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Simple Summary: Epithelial Ovarian Cancer is considered to be a ‘silent killer” and a challenge
for gynaecological health across the world due to its asymptotic nature in the early stages, its
late-stage diagnosis, high recurrence rate and resistance to currently available treatment methods
(chemotherapy). These disheartening figures highlight the need for extensive in vitro studies to better
understand this disease. A number of in vitro 3D models are currently available to aid in the study of
ovarian cancer and its response to therapeutic methods. In this work, we report, for the first time, a
comprehensive comparative study of three widely used 3D in vitro models for ovarian cancer, along
with chemotherapy assessment of primary and metastatic cells. Our study highlights the importance
of selecting an appropriate 3D in vitro platform, which is based on multiple factors including the
origin of cells used, experimental time period and experimental design, even for one specific disease.

Abstract: Epithelial Ovarian Cancer (EOC) is a silent, deadly and aggressive gynaecological disease
with a relatively low survival rate. This has been attributed, to some extent, to EOC’s high recurrence
rate and resistance to currently available platinum-based chemotherapeutic treatment methods.
Multiple groups have studied and reported the effect of chemotherapeutic agents on various EOC 3D
in vitro models. However, there are very few studies wherein a direct comparative study has been
carried out between the different in vitro 3D models of EOC and the effect of chemotherapy within
them. Herein, we report, for the first time, a direct comprehensive systematic comparative study
of three different 3D in vitro platforms, namely (i) spheroids, (ii) synthetic PeptiGels/hydrogels of
various chemical configurations and (iii) polymeric scaffolds with coatings of various extracellular
matrices (ECMs) on the cell growth and response to the chemotherapeutic (Cisplatin) for ovary-
derived (A2780) and metastatic (SK-OV-3) EOC cell lines. We report that all three 3D models are
able to support the growth of EOC, but for different time periods (varying from 7 days to 4 weeks).
We have also reported that chemoresistance to Cisplatin, in vitro, observed especially for metastatic
EOC cells, is platform-dependent, in terms of both the structural and biochemical composition of the
model/platform. Our study highlights the importance of selecting an appropriate 3D platform for
in vitro tumour model development. We have demonstrated that the selection of the best platform
for producing in vitro tumour models depends on the cancer/cell type, the experimental time period
and the application for which the model is intended.
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1. Introduction

Epithelial Ovarian Cancer (EOC) is the seventh most common cancer amongst women
across the world and the third most common gynaecological cancer, ranked after cervical
and uterine [1]. Even with extensive advancements in the field of cancer diagnosis and
treatment, the 5-year survival rate of ovarian cancer is only around 30% [2] and it is the
most common cause of gynaecological cancer-related deaths worldwide [3,4]. The relatively
high mortality rate of ovarian cancer is attributed to its asymptotic nature, delayed onset
and recognition of symptoms, lack of proper screening, high recurrence rate along with
resistance to available chemotherapeutic methods of treatment [5,6]. The current gold
standard for EOC treatment involves ‘debulking’ via reductive surgery in combination
with the use of platinum-based chemotherapy involving chemotherapeutic agents such as
Cisplatin and Carboplatin [7-9]. However, it has been observed that over 80% of patients
have a relapse post chemotherapy, along with the development of a platinum-resistant
aggressive form of EOC, all of which can be attributed, to a large extent, to EOC’s complex
tumour microenvironment (TME) [10-13]. The latter is a cocktail of different cellular,
structural, biochemical (extracellular matrix (ECM) protein composition), biophysical and
biomechanical features, all of which interact in complex and sometimes unknown ways
with the tumour, leading to its progression, resistance to treatment and metastasis. Overall,
these disheartening data suggest that there is an unmet need for ex vivo models of EOC
in order to better understand the disease, EOC’s complex TME and its unique mode of
metastasis, as well as to predict patient-specific, personalised drug responses.

Similar to other cancers, traditionally, EOC studies including treatment screening are
carried out either in (i) 2D in vitro systems such as T-Flasks and petri dishes [14-18] or
(ii) in vivo, in animal models such as mice, rats and hens [19-21]. Firstly, 2D tumour models
are easy to use, reproducible and are generally responsive to most therapeutic methods [22-24].
However, they are unable to capture key properties of the in vivo TME, including cell—ell inter-
actions, cell-ECM interactions, structure, stiffness, spatial orientation and various environmental
gradients [25,26] that are typically formed in a 3D tumour during growth and progression.
In vivo animal models are currently considered to be the gold standard for therapeutic assess-
ment, as they are more realistic in terms of capturing the in vivo organ complexity in comparison
to 2D systems [27-30]. However, these models are expensive, difficult to reproduce and time-
consuming. Additionally, there is evidence suggesting that they undergo genetic changes that
differ from the evolutionary course of human diseases, raising further concern regarding their
validity as models for personalised treatment [31-34].

Thus, 3D in vitro models are slowly emerging to tide over these issues associated with
2D as well as animal models. To date, 3D models used for ovarian cancer in vitro research
include (i) cell spheroids, (ii) hydrogels and (iii) natural or synthetic biomaterial-based
polymeric scaffolds. Spheroids are the most commonly used 3D in vitro models for ovarian
cancer [24,35-42]. The earliest known spheroid model of EOC was reported in 1995 by
Griffon et al. [43], wherein they developed cellular aggregates/spheroids from patient
samples and exposed them to photon radiation (0-8 Gy), followed by analysis after 7 days
post-treatment. They reported that the effect of radiation on the spheroids was dependent
on the spheroids’ size and proposed that spheroids are able to mimic the patient-specific
radio-response to a large extent [43]. Since then, many groups have reported the feasibility
of using EOC spheroids developed via different methods of fabrication, as suitable 3D
models for obtaining an understanding of EOC and for predicting therapeutic outcomes
in vitro [35-38,40,41,44-49]. In general, these therapeutic assessment studies report observ-
ing higher chemoresistance in spheroid models in comparison to 2D monolayer models for
different established cell lines as well as patient samples. For example, recently, Gunay et al.
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(2020), in their comparative study between OVCAR-3 and OVCAR-8 cell lines, reported
that different cell lines have different responses to Taxol and Cisplatin [44]. Similarly,
Raghavan et al. (2017) reported that different patient samples responded differently to the
chemotherapeutic treatment in spheroid-based 3D models, highlighting the feasibility of
using the model for the personalised screening of therapy [35]. An extensive comparison
of 3D spheroid models using 16 different commercially available EOC cell lines was carried
out by Heredia-Soto et al. (2018). Similarly to other groups, they reported that 3D models
for the different cell lines showed higher resistance to Cisplatin treatment in comparison
to 2D monolayer models [38]. The study also reported that, for most cell lines, there was
increased expression of master EMT regulators in 3D models in comparison to 2D, showing
the advantage of 3D models in capturing the biochemical 3D features of the EOC TME.

Although simple cell-based spheroids are proven to be feasible models for therapeu-
tic assessment and very promising tools especially for fast drug screening, they come
with certain inherent constraints, including limited culture time; the formation of unre-
alistically high gradients of nutrients and oxygen, which can lead to the formation of
extreme/extended necrotic cores at the spheroid centre; a lack of robust ECM mimicry and
a lack of spatial architecture and structural orientation [26,32,50,51]. However, 3D models
based on hydrogels and polymeric scaffolds can solve some of the issues associated with
simple cell-based spheroid models. More specifically, they can sustain a longer culture
period (several weeks), they enable better diffusion of biochemical reagents and they allow
for the presence of specific ECM proteins, spatial orientation and a relatively defined and
tuneable architecture [50,51]. Several groups have developed and used both natural and
synthetic material-based hydrogels as 3D models of EOC for the purpose of therapeutic
assessment [52—62]. For example, Yang and Zhao (2011) carried out a comparative study
between a collagen I hydrogel and a RADA16-I peptide hydrogel with different cell lines
(A2780, A2780/DDP and SK-OV-3) using three different chemotherapeutic agents (5-FU,
Paclitaxel and curcumin). They reported that synthetic hydrogels with RADA16-I peptide
were able to maintain all three cell lines in culture and, similarly to spheroids, hydrogel-
based 3D models of EOC showed approximately 2- to 5-fold higher chemoresistance in
comparison to 2D monoculture [53]. Liu et al. (2018) reported the growth of patient-
derived platinum-sensitive and platinum-resistant cell lines within a collagen I hydrogel,
for 7 days, wherein they observed the overexpression of mesenchymal markers (N-cadherin,
vimentin and fibronectin) and transcriptional factors (snail and slug) along with higher
chemoresistance in comparison to 2D monolayer systems [61]. Chen et al. (2014) used
a commercially available Basement Membrane Extract (BME) hydrogel to compare the
characteristics of a CD44* /CD117* double-positive EOC cancer stem cell (CSC) population
between 3D (the hydrogel) and a 2D culture system [59]. They attributed the increased
chemoresistance of the CSC population in the 3D hydrogel to the increased expression of
ABCG2, ABCB1, MMP-2 and MMP-9 as compared to 2D. The longest study for EOC using
hydrogels as 3D models was conducted by Loessner et al. (2010), wherein EOC cell lines
OV-MZ-6 and SK-OV-3 were cultured in PEG hydrogels biofunctionalised with RGD, GIn
and MMP-sensitive sites for 14 days, followed by treatment using Paclitaxel and 7-day
post-treatment analysis [58].

Currently, there are very few reported studies wherein polymeric scaffolds have been
used for the development of ovarian cancer 3D models [63-66]. However, to the best of our
knowledge, there are currently no reported studies wherein polymeric scaffold-based 3D
models of EOC have been used for therapeutic assessment. Girard et al. (2013) developed a
nanofibrous polymeric scaffold composed of PLGA and mPEG-PLA polymers (3P scaffold),
via electrospinning, to culture BG-1 ovarian cancer cell lines for up to 5 days, wherein
the EOC cells were shown to be growing as cell aggregates [63]. Ul-Islam et al. (2019)
developed a 3D model of EOC using A-2780 ovarian cancer cell lines and a chitosan and
bacterial cellulose-based polymeric scaffold and maintained it for 7 days [65].

In addition to these static monocellular models of EOC (containing cancer cells only),
efforts have also been made to study the effect of shear stress and fluid flow, as well
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as the presence of other stromal cells, e.g., mesothelial cells and adipocytes, in EOC
3D models [62,66-73].

Despite extensive advancement in the field of EOC in vitro 3D models, there are very
few publications available for a direct comparative study between the various types of
in vitro 3D models, i.e., simple cell spheroids vs. hydrogels vs. polymeric scaffolds, and
most of them compare either different types of hydrogels or spheroid models prepared
via different fabrication methods [52,74]. For example, Zheng et al. (2014), carried out
a comparative study between hydrogels from collagen I, Matrigel, alginate and agarose
using SK-OV-3 cell lines, injected in vivo in a nude mice model for a period of 4 weeks [52].
They reported that tumour formation by SK-OV-3 cells was best supported by collagen,
followed by Matrigel, alginate, control (cell suspension only) and agarose in vivo, along
with increased MMP activity and upregulated expression of laminin, fibronectin, HIF-1c
and VEGF-A in collagen I hydrogels. They concluded that the bioactive and biomimetic
hydrogels were superior to ‘inert” (i.e., lacking in native ligands that allow mammalian
cells to attach) hydrogels at promoting tumour regeneration/growth. A comparative study
between different fabrication methods for spheroid formation (polydimethylsiloxane-based
microfluidic chips, ultra-low-attachment plates and hanging drop method) and their effect
on drug sensitivity for carboplatin was carried out by Patra et al. (2020), wherein they
highlighted the challenges of choosing appropriate preclinical models for drug testing [74].

In this current study, we have taken a step further to systematically compare the
chemotherapeutic (Cisplatin) response (cell viability and apoptosis analysis) between
spheroid, hydrogel and polymeric scaffold-based 3D in vitro models of epithelial ovarian
cancer. For such a comparative study, we have used two different cell lines, namely
(i) A2780, which is derived from the ovary (primary tumour), and (ii) SK-OV-3, which is
derived from the ascites fluid (metastatic site), to identify the impact of cell origin on the
growth and drug response in various 3D systems.

2. Materials and Methods
2.1. Cell Culture

Human Epithelial Ovarian Cancer (EOC) cell lines A2780 (Merck, Gillingham, UK)
and SK-OV-3 (HTB 77, ATCC, Teddington, UK) were cultured in RPMI-1640 (Thermo Fisher
Scientific, Loughborough, UK) and McCoy’s 5a (Thermo Fisher Scientific, Loughborough,
UK) media, respectively, supplemented with 10% Foetal Bovine Serum (FBS, Thermo Fisher
Scientific, Loughborough, UK), 2 mM glutamine (Merck, Gillingham, UK) and 1% antibiotic—
antimycotic (Thermo Fisher Scientific, Loughborough, UK) in a humidified incubator at
37 °C and 5% CO,. Both cell lines were passaged regularly upon reaching 75-80%
confluency with Typle E (Thermo Fisher Scientific, Loughborough, UK) till the required
cell densities were obtained. The two cell lines were selected to reflect two different stages
of ovarian cancer. A 2780 cell line was derived from the ovarian tumour of an untreated
patient while SK-OV-3 was derived from the ascites fluid post-metastasis.

2.2. 3D Cell Culture and Chemotherapeutic Treatment on Polymeric Scaffolds

Polyurethane (PU) polymeric scaffolds were prepared via the Thermal-Induced Phase
Separation (TIPS) method, sterilised and coated (surface modified with physisorption)
with the ECM proteins fibronectin and collagen I, as previously described [75-77]. Both
proteins are important elements of the EOC TME [78,79]. The scaffolds were highly porous
(85% porosity) and they were microporous, with interconnected pores with an average
pore diameter of 100-150 um. A2780 and SK-OV-3 cell lines were seeded in the scaffolds
(5 x 5 x 5mm?) at a seeding density of 0.5 x 10° cells/scaffold and cultured for 28 days.
Post 28 days (4 weeks) of culture, the chemotherapeutic agent Cisplatin (Merck, Gillingham,
UK) was added to the culture at a concentration of 50 uM for 1 feeding cycle (48 h) and
removed thereafter. The concentration of Cisplatin was selected based on published ICsq
data for A2780 and SK-OV-3 in 3D spheroids [38]. The scaffolds were then characterised
24 h post-treatment with sectioning, staining, microscopy and image analysis.
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2.3. 3D Cell Culture and Chemotherapeutic Treatment on Synthetic Hydrogels

Synthetic PeptiGels (Manchester BIOGEL, Manchester, UK) were also used for our
study with A2780 and SK-OV-3 cells. An initial fast screening was carried out between 4
different hydrogels of different stiffness and charge: «1 (5 kPa, neutral charge), 2 (10 kPa,
medium charge), o3 (5 kPa, low charge) and o4 (1 kPa, high charge) [60,80]. Based on this
preliminary screening (data not shown), the a4 PeptiGel was selected for further long-term
studies as it led to optimal cell proliferation and longer hydrogel chemical stability. In order
to incorporate ECM mimicry, o4 hydrogel conjugated with RGD (cell binding sequence
found in fibronectin) and GFOGER (integrin binding site withing collagen I) were also
used. The incorporation of these ECM protein conjugates enabled a more biomimetic
synthetic system and also allowed us to compare the hydrogels with our protein-coated
PU scaffolds (see Section 2.4 below). PeptiGels were used as per manufacturer’s instruc-
tions. Briefly, both A2780 and SK-OV-3 cells were encapsulated via physical mixing of
100 puL of cell suspension into 1 mL of hydrogel, providing a final cell concentration of
0.5 x 10° cells/mL. Thereafter, cells were mixed to ensure a homogeneous solution.
Aliquots of 200 pL of hydrogels with cells were pipetted into 24-well cell culture inserts
with 1 mL of cell culture media added to each well and 200 uL on top of each gel within the
inserts. Thereafter, the cell culture plates were incubated at 37 °C and 5%CO,. Cell culture
medium was changed every 20 min for the first hour to calibrate the hydrogel to neutral pH
and every 2 days thereafter and cultured for a period of 3 weeks. Post 3 weeks of culture,
the chemotherapeutic agent Cisplatin (Merck, Gillingham, UK) was added to the culture
at a concentration of 50 uM for 1 feeding cycle (48 h) and removed thereafter. Hydrogels
were then assessed 24 h post-treatment via staining, microscopy and image analysis (see
following sections).

2.4. 3D Cell Culture and Chemotherapeutic Treatment on Cellular Spheroids

Spheroids of A2780 and SK-OV-3 cell lines were fabricated using specialised 96-well
round-bottom plates, provided by faCellitate (Manheim, Germany). More specifically, to
fabricate the spheroids, 200 uL of cell suspension containing 25,000 cells was seeded in
each well and cultured for 1 week with media change every 2 days. Post 1 week of culture,
chemotherapeutic agent Cisplatin (Merck, Gillingham, UK) was added to the culture at a
concentration of 50 uM for 1 feeding cycle (48 h) and removed thereafter. Spheroids were
then assessed 24 h post-treatment via staining, microscopy and image analysis (Cytation 5,
BioTek, Agilent Technologies, Stockport, UK).

2.5. Spatial Evaluation of Live and Dead Cells via Imaging

To visualise the spatial distribution of live and dead cells pre- and post-treatment,
model-specific methods were used. More specifically, PU scaffolds were collected at
appropriate time points, snap-frozen in liquid nitrogen for 15 min and then preserved
at —80 °C for further analysis, as previously described [75-77]. This method has been
widely used in the field of tissue engineering for sample preservation without harming
the cells [81-83]. Prior to analysis, scaffolds were sectioned and washed twice with PBS.
For live/dead cell analysis, a Live/Dead Viability / Cytotoxicity Kit was used (Molecular
Probes, Thermo Scientific, Loughborough, UK). Scaffold sections were stained with 2 uM of
Calcein-AM (4 mM stock) and 4 uM of ethidium homodimer (2 mM stock) and were then
incubated at 37 °C for 1 h. The solution was then removed, and the samples were washed
twice in PBS, followed by imaging using a Nikon Ti-Eclipse inverted confocal microscope
(Nikon Instruments, Surbiton, UK).

PeptiGels and spheroids were stained and imaged live at appropriate time points.
Unlike the PU polymeric scaffolds, snap-freezing the spheroids and the hydrogels was
not feasible as this process would have destroyed their native structure. Hydrogels and
spheroids were stained with 2 pM of calcein-AM (4 mM stock) and 4 uM of ethidium
homodimer (2 mM stock) and were incubated at 37 °C for 2 h for proper penetration of the
dyes. The solution was then removed, and the samples were washed twice in PBS followed
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by imaging. PeptiGels were imaged whole using a Nikon Ti-Eclipse inverted confocal
microscope (Nikon Instruments, Surbiton, UK). Spheroids were imaged using Cytation 5
Cell Imaging Reader (BioTek, Agilent Technologies, Stockport, UK).

2.6. Spatial Evaluation of Apoptotic Cells (Caspase 3/7 Activity) via Imaging

The caspase 3/7 activity was visualised and quantified in situ to assess the induction
of cellular apoptosis after different treatments. As described in Section 2.5, model-specific
methods were used to stain and image the different 3D models. Post processing the different
3D models similarly to Section 2.5, samples were incubated in culture medium containing
(i) the Cell Event Caspase-3/7 green detection reagent (Fisher Scientific, Loughborough,
UK) and (ii) DAPI, 1:200 (Fisher Scientific, Loughborough, UK) for 1 h (PU scaffolds) and
2 h (PeptiGels and spheroids) at 37 °C. The presence of caspase 3/7 positive cells (green)
was immediately evaluated with a Nikon Ti-Eclipse inverted confocal microscope (Nikon
Instruments, Surbiton, UK) for PU scaffolds and PeptiGels. Spheroids were imaged using
Cytation 5 Cell Imaging Reader (Biotek, Agilent Technologies, Stockport, UK).

2.7. Advanced Microscopy Imaging

Immunofluorescent samples of PU scaffolds and PeptiGels (prepared as described in
Sections 2.5 and 2.6 above) were imaged on a Nikon Ti-Eclipse inverted confocal microscope
(Nikon Instruments, Surbiton, UK) and processed with the NIS-Elements software, using
405, 488 and 561 nm lasers for DAPI (blue), green fluorescence (calcein and caspase 3/7) and
ethidium homodimer (red) staining, respectively. Confocal images were captured using a
10x objective and a 5-10 um Z-stack distance. The same acquisition conditions were used
for the positive controls. Cytation 5 Cell imaging Reader (BioTek, Agilent Technologies,
Stockport, UK) was used with similar lasers and 10 x magnification with Z-stacking and
montage creation to image the spheroid models, using 405, 488 and 561 nm lasers for
DAPI (blue), green fluorescence (calcein and caspase 3/7) and ethidium homodimer (red)
staining, respectively. Imaging was carried out using 10 x objective along with Z-stack and
the Montage feature of the instrument in order to image the complete spheroid construct.

Multiple samples as well as multiple areas and multiple sections per sample were
imaged for all models under study to ensure reproducibility. Representative images are
presented in this manuscript.

2.8. Image Analysis and Quantification

Image-based quantification was carried out in a model-specific manner. Within
PU scaffolds and PeptiGels, for the quantitative evaluation of (i) live (green) and dead
(red) populations, as well as (ii) caspase-positive/apoptotic (green) and non-apoptotic
(blue) populations of each image, the percentage of green vs. red (live/dead) or green
vs. blue (caspase-positive/caspase-negative) areas of each image was calculated using
Image J® software (Wayne Rasband, NIH, Bethesda, MD, USA). The particle analyser macro
(Image ]®, Wayne Rasband, NIH, Bethesda, MD, USA) was used in each individual chan-
nel (green or read for live/dead and green or blue for caspase 3/7-DAPI, respectively).
Multiple samples (n > 3) were imaged and analysed for statistical relevance.

In the spheroid model, the average mean grey values for calcein (Live-Dead) and
caspase 3/7 (apoptotic) were calculated using the particle measure macro in Image J®
software (Wayne Rasband, NIH, Bethesda, MD, USA). Multiple samples (1 > 3) were
imaged and analysed for statistical relevance.

2.9. Statistical Analysis

Statistical analysis was performed for at least 3 independent experiments with at least
3 replicates per time point (n > 3, n > 3). Analysis of variance (one-way ANOVA) followed
by the Bonferroni’s multiple comparison test or T-Test (depending on sample) using the
GraphPad Prism® software (version 8.00 for Windows) were carried out depending on sam-
ples, in order to find statistically significant differences between data (p < 0.05). Untreated
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samples were considered as controls in all cases. The error bars in the graphs represent the
standard error of mean.

3. Results
3.1. Assessment of the Impact of the Chemotherapeutic Cisplatin on EOC Cells in a 3D
Spheroid Model

As mentioned before, spheroids are the first in vitro 3D culture system established in
tissue engineering and they have been extensively used for the therapeutic assessment of
EOC [35,43,44]. In this study, Cisplatin, a widely used chemotherapeutic agent for EOC [35,44],
was introduced to the culture medium for both A2780 and SK-OV-3 EOC spheroids on day 7
of culture [40,44] at a concentration of 50 uM for 48 h [38] (Section 2.4). Thereafter, Cisplatin-
containing medium was replaced with fresh medium and the spheroids were maintained for
24 h, followed by post-treatment analysis of viability and apoptosis. More specifically, spheroid
staining, imaging and image processing were carried out as described in Sections 2.5-2.8, for
spatial assessment and the quantification of the impact of Cisplatin on the cell viability and cell
apoptosis for A2780 and SK-OV-3 spheroids (Figures 1 and 2). A2780 spheroids were larger in
size (2194 &+ 130 um) in comparison to SK-OV-3 spheroids (1305 & 203 um). Post treatment
with Cisplatin, aggregate loosing was observed for both cell lines, with a resulting increase in
spheroid mean diameter (A2780 = 2477 £ 168 pm; SK-OV-3 = 2093 £ 37 um).

A2780 SK-OV-3 E

:

g

g

g
8

CONTROL

Mean Grey Value for
Calcein +ve Cell Population

:

g
g

g
8

TREATED

Mean Grey Value for
Calcein +ve Cell Population

Figure 1. Effect of the chemotherapeutic Cisplatin on the viability EOC spheroids 24 h post-treatment
(A-D): Representative images for live-dead (green—red) staining for untreated (control) and Cisplatin-
treated A2780 and SK-OV-3 spheroids. (E) Image analysis-based quantification of live (green) image
areas for A2780-treated and untreated spheroids. (F) Image analysis-based quantification of live
(green) image areas for SK-OV-3-treated and untreated spheroids. Scale bar = 200 pm. Quantitative
data represent mean + SEM for multiple images (>3) and multiple spheroids (>3). ** p < 0.01.

Figure 1A-D show representative images for live-dead staining for A2780 and SK-OV-3
spheroids, for both Cisplatin-treated and untreated (control) spheroids. Figure 1E,F show the
equivalent quantification of the percentage of live areas from image-based analysis.

As can be seen in Figure 1, 24 h post Cisplatin treatment, A2780 spheroids show
a statistically significant decrease in cell viability as compared to untreated spheroids
(Figure 1A,B,E). In contrast, no significant cell death was observed for SK-OV-3 cell lines
24 h post-treatment. This suggests that 50 uM of Cisplatin had an immediate and extremely
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damaging effect on A2780 spheroids, while its effect on SK-OV-3 viability in spheroids was

much less, indicating some degree of resistance to Cisplatin.
*k%k
| —
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€L
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T
Spheroid Control  Spheroid Cis

Mean Grey Value for
Caspase 3/7 +ve Cell Population

Figure 2. Effect of the chemotherapeutic Cisplatin on the apoptosis of EOC spheroids 24 h post-
treatment (A-D): Representative images for caspase 3/7 (apoptosis)-DAPI (green-blue) staining for
untreated (control) and Cisplatin-treated A2780 and SK-OV-3 spheroids. (E) Image analysis-based
quantification of apoptotic (green) image areas for A2780-treated and untreated spheroids. (F) Image
analysis-based quantification of apoptotic (green) image areas for SK-OV-3-treated and untreated
spheroids. Scale bar = 200 pm. Quantitative data represent mean + SEM for multiple images (>3)
and multiple spheroids (>3). *** p < 0.001.

In terms of apoptosis induction, we noticed a high amount of caspase 3/7 positive
(apoptotic) cells present even in the untreated spheroids for both the cell lines, with A2780
control spheroids having a significantly higher apoptotic cell number in comparison to
the Cisplatin-treated samples (Figure 2A,B,E). For SK-OV-3, both treated and untreated
spheroids showed a high amount of apoptotic cells (Figure 2C,D,F). This suggests that both
EOC cell lines had started undergoing programmed cell death post 10 days of culture in
a spheroid-based culture, most likely due to diffusional and spatial limitations that are
inherent to this 3D culture method.

3.2. Assessment of the Impact of the Chemotherapeutic Cisplatin on EOC Cells in a Synthetic
Peptide Hydrogel 3D Model

As mentioned in Section 2.3, peptide-based synthetic hydrogels were used for long-
term culture (3 weeks) and Cisplatin chemotherapeutic assessment of A2780 and SK-OV-3
ovarian cancer cell lines. At the first stage, a preliminary screening was carried out to
compare between hydrogels and different stiffness and charge combinations, and o4
PeptiGel was selected for long-term study as it was the hydrogel supporting the best
viability and hydrogel stability for the timeframe of our experiments, i.e., 3 weeks (see
also Section 2.3). As described in Section 2.3, in order to incorporate ECM mimicry, which
has a crucial effect on cancer development and treatment response [84-86], ECM matrix-
conjugated o4 PeptiGels were also tested. More specifically, RGD- and GFOGER-conjugated
hydrogels were tested, mimicking fibronectin and collagen, respectively. Cisplatin was
introduced to the culture medium for both A2780 and SK-OV-3 hydrogels at 3 weeks [58]
of culture and at a concentration of 50 pM for 48 h [38] (Section 2.3). Thereafter, Cisplatin-



Cancers 2022, 14, 1274

9o0f23

containing medium was replaced with fresh medium and the hydrogels were maintained
in culture for 24 h followed by post-treatment analysis.

Figures 3—-6 show image-based spatial assessment and quantification of the impact of
Cisplatin on cell viability and apoptosis induction for A2780 and SK-OV-3 hydrogels of all
three configurations. More specifically, Figures 3A and 4A show representative images of
live-dead staining for A2780- and SK-OV-3-treated and untreated PeptiGels, respectively,
while Figures 3B and 4B show the equivalent quantification (% live areas) from image-based
analysis. As observed in Figures 3 and 4, both A 2780 and SK-OV-3 cells were able to attach
and proliferate for all three PeptiGel configurations, i.e., a4, a4 + RGD, o4 + GFOGER.
However, post Cisplatin treatment, we observed differences in cell viability between the
two cell lines. More specifically, a significant loss of cell viability was observed in all three
hydrogel configurations for A2780 cells 24 h post-treatment (Figure 3). In contrast, for
SK-OV-3, only cells in the o4 hydrogel (without ECM inspired conjugated motifs) showed
a significant decrease in cell viability, while SK-OV-3 cells cultured within the biomimetic
hydrogels (04 + RGD and «4 + GFOGER) did not show any significant decrease in cell
viability in Cisplatin-treated PeptiGels as compared to untreated controls (Figure 4).

Analysis of the apoptotic marker caspase 3/7, for both cell lines, in the hydrogels
shows a similar trend (Figures 5 and 6). More specifically, for both A2780 and SK-OV-3 cells,
an increase in the number of apoptotic cells post Cisplatin treatment was observed in all
three hydrogel configurations, but SK-OV-3 had overall less apoptotic cells/less induction of
apoptosis in comparison to A2780 for all three hydrogel configurations (Figures 5B and 6B).
Taken together, these data suggest that the metastatic cell line SK-OV-3 shows some degree
of resistance to Cisplatin treatment in synthetic PeptiGels and that the chemoresistance is
substantially increased in the presence of an ECM-inspired peptide conjugation within the
hydrogels (Figure 6). In contrast, no such peptide-related Cisplatin resistance is observed
for A2780 cells in the PeptiGels (Figure 5).

A
ALPHA 4 ALPHA 4 +RGD ALPHA 4 +GFOGER

CONTROL

TREATED

Figure 3. Cont.
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Figure 3. Effect of the chemotherapeutic Cisplatin on the viability of A2780 EOC cells grown in
different synthetic PeptiGels, 24 h post-treatment (A): Representative images for live-dead (green—
red) staining for both treated and untreated (control) A2780 PeptiGels. (B) Image analysis-based
quantification of live (green) image areas for A2780 cells grown in the peptides. Scale bar = 200 pm.
Quantitative data represent mean + SEM for multiple images (>3) and multiple hydrogels (>3).
#**p < 0.001, **** p < 0.0001.
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Figure 4. Effect of the chemotherapeutic Cisplatin on the viability of SK-OV-3 EOC cells grown in
different PeptiGels, 24 h post-treatment (A): Representative images for live-dead (green—red) staining
for both treated and untreated (control) SK-OV-3 PeptiGels. (B) Image analysis-based quantification
of live (green) image areas for SK-OV-3 cells grown in the PeptiGels. Scale bar = 200 um. Quantitative
data represent mean £+ SEM for multiple images (>3) and multiple hydrogels (>3). * p < 0.05,
**p <0.01, **p <0.001.
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3.3. Assessment of the Impact of the Chemotherapeutic Cisplatin on EOC Cells in an ECM
Protein-Coated PU Polymeric Scaffold 3D Model

As previously mentioned, fibronectin- and collagen I-coated polymeric (PU) scaffolds
were used for the development and maintenance of long-term (4 weeks) 3D in vitro models
of EOC (using A2780 and SK-OV-3 cells). Cisplatin was introduced to the culture medium
for both A2780 and SK-OV-3 cell lines 4 weeks into culture at a concentration of 50 uM
for 48 h (Section 2.1). Thereafter, similarly to the spheroid (Section 3.1) and PeptiGel
(Section 3.2) 3D models, Cisplatin-containing medium was replaced with fresh medium
and the polymeric scaffolds were maintained in culture for 24 h, followed by post-treatment
analysis of both Cisplatin-treated and untreated A2780 and SK-OV-3 scaffolds of various
ECM coatings.
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Figure 5. Effect of the chemotherapeutic Cisplatin on the apoptosis of A2780 EOC cells grown in different
PeptiGels, 24 h post-treatment (A): Representative images for caspase 3/7 (apoptosis)-DAPI (green-blue)
staining for both treated and untreated (control) A2780 PeptiGels. (B) Image analysis-based quantification
of apoptotic (green) image areas for A2780 cells grown in the PeptiGels. Scale bar = 200 um. Quantitative
data represent mean £+ SEM for multiple images (>3) and multiple hydrogels (>3). * p < 0.05.
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Figure 6. Effect of the chemotherapeutic Cisplatin on the apoptosis of SK-OV-3 EOC cells grown in
different PeptiGels, 24 h post-treatment (A): Representative images for caspase 3/7 (apoptosis)-DAPI
(green—blue) staining for both treated and untreated (control) SK-OV-3 PeptiGels. (B) Image analysis-
based quantification of apoptotic (green) image areas for SK-OV-3 cells grown in the PeptiGels.
Scale bar = 200 pm. Quantitative data represent mean + SEM for multiple images (>3) and multiple
hydrogels (>3). * p < 0.05.

Figures 7-10 show image-based spatial assessment and quantification of the impact of
Cisplatin on the cell viability and apoptosis induction for A2780 and SK-OV-3 cells within
fibronectin- and collagen I-coated PU scaffolds. More specifically, Figures 7A and 8A show
representative images of live-dead analysis/staining for A2780 and SK-OV-3 scaffolds,
respectively. Figures 7B,C and 8B,C show the equivalent quantification of the % of live cell
population from image-based analysis on collagen I- and fibronectin-coated scaffolds for
A2780 and SK-OV-3, respectively. As observed, PU-based scaffolds were able to maintain
a long-term (4 weeks) viable culture for both A2780 and SK-OV-3 cells. Post application
of Cisplatin, i.e., 24 h post-treatment, a significant decrease in cell viability was observed
for both cell lines, irrespective of the coating (fibronectin or collagen I) of the PU scaffolds
(Figures 7B,C and 8B,C).
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Figure 7. Effect of the chemotherapeutic Cisplatin on the viability of A2780 EOC cells grown in PU
scaffolds of various protein coatings, 24 h post-treatment (A): Representative images for live-dead
(green—red) staining in collagen I- and fibronectin-coated treated and untreated (control) A2780
polymeric scaffolds. (B) Image analysis-based quantification of live (green) image areas for A2780
cells grown in collagen I and fibronectin coated polymeric scaffolds. Scale bar = 200 um. Quantitative
data represent mean + SEM for multiple images (>3) and multiple scaffolds (>3). **** p < 0.0001.

Further to cell viability, the induction of cellular apoptosis post Cisplatin treatment
in the PU scaffolds was also assessed via caspase 3/7 staining. Figures 9 and 10 show
representative images and image-based quantification of apoptosis for Cisplatin-treated
and untreated (control) scaffolds for both A2780 and SK-OV-3 cells and both scaffold
coatings, i.e., collagen I and fibronectin coating. It was observed that both cell lines
showed an increase in the number of apoptotic cells within the scaffolds post Cisplatin
treatment. Furthermore, both A2780 and SK-OV-3 showed significantly higher cellular
apoptosis in fibronectin-coated scaffolds post-Cisplatin treatment (Figures 9C and 10C). No
significant chemoresistance was observed for either of the cell lines within the PU scaffolds,
irrespective of the ECM scaffold coating.
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Figure 8. Effect of the chemotherapeutic Cisplatin on the viability of SK-OV-3 EOC cells grown in PU
scaffolds of various protein coatings, 24 h post-treatment (A): Representative images for live-dead (green—
red) staining in collagen I- and fibronectin-coated treated and untreated (control) SK-OV-3 polymeric
scaffolds. (B) Image analysis-based quantification of live (green) image areas for SK-OV-3 cells grown in
collagen I and fibronectin coated polymeric scaffolds. Scale bar = 200 um. Quantitative data represent
mean + SEM for multiple images (>3) and multiple scaffolds (>3). ** p < 0.01, *** p < 0.0001.
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Figure 9. Effect of the chemotherapeutic Cisplatin on the apoptosis A2780 cells grown in PU scaffolds of
various protein coatings, 24 h post-treatment (A): Representative images for caspase 3/7 (apoptosis)-DAPI
(green-blue) staining in collagen I- and fibronectin-coated treated and untreated (control) A2780 polymeric
scaffolds (B) Image analysis-based quantification of apoptotic (green) image areas for A2780 cells grown in
collagen I and fibronectin coated polymeric scaffolds. Scale bar = 200 um. Quantitative data represent
mean + SEM for multiple images (>3) and multiple scaffolds (>3). * p < 0.05.
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Figure 10. Effect of the chemotherapeutic Cisplatin on the apoptosis of SK-OV-3 cells grown in PU
scaffolds of various protein coatings, 24 h post-treatment (A): Representative images for caspase 3/7
(apoptosis)-DAPI (green-blue) staining in collagen I- and fibronectin-coated treated and untreated
(control) SK-OV-3 polymeric scaffolds. (B) Image analysis-based quantification of apoptotic (green)
image areas for SK-OV-3 cells grown in collagen I and fibronectin coated polymeric scaffolds. Scale
bar = 200 um. Quantitative data represent mean + SEM for multiple images (>3) and multiple
scaffolds (>3). * p < 0.05.

4. Discussion

In this work, we have carried out a systematic comparative study to assess the
effect of the type of 3D in vitro model/platform on the response of primary and epithe-
lial ovarian cancer cells to the application of chemotherapy (Cisplatin). The 3D models
used for this study were (i) simple cell spheroids, (ii) synthetic hydrogels/PeptiGels and
(iii) polymeric scaffolds. Two different cell lines were used to assess the effect of the ‘site of
cell line origin’, i.e., A2780, which is derived from the ovary (primary site), and SK-OV-3,
which is derived from the ascites fluid (metastatic site). Due to the inherent structural
differences between the three 3D models, they can be maintained in culture for different
time periods. For example, the average time for which spheroids have been maintained
in culture is between 6 and 12 days for EOC [35,43,44], while, for hydrogels, it is between
5 and 21 days [53,56,58,61]. There are currently very few studies involving polymeric
scaffolds (PLGA-mPEG-PLA, bacterial cellulose—chitosan) and EOC and the average cul-
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ture duration in these publications was 5-8 days only [63,65,66]. Based on these data,
in our systematic study/comparison of different EOC 3D models, we selected different
time points for the application of the chemotherapeutic agent Cisplatin. More specifically,
Cisplatin was added to spheroids 7 days into culture, while, for hydrogels, it was added
21 days into the culture. Although not with EOC, our group has previously demonstrated
that polymeric polyurethane (PU)-based scaffolds are able to support the long-term culture
(4-5 weeks) of other cancer cells, including pancreatic cancer and melanoma, along with
successful therapeutic assessment [75-77,87,88]. Hence, for the PU scaffold-based EOC
model, Cisplatin was introduced at the end of 28 days in culture. Currently, there are very
few studies where a comparative evaluation of different 3D in vitro models has been carried
out for EOC, and they are restricted to comparing either different fabrication methods of
the same 3D model, e.g., hanging drop or ultra-low plate for spheroids [74], or different
materials such as collagen and alginate for the synthesis of hydrogels [52]. To the best of our
knowledge, there are currently no reported studies that compare completely different types
of 3D in vitro models for EOC and, with our current study, we are addressing this gap.

4.1. Spheroid EOC Model

As described in Section 2.2 (Methods and Materials), A2780 and SK-OV-3 spheroids
were prepared using specialised round-bottom plates and maintained in culture for 7 days,
followed by 48 h of Cisplatin (50 uM) treatment and analysis, i.e., viability and apoptosis
(live—dead, caspase 3/7) 24 h post-treatment. For both cell lines, we observed morpho-
logical differences between untreated controls and Cisplatin-treated spheroids, with the
Cisplatin-treated aggregates being less compact than the control spheroids (Figures 1 and 2).
This is similar to observations made by Gunay et al. (2020), wherein they reported that
the addition of Cisplatin at a concentration of 100 uM disrupted the morphology of EOC
spheroids for OVCAR- 3 and OVCAR-8 cell lines [3]. Through live-dead and caspase
3/7 staining, along with image-based quantification (Figures 1 and 2), we observed a
cell line-dependent response to the application of Cisplatin within our spheroids. More
specifically, A2780 cells that originated from the ovary showed higher cell death 24 h
post-chemotherapy in comparison to SK-OV-3 cells, which are ascites-derived (metastatic)
(Figure 1). This suggested that SK-OV-3 were more resistant to Cisplatin in comparison
to A2780 within our spheroid system. Such a cell line-dependent response for EOC to
chemotherapeutic agents including Cisplatin has also been reported by other groups, in-
cluding Raghavan et al. (2015) and Heredia-Soto et al. (2018) [38,40]. We also observed a
certain degree of diffusion limitation within our spheroid models for calcein—ethidium ho-
modimer as well as DAPI-caspase, especially for the compact untreated (control) spheroids
(Figures 1A,C and 2A,C). It is well documented that diffusion limitation for nutrients,
oxygen and even therapeutic agents is observed in spheroids with diameters higher than
200 um [89-92]. Loessner et al. (2010) hypothesise that the phenomenon of cell spheroids
displaying elevated chemoresistance to chemotherapeutic agents can be attributed to a num-
ber of mechanisms, including decreased penetration of the drugs, increased pro-survival
signalling and /or upregulation of genes conferring drug resistance [58]. Although not for
EOC, spheroid cultures’ ability to display chemoresistance has also been attributed to the
decreased penetration of chemotherapeutic reagents for other cancers (breast, lung and
prostrate) by Stock et al. (2016) [92]. Finally, we also observed a high degree of cellular
apoptosis for our control spheroids at day 10 of culture (Figure 2A,C), suggesting that the
EOC cells within the spheroids had started undergoing programmed cell death, most likely
due to a lack of structural integrity and increased diffusional limitations of nutrients and
oxygen. This suggests that spheroid models are not suited for long-term culture and that
they are more suitable models for rapid therapeutic assessment.

4.2. Hydrogel-Based EOC Models

PeptiGels, commercially available synthetic peptide-based materials (Manchester
BIOGEL, Manchester, UK) were used to develop our EOC hydrogel models (Section 2.3,
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Methods and Materials). More specifically, x4 PeptiGel with a stiffness of 1 kPa was used,
along with its RGD- and GFOGER-conjugated versions, to compare between a purely
synthetic hydrogel and its ECM biomimetic versions, i.e., with RGD mimicking fibronectin
and GFOGER mimicking collagen. A2780 and SK-OV-3 EOC cells were grown in all three
hydrogel configurations for 21 days, followed by a 48 h Cisplatin (50 uM) treatment and
a 24 h post-treatment analysis, i.e., viability, apoptosis (live-dead, caspase 3/7). Both cell
lines were able to attach and proliferate and were viable in all three hydrogel configurations
for the entire duration of the experiment (Figures 3 and 4). Both cell lines showed a
fairly uniform spread and growth within the hydrogels and no aggregates were observed.
However, on application of Cisplatin, cellular aggregation within the matrix was observed,
which was more pronounced for the A2780 cell line. Similarly to the spheroid model, we
again observed a cell line-dependent response to Cisplatin within the hydrogels. More
specifically, A2780 showed a significant decrease in cell viability irrespective of the gel type
(Figure 3) and a corresponding increase in cellular apoptosis (Figure 5) post-treatment. In
contrast, SK-OV-3 showed a significant decrease in cell viability on application of Cisplatin
only within the pure o4 synthetic hydrogel. In the presence of RGD and GFOGER motifs,
there was very little change in cell viability on Cisplatin application (Figure 4), although
an increase in apoptotic cell numbers was observed post-treatment (Figure 6). These
data suggest that SK-OV-3 cells show some degree of chemoresistance to Cisplatin within
the biomimetic PeptiGels and highlights the importance of ECM proteins in therapeutic
resistance for EOC. Although not directly highlighted, as with spheroid models, such
cell line-dependent responses to various chemotherapeutic agents for EOC in hydrogel
systems have also been reported by other groups in the form of differing ICsq [53,61].
For example, Liu et al. (2018) reported that the patient-derived OV-NC cell line had
an ICsp of 92 £ 3.1 pumol/L in a collagen I gel for carboplatin, while, for the OV-206
patient-derived cell line, it was 154 £ 5.9 for the same drug [61]. They promote two
key hypotheses: (i) the chemoresistance observed within the hydrogels can be attributed
to the limited delivery of drugs into the core of the tumour model and increased cell
survival and (ii) the presence of the collagen matrix can limit the effect of chemotherapy by
activating specific signalling pathways, contributing towards chemoresistance via epithelial-
mesenchymal transition (EMT) [61]. These hypotheses justify our observations within the
PeptiGels and highlight the role of ECM proteins in chemoresistance for EOC. The role of
the RGD motif in conferring chemoresistance to EOC has also been reported by Bondong
et al. (2012) in their analysis of an ovarian cancer patient tumour and ascites fluid. They
reported that the overexpression of the L1 cell adhesion molecule (L1CAM) is linked to poor
prognosis in patients. Specifically, LICAM, present in the ascites fluid, contains an RGD
motif and is linked to the development of chemoresistance of EOC amongst patients [93].
Their observation is in line with our data where we see increased chemoresistance for the
ascites-derived cell line SK-OV-3 (metastatic) within RGD-conjugated PeptiGels (Figure 4).
Similarly, the role of collagen in the chemoresistance of EOC has also been reported by
some other researchers [84,94]. For example, Januchowski et al. (2016) reported the
overexpression of a number of different types of collagen (COL1A1, COL5A2, COL1A2,
COL15A1, COL3Al, etc.) in chemotherapy-resistant versions of different EOC cell lines.
including A2780 and SK-OV-3 [84]. They attribute this to cell adhesion-mediated drug
resistance (CAM-DR) and suggest that the interaction of ECM components, including
collagen, with the cancer cells results in chemoresistance. These interactions can even
change the apoptosis sensitivity and increase the drug resistance of cancer cells [85,86].
Our observation of chemoresistance for SK-OV-3 (Figures 4 and 6) in RGD- and collagen I
(GFOGER)-conjugated PeptiGels could also be due to the CAM-DR phenomenon, although
further studies are needed to validate this.

4.3. Polymeric Scaffold-Based EOC Models

We have previously developed a highly porous and biocompatible PU scaffold via
the TIPS method and have shown that a number of different cell types can be cultured
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long-term within these scaffolds [75-77,87]. Based on the timeframe of cell culture in the
polymeric scaffolds reported in our previous publications, EOC cell lines in this study were
grown within the polymeric scaffolds for 28 days, followed by 48 h of Cisplatin (50 uM)
treatment and a 24 h post-treatment analysis, i.e., for viability and apoptosis. Collagen
I- and fibronectin-coated scaffolds were used in line with our previous observations on
the importance of ECM mimicry within these scaffolds for both healthy and diseased
(cancerous) cells [76,77]. The choice of collagen I and fibronectin also allowed us to compare
between the ECM protein-coated scaffolds and the peptide-conjugated PeptiGels to some
extent. As observed in Figures 7 and 8, both A2780 and SK-OV-3 cell lines were able to
grow for 28 days within our polymeric scaffolds, irrespective of the coating protein. On
application of Cisplatin, both cell lines showed a significant drop in cell viability within
the scaffolds, irrespective of the ECM protein present (Figures 7 and 8). Similarly, the
number of apoptotic cells also increased post-treatment within the scaffolds for both cell
lines (Figures 9 and 10). For A2780, the cell response to Cisplatin within the PU scaffolds
was similar to that observed within our spheroids and hydrogel models (Figures 1-3 and
Figure 5) However, our results with SK-OV-3 in the scaffolds contradict our observations
within the spheroid and hydrogel models, wherein the SK-OV-3 cell line showed some
degree of Cisplatin resistance, which was particularly pronounced in the presence of ECM
protein mimicry (RGD, GFOGER) within the hydrogel models (Figures 3 and 4). To the
best of our knowledge, there is currently no available literature for the chemotherapeutic
assessment of ovarian cancer within polymeric scaffolds to enable us to compare our data.
It is possible that the relatively large pore size (100-150 pm) and highly interconnected
pores of the PU scaffolds allowed for the extensive diffusion of Cisplatin, which affected
A2780 and SK-OV-3's response to chemotherapy. This is a feasible theory since diffusion
limitation of therapeutic agents within spheroids and hydrogels has been considered
to be one of the reasons for the chemoresistance of EOC cells observed within these
systems [58,61]. Another reason for this difference in SK-OV-3's response to Cisplatin
can be the difference in stiffness between the models. The elastic modulus for our PU
scaffolds is around 28 + 3 kPa [77,95], while the elastic modulus of «4 hydrogel is only
1 kPa. SK-OV-3's preferential chemoresistance on softer matrices has been reported by
other groups too [96,97]. For example, Fan et al. (2021) cultured SK-OV-3 cell lines on glass
sheets coated with hydrogel substrates of varying stiffness (0.5-25 kPa). They observed that
SK-OV-3 showed higher chemoresistance to Cisplatin and Paclitaxel on softer substrates
and linked it to the overexpression of ABC transporters ABCB1 and ABCB4 on the soft
substrates, which are genes linked to the development of multidrug resistance [96]. McGrail
et al. (2014) carried out a comparative study between SK-OV-3 (highly metastatic) and
OVCAR-3 (less metastatic) cell lines on Polyacrylamide substrates coated with equal
densities of collagen I with two different stiffness types, i.e., 2.83 kPa mimicking adipocytes
and 34.88 kPa mimicking osteoblasts [97]. They reported that the SK-OV-3 cell line was
more mechanosensitive than OVCAR-3, resulting in a display of higher malignancy, a
mesenchymal phenotype and higher resistance to Carboplatin on a softer substrate [97].
The findings of these studies are in line with our observation of chemoresistance by the
SK-OV-3 cell line on the softer spheroid and hydrogel models as compared to the stiffer PU
polymeric scaffold model.

Overall, in this work, we have conducted a novel, systematic comparative study of the
response of EOC to a chemotherapeutic (Cisplatin) in three different in vitro 3D models:
(i) spheroids, (ii) synthetic PeptiGels/hydrogels and (iii) polymeric scaffolds with various
ECM coatings. Two different cell lines (A2780 and SK-OV-3) were used to understand the
impact of the ‘site of origin’ of the cells, as well as to assess platform versatility. We have
reported that all three platforms were able to support EOC in vitro 3D models with both
cell lines, albeit for different culture time points. Polymeric scaffolds and hydrogels were
maintained for 4 weeks and 3 weeks, respectively (Figures 3, 4, 7 and 8), highlighting that
they are suitable models for the long-term 3D culture of EOC cell lines. Spheroids were
able to survive for a shorter time period of around 7 days (Figure 1). On application of
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Cisplatin, A2780 cells (primary) showed a decrease in viable cell population across all three
platforms (Figures 1, 3 and 7). In comparison, SK-OV-3 cells (metastatic) showed decreased
cell viability on chemotherapeutic application only on the PU polymeric scaffold (Figure 8)
but showed resistance to Cisplatin when grown as spheroids (Figure 1) or within hydrogels,
with the latter being peptide conjugation-dependent (Figure 4). More specifically, SK-OV-
3's Cisplatin resistance within hydrogels was observed in the presence of conjugated ECM
protein motifs (RGD and GFOGER), highlighting the importance of ECM proteins in the
chemoresistance of metastatic EOC. Our data also show that the response to chemotherapy
is dependent on the cell site/location of origin of the cells. To date, most comparative
studies for different 3D models have usually used the same platform system and focused
on either different materials or on different fabrication methods of the models. To the best
of our knowledge, this is the first time that such a comparative study for three completely
different 3D in vitro models, across different culture time points and with different cell
lines, has been carried out.

5. Conclusions

The goal of the present study was to carry out, for the first time, a robust comparative
study of the growth and chemotherapy response of EOC in three widely different in vitro
3D models: (i) cell spheroids, (ii) synthetic PeptiGels/hydrogels and (iii) polymeric scaffolds
of various protein coatings. We have shown the feasibility of using all three models for the
culture of EOC cell lines A2780 and SK-OV-3, representing primary and metastatic disease,
respectively, and assessed the impact of chemotherapy (Cisplatin) on the cell viability and
apoptosis within these models. Our study highlights that the selection of a 3D in vitro
platform depends on (i) the planned experimental /assessment time period, (ii) the type
of cell to be studied, (iii) the site of cell origin in vivo and (iv) the question that needs to
be answered. For example, a rapid screening analysis may benefit from the use of simple
cell spheroid models; however, the need to study the effect of ECM proteins on cell growth
and chemotherapy response long-term will benefit from structured hydrogel or polymeric
scaffolds. Similarly, softer tumours or tumours originating from soft tissues such as the
ovary or the omentum may prefer less stiff 3D platforms such as spheroids or hydrogels
as compared to stiffer polymeric scaffolds. In conclusion, our study highlights that, as
with most tissue engineering applications, there is no ‘one-size-fits-all model’ [92] and
the selection of an appropriate model requires careful assessment of the available input
variables and the expected outputs.
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