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1. Introduction

Breast cancer remains the foremost female malignancy and 
reconstructive surgery in conjugation with radiotherapy is the 
current gold standard therapy.[1] Experimental models to study 

Cancer models mimicking the tumor microenvironment are necessary to suc-
cessfully develop and predict responses of oncological drugs. In this study, 
electrospun polycaprolactone (PCL) matrices are tested for the development 
of an in vitro breast cancer model. The effects of fiber thickness and plasma-
treatment of the matrices on in vitro growth of breast cancer-associated 
cells, namely breast cancer cells MDA-MB-231, primary adipose-derived stem 
cells (ADSCs) and primary endothelial progenitor cells (EPCs) are evaluated. 
Surface treatment of the matrices by air-plasma leads to increased oxygen/
carbon ratio and hydrophilicity. WST-8 analysis reveals that the prolifera-
tion of all three cell types increased exponentially over 12 d on all matrices. 
MDA-MB-231 and ADSC show a higher proliferation on nanofibers due to 
enhanced cellular adhesion compared to microfibers. In contrast, EPCs show 
a significantly higher proliferation on microfibers than on nanofibers at day 12 
which can further be significantly improved by air-plasma treatment. Cross-
sectioning analysis shows that cells grow on the surface of nanofibers, while 
microfibers have considerable cellular infiltration. These findings suggest 
that the electrospun PCL matrices are a suitable tool for the development of 
breast cancer models containing several cell types, which can ultimately lead 
to designing novel tumor therapies.
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this tumor attempt to reconstitute the 
tumor microenvironment in vitro and 
in vivo, in order to develop platforms for 
studying tumor genetics, cell biology[2] 
and drug screening toward designing 
novel therapies.[3] Numerous 3D in vitro 
breast cancer models have been estab-
lished and validated using a combina-
tion of hydrogels and scaffolds, through 
technologies such as microfluidics,[4] 3D 
printing[5] and spheroid cultures.[6] In vivo 
breast cancer models could be patient-
derived xenografts (PDXs),[7] cell-line 
derived xenografts (CDXs)[8] or genetically 
engineered mouse models.[9] While PDXs 
are obtained by implanting patient-derived 
tumor tissues and are potentially heteroge-
neous, CDXs are obtained by implanting 
human and animal-derived breast cancer 
cell lines in an artificial matrix but are 
predominantly homogeneous. Although 
CDXs have inferior clinical therapeutic 
predictability in comparison to PDXs, they 
are helpful in studying tumor biology and 
screening anti-tumorigenic and anti-angi-

ogenic drugs for their efficacy against well-characterized breast 
cancer cell lines. [8,10]

Polycaprolactone (PCL) is a biodegradable, hydrophobic 
polymer widely used in tissue engineering research for applica-
tions such as cornea,[11] nerve,[12] skin,[13] bone, cartilage, muscle 
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and cardiovascular tissue engineering.[14] In addition, PCL and 
other polymeric scaffolds are also used in breast tumor engi-
neering applications, which share properties with tissue engi-
neering such as development of cell-matrix interactions and 
tissue growth.[15] More specifically, researchers have attempted 
to establish 3D engineered PCL as a component of extracellular 
matrix (ECM) for the development of in vitro and in vivo breast 
cancer models.[16]

A number of breast cancer cell lines have been generated as 
experimental models to study subgroups of breast cancer and 
its biology. [17] Triple-negative breast cancer (TNBC) are highly 
malignant and have the poorest prognosis. Out of the 27 most 
widely studied TNBC cell lines, MDA-MB-231 is the most 
widely studied.[18] Increased expression of tumor-associated 
genes in breast cancer cell lines have been reported in co-cul-
ture with adipose-derived stem cells (ADSC),[19]whose interac-
tions with breast cancer cells and tumor progression has been 
studied extensively.[20] Endothelial progenitor cells (EPC) are 
a collection of many subtypes of cells that play a crucial role 
in tumor angiogenesis.[21] Successful cytocompatibility testing 
of electrospun PCL fibers have been previously reported with 
MDA-MB-231[22] or MCF-7,[23] ADSC,[24] and EPC.[25] Hence, it 
is of interest to further characterize the interaction of breast 
cancer cell lines, ADSC and EPC with PCL toward development 
of an in vitro breast cancer model.

The aim of this study is to characterize the effect of fiber 
diameter and surface treatment of the electrospun PCL matrices 
toward application as in vitro breast cancer model. Although 
based on the application of different cell types, several studies 
have declared contrasting results, where either nanofibers[26] or 
microfibers[27] have been shown to support better cell growth, 
or no significant effect of the fiber diameter was found.[28] This 
leads to a conclusion that the influence of the fiber diameter 
could be tissue- and cell-specific. For improving the hydrophi-
licity, surface treatment such as plasma treatment,[29] ultraviolet 
(UV) irradiation[30] ion sputtering and corona discharge of PCL 
scaffolds were recently introduced. These techniques enhance 
properties such as wettability, which influence matrix adhe-
sion and cellular biocompatibility. Plasma treatment has been 
shown to improve cell growth in applications like bone,[29a,b,31] 
cartilage,[32] skin[29d] and vascular tissue regeneration.[33]

In this study, we tested the growth of breast cancer cells 
MDA-MB-231 and the breast-associated cell types ADSC and 
EPC, on PCL nanofiber and microfiber matrices, with and 
without plasma treatment. Our future goal is to develop opti-
mized matrices for in vitro and in vivo CDX/PDX breast cancer 
models.

2. Results

2.1. Analysis of Electrospun PCL Matrices

Random and aligned fibers of different diameters were pro-
duced by varying the electrospinning parameters (Table 1). 
Figure 1 shows representative scanning electron microscopy 
(SEM) images and fiber diameter distribution of the different 
matrices. The mean PCL fiber diameters were the following: 
nanofibers: 125 ± 32 nm (Figure 1A), micro/nanofibers: 1570 ± 
383 nm / 462 ± 173 nm (Figure 1B), microfibers: 8801 ± 716 nm 
(Figure 1C), aligned nanofibers: 865 ± 104 nm (Figure 1D). The 
micro/nanofiber matrices were bimodal with microfiber and 
nanofiber components. Figure  1E shows the mean, median 
and range of the fiber diameters of each type. The electrospun 
nanofiber and microfiber matrices were spun to a thickness 
of 17  ± 3  µm and 283  ± 15  µm respectively, which could be 
handled with 24-well cell crowns. The formic acid/acetic acid 
solvents degraded the PCL within a day, and hence fresh poly-
meric solutions were prepared and electrospun within a day for 
the nanofibers, while PCL solution prepared in chloroform and 
ethanol as solvents were stable for at least two weeks.

Tensile properties of the electrospun matrices are reported 
in Table S1 (Supporting Information). Microfibers had lower 
“Young’s modulus” of 8.51  ± 1.46  MPa and higher “strain-at-
break” of 460.74  ± 111.71%, while the corresponding values of 
nanofibers are 32.91 ± 4.21 MPa and 128.99 ± 10.9%. Aligned-
nanofibers had a “Young’s modulus” of 17.79 ± 7.32 MPa along 
the fiber direction.

2.2. Surface Treatment of Electrospun PCL Matrices

The surface treatment of electrospun PCL matrices by air-
plasma and UV treatments and their effects on surface prop-
erties of the matrices such as hydrophilicity, morphology and 
adhesion of fluorescent collagen-fibrinogen and rat-tail col-
lagen-I were studied.

The pristine electrospun nanofibers and micro/nanofibers 
had a mean water-contact angle (WCA) of 114.5° and 126.8° 
respectively. All plasma-treated samples showed a transi-
tion from an initial hydrophobic behavior toward increasing 
hydrophilicity, but WCA could not be measured as the water 
droplets were absorbed by the matrices. The effects on mor-
phology of the fibers and fluorescent staining of the sur-
face coatings due to air-plasma treatment are summarized 
in Figure 2. On both the nanofiber and micro/nanofiber 

Table 1.  Optimized parameters for electrospinning of PCL.

Matrices Solvent system Polymer (PCL) concentration [% 
w/v]

Flow rate 
[mL h−1]

Needle-to-collector 
distance [cm]

Voltage over the needle 
and the collector [kV]

Fiber diameter 
(mean ± SD) [nm]

Random-nanofibers Formic acid:acetic acid 
(7:3)

12% (80 kDa) 0.2 17 15 125 ± 32

Random-micro/nano 
fibers

Chloroform:ethanol (7:3) 10% (80 kDa) and 4% (14 kDa) 2 24 20 1570 ± 383 / 462 ± 173

Random-microfibers Chloroform 17.5% (80 kDa) 3.6 15 15 8801 ± 716

Aligned-nanofibers Chloroform:ethanol (7:3) 10% (80 kDa) and 4% (14 kDa) 2 24 20 865 ± 104
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matrices, after 150 s of treatment, the fibers still retained their 
morphology (Figure  2A,D). After 300 s of treatment, pockets 
of fiber-melting could be observed in nanofiber matrices 
(Figure  2B,E). After 450 s of treatment, significant melting of 
the matrices could be observed (Figure  2C,F). Hence, for the 
subsequent cell culture studies, 150 s of air plasma treatment 
was chosen as the optimal plasma-exposure time. Independent 
of plasma treatment, adhesion of rat-tail collagen-I could be 
observed on both pristine and plasma-treated nanofiber and 
micro/nanofiber matrices by anti-collagen-I immunofluores-
cence staining (Figure 2G–J).

X-ray photoelectron spectroscopy (XPS) analysis of the 
micro/nanofiber matrices after 150 s of air-plasma treatment 
is presented in Figure 3. C1s spectrum of pristine sample 
was described by spectral components related to different 
carbon atoms in PCL, CC at 285.0 eV, CO at 286.6 eV and 
OCO at 289.0 eV. Calculated atomic concentrations approxi-
mately correspond to PCL stoichiometry. Air-plasma treatment 
resulted in a reduction in atomic concentration of carbon, and 
an increase in concentration of oxygen and nitrogen, due to 
introduction of CO and CN groups indicated at 287.8 and 
285.8 eV binding energy respectively.

The samples were exposed to UV for 60, 180, and 300 s. 
The mean WCA measurements for these different UV expo-
sure times on nanofibers were 112.7°, 58.6°, and ≈0°, respec-
tively, indicating increasing hydrophilicity with increasing 
treatment times. However, on both nanofiber and micro/
nanofiber matrices significant melting or disintegration could 
be observed after 60 s or longer times of treatment (Figure S1, 

Supporting Information). Although, UV treatment also resulted 
in increased hydrophilicity and collagen-fibrinogen adhe-
sion, plasma treatment of the matrices was considered for 
further experiments, as samples treated with UV melted or 
disintegrated at much shorter time (60 s) as compared to 
plasma-treated samples (longer than 300 s) before considerable 
hydrophilicity could be achieved.

2.3. Effects of Fiber Diameters and Air-Plasma Treatment 
on the Behavior of Breast Cancer-Associated Cells

The effects of fiber diameters (nanofibers vs microfibers), ori-
entation (random vs aligned) and air-plasma treatment (hydro-
phobic vs hydrophilic) on the growth of the breast cancer-cell 
line MDA-MB-231, and two breast cancer-associated cell types 
ADSC and EPC were studied.

All three cell types were completely retained and adherent 
upon seeding on the random- and aligned-nanofibers. How-
ever, microfibers had lower cell adhesion, which was observed 
by leakage of cells through the inter-fiber pores during the 
seeding process.

2.3.1. MDA-MB-231

MDA-MB-231 adhered and proliferated on all random and 
aligned PCL matrices. The rate of proliferation of was lower on 
the 3D matrices than on 2D tissue culture plates (Figure S2, 

Figure 1.  SEM images of electrospun PCL fibers. A) Nanofibers, B) micro/nanofibers, C) microfibers, D) aligned nanofibers, E) box-and-whisker plot 
showing diameters of the fibers [mean (+), median, interquartile range and range (max, min)]. The nanofibers and microfibers components of the 
bimodal micro/nanofibers are plotted separately (scale bar = 10 µm).
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Supporting Information). Figure 4 describes the proliferation of 
MDA-MB-231 cells on the different matrices measured on days 
3, 6, 9, and 12; the 4′,6-diamidino-2-phenylindole (DAPI)/actin 
fluorescent staining and cross-section analysis on Day 12. The 
exponential increase in cellular proliferation, measured by the 
WST-8 assay, was similar on all matrices irrespective of fiber 
thickness (nanofibers, micro/nanofibers or microfibers), ori-
entation (random or aligned), or the degree of hydrophilicity 
(hydrophilic or hydrophobic) (Figure 4A). A significantly higher 
proliferation on plasma-treated nanofibers than on plasma-
treated microfibers (p  <  0.05) was observed. Top view of the 
surface of nanofibers, micro/nanofiber, and aligned-nanofiber 
matrices, observed by DAPI/actin staining and scanning elec-
tron microscopy (SEM) in Figure 4B–D, shows cells growing on 
the surface of these matrices, with alignment of cellular actin 
along the nanofiber direction on aligned nanofibers. Cross-
section analysis (Figure  4E–G) of the matrices, with a merge 
of phase-contrast and actin/DAPI staining images, showed that 

layers of cells grew only on the surface of nanofiber and micro/
nanofiber matrices without migrating (≤20 µm) into them. In 
contrast, microfiber matrices showed considerable cell migra-
tion throughout the matrices (≥ 200 µm) by day 12. The cellular 
infiltration in microfibers is also shown by confocal microscopy 
till a depth of 41.59 µm on the microfiber matrices (Figure S3, 
Supporting Information).

Further characterization of the growth of MDA-MB-231 on 
the matrices is displayed in Figure 5. Fluorescence ubiqui-
tination cell cycle indicator (FUCCI)-transfected MDA-MB-
231 indicated that the cells on the matrices were proliferating 
and undergoing the different phases of cell cycle (Figure  5A), 
where cells in green indicate S, G2 and M phases, cells in red 
indicating G1 phase and cells in yellow representing G1/S 
transition. The ratio of green:red:yellow cells were found to 
be 0.81:0.19:0 on nanofibers and 0.57:0.4:0.03 on microfibers. 
Cell growth could be observed on the surface of the nanofiber 
matrices (Figure  5B) and within the microfibrous matrices 

Figure 2.  Air-plasma-treatment of electrospun PCL fibers. SEM images of the nanofibrous and micro/nanofibrous matrices after A,D) 150 s, B,E) 300 s, 
C,F) 450 s of plasma treatment (scale bar = 10 µm, black arrows indicating regions of fiber-melting). Immunofluorescence imaging of the rat-tail 
collagen-I coated matrices G,I) before and H, J) after plasma treatment for 150 s by anti-collagen-I staining (scale bar = 100 µm).
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(Figure  5C) by day 6. After day 12, MDA-MB-231 that were 
cultured on 2D-tissue culture plates and on the different PCL 
matrices were extracted and cultured on low-adhesion plates, 
to form mammospheres. The mammosphere forming index 
(MFI, Figure  5D), which identifies and indicates the prolif-
eration of cancer stem cells (CSC) within the MDA-MB-231 
cells, was calculated from the cells extracted from the different 
matrices (Figure  5E–H). The MFI of the cells extracted from 
PCL matrices was found to be similar to that of cells from 
2D-tissue culture plates. The SEM images of all three cell 
types grown on the nanofibers and microfibers matrices were 
included in Figure S4 (Supporting Information).

2.3.2. Adipose-Derived Stem Cells and Endothelial Progenitor Cells

ADSC and EPC were cultured on random-oriented PCL 
nanofibers and microfibers and aligned-nanofibers. Both 
cell types adhered and proliferated on the matrices over time 
(Figures 6 and 7).

The exponential growth of ADSC was similar on both 
random- and aligned-nanofibers over 12 d (Figure  6A). Sig-
nificantly higher proliferation on plasma-treated nanofibers 
than on plasma-treated microfibers (p  <  0.05) was observed 
over 12 d. Nevertheless, exponential growth of cells was also 
observed on microfibers. Similar growth of ADSC on hydro-
phobic or plasma-treated hydrophilic surfaces were observed. 
Cell growth on the surface of random- and aligned-nanofibers 
could be observed by the fluorescent staining of actin/DAPI 
(Figure  6B,C), where the alignment of cellular actin could be 
observed to be along the nanofiber direction in the latter. Cross-
sectional analysis (Figure  6D,E) of the matrices revealed that 
ADSC formed a monolayer on the surface of nanofiber matrices 
and infiltrated throughout the microfiber matrices (≥200 µm).

Similar to ADSC, EPC also showed a similar exponential 
growth on both nanofiber and microfiber matrices over day 12 
(Figure 7A). However, the proliferation of EPC was significantly 
higher on microfibers than on nanofibers. Further significant 

enhancement of EPC proliferation was observed on plasma-
treated hydrophilic microfibers than on pristine microfibers. 
Cell growth could be observed on the surface of random- and 
aligned-nanofibers (Figure  7B,C) with actin alignment along 
the nanofiber direction in the latter. Cross-sectional analysis 
(Figure 7D,E) of the matrices revealed that EPC formed a mon-
olayer on the surface of nanofiber matrices, but infiltrated 
throughout the microfiber matrices (≥200 µm).

3. Discussion

In vitro and in vivo breast cancer models are critical in 
the development and validation of novel therapies against 
breast cancer.[9,34] Bioengineering strategies have led to the 
development of fibrous scaffolds that mimic tumor micro-
environment and heterogeneity with high fidelity.[6a] Biocom-
patibility of PCL for the growth of MDA-MB-231 cells[22b,c,23,35] 
and other breast cancer-associated cell types used in this 
study such as ADSC[24,36] and EPC[25,37] have previously 
been reported. Breast cancer cells cultured on electrospun 
PCL matrices enhanced their CSC properties, mammos-
phere-forming capability[22a] and epithelial to mesenchymal 
transitions,[16a,23,38] while cancer-associated fibroblasts induce 
increased invasiveness to tumors.[39] Culturing breast cancer 
cells on 3D matrices also enable better mimicking of the 
tumor microenvironment that the drug responses are more 
physiological, compared to cells grown on 2D surfaces.[5a,34a,c] 
These studies validate the use of electrospun PCL matrices 
for the development of in vitro and in vivo breast cancer 
models. The aim of this study was to characterize the effect 
of fiber-thickness and plasma treatment for enhancing the 
properties of the electrospun PCL matrices for the growth of 
various breast cancer-associated cell types, toward develop-
ment of in vitro and in vivo CDX models.

In order to study the role of fiber-thickness, established elec-
trospinning protocols from Stafiej et al.[11] and Balguid et al.[40] 
were used to generate PCL matrices with fibers of different 

Figure 3.  C1s spectrum of XPS analysis, corresponding chemical structures, and atomic concentrations of PCL micro/nanofibers before and after 
plasma treatment.
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diameters ranging from nanofibers (125  ± 32  nm) to micro-
fibers (8801  ± 716  nm) respectively. In addition to unimodal 
nanofiber and microfiber matrices, bimodal micro/nanofibers 
were also generated through a combination of PCL of dif-
ferent molecular weights (80 and 14  kDa). Multi-modal fibers 
are formed due to jet splitting during electrospinning, and is 

described as a function of viscosity and concentration of the 
polymer solution for a given flow rate in Schubert et  al.[41] 
Bimodal fibers provide an intermediate surface area, compared 
to high surface area in nanofiber matrices and low surface area 
in microfiber matrices, per unit volume of the PCL matrix. The 
tensile properties of the electrospun matrices indicated that 

Figure 4.  Proliferation of MDA-MB-231 cells on electrospun PCL matrices. A) Proliferation of MDA-MB-231 cells over 12 d measured by WST-8 assay on 
random-oriented and aligned PCL fibers with and without plasma treatment (n = 3, mean ± SD). Top view of B) cell growth on nanofibers, DAPI (blue) 
and actin (green) (scale bar = 100 µm); C) SEM images (day 8) on micro/nanofibers (scale bar = 10 µm); D) cell growth on aligned fibers, DAPI (blue) and 
actin (green) (scale bar = 100 µm). Cross-sectional analysis of the cellular migration of MDA-MB-231 (overlay of phase-contrast and DAPI (blue)/actin 
(green) staining) on E) nanofibers (scale bar = 50 µm), F) micro/nanofibers (scale bar = 50 µm), and G) microfibers (scale bar = 100 µm) (*p < 0.05).
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microfibers had lower Young’s modulus and higher strain-at-
break, compared to nanofibers.

Guex et al.[42] recommends a matrix thickness of 200–300 µm 
for ease of handling during cell culture and histology, while the 
electrospun nanofiber and microfiber matrices in this study 
were spun to a thickness of about 17 ± 3 µm and 283 ± 15 µm 
respectively and could be handled with the 24-well cell crowns 
for cell culture. For cell culture on electrospun PCL matrices, 
all the pristine and plasma-treated matrices in this study were 
coated with 1 mg mL−1 of rat-tail collagen-I prior to cell seeding. 
Type-I collagen has been shown to be one of the most impor-
tant components for the normal breast tissue development[43] 

and an increased concentration of collagen-I within the breast 
tissue has been correlated to a higher risk of developing breast 
cancer.[22c,44] It further reinforces the mechanical and biological 
properties of electrospun PCL matrices and enhances efficiency 
of cell growth on PCL matrices.[45]

Certain studies have found that microfibers support the 
cell growth better than nanofibers,[27–28] while in other studies 
nanofibers were found to be more suitable.[26,46] These con-
trasting observations were explained based on matrix properties 
such as inter-fiber spacing,[27] focal adhesion complexes,[28,37d] 
surface area to volume ratio[26] and fiber flexibility.[26] This leads 
to a conclusion that the effect could be tissue-specific and factors 

Figure 5.  MDA-MB-231 cell growth on PCL matrices. Cultivation of FUCCI-transfected MDA-MB-231 cells on PCL matrices on day 6: A) cell cycle phases 
indicated by the FUCCI construct, B) top view of cell growth on the surface of nanofibrous scaffold (scale bar = 100 µm), C) cross-sectional analysis 
of cellular migration in microfibers (overlay of phase-contrast image and FUCCI-transfected cells) (scale bar = 100 µm). Mammosphere formation 
assay: D) Mammosphere forming index (n = 3, mean ± SD) of the cells extracted from E) 2D tissue culture plates, and PCL matrices F) nanofibers,  
G) microfibers, H) aligned nanofibers (scale bar = 100 µm).
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beyond fiber diameters such as cell seeding density, scaffold 
material, fiber alignment and media composition determine the 
cellular proliferation and behavior.[47] Since the fiber diameter 
affects various parameters such as cell proliferation, migration, 
cellular metabolism, viability and differentiation,[47–48] the effect 
of fiber thickness could be specific for each cell type and needs 
to be optimized for the tissue being developed.[28,40]

In this study, cell growth of MDA-MB-231, ADSC and EPC 
was studied on random-oriented nanofibers, microfibers and 

aligned-nanofiber matrices. Cell proliferation of MDA-MB-231 
on all the 3D matrices were significantly lower than on 2D 
tissue culture plates, which was similar to Rabionet et  al.[22a] 
Cell proliferation of MDA-MB-231 and ADSC was found to 
be significantly higher on all nanofiber than on microfiber 
matrices. The higher cell proliferation on nanofibers could be 
attributed to higher cellular adhesion compared to the micro-
fibers, which had lower cell adhesion due to higher inter-fiber 
porosity. In contrast, significantly high cell proliferation of EPC 
could be observed on microfibers than on nanofibers. Fur-
ther, higher cellular infiltration of all three cell types could be 
observed on the microfiber matrices than on nanofiber matrices 
due to its higher inter-fiber spacing, similar to other studies on 
microfibers.[49] Cellular infiltration of MDA-MB-231 was previ-
ously demonstrated in microfibers[22c] and those of endothelial 
cells,[50] which suggest that microfibers may stimulate inva-
sive properties of MDA-MB-231 similar to tumor metastasis. 
On aligned matrices, all cell types appeared in elongated mor-
phology with actin orientation along the fiber direction. Similar 
elongated morphology of cells on aligned fiber matrices was 
reported,[23,51] while a mixture of spherical and elongated cells 
could be observed in random-oriented matrices probably due to 
higher intersections of fibers.

To further characterize the growth of breast cancer cells 
on the PCL matrices, FUCCI-transfected MDA-MB-231 were 
cultured on the matrices. Thus MDA-MB-231 cells in dif-
ferent stages of cell cycle could be observed, showing that the 
matrices support the proliferation of the cancer cells. A higher 
percentage of green:red cells were found on microfibers than 
on nanofibers matrices, indicating that microfibers support 
better proliferation of cells. Further, MDA-MB-231 cells grown 
on the matrices were extracted to form mammospheres on 
low-adhesion plates. Mammosphere formation assay (MFA) 
displays the growth of the CSC population within the MDA-
MB-231 cells[22a,38a] In this study, the MFI was similar on both 
PCL matrices as well as tissue-culture plates. Similarly, Feng 
et  al.[38a] also demonstrated that the proportion of CSCs in 
MDA-MB-231 cultured on PCL does not increase dramatically 
in comparison to cells grown in 2D. Domura et  al.[51] demon-
strated that drug responses against MDA-MB-231 was similar 
on different topographies, thus concluding that cells grown on 
electrospun PCL matrices could be successfully used as models 
to test anti-cancer drugs. Since, microfiber matrices support 
better cellular growth of EPC, infiltration of all cell types, has 
lower stiffness than those of nanofiber matrices, and support 
the CSC population similar to nanofibers, microfiber matrices 
could be considered a scaffold of choice for the in vitro and in 
vivo models.

The second part of the study was to determine the effect 
of surface treatment on the growth of breast cancer cells, and 
two breast cancer-associated cell types on the electrospun PCL 
matrices. Surface treatment includes methods such as plasma 
treatment, UV irradiation and corona discharge, which influ-
ences the surface properties of the electrospun matrices namely 
hydrophilicity, surface roughness and elemental composition. 
Such modifications can remain on the surface of the material 
for more than a year[52] resulting in an increase of cellular inter-
actions.[53] Plasma treatment involves the use of plasma of air 
or a mixture of different gases such as nitrogen, oxygen, argon 

Figure 6.  Proliferation of ADSC on electrospun PCL matrices. A) Pro-
liferation of ADSC over 12 d measured by WST-8 assay on random-ori-
ented and aligned PCL fibers with and without plasma treatment (n = 3, 
mean ± SD). Top view of cell growth (DAPI (blue) and actin (green)) on  
B) nanofibers and C) aligned fibers (scale bar = 100 µm). Cross-sectional 
analysis of the cellular migration of ADSC (overlay of phase-contrast and 
DAPI (blue)/actin (green) staining) on D) nanofibers (scale bar = 50 µm) 
and E) microfibers (scale bar = 100 µm) (*p < 0.05).
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Figure 7.  Proliferation of EPC on electrospun PCL matrices. A) Proliferation of EPC over 12 d measured by WST-8 assay on random-oriented and 
aligned PCL fibers with and without plasma treatment (n = 3, mean ± SD). Top view of cell growth (DAPI (blue) and actin (green)) on B) nanofibers and  
C) aligned fibers (scale bar = 100 µm). Cross-sectional analysis of the cellular migration of EPC (overlay of phase-contrast and DAPI (blue)/actin (green) 
staining) on D) nanofibers (scale bar = 50 µm) and E) microfibers (scale bar = 100 µm) (* p < 0.05).
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and ammonia to modify the surface and mechanical proper-
ties of electrospun matrices. It results in a decrease in the ulti-
mate tensile strength and ultimate strain, and an increase in 
Young’s modulus of the matrices.[53] It has been shown to have 
a positive effect on the growth of different cell types such as 
fibroblasts,[29d,52] limbal epithelial cells,[54] chondrocytes,[29c,55] 
human umblical vein endothelial cells (HUVEC)[33] and osteo
blasts[29a,b,31b,53,56] on electrospun PCL matrices. In this study,  
UV and air-plasma treatment of the electrospun PCL matrices 
were characterized and the effect air-plasma treatment on the 
growth of breast cancer-associated cells on PCL matrices was 
tested.

After 150 s of treatment, the fibers were intact and the 
matrices became extremely hydrophilic, as confirmed by water 
contact angle measurements (≈0°). As air-plasma treatment was 
found to damage the matrices lesser and lead to higher hydro-
philicity in comparison to UV over 150 s duration, air-plasma 
treatment for 150 s was preferred as a method of surface treat-
ment for this study. The treatment had no significant effect on 
rat-tail collagen-I adhesion. C1s spectrum of the XPS analysis 
showed the presence of CO and OCO functional groups 
at 286.6 and 289.0 eV of the pristine PCL matrices respectively 
identified according to the literature.[57] Air-plasma treatment 
lead to a decrease in carbon ratio and an increase in oxygen 
and nitrogen ratios (Figure  3) due to the formation of CO 
and CN functional groups indicated at 287.8 and 285.8 eV[57c] 
binding energy respectively. The O/C ratio increased from 0.28 
to 0.46. Similar effect of air-plasma treatment on the O/C ratio, 
from 0.15 to 0.4 was reported by Herrera et  al. which further 
determined the increase of oxygen-containing species, namely, 
OH, OCO, and COOH.[58]

Since the plasma-treated matrices are extremely hydrophilic, 
seeding the cell suspension directly on the matrices lead to a 
distribution of the cells where the cell adhesion was influenced 
by the hydrophilicity of the matrices. Hence, about 200  µL of 
media was added onto the matrices prior to adding the cell sus-
pension. This removed the effect of hydrophilicity on cellular 
adhesion and the observed proliferation (WST-8 assay) results 
were just a function of cellular proliferation.

Cell growth of MDA-MB-231 and ADSC was similar on 
pristine and air-plasma treated PCL matrices. However, EPC 
showed significantly better growth on plasma-treated matrices 
indicating the preference of EPC to grow on highly hydro-
philic surfaces. In this study, air-plasma treatment was found 
to render the matrices extremely hydrophilic (with a WCA 
approximately 0°). Webb et  al.[59] and Lee et  al.[60] concluded 
that a WCA of 20–55° is optimal for maximal cell adhesion 
on a substrate irrespective of the cell type, and is significantly 
reduced on extremely hydrophilic or hydrophobic substrates. 
Hence it would be of future interest to characterize moderately 
hydrophilic PCL surfaces, generated through the use of O2 or 
N2-plasma, for the enhanced proliferation of the breast cancer-
associated cells.

The use of microfiber PCL matrices along with the air-
plasma treatment has been shown to support the growth of all 
the three cell types used in the study, with the growth of EPC 
being significantly influenced by the air-plasma treatment. 
Further, the microfiber matrices had lower stiffness and ena-
bled cellular infiltration. It would be of interest to generate 

organoids containing multiple cell types that self-assemble into 
physiological structures in vitro, which could be patient-derived 
or co-culture of different cell types along with the presence of 
ECM thus recreating the tumor microenvironment in vitro.[61] 
PCL matrices have been shown to be used successfully in the 
cultivation of patient-derived breast cancer organoids,[62] and in 
the generation of breast tumor organoids by co-culture of fibro-
blasts and breast cancer cells.[63]

ADSC have been shown to significantly enhance the tumori-
genicity of MDA-MB-231 cells in vivo,[19,20a,64] while the culture 
of EPC has been shown to significantly enhance vasculariza-
tion in PCL scaffolds.[25a,b] Hence, a co-culture of MDA-MB-231 
cells, ADSC and EPC on plasma-treated microfiber matrices 
will enable the formation of tumoroids with a more physiolog-
ical tumorigenicity and vascularization in vitro for subsequent 
drug testing. Plasma-functionalized electrospun PCL matrices 
have also been successfully tested as a substrate for implanta-
tion of mesenchymal stem cells in a rodent model of myocar-
dial infarction.[65]

4. Conclusion

In this study, the role of fiber-thickness and plasma treatment of 
electrospun PCL matrices toward the in vitro growth of breast 
cancer associated cells namely MDA-MB-231, ADSC, and EPC 
have been studied. Microfibers supported the cell growth of all 
the three cell types, had lower stiffness and allowed enhanced 
cellular infiltration better than nanofiber matrices. Air-plasma 
treated PCL matrices had significant increase in surface 
oxygen concentration and hydrophilicity. The proliferation of 
EPC was significantly higher on plasma-treated matrices than 
on pristine matrices. In summary, we could show that plasma-
treated electrospun PCL matrices support the growth of dif-
ferent breast cancer-associated cell types. From this data, we 
can conclude that plasma-treated PCL matrices are indicated as 
suitable 3D matrices for the generation of in vitro and in vivo 
breast cancer models containing multiple cell types.

5. Experimental Section
Materials: PCL (Mn  = 80000  g mol−1; Sigma-Aldrich, Saint Louis, 

MO, USA) was used. Chloroform (Merck Millipore, Billerica, MA, USA), 
ethanol (Carl Roth GmbH & Co. KG, Karlsruhe, Germany), glacial acetic 
acid (>99%; VWR, Radnor, PA, USA), and formic acid (99%; VWR) 
were used as solvents. MDA-MB-231 cells were obtained from ATCC 
(Manassas, VA, USA). ADSC and EPC were isolated from patient-derived 
tissue samples as described previously.[66] Human tissue collection was 
approved by the Ethics Committee of the Friedrich-Alexander University 
of Erlangen-Nürnberg (FAU) (Germany) (Ethics #264_13B, #424_18B) in 
accordance with the World Medical Association Declaration of Helsinki. 
Informed consent was obtained from all patients. Cell culture crowns 
were obtained from Sigma Aldrich. For cell culture, Dulbecco’s Modified 
Eagle Medium (DMEM) High Glucose (Life technologies, Carlsbad, CA, 
USA), Minimum Essential Medium α (MEM α) (Life technologies), 
Endothelial Cell Growth Basal Medium-2 (EBM-2) (Lonza Group, Basel, 
Switzerland), fetal calf serum (FCS) (FBS superior, Biochrom GmbH, 
Berlin, Germany) were used.

Preparation of Polymer Solutions and Electrospinning of PCL Fibers: 
Depending on the requirements of matrices with different diameters and 
orientation, different solvents and electrospinning parameters that were 
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standardized by Stafiej et al.[11] and Balguid et al.[40] were used. In total, 
four different types of matrices were produced: PCL-random (nanofibers, 
micro/nanofibers, microfibers) and PCL-aligned nanofibers. For the 
production of random-oriented nanofibers, 0.6  g of PCL (80  KDa) was 
dissolved in a mixture of 3.5 mL of formic acid and 1.5 mL of acetic acid 
with a grounded aluminum foil used as a collector. An applied voltage of 
15 kV, needle-to-collector distance of 17 cm and flow rate of 0.2 mL h−1 
were maintained. Similarly, other matrices were synthesized using the 
parameters summarized in Table  1. For aligned nanofibers, a rotating 
drum with bars at a distance of 24 cm, a rotational speed of 1000 rpm 
and a drum diameter of 20 cm was used as a dynamic collector. PCL was 
always dissolved for 4 to 5 h prior to electrospinning.

Surface Treatment: For surface treatment and cell culture, the 
electrospun matrices were treated with 70% ethanol and water to detach 
them from the aluminum foil. They were inserted into 24-well plate cell 
crowns. For analyzing the effect of surface treatment, matrices were 
UV-treated (60, 180, 300 s) (Model 30, Jelight Company Inc, Irvine, CA, 
USA) or air plasma-treated (150, 300, 450 s) (ILMVAC Plasma Clean 4, 
Gardner Denver, Milwaukee, Wisconsin, USA). The plasma cleaner had 
a constant power of 350 W and plasma was generated at a pressure of 
250 Pa.

Characterization of the Electrospun PCL Matrices and Surface 
Treatment—Scanning Electron Microscopy of PCL Matrices: The 
electrospun matrices were examined by SEM (AURIGA CrossBeam; Carl 
Zeiss Microscopy GmbH, Oberkochen, Germany). Prior to microscopy 
the samples were coated with a 7.5 nm gold layer using a sputter coater 
(Q150T Turbo-pumped Sputter Coater, Quorum Technologies Inc., 
Guelph, ON, Canada). Diameter measurements were performed by 
measuring the diameters of 25 fibers on three different samples from 
different batches of each type.

Tensile Testing of Electrospun Matrices: Tensile testing of the random-
oriented nanofibers and microfibers were conducted by using universal 
testing machine Z050 (ZwickRoell, Ulm, Germany), n  = 5. Strips of 
electrospun matrices were cut in 30 mm length, and a width of 10 mm. 
Thickness of the nanofiber matrices varied from 22–55 µm, while those 
of microfiber matrices were 270–400  µm. Tests were performed with a 
grip-to-grip distance of 10 mm, and a strain rate of 1 mm min−1. Young’s 
modulus was determined by using a regression slope from 2% strain 
within the elastic region.

Tensile properties of the aligned-nanofibers were evaluated by 
combining the aligned fibers into a bundle (n  = 5), as performed by 
Munawar et  al.[67] and performing a longitudinal tensile test using 
Vibrodyn 500 (Lenzing Instruments, Gampern, Austria). Young’s 
modulus (E) was determined using the following equation

E k L Mρ= ÷ 	 (1)

where k is the slope of the force-strain curve, ρ is the density of PCL, L is 
the gauge length, and M is the mass of the bundle.

XPS Analysis of Surface Treatment: Surface functionalization of 
plasma-treated samples was determined by XPS. Photoemission spectra 
were acquired using PHI Quantera II spectrometer (ULVAC-PHI, Inc., 
Chigasaki, Japan) equipped with monochromatized Al Kα X-ray source 
(1486.6  eV energy) and combined ion/electron charge neutralization 
gun. Spectra were fitted by Gaussian/Lorentzian convolution 
functions. Spectral background was optimized using a Shirley function 
simultaneously with spectral fitting.

Water Contact Angle: WCA measurements (n  = 2) (OCA 20, 
DataPhysics Instruments GmbH, Filderstadt, Germany) were performed 
on the PCL matrices before and after UV and plasma treatment. Briefly, 
4 µL drops of distilled water were added onto the fiber matrices. Pictures 
of the drops were taken 3 s after deposition and analyzed with the 
tangent leaning method to obtain the WCA for each matrix.

Fluorescence Staining of Surface Coatings: For analyzing the effect of 
UV and plasma treatment on collagen/fibrinogen adhesion, coating was 
performed by using 20 µL of 1.5 mg mL−1 fluorescent fibrinogen solution 
(Invitrogen, Carlsbad, CA, USA) along with 50 µL of 4 mg mL−1 rat-tail 
collagen type-I solution (Sigma-Aldrich) and 1.5 µL acetic acid diluted in 

2.5 mL H2O (milliQ), for 15 min. Images for comparison of fluorescent 
intensities of coating (n = 3) were obtained on a fluorescent microscope 
(Olympus IX83, cellSens Software, Olympus Corporation, Tokyo, Japan) 
with a standardized exposure for all matrices. To further determine 
the effect of 150 s of plasma-treatment on collagen-I adhesion on the 
PCL matrices by immunofluorescence, the collagen-I coated matrices 
were blocked in phosphate-buffered saline (PBS, Gibco, Waltham, MA, 
USA) with 5% goat serum for 30  min. It was followed by treatment 
with rabbit anti-rat collagen I (Bio-Rad Laboratories Inc., Hercules, 
CA, USA) (2  µg mL−1, diluted in antibody diluent (Zytomed GmbH, 
Berlin, Germany)) for 1 h. After washing in PBS, Alexa Fluor 488 (Life 
Technologies) (goat anti-rabbit, 4 µg mL−1, diluted in antibody diluent) 
was added. The matrices were imaged in a fluorescent microscope after 
washing.

Cell Culture of Breast Cancer-Associated Cells on Electrospun PCL 
Matrices—Cell Culture: The electrospun matrices were transferred to 
24-well plate cell crowns for cell culture. Both nontreated and plasma-
treated samples were sterilized by treatment with 70% ethanol for 
20 min, followed by washing in PBS. Matrices were then dip-coated with 
rat-tail collagen-I (Sigma-Aldrich) at a concentration of 1  mg mL−1 and 
incubated at 37 °C for 3 h. Prior to cell culture, matrices were washed 
three times in PBS.

The breast cancer cell line MDA-MB-231, primary ADSC and primary 
EPC were cultured on rat-tail collagen-I coated matrices with/without 
plasma-treatment [MDA-MB-231:nanofibers (n  = 3), micro/nanofibers 
(n = 3), microfibers (n = 3), aligned nanofibers (n = 3), FUCCI-transfected 
cells (n  = 1); primary ADSC:nanofibers (n  = 3), microfibers (n  = 3), 
aligned nanofibers (n = 3); primary EPC: nanofibers (n = 3), microfibers 
(n = 3), aligned nanofibers (n = 1)]. For all the cell types, each experiment 
was conducted in triplicates with 2.0  × 104 cells per matrix. MDA-MB-
231 cells were cultured in DMEM (high glucose) supplemented with 10% 
FCS, 1% nonessential aminoacids, 1% l-glutamine and 1% penicillin/
streptomycin. ADSC were cultured in alpha-MEM supplemented with 
10% FCS and 1% pencillin/streptomycin. EPC were cultured in EBM-2 
supplemented with Vascular endothelial growth factor (VEGF), basic 
fibroblast growth factor (bFGF), Insulin-like growth factor (IGF), 
Epidermal growth factor (EGF), hydrocortisol, ascorbic acid, heparin, 
1% gentamycin sulfate/amphotericin B with 10% FCS. All cells were 
incubated at 37 °C and 5% CO2. After 24 h, the supernatant was replaced 
by 1 mL of fresh media. Media was changed every 2 d.

Proliferation of Cultured Cells: In order to determine the effects of 
fiber diameter and plasma-treatment on the proliferation of MDA-
MB-231, ADSC, and EPC, cells were cultured on respective matrices 
with or without plasma-treatment, in at least technical triplicates per 
experiment. Proliferation of the cells was measured on day 3, 6, 9, 12 by 
Colorimetric Cell Viability Kit I (CCVK-I) (WST-8, Promokine, Heidelberg, 
Germany). Cell culture media in each sample was replaced with 450 µL 
of the respective cell culture medium containing 45  µL of CCVK-I 
and incubated for 2 h at 37 °C and 5% CO2. In triplicates, 100  µL of 
supernatant was transferred to a 96-well plate and the absorbance was 
measured at 450 nm (background at 600 nm) using a microplate reader. 
After carefully washing the matrices in PBS, fresh medium was added 
for further cultivation. Samples with absorbance below a cut-off value 
of 0.1 were eliminated from the calculations as they were considered 
nonrepresentative samples of cell growth, due to technical errors.

Gelatin Embedding and Cross-Sectioning of the Matrices: To determine 
the cellular migration into the matrices, seeded matrices were fixed 
using 4%-phosphate buffered formaldehyde (Carl Roth GmbH) at 
day 12, stained with DAPI (4′,6-diamidino-2-phenylindole, 1:10 000 in 
PBS) and ActinGreen488 ReadyProbes (Invitrogen) (1:50) for 30  min 
and embedded into gelatin.[68] A 5% gelatin solution with 5% glucose 
were dissolved in PBS and pre-warmed to 45 °C. The matrices were 
taken in a mold and the gelatin-embedding solution was poured onto 
it and incubated for 2 h. The samples were transferred to −80 °C for 
polymerization. The samples were then cryosectioned at −20 °C.

Confocal Microscopy: Cells on matrices were fixed on day 12 using 
4% phosphate buffer paraformaldehyde and stained with DAP and 
ActinGreen. Cells were imaged using a confocal laser scanning 
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microscope (Leica). F-Actin Alexa 488 was detected with an Argon laser 
at 488 nm, and DAPI was detected with a UV laser at 350 nm.

Generation of FUCCI Transfected MDA-MB-231: FastFUCCI expressing 
cell lines were produced by transfecting Lenti-X 293T cells (Takara, 
#632180) with pBOB-EF1-FastFUCCI-Puro (Addgene, #86849) and 
packaging plasmids (Addgene, #8454, #12260). The transfection was 
carried out using Lipofectamine 2000 reagent. The virus-containing 
supernatant was collected 48 h after transfection and precleaned by brief 
centrifuging. The medium was then concentrated (10 ×) using the LentiX-
concentrator (Takara, #631232). The concentrated virus-containing 
medium (107 infectious units mL−1) was then used to transduce MDA-
MB-231, which were seeded at a density of 1 × 105 per 9.6 cm2, 24 h prior 
to transduction. After infection, successfully transduced stable MDA-
MB-231 were further selected using puromycin (Gibco) (1 µg mL−1). The 
FUCCI-transfected MDA-MB-231 cells were then cultured on the PCL 
nanofibers and microfibers matrices, and the ratio of red:green:yellow 
cells were counted (n = 2).

Mammosphere Formation Assay: After Day 12, MDA-MB-231 from 
different PCL matrices (n  = 3; nanofibers, microfibers and aligned 
nanofibers) and 2D-culture (n  = 3) as control were washed with PBS 
and detached with accutase (Sigma-Aldrich) at 37 °C and 5% CO2. Cells 
were resuspended with DMEM/F12 medium (Gibco) containing the 
following supplements: B27 (Gibco), EGF (20  ng mL−1; Sigma-Aldrich) 
and FGF (10 ng mL−1; Miltenyi Biotec B.V. & Co. KG, Bergisch Gladbach, 
Germany), 1% l-glutamine. A suspension containing 2  × 103 cells per 
well was seeded onto a 6-well, ultralow attachment microplate (Corning, 
NY, USA) and incubated for 7 d at 37 °C and 5% CO2. After 7 d, spherical 
mammospheres bigger than 50  µm were counted. The MFI of each 
culture condition was calculated as follows

Mammosphere forming index,MFI %
number of mammospheres

number of cells plated
100( ) =







 x

	
	 (2)

Statistical Analysis: All the experiments were performed in 
triplicates unless otherwise stated and the results were expressed as 
mean ± standard deviation. For statistical analysis, a Kruskal–Wallis test 
was conducted and Mann–Whitney U test was used as a post-hoc test 
using SPSS. The WST-8 plots were constructed using Graphpad Prism 8 
and the XPS plots using Origin 2017. Two sets of data were considered 
statistically different when p ≤  0.05.
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