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A method to investigate the anti-metabolic
activity of anti-cancer agents on ovarian cancer
cells cultured in a 96-well high throughput format
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Abstract

Background: An early step of advanced ovarian cancer begins when floating cancerous cells as single cells or small
clusters grow on the peritoneal surface. This surface is rich in extracellular matrix (ECM) proteins, which have
profound effects on cellular behaviour and can facilitate cancer progression. Subsequently, this ECM may alter
cellular metabolism making cancer cells susceptible to chemotherapeutic agents differently. Therefore, generating a
cell culture tool in vitro that includes the interaction between ECM and cancer cells will facilitate our understanding
of how cancer cells behave during cancer treatment. There is some evidence to suggest that in an in vitro model
that includes ECM components such as collagens will provide a better predictive tool for drug evaluation than a
traditional cell monolayer (2D) culture model.

Findings: As a proof -of- concept, we made a collagen gel in a 96-well plate format and utilised this to evaluate
the efficacy of clinical cytotoxic drugs, a targeted drug, and food compounds in single and combination treatments.
The primary endpoints were to measure the reduction of cellular metabolism and secretion of vascular endothelial
growth factor (VEGF). The invasive capacity of cancer cells was observed in collagen gels and it was cell line-dependent.
The responses to drugs were prominently observed in collagen gels, but they had little effect on 2D cell monolayers.
These responses were cell line- and type of drug-dependent.

Conclusions: The collagen gel in a 96 well plate format was easy to set up and could have potential to identify drug
sensitivity in the clinical management of women with platinum resistant ovarian cancer.
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Introduction
Ovarian cancer is the fourth most common cause of
cancer related death for women in the developed world.
It is usually advanced at diagnosis and chemotherapy
normally prolongs life but is not curative. The high mor-
tality of ovarian cancer is largely explained by the fact
that patients present with widely metastatic disease
within the peritoneal cavity [1]. Although most ovarian
cancer initially responds well to the current front line
cytotoxic agents, chemo-resistant recurrent disease com-
monly evolves and is usually fatal. Treatment is further
complicated by the high degree of patient-to-patient
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tumour heterogeneity. Consequently, there is an urgent
need for new therapeutic strategies and methods to en-
able variations in responses by distinct tumours to drugs
to be studied. Further, the ability to study the effects of
drug combinations, such as cytotoxic agents and other
anticancer drugs (targeted agents or bioactive food com-
pounds) has not been fully evaluated in ovarian cancer.
To advance these goals, pre-drug screening tools that
take account of some aspects of the tumour microenvir-
onment should be developed.
Advanced ovarian cancer cells preferentially adhere

and grow on top of the mesothelial lining of abdominal
cavity (peritoneum). The peritoneum is rich in extracellu-
lar matrix (ECM) proteins, which offers a favourable at-
tachment site for cancer cells that facilitates survival and
metastatic invasion [2]. Therefore, we develop a gel-based
method in which cells may invade a microenvironment
icle distributed under the terms of the Creative Commons Attribution License
which permits unrestricted use, distribution, and reproduction in any medium,
. The Creative Commons Public Domain Dedication waiver (http://
) applies to the data made available in this article, unless otherwise stated.

http://crossmark.crossref.org/dialog/?doi=10.1186/s13048-015-0172-0&domain=pdf
mailto:kenny.chitcholtan@otago.ac.nz
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/


Hogg et al. Journal of Ovarian Research  (2015) 8:43 Page 2 of 12
containing collagen proteins. Thereby the ability of cells
to grow in a three dimension (3D) following invasion is
provided. Many studies have reported recently that cancer
cells cultured in cell monolayer (2D) and 3D models show
distinctive patterns of behaviour due to differential gene
and protein expressions [3–5]. The imbalance of drug de-
velopment and clinical selection may be attributed partly
to limitations in the understanding of the underlying bio-
logical processes and the lack of suitable assays. We inves-
tigate the concept that an assay method that incorporates
a 3D component is practical. The bedside problems are il-
lustrated, for example, by patients with platinum resistant
ovarian cancer. There are already many therapeutic op-
tions, and this choice is increasing at a rapid pace, but for
these patients’ response rates to individual drugs is likely
to be low. We, therefore, aim to introduce a framework
for a clinically useful in vitro sensitivity assay that may
have potential to avoid the necessity of trialing toxic or ex-
pensive drugs in patients who may not respond.
In this study, we selected drugs on the basis of current

clinical discussions. Cytotoxic agents including paclitaxel
and carboplatin are widely used to treat ovarian cancers.
Targeted agents show promising results in other types of
tumours, but there is a limited clinical data for ovarian
cancer. Ovarian cancer cells show a dysregulation of PI-
3 K/Akt/mTOR pathway. Therefore, an agent that spe-
cifically compromises these pathways is of great interest.
Everolimus has been reported to show antitumour activ-
ity in pre-clinical tumour xenografts in mice [6]. Resver-
atrol and (−)-epigallocatechin-3-gallate (EGCG) are
bioactive natural food compounds, and they have been
reported to exhibit anti-tumour activities in in vitro and
in vivo animal models [7, 8]. However, the use of resver-
atrol and EGCG as potential therapeutic agents for can-
cer treatment in a proper randomised clinical trial is
still undetermined.
To approximate the microenvironment of an early

growth stage of metastatic ovarian cancer cells at the
peritoneal membrane, we have developed a collagen gel
model in a 96 well plate format and culture ovarian can-
cer cells on top of the collagen gel. Cellular metabolism
as an indication of cell viability and the production of
secreted VEGF are the primary endpoints after treat-
ment with selective cytotoxic drugs, a targeted agent and
active food compounds. As a comparison, assays were
also performed on cells cultured in similar conditions in
a 2D monolayer.

Materials and methods
The human ovarian adenocarcinoma cell lines, SKOV-3
and OVCAR-5, were obtained from Dr Judith McKenzie,
Haematology Research group, University of Otago,
Christchurch, New Zealand. SKOV-3 and OVCAR-5
cells were maintained in MEM and DMEM medium,
respectively (GIBCO®, Life Technologies, New Zealand)
supplemented with 10 % fetal bovine serum (FBS)
(GIBCO®, Life Technologies, New Zealand), PenStrep
(GIBCO®, Life Technologies, New Zealand) at a working
concentration of 100 units/ml penicillin and 100 μg/ml
streptomycin, 2 mM glutaMAX™ (GIBCO®, Life Tech-
nologies, New Zealand), and 2 μg/ml Fungizone® (Life
Technologies, New Zealand). The final concentration
of glucose in the media is 5.5 mM. The supple-
mented media is henceforth referred to as working
media. SKOV-3 and OVCAR-5 cells in the working
media were maintained at 37 °C in a humidified 5 % CO2

atmosphere.
Generation of cell culture using collagen I and Geltrex™
and 2D cell monolayers in a 96-well plate
Partly confluent cell monolayers of SKOV-3 and
OVCAR-5 were washed with PBS pH 7.4 and incubated
with 1X trypsin-EDTA (Life Technologies, New Zealand)
for 20–30 min. Cells were collected by a centrifugation
at 300 g for 5 min. The cultures of ovarian cancer cells
on top of collagen gels are previously described [9, 10].
Briefly, cell pellets were re-suspended in the working
media and cell counts was obtained with a haemocytom-
eter. A 96-well plate was overlaid with 60 μl mixture of
cold collagen I (1 mg/ml, Sigma, New Zealand) and
Geltrex™ (2.5 mg/ml, Life Technologies, New Zealand)
solution and allowed to polymerise at 37 °C in a hu-
midified 5 % CO2 atmosphere for 30 min. Cells (5000
cells in final volume of 200 μl working media) were
added to each well and allowed to grow on top of poly-
merised collagens for 6 days with replacement of fresh
media every 2 days. For cell monolayers, cell numbers
and culture condition were similar to the 3D culture
except non coated 96-well plates were used.
Fluorescent image of cells cultured on top and inside
collagen gels
For cells on top of collagen gels
The mixture of collagen solution (200 μl) was added to a
48 well plate and allowed to polymerise at the similar
condition as described above. Single cell suspension
(100,000 cells) were added onto the polymerised colla-
gen gel and cultured for 6 days with replacement of
fresh media every 2 days. Cells grown on top of collagen
gel were fixed with 4 % paraformaldehyde in PBS pH 7.4
for 60 min and then washed extensively with PBS pH 7.4.
Cells were then stained with Texas Red-Phalloidin
(Molecular Probe, Life Technology) overnight at 4 °C
and followed the staining with 10 ug/ml Hoechst
33492 (Molecular Probe, Life Technology) for 20 min.
Cells were washed extensive with ice cold PBS pH 7.4
plus 0.1 % Tween-20.
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For cells inside collagen gels
A round coverslip (20 mm diameter, ProSciTech,
Australia) was overlaid with 150 μl cold mixture of colla-
gen type I and Geltrex™ at final concentrations 1 mg/ml
and 2.5 mg/ml, respectively. Gels were allowed to poly-
merise at 37 °C in a humidified 5 % CO2 atmosphere for
20 min. Cells (100,000) were mixed with 100 μl cold col-
lagen solution and added on the top of first polymerised
collagen gel. The gels were allowed to polymerise at 37 °
C in a humidified 5 % CO2 atmosphere for 20 min.
Cover slips were then carefully placed in 12-well culture
plate and 1.5 ml working media. Cells were maintained
in this condition for 6 days with replacement of fresh
media every 2 days. Cells inside collagen gels were fixed
with −20 °C acetone:methanol (50 %:50 % vol:vol) for
20 min at 4 °C. Cells were washed with PBS pH 7.4 four
times for 10 min each washing. Cells were blocked with
4 % BSA and incubated with anti-actin antibody (Santa
Cruz, Biotechnology Inc, USA) overnight at 4 °C. Cells
were then washed four times for 10 min each washing
and incubated with a 1/500 dilution of a secondary anti-
body conjugated with FITC for 90 min at 37 °C. Cells
were then stained with 10 μg/ml Hoechst 333492 for
30 min at 37 °C. Cells were washed extensively with ice
cold PBS pH 7.4.
Prior to imaging with the epifluorescent microscope,

anti-fading solution (Daka Fluorescent Mounting
Medium) was applied to prevent photo bleaching. Fluor-
escent images were captured by using the epifluorescent
microscope (AxioVersion 4.5. Apotome software, Carl
Ziess) EC plan-Neofluar 20x and 40x/1.30 Oil Dic M27
objective, with DAPI, FITC, and Texas Red filters. For
Z-stack images, 0.5 μm thicknesses of Z-axis planes were
taken and the 3D images were generated and analysed.

Drug treatment
As shown in Fig. 1a, at day 6 (as indicated arrow) the
total volume of media in each well was 200 μl. Prior to
the addition of fresh media supplemented with active
compounds, 100 μl of media were removed from each
well, and 100 μl of fresh media containing active com-
pounds at concentrations of 10 μM resveratrol, 10 μM
EGCG, 0.2 μM paclitaxel, 2 μM Everolimus, and 20 μM
cisplatin were added. Therefore, the final concentrations
of active compounds were 5 μM for resveratrol and
EGCG, 0.1 μM for paclitaxel, 10 μM cisplatin, and 1 μM
everolimus, Again at day 8 and day 10 (as indicated
arrow), 100 μl of cell media were removed from each
well and 100 μl of fresh media containing 5, 0.1, 10,
1 μM of resveratrol and EGCG, paclitaxel, cisplatin, and
everolimus were added, respectively. Alamar Blue dye
solution (20 μl) was added to each well on day 11 and
incubated with cells for 24 h before analysis on day 12.
The absorbance at each well of the 96-well plate was
read at 560 and 600 nm using a microplate reader (Var-
ioskan Flash®, Thermo Scientific)). The stock solutions
of paclitaxel (Sigma, New Zealand), cisplatin (Sigma,
New Zealand), and everolimus (LC Laboratories, MA,
USA) were made in 100 % dimethyl sulfoxide (DMSO).
Resveratrol (Sigma, New Zealand) stock solution was
made in 50 % DMSO: 50 % PBS pH 7.4. The stock solu-
tion of EGCG (Sigma, New Zealand) was dissolved in
PBS pH 7.4. Controls incubations contained similar con-
centration to that of DMSO in the highest dose of
treated samples.

ELISA of vascular endothelial growth factor (VEGF)
ELISA of VEGF was performed using the DuoSet Human
VEGF ELISA Kit (R&D System) that detectsVEGF-A iso-
forms. Cell media from at least four independent experi-
ments were collected and analysed for VEGF.

Statistical analysis
Cellular metabolism was calculated from the difference
of absorbance at 600 and 570 nm. Data represented at
least four independent experiments. The mean and
standard error were reported and significant changes
(p < 0.05) were determined by student’s t-tests.

Results
As shown in Fig. 1a, we cultured ovarian cancer cell
lines, SKOV-3 and OVCAR-5, on the top of polymerised
collagen gel for 6 days prior to challenging them with
cytotoxic drugs (paclitaxel and cisplatin), a targeted drug
(everolimus) and food compounds (resveratrol and
EGCG). As indicated in Fig. 1b, after six days of culture,
OVCAR-5 cell line (Fig. 1b-a) grew on top of the colla-
gen gel and formed a compact sheet, and small compact
colonies (data not shown) were also observed. The stain-
ing of actin was restricted to the region of cell-cell con-
tacts. At the protrusive front of OVCAR-5, the cell sheet
exhibited a lack of filopodia formation suggesting the
cells were not competent to invade the collagen gel. On
the other hand, actin filaments were observed at the
leading edge of SKOV-3 cells. There were notable for-
mations of filopodia (arrow Fig. 1b-b) and the accumula-
tion of actin bundles of cells at the leading front (arrow
head Fig. 1b-b). Occasionally, there were some invasive
SKOV-3 cells observed below the surface of the gel
(Fig. 1b-c). These invasive SKOV-3 cells displayed an
elongated morphological appearance similar to mesen-
chymal morphology (Fig. 1b-c, arrows). On the con-
trary, OVCAR-5 cell line grew only on the top of
collagen gel surface without any sign of invasion. Our
result using OVCAR-5 was consistent with a previous
observation [11].
To further confirm that the cell lines have different in-

vasive capacity when they were exposed to collagen gels,



Fig. 1 Experimental setup and growth of ovarian cancer cells cultured on top of collagen gels in a 96-well plate. a. Two cell lines, SKOV-3 and
OVCAR-5, were cultured on the top of collagen gel overlaid 96 well plates for 6 days and treatment with active compounds for 6 days. On day
11, Alamar blue was added for overnight and the change of colour as the indication of cellular metabolism was examined on day 12. b OVCAR-5
cells grew on top of the gel as a compact sheet without the projection of filopodia suggesting this cell line is non invasive cancer cells (a). SKOV-
3 cells showed the formation of filopodia at the invasive front of cells (b, arrow) and there was an appearance of actin bundles accumulation of
invasive cells (b, arrow head). The invasive SKOV-3 cells displayed mesenchylmal morphological appearance (c, arrows). Red is actin staining and
blue is the nucleus

Hogg et al. Journal of Ovarian Research  (2015) 8:43 Page 4 of 12
we embedded single cell suspensions of the two cell lines
inside collagen gels and allowed them to grow for 6 days.
Again a difference was observed. OVCAR-5 cell line
grew as compact spherical colonies without the migra-
tion of cells at the edge of the colony (Fig. 2a). In con-
trast, SKOV3 cell line at the rim of the colony exhibited
an invasive characteristic by producing projection of filo-
podia (Fig. 2b).
Next, we determined the efficacy of single drug and
combination treatments in cell monolayers and cells on
top of collagen gels. Single and combination treatments
were selectively affected in OVCAR-5 cells in collagen
gel (Figs. 3 and 4). Single treatments that reduced cellu-
lar metabolism only in collagen gel compared to the
control included resveratrol (29 %, Fig. 3a), EGCG (35 %,
Fig. 3a), and paclitaxel (28.1 %, Fig. 3b). Everolimus



Fig. 2 Morphological characteristics of OVCAR-5 and SKOV-3 cultured inside the collagen gel. OVCAR-5 formed spherical colony without
the invasive capability when it cultured inside collagen gels (a) but the colony of SKOV-3 showed invasive capacity at the edge of colony
that produced the intrusion of the plasma membrane, indicating invasive behaviour (b). Actin staining was shown in green and the
nucleus was shown in blue
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(Fig. 3d) reduced cellular metabolism in both cell mono-
layers (13 %) and collagen gel (16 %). The cell monolayers
of OVCAR-5 cell line did not show any marked reduction
of cellular metabolism except cisplatin (12 %, Fig. 3c).
The combinatory treatments were selectively affected

in collagen gel OVCAR-5 cells. We categorised the ac-
tion of these drugs into three modes of action. First, the
combinations that exerted a marked reduction of cellu-
lar metabolism only in collagen gels included resvera-
trol + EGCG (22.2 %, Fig. 3a), resveratrol + cisplatin
Fig. 3 Cellular metabolism profiles of OVCAR-5 cell line with single and co
(b), resveratrol + cisplatin (c), resveratrol + everolimus (d) in 2D cell monola
cell monolayers and 3D ECM was the relative value to the control. The stat
(*P < 0.05, student’s t-test) and 3D ECM (#P < 0.05, student’s t-test) was compa
least four independent experiments with triplicate
(23 %, Fig. 3c), resveratrol + everolimus (21 %, Fig. 3d),
EGCG+ paclitaxel (29 %, Fig. 4a), and EGCG+ everolimus
(20 %, Fig. 4c). Second, the combination that showed anti-
metabolic activity in both 2D monolayers (20.4 %) and
collagen gels (20 %) was only resveratrol + paclitaxel
(Fig. 3b). Third, the combinations that did not show any
reductions in either monolayers or collagen gels were
EGCG+ cisplatin (Fig. 4b), paclitaxel + cisplatin (Fig. 4d),
paclitaxel + everolimus (Fig. 4e) and cisplatin + everolimus
(Fig. 4f). There was no additive or synergistic inhibition in
mbination treatment of resveratrol + EGCG (a), resveratrol + paclitaxel
yers (black bar) and 3D ECM (grey bar). The representative graph in 2D
istical difference of single and combination in 2D cell monolayers
red between the control and treated cells. Data was obtained from at



Fig. 4 Cellular metabolism profiles of OVCAR-5 cell line with single and combination treatment of EGCG + paclitaxel (a), EGCG + cisplatin (b),
EGCG + everolimus (c), paclitaxel + cisplatin (d) paclitaxel + everolimus (e) and cisplatin + everolimus (f) in 2D cell monolayers (black bar) and 3D
ECM (grey bar). The representative graph in 2D cell monolayers and 3D ECM was the relative value to the control. The statistical difference of
single and combination in 2D cell monolayers (*P < 0.05, student’s t-test) and 3D ECM (#P < 0.05, student’s t-test) was compared between the
control and treated cells. Data was obtained from at least four independent experiments with triplicate
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the combination treatment. Overall, OVCAR-5 cell mono-
layers showed limited response to single and combination
treatments.
The mono- and bi-combinatorial approaches of com-

pounds were also conducted in cell monolayers and colla-
gen gels of SKOV-3 cell line. First, the single treatments
that significantly reduced cell metabolism only in collagen
gels included EGCG (17 %, Fig. 5a) and cisplatin (23 %,
Fig. 5c). Second, single treatments that reduced cellular
metabolism in both cell monolayers and collagen gels
were paclitaxel (36 % cell monolayers vs 30 % collagen,
Fig. 5b) and everolimus (22 % cell monolayers vs 20 %
collagen, Fig. 5d). Third, the combinations that reduced
cellular metabolism only in collagen gels included res-
veratrol + EGCG (21 %, Fig. 5a), resveratrol + paclitaxel
(25 %, Fig. 5b), resveratrol + cisplatin (31 %, Fig. 5c),



Fig. 5 Cellular metabolism profiles of SKOV-3 cell line with single and combination treatment of resveratrol + EGCG (a), resveratrol + paclitaxel (b),
resveratrol + cisplatin (c), resveratrol + everolimus (d) in 2D cell monolayers (black bar) and 3D ECM (grey bar). The representative graph in 2D cell
monolayers and 3D ECM was the relative value to the control. The statistical difference of single and combination in 2D cell monolayers
(*P < 0.05, student’s t-test) and 3D ECM (#P < 0.05, student’s t-test) was compared between the control and treated cells. Data was obtained from at
least four independent experiments with triplicate
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resveratrol + everolimus (23 %, Fig. 5d), EGCG + cis-
platin (34 %, Fig. 6b), and EGCG + everolimus (17 %,
Fig. 6c). Finally, the combinations that reduced cell me-
tabolisms in both cell monolayers and collagen gels in-
cluded EGCG + paclitaxel (26 % cell monolayers vs 31 %
collagen, Fig. 6a), paclitaxel + cisplatin (34 % cell mono-
layers vs 61 % collagen, Fig. 6d), paclitaxel + everolimus
(28 % cell monolayers vs 33 % collagen, Fig. 6e), and cis-
platin + everolimus (24 % cell monolayers vs 33 % colla-
gen, Fig. 6f ). Again, there was a lack of additive and
synergistic inhibition of cellular metabolism in the com-
bination treatments of SKOV-3 line.
Next, we evaluated the production of secreted VEGF in

the cell media after drug treatments. Single treatment of
OVCAR-5 cell monolayers with cisplatin significantly in-
creased the secreted VEGF (1.8 ng/ml control vs 3 ng/ml
cisplatin, Fig. 7a). The combination of everolimus with
paclitaxel (Fig. 7c) and cisplatin (Fig. 7d) reduced the
VEGF secretion in both 2D cell monolayers and collagen
gels. These combinations were also reproducible in
SKOV-3 cell line (Fig. 7e, f ). However, in SKOV-3 line the
combination of everolimus with paclitaxel and cisplatin
produced a greater significant reduction in collagen gels
than 2D cell monolayers. Other combinations did not
change the VEGF secretion in cell monolayers and colla-
gen gels in both cell lines (data not shown).
Discussion
We present a simple reproducible a 96-well collagen gel
model for cell culture. The system is easy to set up, in-
expensive, quick to perform, and suitable for high-
throughput screening. The model provides an environ-
ment closely comparable to those experienced by ovarian
cancer cells on the peritoneal membrane surface and the
composition of the gel in our study is constituted to partly
replicate the properties of the membrane. The model,
therefore, enables us to study cell growth, survival, re-
sponsiveness to anti-cancer drugs and invasive character-
istics at the early stage of tumorigenic progression at the
peritoneal membrane lining.
The 96-well format may provide a convenient platform

as a pre-clinical drug screening tool and for exploring
biological pathways, which has not been reported previ-
ously for ovarian cancer. This system revealed that cells
exhibit different drug sensitivities when cultured on
traditional 2D monolayers or on the collagen gels and
thus confirmed that the environments elicit distinct be-
haviours. Our project has not yet determined the influ-
ence of different gel compositions on ovarian cancer cell
characteristics. We have used a murine collagen in this
preparation, but the difference from human collagen is
small as collagens are highly conservative proteins in
vertebrates [12, 13] and the murine collagen is a well-



Fig. 6 Cellular metabolism profiles of SKOV-3 cell line with single and combination treatment of EGCG + paclitaxel (a), EGCG + cisplatin (b), EGCG
+ everolimus (c), paclitaxel + cisplatin (d), paclitaxel + everolimus (e) and cisplatin + everolimus (f) in 2D cell monolayers (black bar) and 3D ECM
(grey bar). The representative graph in 2D cell monolayers and 3D ECM was the relative value to the control. The statistical difference of single
and combination in 2D cell monolayers (*P < 0.05, student’s t-test) and 3D ECM (#P < 0.05, student’s t-test) was compared between the control and
treated cells. Data was obtained from at least four independent experiments with triplicate
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established component of in vitro ECM studies [2, 3, 5, 14].
The compositions of ECM used in our study are closely
similar to those present in the human peritoneal mem-
brane surface [15]. The concentrations of collagen I, IV
and laminins in our collagen model are consistent with
previous studies [16, 17]. It is increasingly recognised that
the different compositions and concentrations of ECM
can contribute to the invasive phenotypes of cancer cells
as previously described [17]. Our study does not yet deter-
mine the influence of various concentrations of collagens
on an invasive phenotype of ovarian cancer cells; an in-
creased stiffness of collagen compositions mimicking the
interstitial collagen components has reported to facilitate
invasive behaviour in breast cancer cells [17].
Drugs chosen in our study are categorised into cyto-

toxic agents (paclitaxel and cisplatin), targeted agent
(everolimus) and bioactive food compounds (resveratrol
and EGCG). The concentration of each compound was
selected based on their bioavailability in plasma of
humans. In cancer patients, the average peak plasma



Fig. 7 Production of secreted vascular endothelial growth factor (VEGF) of OVCAR-5 (a, b, c, and d) and SKOV-3 cells (e and f) in 2D cell monolayers
(black bar) and 3D ECM (grey bar). The statistical difference of single and combination in 2D cell monolayers (*P < 0.05, student’s t-test) and 3D ECM
(#P < 0.05, student’s t-test) was compared between the control and treated cells. The statistical difference of between 2D cell monolayers and 3D ECM
are donated ** (P < 0.05, student’s t-test). Data was obtained from at least four independent experiments with triplicate
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concentrations of paclitaxel after a 24 h infusion have
ranged from 0.23-0.43 μM [18]. Cisplatin plasma con-
centration is about 2.6 μM in cancer patients after one
hour IV [19]. Peak concentration of everolimus is ap-
proximately 0.1-5 μM [20]. After ingestion of 5 grams
resveratrol and 1.6 grams of EGCG, the peak plasma
concentration of native compounds after one hour
reached approximately 5 μM and 7.4 μM, respectively
[21]. Our results indicate the effect on cellular metabol-
ism is drug- and cell culture format- dependent. Cells in
2D monolayers of OVCAR-5 and SKOV-3 show limited
responses to single and combination drug treatments
compared to collagen gels. In collagen gel model, there
are six drug combinations that show a significant
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reduction of cell metabolism in OVCAR-5 line and ten
drug combinations exhibit anti-metabolism in SKOV-3
line. Our study shows that the bi-combinatory drug ap-
proach does not have any additive or synergistic effect
in comparison with the mono-treatment. The possible
explanations for this unresponsiveness to the drug com-
binations would be the antagonistic interaction of drug
combination that has been previously reported [22].
More importantly, the sequence of drug treatment may
play an important role in additive/synergistic effects. Se-
quential anticancer drug administration is currently
recognised as an important factor in cancer treatment
[23]. In our study, both drugs are mixed at the begin-
ning of treatment. In the clinic, co-administration of
cisplatin and paclitaxel is introduced every three weeks
for total of six cycles. A targeted drug including everoli-
mus is normally used as adjuvant regimen. For our fu-
ture study, we wish to use collagen gel model of ovarian
cancer cells to investigate the various sequences of ex-
perimental drug combinations and then validate these
combinations in an animal model.
Paclitaxel and cisplatin are cytotoxic drugs and com-

monly used in first-line treatment in women with ad-
vanced ovarian cancer. Paclitaxel is a tubulin stabilising
agent that inhibits cancer cell division in the G2/M
phase of the cell cycle and cell motility [24]. Our results
show a greater reduction of cell metabolism in paclitaxel
treated OVCAR-5 in collagen gel than cell monolayers.
This may suggest that tubulin expression of cancer cells
may be higher in collagen gels than cell monolayers.
Proteomic analysis of liver cancer cells maintained in
collagen gels reveals the increased level of several cyto-
skeletal associated proteins including tubulin [25].
Therefore, compromising cytoskeletal structure of can-
cer cells in collagen gel can produce a profound effect
on cell viability. Cisplatin is a platinum based compound
that crosses links with DNA and triggers apoptosis [26].
Platinum resistant ovarian cancer cells are highly preva-
lent, and the molecular basis of the resistance is attrib-
uted to several factors [27]. Both OVCAR-5 and SKOV-
3 have been previously reported to be cisplatin resistant
cell lines [28, 29]. Cisplatin has little effect on OVCAR-5
cells on collagen gel but shows a marginal inhibition in
cell monolayers. On the contrary, cisplatin reduces cellu-
lar metabolism of SKOV-3 in the collagen gel model but
not in cell monolayers. Therefore, responsiveness to cis-
platin observed in our study is cell culture format- and
cell type- dependent. Everolimus is a targeted drug that
specifically inhibits the function of mammalian target of
rapamycin (mTOR) pathway, which is dysfunctional in a
subset of ovarian cancers and is associated with the up
regulation of PTEN protein mutation and PI-3 K hyper-
activation [30]. A previous study showed everolimus ex-
hibits an anti-proliferative effect in cell monolayers and
in in vivo animal model [6]. Our results show everolimus
equally affects cell metabolisms in both cell monolayers
and collagen gel model. The responsiveness of ovarian
cancer cells on collagen gel to cytotoxic and targeted
agents observed in this present study is consistent with
other types of cancers in 3D models. For example, breast
cancer cells are more sensitive to Her-2 and MEK inhib-
itors in 3D ECM than 2D cell monolayers [14, 31].
Our data show that physiological doses (5 μM) of res-

veratrol and EGCG can reduce cellular metabolism in
collagen gels but not in cell monolayers. The field of re-
search of resveratrol and EGCG and their potential anti-
cancer properties in vitro has been active for decades.
Resveratrol and EGCG are from grape and green tea, re-
spectively, and are well known to display an array of
anti-tumour activities in various types of cancer cell lines
including ovarian cancer, but knowledge of their anti-
tumour activities in ovarian cancer in vivo is very limited
[32]. In addition, most of available studies of resveratrol
and EGCG have been using non-physiological doses
(50–100 μM) in cell monolayers. These high doses are
not reached in plasma of animal models and human.
This may raise a question of the suitability of cell mono-
layers for a pre-clinical drug screening and exploring
biochemical pathways for cancer research because it is
uncertain whether the drug efficacy produced in 2D cell
monolayers is a true response. One possible explanation
for high levels of resveratrol and EGCG being necessary
in 2D cell monolayers is that the alteration of protein
expression, which responds to such active compounds,
may be insufficient in cell monolayers to detect readily,
and therefore high doses are required to produce an ob-
servable effect. On the other hand, those protein expres-
sions and functions may be fully optimised in a collagen
gel and, therefore a lower amount of active compounds
is needed to produce a similar significant effect.
It is important to note that the present study shows

the invasive capacity of ovarian cancer cells on collagen
gels, and also the invasion is notable when cells are in-
side the collagen gel and is cell line-dependent. SKOV-3
cell line has high expression of EGFR, Her-2, and c-Met
proteins and negative E-cadherin [33, 34]. Our results
are consistent with a previous study [35] suggesting
SKOV-3 cell line exhibits invasive capacity when cultur-
ing on the top or within collagen gels. SKOV-3 cells
shows aggressive growth, metastasis, and invasion in a
mouse model [36]. OVCAR-5 cell line has low expres-
sion of EGFR and Her-2 but high expression of c-Met
and E-cadherin [37]. Our results show that OVCAR-5
cell line does not display invasive capacity in collagen
gels, suggesting EGFR/Her-2 oncogenic expression may
be a primary factor in the aggressiveness of tumour inva-
sion in 3D gels [38]. Over expression of EGFR and
Her-2 correlate with invasive colorectal cancer cells in
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collagen gels [39]. There is a lack of in vitro cell models
apart from 2D cell monolayers to assess invasive pheno-
types of ovarian cancer cells. Therefore, our collagen gel
model will be the forefront of biological tool that may
provide a mean of rapid assessment of oncogenic mol-
ecule alteration that facilitates invasive potential in a
subset of patients with advanced disease. This may lead
us to devise tailored treatment based on the invasive
characteristic of patient’s cancer cells. There are few re-
ports studying the growth property of ovarian cancer
cells in 3D collagen gel, but these studies have cultured
ovarian cancer cell lines within a collagen gel or a syn-
thetic matrix as a representative of in vivo primary and
secondary growing tumour [40, 41]. Our system is, how-
ever, designed to replicate the early growth stage of at-
tached and invasive ovarian cancer cells to the surface of
the peritoneal membrane where cancer cells are not yet
fully established secondary tumour nodules.
It is well known that secretion of VEGF is strongly

stimulated by tumour micro-environmental conditions
including hypoxia, an elevated expression of oncogenic
proteins, and stress- induced treatment. All these modu-
lators are observed in cancer patients. In our study, we
could rule out hypoxic induced effects because the level
of VEGF secreted from cells monolayers and collagen
gels is not significantly different. However, the stress-
related VEGF production induced by drugs may be pos-
sible. Even though the increase of VEGF in collagen gels
is not significant compared to the control but the ele-
vated VEGF is more pronounced in 2D cell monolayers
than collagen gels with cisplatin treatment. It is worthy
to note that paclitaxel and everolimus increase VEGF in
2D cell monolayers but not in collagen gels. It is unclear
how collagen matrix can influence the production of an-
giogenic proteins altered by anti-cancer agents. Again, it
is difficult to pinpoint the exact modulator that can
influence VEGF responses in our study, but results may
indicate that the production of VEGF in 2D cell mono-
layers and collagen gels is modulated by drugs in a dif-
ferent manner.
In summary, we demonstrated that ovarian cancer

cells on the collagen gel in a 96-well format can be used
to evaluate the cytotoxicity of anti-cancer drugs on
growth of ovarian cancer cells and to study an invasive
phenotype of ovarian cancer cells in a pre-clinical set-
ting. The collagen gel model provides an approximate
physiological microenvironment in which to study the
early attachment of metastatic growth of ovarian cancer
cells at the peritoneal membrane. The analysis of cellular
metabolism in individual ovarian cancer cell lines acted
as a preliminary guide to the cytotoxicity of anticancer
agents. In a clinical setting, each patient tumour will
have a distinct molecular background, and this collagen
gel model may have potential to provide an important
preclinical tool for patient related drug screening, for
example to identify tumours with platinum resistant
disease.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
SH carried out experiments. JE helped with experimental design. PS drafted
the manuscript. KC carried out experiments and wrote the manuscript. All
authors read and approved the final manuscript

Acknowledgements
We thank University of Otago for supporting a summer scholarship for
Simon Hogg, and The Ovarian Cancer Research Foundation (OCRF),
Melbourne, Australia.

Author details
1Peter MacCallum Cancer Centre, St Andrews Place, East Melbourne 3002,
VIC, Australia. 2Department of Obstetrics and Gynaecology, Centre of
Neuroendocrinology and MacDiarmid Institute for Advanced Materials and
Nanotechnology, University of Otago, Christchurch, 2 Riccarton Avenue,
Christchurch 8011, New Zealand. 3Department of Obstetrics and
Gynaecology, University of Otago, Christchurch, 2 Riccarton Avenue,
Christchurch 8011, New Zealand. 4Department of Obstetrics and
Gynaecology, University of Otago, Level 3, Christchurch Women’s Hospital,
Christchurch, 2 Riccarton Avenue, Christchurch 8011, New Zealand.

Received: 29 November 2014 Accepted: 25 June 2015

References
1. Moghaddam SM, Amini A, Morris DL, Pourgholami MH. Significance of

vascular endothelial growth factor in growth and peritoneal dissemination
of ovarian cancer. Cancer Metastasis Rev. 2012;31:143–62.

2. Kenny HA, Dogan S, Zillhardt M, Mitra A, Yamada SD, Krausz T, et al.
Organotypic Models of Metastasis: A 3 Dimensional Culture Mimicking the
Human Peritoneum and Omentum for the Study of the Early Steps of
Ovarian Cancer Metastasis. Cancer Treat Res. 2009;149:335–51.

3. Adissu HA, Asem EK, Lelievre SA. Three-Dimensional Cell Culture to Model
Epithelia in the Female Reproductive System. Reprod Sci. 2007;14:11–9.

4. Mastro AM, Vogler EA. A Three-Dimensional Osteogenic Tissue Model for
the Study of Metastatic Tumor Cell Interactions with Bone. Cancer Res.
2009;69(10):4097–100.

5. Chitcholtan K, Asselin E, Parent S, Sykes PH, Evans JJ. Differences in growth
properties of endometrial cancer in three dimensional (3D) culture and 2D
cell monolayer. Exp Cell Res. 2013;319:75–87.

6. Aide N, Kinross K, Cullinane C, Roselt P, Waldeck K, Neels O, et al. 18 F-FLT
PET as a Surrogate Marker of Drug Efficacy During mTOR Inhibition by
Everolimus in a Preclinical Cisplatin-Resistant Ovarian Tumor Model. J Nucl
Med. 2010;51:1559–64.

7. Kundu JK, Surh Y. Cancer chemopreventive and therapeutic potential of
resveratrol: Mechanistic perspectives. Cancer Lett. 2008;269:243–61.

8. Clement Y. Can green tea do that? A literature review of the clinical
evidence. Prev Med. 2009;49:83–7.

9. Chen J, Wang J, Chen D, Yang J, Yang C, Zhang Y, et al. Evaluation of
characteristics of CD44 + CD117+ ovarian cancer stem cells in three
dimensional basement membrane extract scaffold versus two dimensional
monocultures. BMC Cell Biol. 2013;14:7.

10. Rahmanzadeh R, Rai P, Celli JP, Rizvi I, Baron-Lühr B, Gerdes J, et al. Ki-67 as
a Molecular Target for Therapy in an In vitro Three-Dimensional Model for
Ovarian Cancer. Cancer Res. 2010;70(22):9234–42.

11. Zhong W, Celli JP, Rizvi I, Mai Z, Spring BQ, Yun SH, et al. In vivo high-
resolution fluorescence microendoscopy for ovarian cancer detection and
treatment monitoring. Brit J Cancer. 2009;101:2015–22.

12. Heino J. The collagen family members as cell adhesion proteins. Bioessays.
2007;29:1001–10.

13. Kadler KE, Holmes DF, Trotter JA, Chapman JA. Collagen fibril formation.
Biochem J. 1996;316:1–11.



Hogg et al. Journal of Ovarian Research  (2015) 8:43 Page 12 of 12
14. Li Q, Chow AB, Mattingly RR. Three-Dimensional Overlay Culture Models of
Human Breast Cancer Reveal a Critical Sensitivity to Mitogen-Activated
Protein Kinase Kinase Inhibitors. J Pharmacol Exp Ther. 2010;332:821–8.

15. Witz CA, Montoya-Rodriguez IA, Cho S, Centonze VE, Bonewald LF,
Schenken RS. Composition of the Extracellular Matrix of the Peritoneum. J
Soc Gynecol Investig. 2001;8:299–304.

16. Moss NM, Barbolina MV, Liu Y, Sun L, Munshi HG, Stack MS. Ovarian Cancer
Cell Detachment and Multicellular Aggregate Formation Are Regulated by
Membrane Type 1 Matrix Metalloproteinase: A Potential Role in I.p.
Metastatic Dissemination. Cancer Res. 2009;69(17):7121–9.

17. Miroshnikova YA, Jorgens DM, Spirio L, Auer M, Sieminski-Sarang AL, Weaver
VM. Engineering strategies to recapitulate epithelial morphogenesis within
synthetic 3 dimensional extracellular matrix with tunable mechanical
properties. Phys Biol. 2011;8(2):026013.

18. Engblom P, Rantanen V, Kulmala J, Helenius H, Grènman S. Additive and
supra-additive cytotoxicity of cisplatin-taxane combinations in ovarian
carcinoma cell lines. Brit J Cancer. 1999;79(2):286–92.

19. Urien S, Lokiec F. Population pharmacokinetics of total and unbound
plasma cisplatin in adult patients. Br J Clin Pharmacol. 2004;57(6):756–63.

20. Fouladi M, Laningham F, Wu J, O’Shaughnessy MA, Molina K, Broniscer A,
et al. Phase I Study of Everolimus in Pediatric Patients With Refractory Solid
Tumors. J Clin Oncol. 2007;25:4806–12.

21. Ullmann U, Haller J, Decourt JP, Girault N, Girault J, Richard-Caudron AS,
et al. A Single Ascending Dose Study of Epigallocatechin Gallate in Healthy
Volunteers. J Inter Med Res. 2003;31:88–101.

22. Pawaskar DK, Straubinger RM, Fetterly GJ, Ma WW, Jusko WJ. Interactions of
Everolimus and Sorafenib in Pancreatic Cancer Cells. AAPS J. 2013;15(1):78–84.

23. Adams DJ. The Valley of Death in anticancer drug development: a
reassessment. Trends Pharmacol Sci. 2012;33(4):173–80.

24. Kobayashi M, Sakamoto J, Namikawa T, Okamoto K, Okabayashi T, Ichikawa
K, et al. Pharmacokinetic study of paclitaxel in malignant ascites from
advanced gastric cancer patients. World J Gastroenterol. 2006;12(9):1412–5.

25. Pruksakorn D, Lirdprapamongkol K, Chokchaichamnankit D, Subhasitanont P,
Chiablaem K, Svasti J, et al. Metabolic alteration of HepG2 in scaffold-based 3-D
culture: Proteomic approach. Proteomics. 2010;10:3896–904.

26. Tsunetoh S, Terai Y, Sasaki H, Tanabe A, Tanaka Y, Sekijima T, et al.
Topotecan as a molecular targeting agent which blocks the Akt and VEGF
cascade in platinum-resistant ovarian cancers. Cancer Biol Thera.
2010;10(11):1137–46.

27. Sherman-Baust CA, Becker KG, Wood WH, Zhang Y, Morin PJ. Gene
expression and pathway analysis of ovarian cancer cells selected for
resistance to cisplatin, paclitaxel, or doxorubicin. J Ovarian Res. 2011;4:21.

28. Rizvi I, Celli JP, Evans CL, Abu-Yousif AO, Muzikansky A, Pogue BW, et al.
Synergistic Enhancement of Carboplatin Efficacy with Photodynamic
Therapy in a Three-Dimensional Model for Micrometastatic Ovarian Cancer.
Cancer Res. 2010;70(22):9319–28.

29. Van laar ES, Izbicka E, Weitman S, Medina-Gundrum L, Macdonald JR, Waters
SJ. Antitumor activity of irofulven against human ovarian cancer cell lines,
human tumor colony-forming units, and xenografts. Int J Gynecol Cancer.
2004;14:824–31.

30. Cho KR, Shih I. Ovarian cancer. Annu Rev Pathol. 2009;4:287–313.
31. Weigelt B, Lo AT, Park CC, Gray JW, Bissell MJ. HER2 signaling pathway

activation and response of breast cancer cells to HER2-targeting agents is
dependent strongly on the 3D microenvironment. Breast Cancer Res Treat.
2010;122(1):35–43.

32. Li WW, Li VW, Hutnik M, Chiou AS. Tumor Angiogenesis as a Target for
Dietary Cancer Prevention. J Oncol. 2012;2012:1–23.

33. Lee JM, Mhawech-Fauceglia P, Lee N, Parsanian LC, Lin YG, Gayther SA,
et al. A three-dimensional microenvironment alters protein expression and
chemosensitivity of epithelial ovarian cancer cells in vitro. Labo Invest.
2013;93:528–42.

34. Lanitis E, Dangaj D, Hagemann IS, Song D-G, Best A, Sandaltzopoulos R,
et al. Primary Human Ovarian Epithelial Cancer Cells Broadly Express HER2
at Immunologically-Detectable Levels. PLoS One. 2012;7(11):e49829.

35. Kenny HA, Krausz T, Yamada SD, Lengyel E. Use of a novel 3D culture
model to elucidate the role of mesothelial cells, fibroblasts and extra-cellular
matrices on adhesion and invasion of ovarian cancer cells to the omentum.
Int J Cancer. 2007;121:1463–72.

36. Steinkamp MP, Winner KK, Davies S, Muller C, Zhang Y, Hoffman RM, et al.
Ovarian tumor attachment, invasion, and vascularization reflect unique
microenvironments in the peritoneum: insights from xenograft and
mathematical models. Mol Cell Oncol. 2013;3:1–18.

37. Hanrahan AJ, Schultz N, Westfal ML, Sakr RA, Giri DD, Scarperi S, et al.
Genomic complexity and AKT dependence in serous ovarian cancer. Cancer
Discov. 2012;2(1):56–67.

38. Niemann C, Brinkmann V, Spitzer E, Hartmann G, Sachs M, Naundorf H, et al.
Reconstitution of Mammary Gland Development In Vitro: Requirement of
c-met and c-erbB2 Signaling for Branching and Alveolar Morphogenesis. J
Cell Biol. 1998;143(2):533–45.

39. Luca AC, Mersch S, Deenen R, Schmidt S, Messner I, Schäfer K-L, et al.
Impact of the 3D Microenvironment on Phenotype, Gene Expression, and
EGFR Inhibition of Colorectal Cancer Cell Lines. PLoS One. 2013;8(3):e59689.

40. Celli JP, Rizvi I, Blanden AR, Massodi I, Glidden MD, Pogue BW, et al. An
imaging-based platform for high-content, quantitative evaluation of
therapeutic response in 3D tumour models. Sci Rep. 2014;4(3751):1–10.

41. Yang Z, Zhao X. A 3D model of ovarian cancer cell lines on peptide
nanofiber scaffold to explore the cell–scaffold interaction and
chemotherapeutic resistance of anticancer drugs. Int J Nanomed.
2011;5:303–10.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Findings
	Conclusions

	Introduction
	Materials and methods
	Generation of cell culture using collagen I and Geltrex™ and 2D cell monolayers in a 96-well plate
	Fluorescent image of cells cultured on top and inside collagen gels
	For cells on top of collagen gels
	For cells inside collagen gels

	Drug treatment
	ELISA of vascular endothelial growth factor (VEGF)
	Statistical analysis

	Results
	Discussion
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



