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A B S T R A C T

In vitro drug screening is widely used in the development of new drugs, because they constitute a cost-effective approach to select compounds with more potential for
therapy. They are also an attractive alternative to in vivo testing. However, most of these assays are done in two-dimensional culture models, where cells are grown on
a polystyrene or glass flat surface. In order to develop in vitromodels that would more closely resemble physiological conditions, three-dimensional models have been
developed. Here, we introduce two novel fully synthetic scaffolds produced using the polymer polyhydroxybutyrate (PHB): a Solvent-Casting Particle-Leaching
(SCPL) membrane; and an electrospun membrane, to be used for 3D cultures of B16 F10 murine melanoma cells and 4T1 murine breast cancer cells. A 2D cell culture
system in regular tissue culture plates and a classical 3D model where cells are grown on a commercially available gel derived from Engelbreth-Holm Swarm (EHS)
tumor were used for comparison with the synthetic scaffolds. Cells were also collected from in vivo tumors grown as grafts in syngeneic mice. Morphology, cell
viability, response to chemotherapy and gene expression analysis were used to compare all systems. In the electrospun membrane model, cells were grown on
nanometer-scale fibers and in the SCPL membrane, which provides a foam-like structure for cell growth, pore sizes varied. Cells grown on all 3D models were able to
form aggregates and spheroids, allowing for increased cell-cell contact when compared with the 2D system. Cell morphology was also more similar between 3D
systems and cells collected from the in vivo tumors. Cells grown in 3D models showed an increase in resistance to dacarbazine, and cisplatin. Gene expression analysis
also revealed similarities among all 3D platforms. The similarities between the two synthetic systems to the classic EHS gel model highlight their potential application
as cost effective substitutes in drug screening, in which fully synthetic models could represent a step towards higher reproducibility. We conclude PHB synthetic
membranes offer a valuable alternative for 3D cultures.

1. Introduction

Cancer is estimated to have caused over 9.6 million deaths in 2018,
still being considered one of the major causes of death worldwide [1].
Tumor types and tumor infiltrating cells are highly heterogeneous,
adding to the complexity of the disease. Thus, development of new
treatments is a constant, crucial and challenging struggle. One logistic
problem in these efforts is that most drug screenings are performed in
two-dimensional (2D) in vitro cultures, which disregard the complexity
of interactions seen in tumors in vivo. When in 2D, cells have more
surface area in contact with the plastic and culture media than with
other cells [2] forcing them into a polarization that does not reflect
physiological conditions. A more realistic model of in vitro cancer cell
cultures is the use of three-dimensional (3D) cultures. They are gen-
erally either scaffold-based models, in which cells interact with a

substrate, or scaffold-free models, in which cells are unable to attach to
a surface, thus forcing cell aggregation and spheroid formation.

In scaffold-based 3D cultures, cells are grown on a substrate that
mimics the extracellular matrix (ECM). They are usually further clas-
sified into hydrogels or solid scaffolds, and may be either of natural or
synthetic origin (Reviewed in: [3]; [4]). One of the most widely ac-
cepted 3D cultures is a hydrogel made from the extract of Engelbreth-
Holm Swarm (EHS) tumors, being commercially available as Matrigel®
(Corning), Geltrex® (Invitrogen) and Cultrex® (Trevigen). EHS tumors
produce a high amount of basement membrane proteins, the most
abundant being laminin, collagen IV, entactin, fibronectin, and heparin
sulfate proteoglycan; also, these extracts contain a great number of
growth factors [5,6]. Culturing cells on an EHS gel may not only alter
morphology and gene expression patterns [7], but also migration [8],
cell cycle and proliferation [9]. Nevertheless, because this basement
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membrane gel support is obtained from a murine tumor, attention
should be given when culturing non-murine cells on such model.
Dijkstra et al. observed CD4+ T cells reactivity when they were in
contact with the gel or with dendritic cells exposed to Geltrex® [10].
There is also a great concern when using EHS gels regarding batch to
batch variations [6,11]. These variations may significantly alter ex-
periments, as the Matrigel® Growth Factor Reduced was shown to have
only 53% similarity between batches [6].

Another technique for scaffold-based approaches is producing
membranes through electrospinning. This technique produces fiber
matts with adjustable diameter and porosity, while having a large
surface area and an interconnected pore structure [12]. These scaffolds
may be obtained from different types of materials, mostly natural or
synthetic polymers, though also ceramics and metals may be used. As
such, scaffolds have been used in different fields, being in tissue en-
gineering [13], water filtration, drug development as a delivery system
[14,15], and in vitro 3D cell culture [16].

Besides electrospinning, another commonly used technique is
Solvent-Casting Particle-Leaching (SCPL), which can produce foam-like
membranes. It was developed in 1994 [17], and has been used in a
number of studies since then, especially on bone tissue engineering
[18,19], though also in vascular repair [20]. SCPL is an approach much
simpler than electrospinning, as the polymer solution is mixed with a
porogen (usually salt) and left to dry, followed by leaching in order to
remove the porogen used, being relatively easy to adjust pore size.

Among the different materials used for scaffold fabrication, poly-
hydroxybutyrate (PHB) is a very promising one. It is a natural polymer
from the polyhydroxyalkanoate family and was first discovered in
bacteria. In these organisms, PHB is stored as long chains and used as a
source of energy, though it has already been found in various organ-
isms. Because of PHB’s highly flexible structure, biocompatibility and
biodegradability [21], it has been used in many different areas, be it as
bio-implanted patches [22], drug delivery carriers [23], wound dres-
sing [24], scaffolds for cell growth for tissue engineering [25,26] and as
a 3D cell culture model [27].

The aim of this work was to construct and characterize two novel
synthetic scaffolds for 3D cultures for tumor models. We test here two
different scaffold producing techniques, electrospinning and SCPL,
using the same polymer, PHB. The scaffold topography is compared
with EHS gel cell culture, one of the most commonly used 3D models.
Cell morphology, gene expression and response to drug treatment were
also assessed and compared between the three systems, as well as 2D
conventional cultures. Our results indicate that the two synthetic sys-
tems developed by us are similar to the classic EHS gel model, high-
lighting their potential application as cost effective substitutes for drug
screening.

2. Materials and methods

2.1. Membrane production

2.1.1. Electrospinning
PHB (Sigma Aldrich) was solubilized in chloroform at 60 °C for

45 min, treated with dimethylformamide (20% v/v) for 30 min at room
temperature and bathed in a steady ultrasound pulse of 40 kHz for
20 min. A glass syringe with the polymer solution was attached to an
infusion bomb and to its needle was applied an electric current of
+14 kV and −1 kV. The polymer was collected on a static collector,
and membranes were kept in a vacuum chamber for chloroform eva-
poration for 48 h, after which they were kept frozen at −20 °C.

2.1.2. Solvent-Casting Particle-Leaching (SCPL)
After solubilizing the polymer as described above, the solution was

poured in a casting mold. Then, sieved salt particles below 53 μm were
added and the chloroform was left to evaporate for 72 h in an ex-
haustion hood. The membrane was then kept in deionized water for an

ultrasonic bath of 40 kHz for 1 h, washed and then kept in an ultrasonic
bath for another hour. It was then placed for 72 h in a vacuum chamber
to dry, followed by storage at −20 °C.

2.2. Scaffold characterization

Solid EHS gel 10mg/ml was fixed with Karnovski solution, followed
by a gradual dehydration with acetone and critical point dried. EHS gel,
electrospun and SCPL membranes were mounted on stubs and sputter-
coated with gold for Field Emission Gun Scanning Electron Microscopy
(FESEM, Inspect 50 FEI) analysis. Pore and fiber diameters were mea-
sured using the ImageJ software by using the set scale and measure-
ment functions, for each group was considered a minimum of 4 images
and on average 20 measurements per image.

2.3. Membrane preparation and cell seeding

Before each experiment, the electrospun and SCPL membranes were
sterilized by washing three times in ethanol 70%, followed by three
washes in phosphate buffer saline (PBS), being at least 10min for each
wash. The membranes were then placed on a 96-well culture plate at
37 °C and 5% CO2 for up to 24 h. For the EHS gel cultures, Geltrex®
LDEV free (Invitrogen) at a concentration of 10mg/ml was added to the
wells and left to solidify at 37 °C, 5% CO2 for 1 h. The medium used for
the culture was supplemented with 2% of EHS gel. The gel solution was
manipulated in ice to avoid premature gelling.

Mouse melanoma B16F10 GFP cells (kindly provided by Dr. Martim
Bonamino from the Brazilian National Cancer Institute, INCA) and
mouse breast cancer 4T1 cells (ATCC CRL-2539) were grown in DMEM
High glucose (Gibco) and RPMI-1640, respectively, both supplemented
with 10% Fetal Bovine Serum (FBS). Cultures were kept in a humidified
atmosphere of 5% CO2 and 37 °C until use. Each of these models had a
different cell growth surface, which may alter proliferation rates. We
thus performed pilot experiments, in order to determine the most
adequate number of cells to be inoculated in each model, so that we
could comparatively analyze, in the same amount of culture time,
growth both in presence or absence of chemotherapy drugs. Thus, for
the experiments, cells at 80% confluence in 2D cultures were detached
with trypsin solution and seeded at 102 cells/well for 2D cultures;
2,5*104 cells/well for EHS gel; 104 and 2,5*104 cells/well for B16F10
GFP and 4T1 cells on electrospun membranes; and 2,5*104 cells/well
for SCPL cultures. For the electrospun and SCPL groups, cells were
seeded on top of each membrane in 30 μl and left to adhere at 37 °C and
5% CO2 for 1 h, after which the medium was completed to 200 μl. After
24 h, the membranes were carefully washed with PBS and changed to
another well. Cultures were kept for 7 days and medium was changed
twice.

2.4. In vivo tumor model

C57BL/6 and BALB/c mice between 6 and 8 weeks old and 15–20 g
were obtained and housed at the Centro de Modelos Biológicos e
Experimentais (CEMBE PUC-RS, Brazil), where they had food and water
ad libitum. C57BL/6 animals were inoculated subcutaneously with 106

B16F10 GFP cells on the left flank, while BALB/c were inoculated with
105 4T1 cells in the third left mammary fat pad. After 10 and 17 days
for B16F10 GFP and 4T1 cells, respectively, the animals were eu-
thanized and tumors were harvested. Both tumors were cut and kept in
a Karnovski solution for FESEM analysis (section 2.5), while half of the
B16F10 GFP tumor was minced for RNA extraction (section 2.8). All
animal procedures used were approved by PUC-RS university’s animal
ethic committee (CEUA), having the protocol ID CEUA 8466.

2.5. Scanning electron microscopy

After 7 days of culture, samples were fixed with a Karnovski
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solution, followed by post-fixation with osmium tetroxide for 1 h, and a
slow and gradual dehydration with acetone. Samples were critical point
dried, mounted in stubs and sputter-coated with gold. Visualizations
were done through FESEM (Inspect 50 FEI).

2.6. Confocal microscopy

B16F10 GFP samples were fixed with 4% paraformaldehyde,
quenched with NH4Cl 50mM for 5min, permeabilized with 0,2% PBS-
Triton for 5min and blocked with 1% PBS-bovine serum albumin (BSA)
for 30min. B16F10 GFP cells were then incubated with Hoechst for
5min, followed by 3 washes with PBS, 5min each. Samples were kept
on PBS-Glycerol (1:1) until imaging on a confocal laser scanning mi-
croscope (Zeiss LSM 710), images were analyzed by Photoshop.

2.7. Cell viability (MTT)

After 5 days in culture, cells were treated with either cisplatin (100
and 200 μM) or dacarbazine (1000 and 2000 μM), doses chosen from
dose-dependent curves done on 2D cultures (data not shown). At the
end of the 48 h incubation, 20 μl of MTT solution (5mg/ml) was added
to each well, including blank samples composed of the respective model
with medium and no cells. The plate was then kept on an incubator at
37 °C and 5% CO2. After 3 h the plate was centrifuged at 1500 RPM,
4 °C, and medium was discarded carefully while on ice. Formazan
crystals were dissolved with 200 μl of DMSO and the plate was kept
lightly shaking for 10min, followed by optical density reading on
Anthos Zenyth 340r microplate reader between 570 and 620 nm.
Readings were normalized to their respective control without drug
treatment and data analyzed on GraphPad prism 5.

2.8. Microarray

RNA was extracted from samples using the PureLink® RNA Mini Kit
(Thermo Fisher). Briefly, cells were washed with ice-cold PBS, lysis
buffer was added directly to cells and the protocol was carried out
according to the manufacturer’s instructions. RNA integrity was

assessed using the Agilent 2100 Bioanalyzer and the RNA 6000 Nano
Kit (Agilent Technologies, Santa Clara, CA, USA) and total RNA was
stored at −80 °C until use. Gene expression was analyzed using DNA
microarrays SurePrint G3 8× 60K (Agilent, USA). Cyanine-3 labeled
RNA from samples and cyanine-5 labeled reference RNA (Universal
Reference RNA, Agilent Technologies) were combined and hybridized
to microarrays following manufacturer's protocols (LowInput
QuickAmp Labeling Kit Two-Color, Agilent, USA). Microarrays were
scanned using the SureScan (Agilent, USA), according to default para-
meters, and experiment quality, background correction, and the iden-
tification of expressed genes were carried out with the Feature
Extraction software v12 (Agilent, USA). From the data set, probes were
mapped to the reference Mus musculus genome (mm9, available at
http://hgdownload.cse.ucsc.edu/downloads.html#mouse) using the
software package Burrows-Wheeler Aligner (BWA). Based on this
alignment, a total of 4598 probes were used in this work (Table S1,
Supporting information). Data analysis was carried out using Gene-
Spring software v12.6 (Agilent). We used quantile normalization for
fluorescence intensity normalization between samples, and only probes
identified as detected or not detected in at least 100% of one of the
experimental conditions were selected for the identification of differ-
entially expressed genes (ANOVA, cut-off for significance p-value<
0.05). Gene expression levels are presented in fold-changes in respect
to cells cultivated in monolayer (2D). The overall structure of the da-
taset was visualized with the unsupervised method principal compo-
nents analysis (PCA) (GeneSpring, Agilent). Hierarchical clustering of
differential gene expression is presented in the form of heat maps using
Euclidean distance and Ward’s or complete linkage (GeneSpring, Agi-
lent, and Morpheus software) and a Venn diagram was used to illustrate
differences and similarities between the datasets [28]. Gene Ontology
(GO) term and KEGG pathways enrichment analysis were carried out
using DAVID Bioinformatics Resources 6.8 and results were considered
statistically significant if p-value<0.05 after Benjamini-Hochberg
False-Discovery Rate (FDR) correction [29].

Fig. 1. Scaffold structures. FESEM micrographs of the different scaffolds studied, (A) EHS gel, (B) electrospun, (C) SCPL membrane. Magnification of 5,000x, scale
bar 30 μM. Pore diameter of the different scaffolds, (D) EHS gel, (E) electrospun, (F) SCPL membrane.
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3. Results and discussion

3.1. Scaffold production and characterization

Through electrospinning and SCPL techniques two types of mem-
branes were generated and their topography can be seen on Fig. 1A–C.
While gel fibers had small diameters, with a mean of 0.043 ± 0.02 μm
(Fig. S1A, Supporting information), electrospun fibers had larger dia-
meters, with a mean of 1.1 ± 0.47 μm (Fig. S1B, Supporting informa-
tion). Since SCPL membranes had a different production approach from
electrospun membranes, it was only possible to measure its pore dia-
meter, as they are not composed of fibers. Instead, these SCPL mem-
branes were composed of random shapes, with pore sizes varying be-
tween 0.56 and 48.36 μm, while electrospun membrane pores and gel
pores varied between 0.66-12.07 μm and 0.21–4.35 μm, respectively
(Fig. 1D–F, Table 1). Pore size is a very important and discussed issue
regarding scaffold models since it can determine how the cells will
interact and grow. It has been proposed that in order for cells to grow
on a “true 3D″ environment, pore sizes should be smaller than the cells.
This way, cells may interact more closely with the scaffold. Small pore
diameters can also prevent cells from growing alongside fibers, which
may be no different than a 2D curved plane [30]. Besides, depending on
cell type, nanopatterns have been shown to either promote or inhibit
cell attachment [31], or even affect differentiation of myoblasts [32]. It
is agreed, though, that the pore diameter should be related to the size of
the cells being cultured. As has been seen by Lowery et al., human
dermal fibroblasts grew better on scaffolds with pore sizes between 6
and 20 μm. Larger pores would promote growth along fibers and de-
crease ECM production, and though smaller ones allowed cells to bridge
fibers and produce ECM much faster, they would only grow on top of
the membrane [33]. For that, varying pore sizes may promote cell pe-
netration into the scaffold, where it may grow interacting more closely
with this ECM mimetic [34].

3.2. Cell culture morphology

As has been seen before, cells cultured in vitro may alter their
morphology according to the conditions in which they are grown in.
Triple-negative breast cancer cells (MDA-MB-231) after being cultured
on 15% PCL electrospun scaffolds showed a higher elongation factor
than cells grown on 2D cultures [16]. Besides, different breast and
prostate cancer cell lines showed distinct cell organizations when
growing on a 3D environment, as compared with 2D cultures, allowing
better drug investigation [7,35]. In order to evaluate cell growth across
different culture methods, we employed two approaches: Field Emis-
sion Gun Scanning Electron Microscopy (FESEM) and confocal micro-
scopy analysis. Both were performed after culturing cells for either 7
days in vitro or 10 days for B16F10 GFP melanoma cells on C57BL/6
and 14 days for 4T1 breast cancer cells on Balb/c mice. As can be seen
by FESEM on Fig. 2 for B16F10 GFP, while there are few cell aggregates
on 2D cultures, cells grown on 3D environments were organized in
slightly larger aggregates (Fig. 2A). Melanoma cells on 3D cultures
sometimes showed a rounder morphology, viewed by FESEM in the
larger magnification detail (Fig. 2A), more closely resembling in vivo
than 2D growth. Interestingly, cells on EHS gel, electrospun membrane
and SCPL membrane showed a variety of morphologies, similarly to
B16F10 GFP cells on C57BL/6 mice. Morphological differences can also

be observed by confocal microscopy (Fig. 2B), where round and elon-
gated cells are seen in more detail. While all cells are elongated in 2D
cultures, 3D systems showed both round and elongated cells in the
aggregates. Though melanoma cells on both SCPL and electrospun
membranes were able to infiltrate the scaffolds, those on the SCPL
membrane tended to grow involving the scaffold structure instead of
forming spheroids on top of the substrate, as seen on electrospun
samples (Fig. 2C). Additionally, cell aggregates on the electrospun
membrane had more spherical cells than the other 3D models, and they
were also formed on a much higher frequency than on the SCPL
membrane (Fig. 2C). B16F10 growing on the 3D models also had a
number of filopodia, traditionally interpreted as interaction with a 3D
structure.

As expected, B16F10 GFP cells and 4T1 cells showed different
growth characteristics. While B16F10 cultured on EHS gel usually
grows spheroids that will merge and form large irregular spheroids, 4T1
tended to have smaller, better-defined round spheroids, which even if
merged together, would retain its round conformation. Besides, B16F10
GFP cells when grown on 3D models form cell aggregates and have a
rounder morphology than what is seen on 2D, however, the same
cannot be said about 4T1 cells. These breast cancer cells, when grown
on membranes, seem to mostly maintain their elongated morphology
(Fig. 3A). Still, although 4T1 cells don’t appear to readily form cell
aggregates, they can easily be seen infiltrating the electrospun mem-
brane, which might allow them to interact more, providing an en-
vironment similar to spheroids. Especially on the SCPL membrane, cells
were able to grow and envelop the scaffold (Fig. 3B). Still, each model
has its own structure and characteristics, leading to different cell-cell
and cell-ECM interactions. Besides, different cell lines may also react
differently to the same stimuli.

It has already been reported that cells grown on a tissue culture
plastic tend to have a more flattened morphology. Human breast cancer
cells (MCF7), after growing on 2D were flat with trigonal and polygonal
morphologies, while cells grown on a collagen scaffold had a diversity
of morphologies, including rounder, spread-out and elongated [36].
Besides, endometrial cell lines when cultured in EHS gels formed
glandular and spheroid-like structures, resembling much more closely
in vivo morphology [37]. In general, the formation of cell aggregates or
spheroids has been shown to better simulate tissues, especially when
considering that not all cells will get in contact with medium or drugs
due to difficulties in nutrient and waste exchange. Depending on the
spheroid size, it may be composed of cells on three different stages: cells
on the outermost layer will proliferate, while those in the middle layer
will be quiescent; and if the structure is large enough (usually diameter
above 500 μm), it will have a necrotic core due to nutrient in-
accessibility and increased acidity and waste products [38]. Thus, the
formation of these cell aggregates and spheroids on the 3D cultures
studied may bring advantages to the models by providing different
microenvironments for the cells. Although spheroids less round in
shape may have a different structure than the classical ones (since it
may develop more than one necrotic center), it may still provide dif-
ferent microenvironments in cell culture, hence altering response to
signals.

3.3. Effect of chemotherapeutics on 2D and 3D models

In order to evaluate how the two novel models proposed here, SCPL
and electrospun membranes, would affect cell response to che-
motherapy, cultures were treated for 48 h with either cisplatin (CDDP)
or dacarbazine (DTIC) followed by MTT cell viability analysis. As can
be seen on Fig. 4, cells grown on EHS gel showed increased resistance in
all drug concentrations used. Such response is expected, as there have
been various reports regarding this phenomena [39,40]. Similar to EHS
gel cultures, cells on membranes were able to better withstand DTIC
treatment than control, however, they only showed a tendency towards
CDDP resistance.

Table 1
Pore size in μM across 3D models.

Min Max Mean Median

EHS gel 0.21 4.35 1.06 ± 0.76 0.89
Electrospun 0.66 12.07 4.04 ± 2.66 3.55
SCPL 0.56 48.36 6.66 ± 9.22 3.04
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Cells cultured on 3D models may display either increased or de-
creased drug resistance when compared with results from 2D cell cul-
tures. In prostate cancer cell lines, it was found that compounds tar-
geting the mTOR pathway inhibited cancer cells in 2D and 3D cultures,
while those targeting the AKT pathway were less effective on 2D [35]. It
has also been shown that spheroids on collagen gel showed greater
resistance to doxorubicin treatment than cells on 2D and spheroids on a
scaffold-free model [41]. These results come to show that depending on
the 3D environment and cell-cell and cell-matrix interactions, a culture
might become resistant or susceptible to a certain drug treatment. In

fact, a number of ways through which resistance can be affected has
been described. One was studied by Imamura et al., where dense
spheroids had a tendency to be resistant to paclitaxel and doxorubicin
treatment when compared to looser spheroids or 2D growth. These
denser spheroids showed decreased apoptosis and stained positive for
Ki67, while having hypoxic centers [42]. Colorectal cancer cell lines
have also been shown to have decreased p53 levels on 3D cultures after
CDDP treatment, when compared with 2D treated cultures. Even
though these cells would have similar p53 levels on 2D and 3D, after
CDDP treatment cells cultured in 3D had decreased sensitivity to the

Fig. 2. Morphological differences in B16F10 GFP cell cultures grown in different scaffolds (A) FESEM micrographs comparing culture In vitro for 7 days and In
vivo 10 days tumor of B16F10 GFP cells on C57BL/6 mice. Left panel, 1200x; right panel, detail of the upper panel with magnification 5000x. (B) Confocal images
showing growth in vitro after 7 days in culture, where nuclei are stained in blue, and in green GFP produced by the melanoma cells. (C) FESEM micrographs of
B16F10 GFP growth structures on electrospun and SCPL membranes after 7 days in culture. Left panel, magnification 600x; Right panel, detail with magnification
5000x. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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drug. These alterations were attributed to the difference in architecture
between 2D and 3D cultures [43]. It is believed that cell morphology
and interactions between cells may have a great effect on expression
and treatment outcome. As seen on MCF7 breast cancer cells, treatment

with CDDP on EHS gel had chromatin reorganization leading to in-
duction of ATR phosphorylation, chk1 activation and REV3L upregu-
lation, leading to increased senescence [39].

Interestingly, both CDDP and DTIC mainly act by crosslinking with

Figure 3. 4T1 breast cancer cell culture in different cell culture systems. FESEM micrographs of (A) comparison of cell culture on different models, where cells in
vitro were grown for 7 days and In vivo on Balb/c mice for 14 days. (B) Cells grown on electrospun and SCPL scaffolds for 7 days, showing spheroid formation and
thorough membrane embracing, respectively.
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DNA (with a platinum or alkyl group, respectively) [44], and both had
at least a tendency for drug resistance, not seen on 2D cultures. These
differences are probably due to distinct pathways being activated after
treatment. Still, all 3D cultures were able to provide an environment
with a scaffold to which cells were able to adhere. Cells treated with
cisplatin and cultured on SCPL membrane might have had in general a
higher resistance due to increased penetration and interaction of cells
with the scaffold, when compared with culture on electrospun mem-
branes.

3.4. RNA expression across different culture models

We compared global gene expression profiles of exponentially
growing B16F10 GFP cells in monolayer (2D) with the 3D culture
conditions (ElMb, SCPL and EHS gel) and cells collected in vivo. The
PCA plot indicates that the majority of the variability in the dataset is
associated with cell source (2D, 3D or in vivo): samples from each cul-
ture model grouped together (Fig. 5A).

The tree view representing the variation in gene expression high-
lights that cells cultivated in vivo showed the most significant differ-
ences when compared with the 2D cell culture, followed by EHS gel
(Fig. 5B, for a complete list of differentially expressed transcripts,
considering a fold-change of 2, see Table S2, Supporting information).
Gene ontology (GO) term and KEGG pathways gene enrichment ana-
lysis were carried out to understand if these changes in gene expression
levels were related to biological processes involved in the differences in
3D cultures, such as tissue development and cell adhesion, or in re-
sponse to radio- and chemotherapy, such as cell proliferation, cell death
and DNA repair systems. No such differences were found. However,
cells collected in vivo, EHS gel, and SCPL showed similar alterations in
transcription-related processes (RNA synthesis) when compared with
cells cultivated in monolayer, as highlighted by the enrichment of GO
term Transcription, DNA Template (GO:0006351) (Table S3, Sup-
porting information). For the electrospun membrane, this enrichment
was not as evident (p-value above the significance level), but a group of
genes associated with this process was also deregulated (Table S3,
Supporting information). A summary of the overlap between the 3D
cultivation systems can be visualized in the Venn diagram (Fig. 5C) and
specific characteristics of each dataset are available as supporting in-
formation (Table S4).

When the in vivo samples were analyzed, differences in the up reg-
ulation of genes from immune system processes were noteworthy
(LGALS3, HCK, UNC93B1, TFEB, TLR3, SERPING1, LGALS9, BTK,
PSMB9, ZAP70, C1RL, NRROS, BCL6, PRDM1, C2, CD79A) as well as in
cytoskeleton organization (DLC1, FMNL1, CORO1A, DOCK2, PRR5,
TMSB4X, BCL6, IQSEC3, CAPZB, FLNA, IQSEC2).

The expression level of gene transcripts previously associated with

cancer in the 3D systems was analyzed in more detail, because these
models were developed for studies in cancer progression and drug re-
sponse. We selected genes grouped within KEGG database under the
term “Pathways in Cancer” and evaluated the overall gene expression in
each system, including genes involved in processes as diverse as cell-
cell contact, cell migration, cell death and cell proliferation (a complete
scheme for these pathways is available at https://www.genome.jp/
kegg-bin/show_pathway?mmu05200). Table 2 lists the genes of the
KEGG pathways that showed differential expression between each
culture system and cells collected in vivo when compared with cells
cultivated in monolayer. From a total of 534 genes, 52 were differen-
tially regulated between the 3D systems and the monolayer culture, or
among themselves. A comprehensive view of the variation between
each system is depicted in Fig. 5D.

RNA expression is commonly found altered after modifying cell
culture conditions or with tumor development. Lymphoid enhancer
binding factor 1 (LEF1), which is associated with the Wnt pathway, had
increased expression in all 3D and in vivo models when compared with
the 2D cell culture. This result is expected, as malignant melanoma
patients have been shown to have increased LEF1 when compared with
peritumoral tissue and benign nevus [45]. Patients with malignant
melanoma have also shown increased serum levels of the Vascular
Endothelial Growth Factor (VEGF) in comparison to healthy controls
[46]. These results have also been obtained in vitro, when T47D breast
cancer cells were grown as spheroids and showed increased VEGFA
expression [47]. This aspect has also been recapitulated in our experi-
ments, where all 3D cell cultures and in vivo model have shown in-
creased expression of VEGFA when compared to 2D cell cultures. As
with other genes mentioned, our 3D cultures have been able to ap-
proximate to in vivo models, exemplifying another way through which
they might be better suited for in vitro cell culture than the 2D cell
culture model.

4. Conclusions

All the culture methods analyzed were able to sustain cell growth,
and all 3D cell culture models showed morphologies more similar to in
vivo growth than to the monolayer cell culture. Both electrospun and
SCPL membranes did not induce cell death, and cells grown on them
were able to interact with each other and with the ECM mimetic, which
was true for both melanoma B16F10 and breast cancer 4T1 cells. After
drug treatment with dacarbazine, cells grown in all 3D culture systems
showed increased resistance compared to those grown in monolayer,
showing at least 30% more viability than the 2D group. After cisplatin
treatment, cells grown on both electrospun and SCPL membranes dis-
played a tendency for increased drug resistance - though only cells
grown on EHS gel had statistically significant increased viability.

Fig. 4. Viability analysis through MTT. B16F10 GFP cells were cultured for 7 days, followed by treatment with either Cisplatin, CDDP (100 or 200 μM) or
Dacarbazine, DTIC (1000 or 2000 μM) for 48 h * for p < 0.05 and *** for p < 0.001.
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Fig. 5. Microarray analysis comparing gene expression across the different cell culture methods. (A) Principal component analysis (PCA) of the source of
variation in the gene expression dataset. This is an exploratory statistical method that simplifies the microarray data. Shown here is the average signal of each sample
in a three-dimensional space of the first three principal components. Each culture condition clusters separately. (B) Hierarchical clustering of gene expression changes
between each cultivation system and the monolayer (2D) cell culture. Differentially expressed genes are plotted according to their degree of respective co-expression.
Values are represented in log2Foldchange. The cultivation system is indicated at the top, columns represent samples, while rows represent genes. The degree of
correlation between genes or samples is plotted in a tree view fashion. (C) Venn diagram. Summary the overlap between differentially expressed genes in each
dataset. (D) Hierarchical clustering of genes belonging to Pathways in Cancer (KEGG Pathways). Values from each culture system are represented in as normalized
intensity and include only genes that showed at least a 2-fold change difference when compared with the monolayer culture. 2D: monolayer cell culture; ElMb:
electrospun membrane; Gel: EHS gel; SCPL: Solvent-Casting Particle-Leaching membrane.
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Gene expression analysis corroborated the similarities between 3D
and in vivo groups in relation to 2D, that were observed in the previous
biological assays, having relatively few transcripts showing different
expression between the models. Even though these 3D models were
produced by different techniques, they showed many similarities across
experiments, demonstrating that the use of animal origin models such
as the EHS gel could be substituted by fully synthetic 3D scaffolds.
Further experiments using different conditions such as RNA collection
time point and cell stimulation, may identify other differences in mo-
lecular mechanisms associated with cell growth and maintenance in
each studied model.
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