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ABSTRACT

Purpose Hypovascularization of cervical tumors, coupled
with intrinsic and acquired drug resistance, has contributed
to marginal therapeutic outcomes by hindering chemothera-
peutic transport and efficacy. Recently, the heterogeneous
penetration and distribution of cell penetrating peptide
(CPP, here MPG) and polyethylene glycol (PEG) modified
poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) were
evaluated as a function of tumor type and morphology in
cervical cancer spheroids modeling hypovascularized tumor
nodules. Building upon this work, this study investigates the
efficacy imparted by surface-modified Doxorubicin-loaded
NPs transported into hypovascularized tissue.
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Methods NP efficacy was measured in Hela, CaSki,
and SiHa cells. NP internalization and association, and
associated cell viability, were determined in monolayer
and spheroid models.

Results MPG and PEG-NP co-treatment was most effica-
cious in HelLa cells, while PEG NPs were most efficacious in
CaSki cells. NP surface-modifications were unable to improve
efficacy, relative to unmodified NPs, in SiHa cells.
Conclusions The results highlight the dependence of efficacy
on tumor type and the associated microenvironment. The
results further relate previous NP transport studies to efficacy,
as a function of surface-modification and cell type. Longer-
term, this information may help guide the design of NP-
mediated strategies to maximize efficacy based on patient-
spectfic cervical tumor origin and characteristics.
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ABBREVIATIONS

AUC Area under the curve

Cé Coumarin 6

CPP Cell penetrating peptide

DCM Methylene chloride

diH2O  Deionized water

Dox Doxorubicin

EPR Enhanced permeability and retention
FRT Female reproductive tract

HPV Human papilloma virus

MDR Multi-drug resistant

MEM Minimum essential media

MF Mean fluorescence intensity

NaDC  Sodium deoxycholate

NP Nanoparticle

o/w Oil-in-water

PA-NHS  Palmitic acid-N-hydroxysuccinimide ester
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PBS Phosphate buffered saline

PEG Polyethylene glycol

Pgp P-glycoprotein

PLGA Poly(lactic-co-glycolic) acid

PVA Polyvinyl alcohol

RPMI Roswell Park Memorial Institute medium
SEM Scanning electron microscopy
INTRODUCTION

Chemotherapy for cervical cancer has had marginal success due
to the lack of specificity attained with systemic administration,
resulting in higher doses to achieve efficacy, increased adverse
effects, rapid active agent clearance, and the emergence of che-
motherapeutic resistance. Localized delivery can circumvent
some of these challenges; however, delivery to the female repro-
ductive tract (FRT) can result in rapid vaginal clearance, and
thus difficulty maintaining eflicacious drug concentrations. Yet
even if administration is optimized, primary challenges for che-
motherapy when treating tumor lesions with hypovascularized
cores, such as typically occur with cervical cancer (1), are poor
distribution and corresponding ineflicacy, dependent on admin-
istration method and the tumor microenvironment (2,3). In par-
ticular, the cell origin or cervical cancer type has a significant
role in the development and diversity of this microenvironment,
resulting in different transport hurdles even for tumors of the
same size and stage. Moreover, depending on cancer type, the
degree of tumor cell density and intercellular junction formation
have been shown to play key roles in the pharmacokinetics of
chemotherapeutics within solid tumors (2,4-6).

To address these challenges, nanotherapeutic delivery ve-
hicles have been designed to more safely and effectively pro-
mote active agent delivery directly to the tumor site, and to
enhance agent distribution within the tumor microenviron-
ment, with the end goal to promote penetration and subse-
quent uptake (7,8). Nanotherapeutic platforms, such as poly-
meric nanoparticles (NPs), provide a system in which encap-
sulation of chemotherapeutic agents can be achieved to pro-
long active agent stability and release, while limiting the drug
exposure for healthy, surrounding tissue. Furthermore, NP
accumulation in tumor tissue can be promoted via the en-
hanced permeability and retention (EPR) effect. FDA-
approved polymer-based platforms such as poly(lactic-co-
glycolic) acid (PLGA) NPs, have been engineered to reduce
unwanted immunogenic responses, avoid organ clearance and
tissue transport, target tumor tissue, penetrate the tumor in-
terstiium, improve uptake, and enhance therapeutic efficacy
(9,10). These platforms can also be tailored by altering the
hydrophilic properties of the monomer subunits or polymer
ratios to reduce the burst release of chemotherapeutics or
other encapsulated agents. These modifications have the po-
tential to provide sustained-delivery, corresponding with high

@ Springer

uptake and antitumor effects, as has been shown in in a variety
of cervical i vitro cultures and i viwo tumors (11).

The utilization of NP platforms to deliver chemotherapeu-
tic agents has grown more prevalent in efforts to overcome the
multi-drug resistant (MDR) properties of cervical cancers
(12,13). Several studies have demonstrated enhanced eflicacy
of doxorubicin (Dox) by utilizing either inorganic or organic
NP delivery systems (7,14). A recent study investigated the use
of folic acid conjugated quantum dots to deliver Dox to folate
receptor-positive cervical cancer cells, demonstrating signifi-
cant improvement in cellular uptake and therapeutic efficacy
(15). However, a separate study utilizing boron nitride NPs
loaded with Dox, found that these NPs only offered a modest
therapeutic effect in KB cervical cancer cells relative to leuke-
mia cell lines (16). The differential results observed in these
studies, highlight the effect that different delivery platforms
can have in overcoming MDR in similar tumor types.

To better understand the effects of Dox and Dox-loaded
NPs on cervical cancer cells with MDR, it was found that the
use of Dox-conjugated NPs resulted in a high level of Dox
within cells, relative to free Dox. Furthermore, murine studies
that administered PLGA NPs that incorporated Dox and folic
acid-polyethylene glycol surface modifications, demonstrated
significantly increased efficacy, resulting in reduced tumor
volume 1 vivo, relative to unmodified NPs and free Dox (17).
These promising results suggest that the use of NP delivery
platforms may increase the therapeutic efficacy of Dox and
other drug candidates, particularly for MDR cervical cancers.

While these studies have helped to elucidate the attributes
of Dox administration with NPs, NP penetration of the tumor
interstitium and internalization by target cells remain primary
issues that still challenge NP-mediated delivery and therapeu-
tic eflicacy of chemotherapeutics and other active agents. To
overcome these transport-based challenges, NPs have been
surface-modified with a variety of ligands to enhance tumor
targeting and distribution.

Previously, we investigated the effects of NP surface-
modification with cell-penetrating peptides (CPPs), stealth li-
gands, and tumor targeting ligands (MPG (unabbreviated
notation), PEG (polyethylene glycol), and Vimentin, respec-
tively), on NP penetration and distribution within the hypo-
vascularized cervical tumor environment (18). More recently,
we evaluated the penetration and distribution of MPG, PEG,
and CPP-stealth (MPG/PEG) NP co-treatment strategies as a
function of tumor size and morphology in 3D spheroid
models of hypovascularized cervical cancer tissue (19). The
differences in NP distribution as a function of surface modi-
fication (unmodified, MPG, PEG, or MPG/PEG co-treat-
ment), spheroid morphology, and cervical cancer type, were
assessed in Hel.a, cervical epithelial adenocarcinoma cells;
CaSki, cervical epidermoid carcinoma cells; and SiHa, grade
I cervical squamous cell carcinoma cells, selected due to their
MDR properties.
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Building upon this previous work, the goal of this study was
to determine the therapeutic efficacy imparted by these vari-
ous delivery vehicles across these different cervical tumor
types. Key differences include: CiaSki cells form tight intercel-
lular junctions (20), HeLa cells have an enhanced rate of aer-
obic glycolysis (21), and both SiHa and Hela have lower
levels of gap junction formation compared to CaSki cells
(22). The chemotherapeutic agent, Dox, was incorporated
into PLGA NPs with MPG or PEG modifications to assess
the differences in efficacy imparted as a function of surface
modification, NP co-treatment, transport, and cell type. The
NP efficacy was assessed in 3D (spheroid) culture to create a
system that more faithfully represents i viwo cervical tumors,
typically having peripheral tissue hypervascularization and in-
terior hypovascularization (1). The chemotherapeutic Dox
was chosen due to its application in a variety of chemothera-
peutic regimens, including cervical cancer, and its ability to
affect tumor cells at any stage of the cell cycle (23,24). While
Dox has proven eflicacious in inhibiting both blood cancers
and solid tumors, it is limited by the development of drug
resistance, primarily caused by drug-resistant pumps such as
P-glycoprotein (Pgp) — notably expressed in cervical cancer
cells (7,12,13) — and an increase in intracellular antioxidant
defense (25). Dox is also associated with acute side effects such
as cardiomyopathy, due to non-specific targeting. These lim-
itations offer opportunities for engineered delivery systems to
improve upon its clinical efficacy.

MATERIALS AND METHODS
Nanoparticle Synthesis

Avidin-palmitate was synthesized for subsequent conjugation
to NPs as previously described (18,19,26,27). Briefly, 40 mg of
avidin (A9275, Sigma) was dissolved in 4.8 mL of 2% sodium
deoxycholate (NaDC) in phosphate buffered saline (PBS)
warmed to 37°C. Palmitic acid-NHS (PA-NHS, Sigma) was
dissolved in 2% NaDC to a final concentration of 1 mg/mL
and sonicated until well-mixed. PA-NHS solution (3.2 mL)
was added dropwise to the avidin NaDC solution, and reacted
overnight at 37°C. The following day, the reaction was dia-
lyzed in 1200 mL of 0.15% NaDC in PBS heated to 37°C.
Free PA-NHS was dialyzed overnight at 37°C using 3500
MWCO tubing to remove free palmitic acid. After overnight
dialysis, the dialysis tubing contents were transferred to a stor-
age vial and stored at 4°C untl use.

PLGA NPs encapsulating either the fluorophore
Coumarin 6 (C6) or the chemotherapeutic doxorubicin
(Dox) were formulated as previously described (18,19,28) to
enable visualization via fluorescence microscopy and induce
cell death, respectively. It has previously been observed that
negligible quantities of C6 are released (29-31). Briefly, NPs

were formulated using an oil-in-water (o/w) single emulsion
technique (18,19,27,28). Carboxyl-terminated poly(lactic co-
glycolic acid, PLGA) (0.55-0.75 dL/g, LACTEL®) was used
to synthesize 100-200 mg batches. Encapsulant was dissolved
in methylene chloride (DCM) overnight at a concentration of
15 pg C6 per mg of PLGA or 100 pg Dox per mg PLGA. The
following day, the PLGA/encapsulant/DCM solution was
added dropwise to a 5% polyvinyl alcohol (PVA) solution of
equal volume, vortexed, and sonicated. The resulting NPs
were hardened in 0.3% PVA during solvent evaporation for
3 h.

Unmodified NPs were washed after hardening, and centri-
fuged at 4°C, 3 times in deionized water (diH,O) to remove
residual solvent. Nanoparticles were frozen, lyophilized, and
stored at —20°C until use. A similar protocol was followed to
synthesize MPG (3177 Da, GenScript) and PEG (5000 Da,
Nanocs Inc.) surface-modified NPs, with the addition of
avidin-palmitate (5 mg/mL) to the 5% PVA solution.
Surface-modified NPs were collected after the first wash,
and incubated for 30 min. with biotinylated ligands at a molar
ratio of 3:1 ligand:avidin in PBS. After the ligand binding
reaction, the NPs were washed two more times with diH,O
centrifugation, frozen, and lyophilized. All NPs were stored at
—20°C after synthesis.

Nanoparticle Characterization
NP Physical Properties

NP characterization confirmed the physical NP properties
including unhydrated diameter, morphology, and surface
charge. Scanning electron microscopy (SEM, Zeiss SUPRA
35VP) was utilized to verify unhydrated NP morphologies and
diameters, measured using NIH Image] software. The NP
zeta potentials were characterized using a Malvern Zetasizer
(Zetasizer Nano ZS90).

Loading and Release

To evaluate loading and encapsulation efficiency, approxi-
mately 3-5 mg of Dox NPs were suspended in 1 mL of
DMSO for 30 min to dissolve the PLGA polymer matrix.
Subsequently, the quantity of Dox loaded was determined
by centrifuging the Dox NP/DMSO suspension to remove
NPs, followed by measuring the fluorescence (480 nm) of the
supernatant, and comparing to a calibrated Dox standard.
The sustained-release properties of Dox NPs were determined
by assessing controlled release i vitro. Dox NPs were resus-
pended in 1 mL of 1X PBS (pH 7.4) at a concentration of
2 mg/mL and incubated with gentle agitation at 37°C. At
fixed time points (1, 2, 4, 6, 24, 48, 72, 96 h, 1, 2, 3, and 4
wk), samples were collected and the amount of Dox released
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from the NPs was quantified using absorbance (480 nm) as
described above.

Tumor Spheroid Cell Culture

The human cervical carcinoma cell lines, SiHa, and CaSki
(ATCC), were kindly provided by Dr. Alfred Jenson
(University of Louisville), while the HelLa cell line was gener-
ously provided by Dr. Kenneth Palmer (University of
Louisville). HeLLa and SiHa cells were maintained in
Minimum Essential Media (MEM) and CaSki cells were
maintained in Roswell Park Memorial Institute Medium
(RPMI) medium, both supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin. All cells were keptin a
humidified atmosphere of 5% CO, at 37°C, and were grown
to 80% confluence prior to tumor spheroid formation.

Hanging Drop Tumor Spheroid Formation

To form hanging drop spheroids, ultra-low attachment plates
(#4515, Corning) were utilized. Briefly, cells were trypsinized
after reaching 80-90% confluency and seeded at a density of
5000 cells per well in 100 pL culture medium. Care was taken
to minimize pipette tip contact with ultra-low attachment
plate well walls. Spheroids were allowed to form for 5 days
under the cell culture conditions described above.

Spheroid Characterization

Spheroid morphology was characterized prior to NP admin-
istration. Briefly, spheroids were removed from culture plates
and placed on imaging dishes (P35G-0-14-C, MatTek) in
25 pL of culture medium to prevent drying. Spheroids were
then imaged with an epifluorescent microscope (Axiovision 4,
Zeiss) under transmitted light using a 10X objective.

Flow Cytometry

The association and internalization of NPs were determined
using fluorescence-activated cell sorting (FACS). The four NP
formulations: unmodified, MPG, PEG, and MPG/PEG co-
treatment groups, were added to hanging drop spheroids for
1.5 or 24 h. After incubation, the spheroids were collected in
2 mL eppendorf tubes and washed three times with PBS to
remove unbound NPs. Trypsin-EDTA (0.25%) was added to
the spheroids for 5 min to dissociate the spheroids.
Trypsinized cells were subsequently moved to FACS tubes,
centrifuged, and resuspended in a FACS buffer solution con-
taining 1% BSA and 0.1% sodium azide. To assess total cell
association (NP bound to and internalized), half the cells from
each sample were moved to separate FACS tubes and kept on
ice until analyzed. To assess cellular internalization, the re-
maining cells were exposed to 0.4% trypan blue for 5 min to
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quench extracellular fluorescence, washed twice in FACS
buffer, and kept on ice untl analyzed. All FACS tubes from
both groups were analyzed using a BD LSRFortessa Flow
Cytometer (BD Biosciences). Data were analyzed using
FlowJo software (FlowJo Enterprise), and a minimum of
2500 cells were analyzed per sample.

NP Efficacy in Cervical Cancer Cell Line Tissue Culture
Efficacy in Monolayer Culture

The efficacy of surface-modified Dox NPs in monolayer cell
cultures was determined via the MTT (3-(4, 5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) cell
proliferation assay (Thermolisher Scientific). Cervical carci-
noma cells were sceded at a density of 1.5 X 10° cells per well
and allowed to adhere overnight. Serial dilutions of surface-
modified Dox NPs at a maximum NP concentration of 5 mg/
mL, were administered to cell monolayers. Untreated cells
and cells treated with 10% DMSO were used as positive
and negative controls of viability, respectively. Cells were then
incubated under normal cell culture conditions for 24 h.
Following NP administration, media was discarded and re-
placed with 100 pL of fresh PBS. Plates were then centrifuged
at 471 x g (300 rpm) for 5 min, to remove free NPs. The PBS
supernatant was discarded from the wells, and 10 pL MTT
reagent was added to each well in the absence of light. Plates
were subsequently incubated under normal cell culture con-
ditions for 4 h. Following incubation, 50 pL lysis buffer (10%
SDSin 0. 01 M HCI) was added to each well and placed in the
incubator overnight. Sample absorbance was quantified
(570 nm) the next day.

Efficacy in 3D Spheroid Cell Culture

To assess NP efficacy in tumor spheroids, four different
NP formulations were evaluated: unmodified, MPG,
PEG, and MPG/PEG co-treatment groups. Once spher-
oid formation was achieved using the hanging drop meth-
od (5 days), fresh culture medium was added and the
spheroids were transferred to 96-well opaque plates with
100 pLL media and NP treatments for 24 h. For the NP
co-treatment group, a half-dose of the MPG and PEG
NPs were combined for a total NP dose of the desired
concentration. After 24 h, the plated spheroids were re-
moved from the incubator and equilibrated for 30 min.
Cell Titre-Glo (100 uL) was added to each well, and the
plate contents were mixed vigorously for 5 min on a re-
ciprocating shaker. After mixing, the spheroids were incu-
bated at room temperature for 25 min and luminescence
was recorded on a BioTek Synergy HT luminometer.
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Statistical Analysis

A minimum of 6 biological replicates were used to collect NP
efficacy data for both 2D and 3D cell cultures, and 3 technical
repeats were conducted for flow cytometry data acquisition.
All statistical significance was determined using a one-way
ANOVA post-hoc Tukey test, p < 0.05.

RESULTS

Nanoparticle Characterization
NP Physical Properties

NP size and morphology were confirmed using SEM and
Image] software. Unhydrated NPs demonstrated a spherical
morphology, with diameters ranging between 160 to 180 nm
(18,19). Hydrated NP diameters (18) and surface charges were
measured using a Zetasizer (Malvern Zetasizer Nano ZS90).
Unmodified NPs had a negative surface charge of —14.8 +
1.2 mV; while MPG- and PEG-modified NPs measured 0.7
+0.3and 0.1 £ 0.4 mV, respectively, validating surface ligand
conjugation. The degree of ligand substitution was previously
characterized in (26).

Loading and Release

Doxorubicin loading and encapsulation efficiency within
MPG, PEG, and unmodified NPs were assessed (Table I).
MPG and PEG NPs exhibited significant increases in drug
loading (65.9 £ 2.3 pg/mgand 75.7 £ 6.8 pg/mg) and encap-
sulation efficiency (66% and 76%), relative to unmodified NPs
(28.9 £ 1.5 pg/mg and 29% respectively). The in vitro release
of Dox was characterized during a 24 h release study (Fig. 1).
The unmodified NPs released approximately 95% of the en-
capsulated Dox during the first 24 h, while MPG and PEG
NPs released ~80-90% during the same duration.

Spheroid Morphology and Nanoparticle Association
Tumor spheroids were formed from each HelLa, SiHa, and

CaSki cervical cell lines. Spheroid morphology was found to
be dependent upon cervical cancer type (Fig. 2), as previously

Table I Nanoparticle Loading and Encapsulation Efficiency

NP Formulation Concentration (ug Dox per mg NP) Encapsulation

MPG 65.9+2.3 66%
PEG 757+ 6.8 76%
Unmodified 289+ 15 29%

observed (19), and is hypothesized to impact NP therapeutic
efficacy. Overall, HeLa cells demonstrated the most diffuse
morphology, while CaSki cells formed the most dense tumor
spheroids.

To assess differences in NP localization as a function of
spheroid morphology (Fig. 2), NP association and internaliza-
tion were evaluated following incubation times of 1.5 and 24 h
(Fig. 3). Differences in association (NPs bound plus internal-
ized), relative to internalization, varied as a function of both
incubation time and cancer cell type. The association and
internalization were similar for each cell type 1.5 and 24 h
post-administration, indicating that equilibrium was reached
carly.

Within HeLa spheroids, MPG NPs exhibited a statistically
significant increase in cellular association after 24 h adminis-
tration, relative to unmodified and PEG NPs. Co-treatment
NPs (MPG/PEG) had no statistical difference relative to the
other NP groups. Furthermore, no statistically significant dif-
ferences were observed in internalization amongst the NP
treatment groups.

In the similarly sized, but less amorphous SiHa spheroids,
all the NP groups had statistically similar association.
Moreover, all surface-modified NP groups had statistically
similar cellular internalization. However, NP internalization
was generally higher in SiHa spheroids than for the other cell
types.

In the smaller, densely structured CaSki spheroids, NP as-
sociation was lower after 24 h across all treatment groups
compared to that in HeLa and SiHa spheroids. MPG/PEG
co-treatment NPs had increased cellular association with re-
spect to the other NP groups, which were statistically similar.
All NP groups had comparable internalization, with statistical
differences only observed between MPG/PEG co-treatment
and PEG NPs. Overall, NP internalization was of the same
magnitude as observed in the HeLa cells, while the surface-
modified NPs, demonstrated lower internalization than seen
in SiHa cells. The association was also generally lower than
observed in the other cell types.

Nanoparticle-Mediated Drug Cytotoxicity

To assess the impact of NP transport on chemotherapeutic
efficacy, surface-modified NPs were administered to cervical
cancer spheroids (Fig. 5 and Supp. Fig. 2), and compared to
that in cell monolayers (Fig. 4 and Supp. Fig. 1) representing
an optimal exposure condition (such as for tumor cells next to
the vascular supply i viwo). The concentration at which 50% of
cell growth was inhibited (IC50) was evaluated for each NP
treatment group as a function of Dox concentration (Figs. 4
and 5, Table II) and NP dose (Supp. Figs. | and 2, Supp.
Table I). The efficacy imparted by NPs was found to vary as a
function of cervical tumor and NP modification type. Figure 6
summarizes the IC50 values as a function of Dox and NP
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concentrations. Last, we assessed how the NP distribution in
the 3D cell cultures of the various cell types, as observed in our
previous work (19), related to their chemotherapeutic efficacy
measured in this study (Table III).

NP Efficacy in HeLa Cells

In Hela spheroids, the MPG/PEG co-treatment NP group
demonstrated a significant increase in efficacy (IC50 13.3
0.64 pM, Fig. 6 and Table II) relative to other NP groups.
Free doxorubicin evinced statistically similar efficacy to the
MPG/PEG co-treatment.

In HeLa monolayers, unmodified NPs demonstrated the
greatest efficacy, with a significant decrease in IC50 (20.3 £
2.2 uM) relative to MPG (28.6 pM),PEG (39.5 uM), and free
Dox (25.4 £ 3.9 pM). In monolayers, only unmodified NPs
were more efficacious than free Dox.

NP Efficacy in SiHa Cells

Relative to their modest efficacy in HeLa spheroids, unmod-
ified NPs exhibited the greatest efficacy relative to other
surface-modified NP groups in SiHa spheroids. Unmodified
NPs exhibited a statistically lower IC50 (14.7 £ 0.6), relative
to MPG (30.2 £ 1.2), PEG (23.3 + 1.1 uM), and the MPG/
PEG co-treatment NPs (28.4 = 4.2 uM). There were no dif-
ferences in efficacy observed between MPG, PEG, and MPG/
PEG co-treatment NPs. Overall, all NP groups provided
modest efficacy in SiHa spheroids, while only unmodified

Fig. 2 Fluorescent cross-sectional
images of cervical tumor spheroids
comprised of (@) Hela, (b) SiHa,
and (c) CaSki cervical cancer cells
stained with Hoechst dye. Scale bar
represents 100 um.
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NPs provided comparable efficacy to free Dox. Similar to
HeLa spheroids, free Dox exhibited the lowest IC50 (11.9 £
2.9 uM), with statistical significance observed relative to all
surface-modified NP groups.

In SiHa monolayers, PEG and MPG/PEG co-treatment
NP groups exhibited the strongest efficacy (IC50s 22.6 +
3.9 uM and 27.2 £ 3.3 uM) with improved eflicacy relative
to free Dox (IC50 42.3 + 13.7 pM). However, no statistical
differences were observed across NP formulations, with re-
spect to each other. While unmodified NPs showed the
greatest efficacy in SiHa spheroids, PEG and MPG/PEG
co-treatment NPs performed most efficaciously, relative to
free Dox, in the monolayers.

NP Efficacy in CaSki Cells

PEG NPs were the most efficacious treatment group in CaSki
spheroids (IC50 13.1 £ 1.1 pM), demonstrating a significant
improvement in efficacy relative to all other treatment groups.
No statistical differences were observed between unmodified,
MPG, and MPG/PEG co-treatment NPs. As in Hel.a and
SiHa spheroids, free Dox exhibited the lowest IC50 (1.8 +
0.5 uM), relative to all NP groups.

For CaSki monolayers, all NP groups, except MPG, dem-

onstrated significant improvements in efficacy, relative to free
Dox. Within the NP groups, MPG/PEG co-treatment NPs
were more efficacious than MPG NPs (IC50s 18.1 £ 2.3 and
31.3 £ 5.4 uM), but demonstrated similar efficacy to PEG and
unmodified NPs.
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Fig. 3 NP association (binding plus internalization, black) and internalization (grey) in cervical cell line spheroids after 1.5 h (left) and 24 h (right) administration.
Asterisks denote a statistically significant difference between two groups (* p < 0.01, **p < 0.001, *** p < 0.0001, *** p < 0.00001).

DISCUSSION

The effect of surface modification on NP penetration and cell
internalization in cervical tumor tissue was recently
investigated (18). In both HeLa monolayers and spheroids,
nanoparticles modified with the CPP MPG exhibited the
highest cellular internalization. However, internalization pri-
marily occurred within the spheroid periphery, resulting in a
modest (< 100 pm) tumor penetration depth. In contrast,
PEG-modified NPs distributed most deeply into spheroids,
but were less readily internalized by cells, underscoring the

dichotomous transport properties of NPs modified with a
CPP, relative to a neutral “stealth” ligand.

We subsequently evaluated surface-modified NP distribu-
tion as a function of cervical tumor type and morphology, in
addition to NP surface-modification (19). In small, homoge-
neously shaped avascular tumors, enhanced distribution was
observed for MPG and PEG NPs in Hel.a, and for all
surface-modified NPs in SiHa spheroids, relative to unmod-
ified NPs. In larger, more irregularly-shaped spheroids, the
greatest distribution was observed for MPG and MPG/PEG
co-treatment NPs in Hel.a, and for PEG and MPG/PEG
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Fig.4 Cytotoxicity of surface-modified Dox NPs and free Dox in Hela, SiHa, and CaSki cervical carcinoma monolayers after 24 h administration, as a function of

Dox dose.

co-treatment NPs in SiHa spheroids (19). In contrast, small,
densely structured CaSki spheroids exhibited modest distri-
bution across all NP groups. The variation in spheroid mor-
phology across cell types (Fig. 2) was observed to significantly
impact NP penetration and distribution (19). Overall, for a

given tumor type, surface modifications were found to ben-

efit tumor distribution, relative to utilization of unmodified

NPs. These results suggested that co-treatment strategies

may overcome the obstacles associated with NP tumor pen-
etration and distribution, and may influence the design of
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Fig. 5 Cytotoxicity of surface-modified Dox NPs and free Dox in Hela,

Doxorubicin (M)

function of Dox dose.
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Table Il IC50 Values of Surface-

Modified Dox NPs and Free Dox in Cervical cancer cell model

Doxorubicin IC50 [uM]

Cervical Cancer Cell Line

Monolayers and Spheroids, Free Dox Unmodified NPs ~ MPG NPs PEG NPs Co-Treatment NPs
Expressed in Terms of Dox
Concentration Monolayers Hela 25439 20322 286+40 395+75 358=*86
SiHa 423+ 137 277 *58 34185 226=*39 272%x33
CaSki 414+105 297+79 31354 234=x45 181%x23
Spheroids Hela 87x13 334x55 31965 347=x16 133x06
SiHa [1.9£29 147 £0.6 30212 233=x1.1 284x42
CaSki 1.8x05 2538 x2.6 22532 130111 256%x37

delivery platforms for cancer therapy, especially for tumors
expected to present both regularly- and irregularly-shaped
tissue regions.

Given these previous observations, the aim of this study was
to relate the transport properties of surface-modified NPs
(18,19) to therapeutic efficacy as a function of cervical cancer
type. To evaluate this, the efficacy of unmodified and surface-
modified NPs, encapsulating the chemotherapeutic Dox, was
assessed 1n three cervical carcinoma cell lines (HelLa, SiHa,
and CaSki), grown as 3D spheroids to represent tumor lesions
with a hypervascularized periphery and hypovascularized in-
terior. We selected Dox, as it is a commonly used chemother-
apeutic; however, its efficacy against cervical tumors has been
limited due to the MDR of several cervical cancer types, in-
cluding HeLa, SiHa, and CaSki lines. We hypothesized that
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the use of NPs may significantly increase the therapeutic effi-
cacy of Dox, by increasing intracellular Dox accumulation, as
MDR cells are prone to have more drug efflux due to an
increased presence of P-glycoprotein pumps (7,32—-34).
Moreover, the mechanism of action of Dox intercalation with
DNA, inducing topoisomerase II inhibition and cellular DNA
damage, makes it a model drug to represent active agents that
must internalize to elicit therapeutic effect.

While the purpose of this study was to assess the effect of
NP surface-functionalization on cervical tumor cytotoxicity,
drug loading and release have integral roles in achieving ther-
apeutic effect. The modest encapsulation efficiencies of un-
modified NPs (29%), relative to MPG- and PEG-modified
NPs (66 and 76% of Dox, respectively, Table I), resulted in
variations of release quantity with respect to time. Unmodified
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Fig. 6 1C50s of surface-modified NPs after 24 h administration in cervical carcinoma cell line monolayers (top) and spheroids (bottom) as a function of Dox (A
and C, uM)and NP (B and D, mg/mL) concentrations. Asterisks denote a statistically significant difference between two groups (* p < 0.01, ** p < 0.001, *** p

<0.0001, ¥ p < 0,00001).

@ Springer



66 Page 10of I3

Pharm Res (2019) 36: 2602

Table Il

Comparison of NP Efficacy (Measured as IC50 in this Study) to NP Distribution (Quantified as Area-Under-the-Curve, AUC (MFl-um), in (19)) and

Maximum Penetration (Measured as Mean Fluorescence Intensity (MFI) as a Function of Maximum Penetration Depth (um), in (19)) in 3D Cell Culture of Various

Cervical Cancer Cell Types

NP measurement Celltype  Unmodified MPG PEG Co-treatment

Efficacy shown as IC50 (uM) Hela 334 %55 319+65 347 = 1.6 13306
SiHa 147 0.6 30212 233 = 1.1 28442
CaSki 25426 225%32 3.1 = 1.1 256+37

Distribution shown as AUC (MFI-um) Hela 15841 = 1637 47,018 8754 23,140 = 5531 15,657 = 3579
SiHa 14,673 + 543 24972 £2020 24237 2532 26,970 £ 5574
CaSki 9331 = 1090 12,364 = 1485 14,297 + 28l 11,847 =223

Fluorescence Observed at Max. Penetration Depth (MFI, um) ~ Hela (99, 85) (225, 129) (217, 82) (154, 102)
SiHa (123, 61) (222, 91) (135, 64) (239, 84)
CaSki (83,52) (101, 66) (238, 78) (84, 90)

NPs released 28.3 £ 2.1 pg Dox/mg NP within 24 h, while
MPG and PEG NPs exhibited significantly higher release
(66.5% 2.6 and 67.2 + 12 ng Dox/mg NP, respectively) dur-
ing the same duration (Fig. 1). The decreased loading, seen in
unmodified NP formulations, may be partially due to in-
creased amounts of Dox diffusing from unmodified, relative
to surface-modified NPs, during the fabrication process.

When compared as a function of Dox concentration, rela-
tive to NP dose, these loading and release differences had an
impact on therapeutic efficacy (measured as the IC50). For
example, unmodified NPs, which were the most eflicacious
in SiHa spheroids (14.7 £ 0.6 uM, Fig. 6, Table II) as a func-
tion of Dox concentration, required a higher NP dose (3—
5 mg/ml, Supp. Table I), relative to surface-modified NPs,
to achieve efficacy across all tumor types (HelLa, SiHa, CaSki).
Furthermore, although they demonstrated modest efficacy
relative to other NP treatment groups, unmodified NPs were
still more efficacious than free Dox in CaSki and HeLLa mono-
layers. Therefore, discrepancies in therapeutic efficacy as a
function of NP dose relative to Dox dose, may be attributed
to the approximately 2-fold lower drug loading and corre-
sponding lower release observed with unmodified NPs.
Moreover, as surface-modified NPs may release less
encapsulant during the fabrication process, contributing to
overall higher loading post-fabrication, these observations
confirm the need to quantify therapeutic efficacy as a function
of both drug release and NP dosing.

In addition to cytotoxicity differences based on NP loading
and release profiles, the therapeutic efficacy of surface-
modified NPs varied as function of cell type and NP surface
modification. While unmodified NPs were most efficacious in
SiHa spheroids as a function of Dox concentration, MPG/
PEG co-treatment and PEG NPs were the most efficacious
groups in HelLa and CaSki spheroids, respectively. Notably, in
the more densely packed CaSki spheroids, PEG NPs were the
most efficacious; however, all NP groups were less efficacious
than free Dox. These results suggest that specific surface

@ Springer

modifications, dependent on tumor type, may elicit similar
therapeutic effect as free drug. These results are consistent
with the fact that tumor cell type and the associated microen-
vironment significantly impact therapeutic efficacy.

Along with tumor microenvironment effects, active agent
interaction with the tumor microenvironment has been ex-
plored to understand poor efficacy. Previous work investigated
the effect of free Dox in tumor spheroids, and found that
HeLa spheroids retained morphology and proliferated, even
after treatment with a range of Dox concentrations (0—40 uM)
(35). One proposed reason was that the extracellular matrix
within the spheroid microenvironment remains intact follow-
ing cell death (35). Specifically for Dox, it was observed that
efficacious levels of Dox failed to be internalized within 24 h,
resulting in reduced cytotoxic effect. Considering this, the use
of specific NP modifications, while providing similar or less
efficaciousness dependent on tumor type, may offer benefit
within the real tumor microenvironment, by minimizing drug
toxicity to surrounding tissue, providing longer exposure, and
enhancing distribution. Moreover, NP diffusion, relative to
free Dox delivery, may promote NP immobilization in the
tumor matrix, prolonging the effects of localized cell death
while reducing overall systemic cytotoxicity.

The effect of tumor density has also been determined to
play a role in the pharmacokinetics of chemotherapeutics
within solid tumors. In particular, tumors that have a reduced
tissue density have increased molecule penetration (2,4-6).
Similarly, in our previous studies, we observed that the de-
creased density of HeLLa and SiHa spheroids, relative to CaSki
spheroids correlated to increased levels of NP penetration (19).
Additionally, the difference in levels of HPV genome incorpo-
ration and oncogenic E6/E7 expression between cervical tu-
mor cells underscores the variations in spheroid growth and
permeability as a function of cell type (36,37). In studies in (21)
it was found that the expression of rate-limiting glycolytic en-
zymes was significantly influenced by incorporation of HPV
oncogenes E6/E7, leading to enhanced rates of aerobic
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glycolysis (21). The investigation revealed that the presence of
these enzymes was dramatically elevated in HelLa cells, rela-
tive to CaSki and SiHa. This propensity for HeLLa cells to have
enhanced rates of acrobic glycolysis could significantly impact
the gradient of proliferating cells in the tumor microenviron-
ment. Another study by the same group found that under
hypoxic conditions, HPV-positive cells can undergo a revers-
ible state of dormancy and avoid senescence (38). This effect
could also contribute to variations in regions of proliferating
versus dormant cells, and impact the microenvironment at re-
gions of gradient transition within the tissue.

In addition to the effects observed from oncogenic expres-
sion, other work has evaluated the role of gap junction forma-
tion 1n cervical cancer progression. These studies revealed that
both HelLa and SiHa cells have negligible levels of Connexin 43
relative to CaSki cells, and therefore exhibit lower levels of gap
junction formation (22). This is in agreement with our current
and previous work, in which we observed that CaSki cells con-
sistently formed compact, dense spheroids that are less permis-
sive to NP transport (19). The dependency of pharmacokinetics
on tumor spheroid intercellular interactions and cell density
may also contribute to the increase in efficacy of MPG/PEG
co-treatment NPs in HelLa spheroids relative to SitHa and CaSki
spheroids. The more permeable nature of HelLa spheroids may
be favorable for both MPG and PEG surface-modified NPs to
more easily diffuse through the tissue. Alternatively, as in our
previous work (18,19), the different distribution profiles of MPG
and PEG NPs, may benefit from co-administration strategies
(here, MPG/PEG co-treatment) that target tumor cells in dif-
ferent tumor regions (MPG: periphery, PEG: core). In contrast,
the increased efficacy of unmodified NPs in SiHa spheroids and
PEG NPs in CaSki spheroids, relative to the co-treatment in the
less amorphous spheroids, suggests the advantage that modifi-
cation may offer in enabling the delivery of therapeutically ef-
fective levels of active agent in tumors of increasing variability
and unique microenvironment conditions.

Another aspect of NP efficacy that is often overlooked, is
the relationship between transport and NP association and
internalization at the target site. Thus, increased NP distribu-
tion and penetration into tumor tissue may not necessarily
correlate with improved efficacy (Table III). While it has been
previously established that Dox must be internalized to exert
therapeutic effect, NPs contribute an additional layer of com-
plexity (yet potential enhancement) to the delivery process. To
relate these properties, we assessed total NP association (bind-
ing and internalization) and internalization dependent on cell
and surface-modification type.

In HeLa spheroids, MPG NPs had the highest levels of cell
association (bound extracellularly as well as internalized, 6823
MTFT) relative to all other NP groups after 24 h administration,
with statistical significance observed relative to unmodified
and PEG NPs (Fig. 3). Although there was no statistical dif-
ference between NP groups for cell internalization (Fig. 3), the

association results suggest that MPG NPs may be interacting
with the extracellular components of the tumor periphery
where proliferating cells are present, while PEG NPs encoun-
ter fewer interactions with the tumor microenvironment and
diffuse more freely through the spheroid. This transport be-
havior, observed also in our previous work (19), may support
the increase in efficacy of the MPG/PEG co-treatment NPs
observed, particularly in more amorphously-shaped HeLa
spheroids.

In SiHa spheroids, there were no statistical differences be-
tween NP groups for cell association after 24 h. (Fig. 3).
Similarly, while all surface-modified NPs exhibited trends of
improved cell internalization in SiHa spheroids relative to
unmodified NPs, no statistical significance was observed (Fig.
3). Here, we hypothesize that even slight increases in cell as-
sociation, seen with unmodified NPs, may correlate with the
increase in therapeutic efficacy of unmodified NPs, relative to
surface-modified NPs in SiHa spheroids. These results sup-
port the idea that tumor distribution must be considered to
effectively deliver therapeutic levels of drug within the tumor
microenvironment.

In CaSki spheroids, the MPG/PEG co-treatment group
demonstrated higher cell association relative to all other NP
groups and higher levels of cell internalization relative to PEG
NPs (Fig. 3). Interestingly, the MPG/PEG co-treatment group
was the most efficacious in CiaSki monolayers (Figs. 4, 5 and 6,
Table II) but the least efficacious NP group in CaSki spher-
oids. These results substantiate previously observed trends
that the bulk of NP uptake occurs along the tumor periphery
(for hypovascularized lesions) and for tissue proximal to the
vasculature (for vascularized tumors). When delivering thera-
peutic agents, it is important to consider that an adequate
amount of NPs and associated therapeutic payload may not
be internalized in cells distal from the vascular supply. These
results are consistent with our previous experimental (39—41)
and computational modeling work (39,42—45).

While the effects of NP binding and penetration can be
observed in tumor spheroids, the significance of NP pene-
tration is even more pronounced for treatment in hypoxic
tumor conditions, where hypoxia is often associated with
elevated levels of chemoresistance (6). Our previous work
(46—48) has confirmed that spheroid growth impacts cell
proliferation, apoptosis, and necrotic/hypoxic core forma-
tion, consistent with previous studies (49). Moreover, these
studies have noted that the outer layer (width ~100um) is
mostly proliferative, the middle layer hypoxic, and the in-
ner core necrotic. These microstructural differences, in
which the inner tumor layer is comprised of hypoxic cells,
may contribute to decreased cell sensitivity to Dox, as hyp-
oxic cells would be quiescent and thus avoid damage by the
drug action during the cell cycle. Also, transient hypoxia
has been shown to activate and upregulate genes encoding
P-glycoprotein and dihydrofolate reductase, leading to
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resistance to drug substrates that are reliant on these mol-
ecules. In future, work, the impact of P-glycoprotein and
other cellular factors affecting drug efficacy will be quan-
tified by measuring these markers across different cancer
types, with the goal to provide insight into how drug resis-
tance may affect efficacy. Furthermore, tumor hypoxia has
been shown to disrupt protein folding in the endoplasmic
reticulum due to associated glucose deprivation (50-52).
This protein misfolding induces drug resistance to topo-
isomerase II-targeted drugs, such as Dox. In addition,
Dox is known to react in the presence of oxygen and re-
duce to a superoxide which contributes to cytotoxicity.
Within the hypoxic regions of the tumor, these effects
may be attenuated due to the decrease in free radical pro-
duction. To overcome an increased drug resistance due to
these phenomena, an effective delivery strategy would re-
quire NPs to adequately diffuse to tumor regions distal
from the vasculature and undergo subsequent cell internal-
ization. As the results here suggest, the ability of NPs to
deliver an adequate therapeutic payload to inner tumor
tissue 1s highly dependent on tumor cell type and NP sur-
face modification. These results highlight the variability
associated with treating cervical cancers of different disease
origins, suggesting that an effective drug delivery strategy
may be achieved by utilizing NP surface modification li-
gands tailored to the specific disease type. The observed
changes in NP efficacy and transport provide insight into
how NP delivery platforms can be designed and tailored
for improved personalized treatment strategies against
cancers with multiple disease etiologies.

CONCLUSION

This study utilizes both single and co-treatment surface-mod-
ified NP delivery strategies to assess the efficacy of the chemo-
therapeutic Dox against hypovascularized cervical tumors of
different disease origins. The results highlight the dependency
of therapeutic efficacy on tumor cell type and the associated
microenvironment. Longer term, this offers the possibility to
tailor NP-mediated delivery strategies to maximize therapeutic
efficacy based on patient-specific tumor tissue characteristics.
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