor size was around 100 mm®. PLGA-ORM and its vehi-
cle control PLGA blank were administered (100 pg/mouse)
intraperitoneally. Once the control mice tumor size reached
around 1000 mm?>, we terminated the study (on the 40™ day)
and mice were euthanized, then tumors were collected from
both treatment groups. It was clear that PLGA-ORM reduced
the overall burden of tumors (Figure 8A) and increased the
survival rate in these mice when compared to its vehicle
control PLGA (Figure 8B) and free ORM (data not presented
in this manuscript).23 Tumor volume (size) was measured
twice a week using a digital vernier caliper and results
showed that PLGA-ORM significantly decreased the tumor
volume when compared to PLGA control (Figure 8C) and
free ORM (data not presented in this manuscript).”*
Compared to the control mice group and free ORM (data
not presented in this manuscript),”* tumor weight was also
decreased in the PLGA-ORM treated mice group (Figure
8D). Further,
obtained from the dissected tumors' slides, revealed that
PLGA-ORM effectively inhibited the expression of HPV

immunohistochemistry data, which was
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Figure 6 PLGA-ORM decreased cell proliferation and mitochondrial membrane potential of cells. Cell proliferation. (A) Caski and (B) SiHa cell lines were treated with
ORM and PLGA-ORM (10, 20 and 25 pM) for 48 hrs. MTS method was used to determine proliferation and absorbance was measured at 490 nm. Results were normalized
to the vehicle controls (ETOH and PLGA) and free ORM. Error bars show SEM, n=3. *p<0.05. Growth kinetics through xCELLigence RTCA (real-time cell analysis). (C)
Caski and (D) SiHa PLGA-ORM inhibited growth of Caski and SiHa cells in real time. Cells were exposed to ORM and PLGA-ORM treatments at 20 uM concentration and
then measured for real-time growth kinetics. Mitochondrial membrane potential. (E) Caski and (F) SiHa cell lines were treated with 25 yM ORM and PLGA-ORM for 24 hrs
and measured for mitochondrial membrane potential by TMRE stain using flow cytometer. Results were normalized to the vehicle controls (ETOH and PLGA) and free

ORM. Error bars show SEM, n=3. *p<0.05.
Abbreviation: ORM, ormeloxifene.

E6/E7 oncoproteins and Ki-67 (a well-known proliferative
marker), and enhanced the expression of the cleaved form of
Caspase 3, which is the hallmark of the initiation of apoptosis
(Figure 8E). These findings from the immunohistochemical
analysis clearly indicated that PLGA-ORM targets onco-
genic HPV E6 and E7 signaling, which is the major cause
of elevated proliferation and compromised apoptosis in cer-
vical cancer cells.*’

Discussion

Persistent high-risk HPV infection, along with other risk
factors including early sexual onset and highly active sex-
ual life, low social and economic status, and tobacco use,
are the main causes of the development of cervical

cancer.*®* There are several preventative and therapeutic
methods for cervical cancer, depending upon the stage of
the lesion.'” HPV vaccines and Pap screening are often
effective for pre-cancerous lesions.”*”" Surgical removal
of the organ, radiation, and cisplatin-based chemotherapy
are the traditional clinical regimens of choice for mana-
ging cancerous lesions.!' However, advanced stages of
cervical cancer are difficult to treat due to drug resistance
and toxicity; thus, advanced-stage cervical cancer is asso-
ciated with poor 5-year survival rate and with higher
mortality in females around the world.'""* Therefore,
newer approaches that can overcome cytotoxicity issues
and at the same time provide tumor site-specific targeted
delivery of the drugs are highly desirable.
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Abbreviation: ORM, ormeloxifene.

Nanodrugs are designed in such a way that they have
an ideal size range of 100—300 nm. In this size range, they
specifically utilize the EPR effect in tumors to obtain
enhanced and improved therapeutic outcomes.?**?
Additionally, nanodrugs allow using lower doses of anti-
cancer drugs, thus keeping higher amounts of drug away
from normal, healthy cells/tissues.”>>* Therefore, in this
study, we focused on a PLGA-based ormeloxifene nano-
formulation for tissue-specific delivery of the drug in
cervical cancer. Ormeloxifene is an anti-estrogen, non-
hormonal oral contraceptive agent for human use.'®>

In the present study, an ORM-loaded PLGA nanoformu-
lation was prepared and evaluated for its serum compatibility,
cellular uptake efficacy, cellular uptake mechanism, and anti-
cervical cancer properties both in vitro and in vivo. Particle
size and drug loading estimations confirmed that we were
successful in generating a formulation that is reproducible
over the time period studied, as the results of these two were
in accordance with our first, previously published paper
describing PLGA-ORM.*

The PLGA-ORM nanoformulation was found to have the
particle size of around 250 nm (DLS) and less than 100 nm
(TEM) (Figure 2A and B). The observed difference in mea-
sured particle sizes is mainly because DLS measures particles
in solution, which causes aggregation, while TEM measures
single particles. ORM was well encapsulated in the PLGA-
ORM nanoformulation as indicated by FT-IR and DSC spectra
(Figure 2C and D), which resulted in a superior drug loading of
about 80% (Figure 2A). This nanoformulation was stable and
compatible with whole human serum albumin for up to 48 hrs
(Figure 2E), and with human red blood cells for 2 hrs (Figure
3A—C) which confirmed that the formulation was safe to test in
further experiments. Two cell line models (Caski and SiHa) of
cervical cancer were selected for the successful accomplish-
ment of our in vitro studies. Caski and SiHa cell lines were
treated with PLGA-ORM (labeled with coumarin 6 dye for
fluorescent microscopic and flow cytometry evaluations) and
incubated for 1 hr to determine uptake efficacy; the data
revealed that PLGA-ORM displayed an improved uptake pro-
file in a dose-dependent manner when compared with PLGA
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Abbreviation: ORM, ormeloxifene.

blank control (Figure 4A and B). Cell association studies also
demonstrated that the cellular uptake of PLGA-ORM was
energy dependent, as a drastic reduction in uptake pattern
was recorded at the lower temperature of 4°C (Figure 4C).
Previously published literature suggested that it is possible that
nanoparticles may obtain more than one or multiple endocy-
tosis pathways for their uptake into the cells.>® Further evalua-
tion of PLGA-ORM nanoparticles’ uptake mechanism showed
the correlated results indicating that particle uptake was
mediated through multiple endocytosis pathways in both
Caski (Figure SA and C) and SiHa (Figure 5B and D) cell lines.

Furthermore, PLGA-ORM indicated enhanced anti-
proliferative efficacy in Caski and SiHa cell lines com-
pared to free ORM and vehicle control PLGA, as vali-
dated by a cell proliferation assay for 48 hrs (Figure 6A
and B). It has been already established that ORM selec-
tively targets cancer cells and has no or minimal toxicity
towards normal cells.?' These proliferation/growth inhi-
bitory findings are consistent with the data obtained by

using a real-time growth kinetic assay (Figure 6C and D)
and clonogenic potential assay for 14 days (Figure 7A-
D). We also elucidated the ability of PLGA-ORM to
decrease mitochondrial membrane potential as an indica-
tion of apoptosis cascade in the cells. PLGA-ORM trea-
ted Caski and SiHa cell lines showed a significant
decrease in the membrane potential of mitochondria
when compared with free ORM and PLGA blank control
(Figure 6E and F).

Additionally, we developed an orthotopic cervical can-
cer mouse model to investigate PLGA-ORM’s in vivo
effects. Results from this experiment clearly exhibited
superior tumor uptake of PLGA-ORM over free ORM
(data not presented in this manuscript)** and its vehicle
control PLGA blank (Figure 8A). Overall, the mice survi-
val rate was significantly increased with PLGA-ORM
treatment (Figure 8B) when compared to vehicle control
PLGA and free ORM (data not presented in this
manuscript).>* In accordance with these results, tumor
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volume (Figure 8C) and weight (Figure 8D) were also
significantly decreased when mice were treated with
PLGA-ORM compared to its vehicle control PLGA and
free ORM (data not presented in this manuscript).”*
Furthermore, PLGA-ORM modulated the expression of
key molecules involved in cervical cancer carcinogenesis,
as decreased levels of HPV E6/7 and Ki-67, and increased
levels of cleaved Caspase 3, were observed on the stained
immunohistochemical tumor slides (Figure 8E) when com-
pared with vehicle controls PBS, PLGA, and with free
ORM. This study was primarily focused on anti-tumor
effects of PLGA-ORM; however, further evaluations of
this formulation are warranted to investigate the bio-dis-
tribution profile in different organs. We are in the process
of investigating these future

parameters for our

publications.

Conclusion

In the present study, we have shown efficient delivery and
therapeutic potential of our novel nanoformulation PLGA-
ORM in cervical cancer for the first time. Our formulation
showed great serum stability and enhanced cellular uptake in
Caski and SiHa cervical cancer cell lines as compared to free
ORM. Further in vitro functional studies showed that PLGA-
ORM decreased cell proliferation and induced apoptosis.
Additionally, PLGA-ORM exhibited successful site-specific
delivery of the drug to the tumors in an orthotopic mouse
model of cervical cancer. Therefore, altogether our findings
suggest that the PLGA-ORM nanoformulation described
herein may become a novel and efficacious therapeutic mod-
ality for the management of cervical cancer (Figure 8F).
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