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A B S T R A C T

Two-dimensional cell culturing has proven inadequate as a reliable preclinical tumour model due to many
inherent limitations. Hence, novel three-dimensional (3D) cell culture models are needed, which in many aspects
can mimic a native tumour with 3D extracellular matrix. Here, we present a 3D electrospun polycaprolactone
(PCL) mesh mimicking the collagen network of tissue. The naturally hydrophobic PCL mesh was subjected to O2

plasma treatment to obtain hydrophilic fibres. Biocompatibility tests performed using L929 fibroblasts show that
the 3D PCL fibre unit compartments were non-toxic. The human breast cancer cell lines MCF-7 and JIMT-1, the
normal-like human breast cell line MCF-10A, and human adult fibroblast were cultured in PCL meshes and cell
proliferation was monitored using the AlamarBlue® assay. Confocal microscopy and cryosectioning show that
the cells penetrated deep into the fibre mesh within 1week of cell culturing. The cancer cells form spheroids with
the cells attaching mainly to each other and partly to the fibres. The human adult fibroblasts stretch out along
the fibres while the MCF-10A cells stretch between fibres. Overall, we show that normal and cancer cells thrive
in the 3D meshes cultured in fetal bovine free medium which eliminates the use of collagen as an extracellular
matrix support.

1. Introduction

Preclinical studies to unravel the biology of human cancers and to
develop new treatment strategies have traditionally been carried out
using conventional two-dimensional (2D) cell cultures. However, these
cancer models have proven inadequate as reliable preclinical tumour
models due to many inherent limitations (Kim, 2005; Szot et al., 2011).
One major drawback of 2D cell culture models is the lack of three-
dimensional (3D) microenvironmental cues that exist in vivo (Feng
et al., 2013). The in vivo tissue microenvironment consists of a complex
3D extracellular matrix (ECM) formed mainly by stromal cells (Feng
et al., 2013; Kim, 2005; Rijal and Li, 2016). The mechanical, structural,
and biochemical cues which support cell-cell and cell-matrix interac-
tions in a 3D microenvironment are mostly absent in 2D models (Feng
et al., 2013; Kim, 2005; Szot et al., 2011). Laboratory animal experi-
ments have contributed substantially to our current understanding of
human cancer biology and drug sensitivity; however, there are funda-
mental genetic, metabolic, and ontogenetic differences between tu-
mours in humans and xenografted human tumours (Anisimov et al.,
2005; Rangarajan and Weinberg, 2003; Rangarajan et al., 2004).

Hence, novel 3D cell culture models are needed, which in many aspects
can mimic the native human extracellular matrix with embedded cells.
Moreover, cell-based 3D techniques provide an opportunity to use an
alternative in vitro method in compliance with the replacement of an-
imal experiments in 3R recommendations. In fact, 3D models are in-
creasingly used in cancer research and one commonly used product to
obtain a 3D fibrous structure to support cells is matrigel extracted from
the Engelbreth-Holm-Swarm (EHS) mouse sarcoma (Nyga et al., 2011;
Bielecka et al., 2017). However, in the strive to replace animal ex-
periments, it is advisable to eliminate animal-derived products in cell
culturing that are obtained causing animal suffering. Unfortunately, a
continuous supply of the EHS mouse sarcoma-derived matrigel requires
serial transplantation of mice with the EHS tumour. Thus, in the present
work we have used polycaprolactone (PCL) to produce a 3D collagen-
mimicking synthetic scaffold. PCL is widely used by researchers because
of its low melting point, viscoelastic properties, blend-compatibility,
and long-term biodegradability (Cipitria et al., 2011; Wu and Hong,
2016). The Food and Drug Administration has approved PCL for spe-
cific applications in the human body such as for drug delivery and su-
ture materials (Ulery et al., 2011).
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Among various techniques for manufacturing of 3D scaffolds, elec-
trospinning is a cost-effective and simple process that allows the for-
mation of polymer fibres with sub-micron diameter resembling the non-
woven fibrous collagen structure of the ECM (Cipitria et al., 2011;
Frenot and Chronakis, 2003; Martins et al., 2009; Jakobsson et al.,
2017). Randomly electrospun fibre meshes create high surface-area-to-
volume ratio for cell attachment and provide a natural 3D tissue like
structure enabling oxygen and nutrient gradients due to their porosity
(Cipitria et al., 2011; Knight and Przyborski, 2015). Studies of breast
cancer cell proliferation, adhesion, and survival on electrospun 2D and
3D PCL fibrous scaffolds have been reported (Feng et al., 2013; Foroni
et al., 2013; Rijal and Li, 2016). However, a synthetic 3D culture with
strong infiltration of cancer cells into the depth of the 3D system still
needs to be developed (Kim et al., 2016). Here, we present a fully
synthetic and highly porous 3D PCL fibre mesh suspended in a poly-
lactic acid (PLA) ring structure and show that cells can invade into the
porous structure of the fibre mesh.

To further comply to the replacement of less defined products de-
rived through animal ethically questionable procedures, we have re-
placed fetal bovine serum (FBS) with donor horse serum (DHS) in the
cell culture medium of the various cell types used in this study. FBS is
produced by obtaining blood through heart puncture of live calf foe-
tuses that have been extracted from the womb of pregnant cows at
slaughter (van der Valk et al., 2004). Collection of blood from donor
horses of donor herds primarily kept for veterinary medicinal purposes
is considered stress-free (Hashim et al., 2012) and eliminates the con-
troversial and unnecessary suffering of the unborn calves.

As mentioned above, PCL has been approved for various biomedical
applications. In vivo and in vitro biocompatibility studies have not re-
vealed cytotoxicity (Woodruff and Hutmacher, 2010; Corrales et al.,
2012). However, it is important to investigate the biocompatibility of
PCL when applied in new experimental settings since the scaffold
production techniques may influence its biocompatibility (Cipitria
et al., 2011). Thus, in this work, we have investigated the biocompat-
ibility of PCL granules, electrospun PCL 3D fibre meshes, and the 3D-
printed PLA supporting material using in vitro cytotoxicity assay with
L929 cells according to ISO standard 10993-5 with extracts collected
according to ISO standard 10993-12.

In the present study, a modified electrospinning setup with a novel
collector design was utilized to fabricate highly porous 3D PCL fibre
meshes, mimicking the collagen fibres of the extracellular matrix in soft
tissue and thus omitting the use of e.g. matrigel. We assessed cell pro-
liferation in the 3D meshes after seeding different numbers of JIMT-1 or
MCF-7 breast cancer cells, MCF-10A normal-like breast epithelial cells,
or adult human dermal fibroblasts using medium supplemented with
DHS. Confocal laser scanning microscopy and cryosectioning was used
to assess the 3D ingrowth of the cells in the fibre meshes. Cell-cell and
cell-fibre interaction were also investigated using scanning electron
microscopy (SEM). The results from this study may speed up the de-
velopment and optimization of future 3D tumour models as physiolo-
gically relevant systems that can contribute to the 3R principles to re-
duce the use of animals in tumour biology and therapeutic studies.

2. Materials and methods

2.1. Preparation of electrospun PCL fibre meshes

The highly porous unique fibre meshes were prepared in colla-
boration with Cellevate AB. Briefly, a polymeric solution of 15% PCL w/
v (Sigma-Aldrich Sweden AB, Stockholm, Sweden) with an average
molecular weight of 80 kDa was prepared by dissolving the PCL pellets
in acetone (Sigma-Aldrich Sweden AB) under gentle stirring condition
overnight at room temperature. The electrospinning process was per-
formed horizontally with a syringe pump (Aladdin-1000, World
Precision Instruments, Sarasota, FL, USA) set at a continuous flow rate
of 2.0 mL/h-1, a high voltage power supply (20 kV) (FuG Elektronik

GmbH, Schechen, Germany), and a blunt needle tip with a distance of
20 cm to the stationary custom-made collector (Jakobsson et al., 2017).
The electrospinning procedure was performed at room temperature
with around 30–35% humidity. The randomly oriented fibre mesh for
contact angle measurements was collected on a rotating collector (ro-
tation speed 20 rpm) in the form of non-woven fibre mesh.

2.2. PCL fibre support units

In order to provide support for the non-compressed fibre network,
3D-printed polylactic acid (PLA) lock-rings were fabricated using a
MakerBot Replicator 2 3D printer (Makerbot Industries, New York, NY,
USA). Each fibre substrate was transferred from the tip of the collector
and mounted in the lock-rings. The fibre mesh with diameter of 10mm
is kept from bulging by a 3D-printed cross-shaped structure made of
PLA (Fig. 1).

2.3. Surface modification by plasma treatment and sterilization

PCL is intrinsically hydrophobic while the ECM microenvironment
is hydrophilic. Thus, to obtain a hydrophilic substrate compatible with
optimal cell attachment, the PCL fibres were modified by O2 plasma
treatment. A plasma-preen Ii-973 Tappan space saver microwave oven
cleaner/etcher and a plasma-preen controller (Plasmatic Systems, Inc.,
North Brunswick, NJ, USA) were used for this purpose. O2 plasma
treatment was carried out for 15 s under 10mbar pressure. The plasma-
treated 3D fibre units were used within 1–2 days of treatment. Before
cell addition, the 3D fibre units were immersed in 99.5% ethanol for
15min and were then rinsed three times with sterile phosphate-buf-
fered saline (PBS).

2.4. Contact angle measurements

Flat electrospun PCL fibre meshes were prepared in order to de-
termine the contact angle, since it was not possible to perform the ex-
periment on PCL fibre meshes in the lock-rings. The static water contact
angle of PCL fibres was measured at room temperature, both before and
after plasma treatment. Water droplets (6 μl) were applied at different
random locations on untreated and plasma-treated fibre samples and
images were taken with an EOS 600D Canon camera (Canon Inc.,
Tokyo, Japan) assembled on a Leica MZ6 Stereomicroscope (Leica
Biosystems, Wetzlar, Germany). The water contact angles were de-
termined using Java ImageJ software (http://imagej.nih.gov/ij/) and
ImageJ contact angle plugin at least six times for each sample. No
image editing was done prior to contact angle measurements.

Fig. 1. Image of the 3D fibre unit consisting of the uncompressed PCL fibre
mesh supported in lock-rings made of PLA. The fibre mesh that is very delicate
is kept from bulging by a cross-shaped structure made of PLA. The diameter of
the set-up is 10mm and it is placed in a well of a hydrophobic 48-well plate
before seeding of cells.
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2.5. Cell lines

The human breast cancer cell line JIMT-1 (ACC-589) was purchased
from the German Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany). The human breast cancer cell line MCF-7
(HTB-22), the normal-like breast epithelial MCF-10A cell line (CRL-
10317), and mouse L929 fibroblasts (CCL-1) were purchased from
American Type Culture Collection (Manassas, USA). Human adult
dermal fibroblasts were purchased from Sigma-Aldrich Sweden AB.

All the cell lines were cultured in Dulbecco's modified Eagle
medium/Ham's F-12 supplemented with 5% heat-inactivated donor
horse serum (Sigma-Aldrich Sweden AB), 10 μg/ml insulin (Sigma-
Aldrich Sweden AB), 20 ng/ml epidermal growth factor (Lonza, USA),
0.25 μg/ml hydrocortisone (Sigma-Aldrich Sweden AB), 0.2 mM Na-
pyruvate, 0.05mg/ml transferrin (Sigma-Aldrich Sweden AB), 2mML-
glutamine (VWR, Lund, Sweden), 1 mM non-essential amino acids
(VWR), 100 μg/ml streptomycin (VWR), and 100 U/ml penicillin
(VWR). In addition, the medium of the MCF-10A cells was supple-
mented with 50 ng/ml cholera toxin (Sigma-Aldrich Sweden AB). In
addition, the medium of the MCF-7 cells was supplemented with 10 nM
β-estradiol (Sigma-Aldrich Sweden AB). All cell lines were maintained
in a humidified incubator containing 95% air and 5% CO2 at 37 °C. The
cells were passaged twice a week using Accutase (Sigma-Aldrich
Sweden AB).

2.6. Seeding in 3D PCL fibre units

After detachment with Accutase® (Sigma-Aldrich Sweden AB), the
number of cells was determined by counting in a hemocytometer. Cell
suspensions containing a defined number of cells per ml were prepared
(see Fig. 4). One ml was added to the 3D fibre units, which were placed
in the wells of hydrophobic 48 well plates. The plates were kept in the
CO2 incubator at 37 °C for 1 week. The medium was replaced with 1ml
fresh medium after 72 h of incubation.

2.7. AlamarBlue® assay

On days 1–4 and day 7 after seeding, the AlamarBlue® assay
(ThermoFisher Scientific, Waltham, MA, USA) was used to get an in-
direct estimate of cell number in the fibre mesh. AlamarBlue® is re-
duced at the level of oxygen in the electron transport chain and the read
out is proportional to the cell number (Ahmed et al., 1994; Goegan
et al., 1995; Nociari et al., 1998). AlamarBlue® reagent (100 μl) was
added to the medium of the wells, the plate was covered with alumi-
nium foil, which was then incubated for 4 h in the CO2 incubator. Then
100 μl aliquots were removed for determination of reduced Alamar-
Blue® by measuring fluorescence at a wavelength of 590 nm after ex-
citation at 540 using a SpectraMax® i3x multi-mode microplate reader
(Molecular Devices, San Jose, CA, USA). The experiment was repeated
at least three times for each seeding density with n=2 in each ex-
periment.

2.8. Fixation and staining of cultures

After the AlamarBlue® assay, the cultures with fixed in 3.7% for-
maldehyde in PBS for 15min at 4 °C. Then the cultures were washed
three times with PBS before blocking and permeabilization in 500 μl of
blocking solution (1% dry milk and 1% Tween 20 in PBS) at room
temperature for 1 h. Then the cells were stained with Alexa Fluor 488
phalloidin (ThermoFisher Scientific, A12379), diluted 1:100 in
blocking buffer. The incubation of the cells continued for 2 h at room
temperature. Then the samples were washed three times with PBS and
incubated with 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI)
(Sigma-Aldrich Sweden AB) (1 μg/ml PBS) for 1.5 min at room tem-
perature. Thereafter, the 3D fibre units were mounted in Mowiol
(Sigma-Aldrich Sweden AB) on glass cover slips and kept in darkness at

4 °C. The cells were imaged by epifluorescence and confocal micro-
scopy.

2.9. Scanning electron microscopy

After 7 days of incubation, the 3D cultures were fixed in 3.7%
paraformaldehyde for 30min followed by washing 3 times with PBS.
Thereafter the 3D cultures were subjected to dehydration in an hex-
amethyldisilane (HMDS) series (25%, 50%, 75%, and 100%, 15min in
each step) and then they were left to dry at room temperature overnight
before mounting on aluminium stubs using adhesive carbon tape. The
samples were then sputter-coated with a thin layer (12 nm) of gold
using a Cressington 108auto sputter coater (Cressington Scientific
Instruments Ltd.) for 55 s at 20mA. The samples were viewed in a SEM
(Model SU3500, Hitachi, Krefeld, Germany) and images were captured.

2.10. Confocal laser scanning microscopy

For visualization of cell distribution within 3D meshes, filamentous
actin (F-actin) was labelled with Alexa Fluor 488 Phalloidin
(ThermoFisher Scientific, A12379) and cell nuclei with DAPI. The cells
were viewed in a Zeiss LSM 510 META confocal laser scanning micro-
scope (Zeiss, Oberkochen, Germany) and images were taken with a
63×, 1.4 NA oil immersion objective lens.

For acquisition of z-stack images of the 3D cultures, the stained
samples were immersed in a 2.2′-thiodiethanol (TDE) (Sigma-Aldrich
Sweden AB) dilution series (10%, 25%, 50%, and 97%, 10min in each
step). Then, samples were mounted on cover slips with 97% TDE in
PBS. Z-stack images were taken with 25×, 1.2 NA oil immersion ob-
jective lens and images were analysed with ZEN software (Zeiss).

2.11. Biocompatibility evaluation

2.11.1. Polymer extraction
In order to analyse the biocompatibility of the 3D units, extracts of

PCL granules, the PCL fibre mesh, and PLA lock ring material were
prepared according to ISO standard 10993-12. The polymers were
added to sterile pre-weighed borosilicate glass flasks and then the flasks
were weighed again to obtain the weight of the polymer. The polymers
were washed with 70% ethanol, rinsed with water, and dried. Sterile
Millipore water (1ml/0.2 g) was then added, the lid tightened and the
flasks kept at 37 °C for 72 h. The extraction solution was sterile-filtered
before testing in an MTT dose response assay.

2.11.2. MTT assay
The MTT assay was used to evaluate the cytotoxicity of polymer

extracts in L929 cells according to ISO standard 10993-5. Different
concentrations of extract in 2× concentrated L929 medium were pre-
pared (1:2 (yields 0.1 g/ml), 1:4 (yields 0.05 g/ml), 1:8 (yields 0.025 g/
ml), 1:16 (yields 0.0065 g/ml), 1:32 (yields 0.00325 g/ml), and 1:64
(yields 0.00163 g/ml). L929 cells were seeded in complete cell culture
medium in 96-well plates at a density of 5000 cells in 150 μl medium
per well and incubated at 37 °C overnight to allow attachment.
Thereafter, the medium was removed and 150 μl of medium with the
respective concentrations was added. As positive controls, DMSO was
added to an equal amount of 2× medium to obtain three different
concentrations; 5%, 2%, and 1%. As negative control, distilled water
was added to an equal amount of 2× medium. The 96-well plates were
incubated for 72 h followed by indirect evaluation of the cell number
using the MTT (3-(4, 5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. To each well, 20 μl MTT solution (5mg/ml PBS) was
added and the 96-well plates were incubated in the CO2 incubator for
1 h protected from light by covering with aluminium foil. The MTT
containing medium was removed and formazan crystals formed in the
live cells by reduction of MTT in the mitochondrial electron transport
chain were dissolved by adding 100 μl DMSO and the plate was
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incubated for 10min at room temperature. The formed formazan
crystals yielding a blue purple colour upon dissolution in DMSO is as-
sumed to be proportional to cell number. The optical density of each
well was analysed at 540 nm using a microplate reader (ThermoFisher
Scientific). The experiment was repeated at least three times with new
polymer extracts each time.

2.12. Cryosectioning

After fixation of 7 days of cultures and staining, the 3D meshes freed
of the PLA lock rings were embedded in tissue freezing medium
Optimal Cutting Temperature (Histolab, Askim, Sweden) for 30min at
−20 °C. Sectioning was performed using a Leica CM1950 Cryostat
(Leica Biosystems) at −20 °C. The sample was initially trimmed with a
razor blade and then sections of 30 μm thickness were collected on
Polysine™ glass slides (Menzel GmbH & Co., Berlin, Germany). The
samples were washed three times with PBS to remove the freezing
medium. They were mounted with Mowiol and stored at −20 °C until
microscopic visualization.

3. Results

3.1. Contact angle measurement

Intrinsically PCL is hydrophobic and since optimal cell attachment
is dependent on a hydrophilic surface, we used plasma treatment to
insert oxygen into the PCL fibres. However, O2 plasma treatment is a
rather harsh procedure and the fibres can become distorted. Comparing
the images of Figs. 2 A-B and D-E show that plasma treatment for 15 s
under 10mbar pressure does not affect the morphology of the fibres.
Longer treatment times resulted in melting of the fibres (not shown).

Fig. 2C and 2F show the water contact angles of untreated PCL fi-
bres and plasma-treated PCL fibres with contact angle measurements of
113° and 43°, respectively. Thus, plasma treatment for 15 s does not
affect the fibre structure mesh and the PCL fibres become hydrophilic.
Thus, for all experiments, the 3D fibre units were subjected to plasma
treatment before seeding of cells.

3.2. Biocompatibility of electrospun PCL fibre units

In order to ensure that the 3D fibre unit is not toxic, we performed a
biocompatibility test of extracts of PCL granules, PCL fibres, and PLA
support material according to ISO standard 10,993–12. Different con-
centrations of extracts were tested using the mouse fibroblast L929 cell
line treated for 72 h and then evaluated with an MTT colorimetric
assay. Fig. 3 shows that none of the extracts displayed toxicity.

3.3. Evaluation of cell proliferation of cells seeded in 3D fibre units

The AlamarBlue® assay was used as an indirect measure to de-
termine if there was a change in cell number during 1 week after
seeding cells. An increase in AlamarBlue® reduction indicates an in-
crease in cell number. Human breast cancer JIMT-1 and MCF-7 cells,
normal-like human breast epithelial MCF-10A cells, and human adult
dermal fibroblasts were seeded at two different densities (a lower and a
higher, Fig. 4) to get an understanding of how initial seeding density
affects the behaviour of the cells. These seeding densities were partly
based on the cell cycle time of the respective cell lines as well as on the
seeding density used when culturing them in 2D monolayer. In general,
there was an increase in AlamarBlue® reduction during day 3 to day 7
indicating an increase in cell number after a 48-h lag period (day 1 and
day 2). However, the lag period was somewhat shorter when the cells
were seeded at a higher density. Independent on the initial seeding
density, the AlamarBlue® reduction was similar on day 7 after seeding.
Based on these data, we decided to seed the cells at the lower density
for each cell line in further experiments.

3.4. Morphological evaluation of cells seeded in 3D fibre units

We used SEM to investigate the morphology of cells on or close to
the surface area of the 3D meshes and confocal microscopy to in-
vestigate how deep the cells grow into the meshes. The SEM microscopy
was performed on day 7 cultures and the images only show cells on the
surface of the fibre mesh (Fig. 5). The MCF-7 cells are found growing in
tight clusters of different sizes which probably reflects their epithelial
features (Fig. 5A) (Takeichi, 1995). The image of the JIMT-1 cells shows
a diverse morphology, with both round and flat cells, the latter see-
mingly attached to fibres. The MCF-10A and human dermal fibroblasts
have a spread-out flat morphology and tend to adhere to multiple fibre

Fig. 2. Scanning electron images of electrospun PCL fibre meshes and contact angle measurements before (A, B, and C) and after O2 plasma treatment (D, E, and F).
The water contact angle values are presented as mean± SEM (n=6). Scale bars indicate 10 (images to the left) and 100 μm (images in the middle).
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(Fig. 5C and D, respectively).
Fig. 6 shows confocal laser scanning microscopy images of cells

found on the surface of the 3D fibre mesh after 7 days of incubation
(Fig. 6). All the cell lines were stained to visualize the actin cytoske-
leton and cell nuclei to analyse the morphology of cells. The cells show
similar morphology as in the SEM images (compare with Fig. 5).

3.5. Cell infiltration into 3D fibre meshes

Confocal microscopy z-stack imaging shows infiltration of cells deep
into the 3D fibre meshes 7 days after seeding the cells (Fig. 7). Thus, the
PCL fibre mesh, which has an average pore size of 50 μm2, provides
adequate spacing and porosity permitting cell infiltration (Jakobsson

Fig. 3. Biocompatibility of extracts of (A) PCL granules, (B) PCL fibres, and (C) PLA used in lock rings evaluated in L929 cells using dose response assays with MTT
reduction as readout. The cells were seeded in 96-well plates and 24 h later, the cells were subjected to medium with different concentrations of extract. After 72 h of
treatment, an MTT assay was used for evaluation of toxicity. The values are based on the mean ± SEM of three independent experiments with 6 wells per
concentration in each experiment.

Fig. 4. AlamarBlue® reduction as an indirect estimation of cell number of MCF-7 (A), JIMT-1 (B), MCF-10A (C), and human fibroblasts (D) seeded at two different
densities in 3D PCL fibre meshes. Cells were seeded in 3D fibre units on day 0. At 1–4 and 7 days after seeding, AlamarBlue ®was added to the medium and after 4 h of
incubation, the reduction of AlamarBlue® was determined in a spectrophotofluorometer. Each column shows the mean ± SE of three independent experiments with
three 3D fibre units in each.
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et al., 2017). The breast cancer cells form small tight spheroids at dif-
ferent depths of the mesh while fibroblasts are spread-out in the mesh.
The MCF-10A cultures show both clusters of cells and a spread-out
morphology of the cells in the mesh.

The 3D cultures were also cryosectioned to further confirm cell in-
filtration into the fibre network (Fig. 8). The combined fluorescence
and differential interference contrast microscopy images show the fi-
bres with infiltrating cells (Fig. 8). Haematoxylin- and eosin-stained

Fig. 5. Scanning electron microscopy images of cells seeded in 3D PCL fibre meshes after 1 week of incubation. (A) MCF-7 cells, (B) JIMT-1 cells, (C) MCF-10A cells,
and, (D) human adult dermal fibroblasts on the surface of 3D PCL fibre meshes. Scale bars indicate 100 μm.

Fig. 6. Morphological comparison using confocal
microscopy of different cells seeded in 3D PCL fibre
meshes after 1 week of incubation. Confocal scan-
ning microscopy images of (A) MCF-7 cells, (B)
JIMT-1 cells, (C) MCF-10A cells, and (D) human
adult dermal fibroblasts on the surface of 3D PCL
fibre meshes. The cells were stained with Alexa 488-
phalloidin (green) to visualize actin cytoskeleton and
DAPI (blue) to visualize nuclei. Scale bars indicate
20 μm. Compare with Fig. 5.
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cryosectioned samples showing a similar growth pattern are found in
the supplementary information (Fig. S2). The cryosectioning has ex-
erted some tear force on the meshes as is shown by the sprouting fibres.
All of the cryosectioned images show infiltration of cells into a fibre
mesh depth of approximately 100 μm. A certain degree of compression
of the fibre mesh is expected by all the procedures they encounter from
cell seeding, fixation, washing, staining, and embedding etc.

4. Discussion

In order to increase the performance of in vitro experiments, cells
should be provided with a 3D substrate that mimics the complex ECM

found in tissue. A vital supportive component of the ECM is the fibrous
collagen which composes up to the 30% of the body protein. Thus,
collagen is used to form porous 3D fibre networks, which indeed sup-
port normal cellular activities i.e. more resembling in vivo behaviour
than 2D cell culturing does (Chevallay and Herbage, 2000; Lv et al.,
2016). Another commonly used product for 3D cell culturing is matrigel
which also contains a high percentage of collagen in addition to e.g.
laminin. In general, collagen used in cell culturing is of bovine, murine,
or rat origin and matrigel is derived from the EHS mouse sarcoma. In an
attempt to avoid animal-derived collagen but yet have a collagen-like
fibrous structure, we have used highly porous 3D PCL fibre meshes
fabricated using a unique electrospinning set up (Jakobsson et al.,

Fig. 7. Infiltration of human breast cancer cells and human normal cells in the 3D PCL fibre meshes after 1 week of incubation. Confocal microscopy Z-stack imaging
of (A, B) MCF-7 cells, (C, D) JIMT-1 cells, (E, F) MCF-10A cells, and (G, H) human adult dermal fibroblasts. A, C, E, and G: 3D images. B, D, F, and H: single confocal
plane. The cells were stained with Alexa 488-phalloidin (green) to visualize the actin cytoskeleton (left). All images were taken with a 25× oil immersion objective
lens. Scale bars indicate 100 (A, C, E, and G) and 50 (B, D, F, and H) μm.
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2017). The uncompressed randomly-oriented organization of electro-
spun fibres represent the topography of natural stromal collagen fibres.
PCL has been used extensively in electrospinning (Azimi et al., 2014),
however, our 3D fibre mesh is unique regarding its synthesis enabling
the formation of the highly uncompressed fibre structure in contrast to
standard electrospinning using PCL, which results in a denser fibre
structure compared to the fibre mesh used here.

The most commonly used plastic in cell culturing is polystyrene,
which in its native form is highly hydrophobic and does not permit cell
attachment. Companies producing cell culture plastics use different
methodologies to introduce oxygen containing groups into the poly-
styrene surface materials e.g. plasma irradiation, chemical vapor de-
position, ultraviolet irradiation, and etching (Yoshihisa et al., 2013),
which renders the surface hydrophilic. Similarly, to polystyrene, PCL is
an intrinsically hydrophobic polyester and we and others have indeed
observed decreased cell attachment to native PCL (Jacobs et al., 2011).
Based on the fact that a hydrophilic surface is required to obtain op-
timal cell attachment, we used O2 plasma treatment to obtain hydro-
philic PCL fibre meshes. Water contact angle measurements of un-
treated PCL meshes proved their hydrophobic nature while water
contact angle measurements of O2 plasma-treated PCL showed that the
treatment indeed resulted in hydrophilic substrates. Martins et al.
(2009) showed that the most favourable contact angle values for cell
adhesion lie in the range between 20° and 70° and thus, we conclude
that the contact angle of 43° of O2 plasma-treated PCL is most suitable
and the treatment left no detectable morphological changes on the to-
pography of the fibres.

To ascertain that the materials used in this study does not leak any
molecules e.g. monomers that could affect the cells, we performed a
biocompatibility study of the individual components of the 3D culture
unit. All materials have previously been shown to be non-toxic and bio-
friendly, but the effect of the 3D culture unit's fabricating techniques i.e.
electrospinning and 3D-printing could perhaps affect the material
properties. To address this issue, extracts were collected according to
ISO standard 10993-12 using water as extraction medium. In order to
obtain the solutions, extraction was conducted at 37 °C, simulating
body temperature (incubator temperature), for 72 h. Cytotoxicity was

then tested using an MTT assay on L929 cells according to ISO standard
10993-5. The test showed no toxicity of any of the components (PCL
granules, PCL fibres, or PLA support) used in the 3D fibre mesh units
and thus confirmed the previous observed biocompatibility of the
polymer materials. Furthermore, the result show that the materials are
not affected due to the techniques used here.

As no toxicity was found, we proceeded with seeding cells from two
human non-malignant cell lines, MCF-10A and human adult dermal
adult fibroblasts, and two malignant breast cancer cell lines, MCF-7 and
JIMT-1, into the 3D fibre meshes. Before these experiments, however,
we adapted the protocols for these cell lines to thrive in medium sup-
plemented with DHS instead of FBS to remove the latter animal ethi-
cally questionable product. In the initial experiments, we decided to
seed cells at two different densities, one lower and one higher, to get an
understanding of their growth behaviour in 3D fibre meshes. To the
best of our knowledge, we have not found such investigations com-
paring different seeding densities in 3D PCL-based cultures. We used
the AlamarBlue® assay to get an indirect estimation of cell number. The
AlamarBlue® assay is a non-destructive assay used for cytotoxicity,
biocompatibility, viability, as well as proliferation studies, that has
been applied for very long in 2D cultures and also lately in 3D cell
cultures (van Gaalen et al., 2010). Our data show that the growth
pattern varies with seeding density for all four cell lines, the lower
density resulting in a longer lag phase while the cells reached a plateau
phase in 7 days, while seeding at the high density resulted in shorter lag
phase with plateau phase reached 3 days after cell seeding. Similar
conclusions have been drawn for cells seeded in other 3D structures
than fibrous PCL scaffolds (Zhou et al., 2011; Dar et al., 2002; Yassin
et al., 2015). Moreover, Neuhuber et al. (2008) found that low initial
seeding density of human mesenchymal stem cells enhanced the yield
and expansion of these cells. Due to the proliferation pattern in the 3D
fibre meshes, we decided to use the lower density for further char-
acterization studies.

Rapid infiltration is a crucial factor for 3D integration of cells into
the depth of fibre networks and hence formation of 3D cellular struc-
tures in vitro (Szot et al., 2009; Wu and Hong, 2016). Both confocal
microscopic analysis and as well as microscopic analysis of cryosections

Fig. 8. Cryosectioned samples show infiltration of
human breast cancer and human normal cells into
the 3D PCL fibre mesh after 1 week of incubation.
Combined differential interference contrast and
fluorescence microscopy images of cryosectioned 3D
PCL fibre meshes of (A) MCF-7 cells, (B) JIMT-1
cells, (C) MCF-10A cells, and (D) human adult
dermal fibroblasts. The cell nuclei were stained with
DAPI (blue) for visualization. The meshes are to
some degree compressed and some fibres are pulled
out due to the cryosectioning procedure. Scale bars
indicate 100 μm.
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showed that the cells indeed penetrate into the fibre mesh at different
depths. The fibre mesh thickness before seeding cells is approximately
250 μm. However, the fibrous net is delicate and can easily be com-
pressed and thus, it is most probable that the different procedures used
during handling of the 3D cultures results in compression of the net-
work. The cryosectioning clearly resulted in partial rupture of fibres.
However, taken together, the data show good cell penetration of all four
cell lines but interestingly the growth pattern is different between
malignant and non-malignant cells. The malignant cells grow as small
spheroids, interacting partially with the fibres while fibroblasts and the
MCF-10A cells instead spread out between fibres and along the fibres
forming elongated and more sheet like structures. Aggregation of cells
on fibrous meshes are closely associated with incubation time and in-
itial seeding concentration of cells, as the increase in time and number
of cells lead to the formation of bigger and higher number of spheroids
which has also been observed by others (Girard et al., 2013). Cell in-
filtration into 3D PCL fibre networks has previously been demonstrated
for human bone marrow cells (Brennan et al., 2015), and this is clearly
also the case for the here tested cell types.

5. Conclusion

Scaffold-based 3D culture models have provided a great potential to
study the phenotype of normal and malignant cells in a micro-
environment with physiological resemblance to organ structure and
function in vivo. Cells display different biological properties when cul-
tured in 3D fibrous meshes due to complex mechanical and biochemical
3D cues which are absent in 2D cell cultures (Sun et al., 2006). Herein,
a modified electrospinning method with a custom-made collector was
utilized to fabricate highly porous 3D PCL nanofibre meshes that were
subjected to O2 plasma treatment to become hydrophilic. We have
successfully demonstrated that different cell types, malignant as well as
normal thrive in the 3D fibre unit. We are presently exploring this
model for co-culturing of cancer cells and different types of stromal
cells. We anticipate this model can be used to create a 3D tumour ex
vivo platform that can be used for screening of therapeutic compounds,
which will reduce the number of animals in cancer research.
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