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ABSTRACT: Three-dimensional (3D) tissue culture has attracted
a great deal of attention as a result of the need to replace the
conventional two-dimensional cell cultures with more meaningful
methods, especially for understanding the sophisticated nature of
native tumor microenvironments. However, most techniques for
3D tissue culture are laborious, expensive, and limited to spheroid
formation. In this study, a low-cost and highly effective nanofibrous
scaffold is presented for spontaneous formation of reproducible 3D
breast cancer microtissues. Experimentally, aligned and non-aligned
chitosan/poly(ethylene oxide) nanofibrous scaffolds were prepared
at one of two chitosan concentrations (2 and 4 wt %) and various
electrospinning parameters. The resulting fabricated scaffolds (C2P1 and C4P1) were structurally and morphologically
characterized, as well as analyzed in silico. The obtained data suggest that the fiber diameter, surface roughness, and scaffold
wettability are tunable and can be influenced based on the chitosan concentration, electrospinning conditions, and alignment mode.
To test the usefulness of the fabricated scaffolds for 3D cell culture, a breast cancer cell line (MCF-7) was cultured on their surfaces
and evaluated morphologically and biochemically. The obtained data showed a higher proliferation rate for cells grown on scaffolds
compared to cells grown on two-dimensional adherent plates (tissue culture plate). The MTT assay revealed that the rate of cell
proliferation on nanofibrous scaffolds is statistically significantly higher compared to tissue culture plate (P < 0.001) after 14 days of
culture. The formation of spheroids within the first few days of culture shows that the scaffolds effectively support 3D tissue culture
from the outset of the experiment. Furthermore, 3D breast cancer tissues were spontaneously formed within 10 days of culture on
aligned and non-aligned nanofibrous scaffolds, which suggests that the scaffolds imitate the in vivo extracellular matrix in the tumor
microenvironment. Detailed mechanisms for the spontaneous formation of the 3D microtissues have been proposed. Our results
suggest that scaffold surface topography significantly influences tissue formation and behavior of the cells.
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1. INTRODUCTION

In vitro tumor models have created valuable cancer testing
resources and act as cost-effective tools for drug screening
platforms; however, cancer recurrence still largely remains
uncontrolled as a result of metastasis, which is the source of most
tumor-related deaths.'
dimensional (3D) cell culture is important to understand the
biology of the cancer.” The key challenge is to reframe the tumor
in simpler and more measurable systems in order to classify both
inherent genomic signatures and extrinsic chemical, mechanical,
and/or physical factors that drive human pathophysiology.’
Traditionally, cancer studies have been done in two-dimensional
(2D) monoculture and in in vivo animal models the latter of
which have now a major bottleneck in the understanding of this
disease.” There is important evidence to show that the malignant
behavior of cancer cells is guided by components of its
environment.” Cells grown in 2D monolayers adhere to rigid
solid surfaces on their basal side and are exposed to liquid along
their top surface, which in addition to the absence of

The creation of models for in vitro three-
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extracellular matrix (ECM) components, lead them to have
different gene expression, morphology, polarity, and stiffness
than cancer cells in a tumor microenvironment.” The animal
models have their limitations in predicting how a tested drug will
affect humans as these models do not have the same stroma—
tumor interaction as humans and lack a competent immune
system, which restricts new research from being successfully
translated into clinical settings.”

Such drawbacks led to the development of models that can
more closely mimic in vivo conditions. One such method is 3D
cell culture® where cells are cultured on ECM-like scaffolds in a
spatially defined manner. This technique allows the study of
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Figure 1. SEM micrographs of non-aligned (random) and aligned electrospun nanofibrous scaffolds showing the effect of various electrospinning
processing parameters on the fiber diameter of the scaffolds. (A) R-R1-C2P1, (B) R-R4-C2P1, (C) A-R4-C2P1, (D) R-R1-C4P1, (E) R-R4-C4P1, and

(F) A-R4-C4P1. The scale bar is 1 ym.

cell—cell and cell—scaffold interactions, which simulate the cells
native microenvironment found in vivo, in terms of their cell—
cell adhesion and junctions, cell growth patterns, and 3D
microenvironment.” The potential of 3D cell culture for cancer
research,’ dru§ development,11 stem cell studies,"* and tissue
engineering13’l has been recognized.

In tumor biology, in vivo cancer cells interact spatially and/or
pathophysiologically with ECM components and with other
cells in their vicinity."® Tt is possible through 3D cell culture to
build an environment that better represents the situation in the
body than animal models, so that the cells will act in a more
physiologically appropriate manner.'® To fill the gap between
monolayer cell culture and in vivo microenvironments, various
cell culture scaffolds have been developed to mimic the in vivo
microenvironment of cells.'”

Standard models used for 3D cell culture such as spinner flasks
or gyratory rotation devices, hanging drop culture, and ultra-low
attachment microplates offer large-scale methods for the
production of 3D spheres which, however, cannot be
miniaturized and are not consistent with high-throughput
screening methods.'® Therefore, new scaffold-free 3D culture
techniques with high efficiency have been developed.'’
Recently, nanofiber scaffolds have been used as standard
matrices for culturing a variety of cell types, as they mimic the
components of in vivo ECM and enable cell-scaffold
interactions in a similar manner to in vivo created tissue-realistic
cell niches in vitro.””*' Currently, polymeric pre-fabricated
electrospun nanofiber scaffolds act as inert matrices to which
cells can adhere, migrate, stimulate differentiation and gene
expression, or cover scaffold compartments to create 3D cultures
with a specific geometric configuration.””*> Among the methods
of nanofiber production, the solution electrospinning technique
is considered to be a basic and quick strategy to produce
nanofibrous scaffolds with diameters ranging from nanometers
to micrometers.”’ Cellular motility, cancer progression, meta-
stasis, invasive capability, drug resistance, and gene expression
are affected by the mechanical properties and surface top-
ography (fiber diameter, pore size, wettability, surface rough-
ness, and alignment) of the nanofibrous scaffold.”*** Electro-
spinning parameters can be tuned to produce scaffolds for
specific cell culture needs. A previous study revealed that breast
cancer cells (MCF-7) cultured on a polycaprolactone nano-
fibrous scaffold show an increase in cancer stem cell marker
expression, as well as upregulation of epithelial-to-mesenchymal
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transitions and mammosphere formation capability.”® One of
the most popular polymers used to produce nanofibers is
chitosan (CS). CS is a polysaccharide polymer derived from
chitin. It is biodegradable, biocompatible, antibacterial, and
environmentally friendly and has therefore been widely used for
many applications.”” CS and its hydrophobic surface chemistry
facilitate cell adhesion and spheroid formation due to its
glycosaminoglycan-mimicking structure.”®

Despite the evolution in utilizing spheroids as a screening tool
for anti-cancer compounds, many researchers have noticed
several problems with the current spheroid generation methods
that restrict their use as a reliable high-throughput platform.>*’
Cell handling on some platforms produce artificial cell-matrix
or cell—cell interactions,” indicating instability of the spheroid
with central necrosis, lack of cell viability and thus minimal
mechanical resemblance to the native ECM.>° Their high cost,
slow and tedious labor-intensive handling has restricted the use
of 3D spheroids, as well as the requirement for special additives
and equipment.’’ Furthermore, the initial need to distribute
only one spheroid per well and the large number of cells required
has also limited the use of 3D cell cultures.’

Here, we have successfully fabricated electrospun nanofibers
with different parameters and tested their efficacy in mimicking
the biological ECM to support the growth of MCF-7 cells. We
found it to be a reliable, cost-effective scaffold for the
spontaneous formation of 3D breast cancer microtissues without
the need for growth factors.

2. RESULTS AND DISCUSSION

2.1. Characterization of CS/PEO Nanofibrous Scaf-
folds. Aligned and non-aligned (random) scaffolds were
fabricated in order to study their surface topography and their
impact on the spontaneous formation of breast cancer
microtissues. Both aligned and non-aligned scaffolds were
prepared using two different polymers (CS/PEO) with varying
CS concentrations (2 and 4 wt %) using one of two different
pump flow rates (0.006—0.024 mL/min).

The scanning electron microscopy (SEM) images revealed
that the collector had an impact on the morphology of the
electrospun fibers. In addition to the morphology of the scaffold,
the diameter of the fibers is also slightly affected by the rotating
speed of the collector. The aligned nanofiber scaffolds fabricated
using the same polymer solution and under the same
electrospinning conditions (except the method of collection)
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Figure 2. 3D AFM images of random and aligned electrospun nanofibrous scaffolds synthesized using two different solutions (C2P1 and C4P1) in
addition to the effect of the pump flow rate on each of them. (A) R-R1-C2P1, (B) R-R4-C2P1, (C) A-R4-C2P1, (D) R-R1-C4P1, (E) R-R4-C4P1, and

(F) A-R4-C4PI.

show a slight decrease in the average diameter of the fibers. This
phenomenon is attributed to the centrifugal forces from the
rotating drum collector drawing the fibers out, as previously
reported.’” As shown in Figure 1, the non-aligned nanofibers
produced scaffolds with many more interconnected pores,
compared to the aligned scaffolds. Moreover, the average fiber
diameter (Figure S1) depends on the CS concentration. For
instance, the average fiber diameter for both non-aligned and
aligned C2P1 scaffolds ranged from 83 + 10 to 137 20 nm. On
the other hand, it ranged from 134 + 18 to 199 + 30 nm for both
non-aligned and aligned C4P1 scaffolds, which is obviously high
compared to the C2P1 scaffolds. When the polymer
concentration is increased, the chains of polymers within the
liquid have more opportunity to become entangled, resulting in
additional resistance against the liquid being stretched.”

The pump flow rate is another factor which affects the fiber
diameter. A low solution flow rate is needed to sustain the Taylor
cone via the capillary force. By increasing the solution flow rate,
the average fiber diameter increases for both the C2P1 and C4P1
scaffolds (Figure S2). The average fiber diameter increased from
83 + 10 to 137 + 20 nm in the case of C2P1 scaffolds and from
134 + 18 to 199 + 30 nm for the C4P1 scaffolds when the flow
rate was increased from 0.006 to 0.024 mL/min. Furthermore,
increasing the flow rate was associated with increasing the
diameter of the fibers as a result of increasing the initial radius of
the electrospinning jet, which indeed reduces the bending
instability.””

Besides fiber diameter, the distribution of the pore size within
the scaffolds and the mean flow pore (MFP) size were measured
to correlate their values with the electrospinning parameters.
The scaffold pore size was found to mainly be dependent on the
scaffold fiber diameter and its packing density. The obtained
data showed that the pore size of the CS/PEO nanofibrous
scaffold was within the sub-micron range with values varying
according to the surface topography. The MFP size for both
non-aligned and aligned C2P1 scaffolds ranged from 563 + 0.02
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to 939 + 0.07 nm, whereas the values ranged from 705 + 0.1 nm
to 1.49 + 0.1 um for the C4P1 scaffolds (Figure S3). The R-R4-
C2P1 and R-R4-C4P1 scaffolds with the larger fiber diameter
possess large-sized pores and low fiber packing density. Previous
studies reported relevant data that support a direct relation
between fiber diameters and pore size distribution.”* The
aligned nanofibrous scaffold had densely packed fibers and a
small pore size compared with the non-aligned scaffold; this
phenomenon is attributed to the centrifugal forces from the
rotating drum collector drawing the fibers in one consistent
direction, thus conferring some orientation on them.'>*°

The scaffold thickness was determined using a micrometer
and the thickness for both non-aligned and aligned C2P1
scaffolds ranged from 19 + 1.4 to 9 + 1.4 ym, whereas the values
ranged from 31 + 1.4 to 16 + 1.4 um for the C4P1 scaffolds.
From those, the scaffolds’ thicknesses are significantly decreased
when the fiber deposition area increases due to raising the pump
flow rate. Moreover, C4P1 scaffolds are thicker than C2P1
scaffolds produced under the same condition due to the high
viscosity of CS solution, in addition to the low deposition area of
C4P1 scaffolds.

To determine the scaffold surface nanotopography, the
surface roughness for both random and aligned scaffolds was
calculated by analyzing a scanning area of 30 X 30 ym? using
atomic force microscopy (AFM) (Figure 2).

The AFM images offer a detailed comparison of average
surface roughness for both types of scaffolds. The C2P1 scaffolds
showed the smoothest surface with a roughness value of 158.46
and 294.81 nm for both non-aligned and aligned scaffolds,
respectively. However, for C4P1 scaffolds, the roughness was
high with values between 325.6 and 558.37 nm for both non-
aligned and aligned scaffolds, respectively. The increase in
surface roughness value for C4P1 scaffolds compared to C2P1
scaffolds could be due to the increase in the fiber diameter
because of increasing the CS concentration and pump flow
rate.>® However, the roughness of the R-R4-C2P1 scaffold was
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decreased due to the formation of cross-linked or fused fibers.
The findings of the SEM measurements are consistent with
AFM analysis. Moreover, the aligned nanofibrous scaffolds
showed low surface roughness compared to the non-aligned
ones, mainly due to the smaller fiber diameter and the formation
of a surface with long parallel grooves.

The contact angles of the fabricated scaffolds were measured
to evaluate their wettability. It was clear from the obtained data
that the C4P1 scaffolds are more resistant to water adsorption
than the C2P1 scaffolds (Figure 3). The contact angle values

120

[___] Contact angle
B Surface Roughness - 600

Contact angle (0)
Surface Roughness (nm)

& ¢ & ¢ ¥ ¥

Figure 3. Wettability and surface roughness of non-aligned and aligned
electrospun nanofibrous scaffolds. The figure describes the effect of the
CS concentration and pump flow rate on the surface wettability and
roughness of the prepared scaffolds.

ranged from 48 + 4 to 65.5 + 3 for C2P1 scaffolds. In contrast,
the values ranged from 73 # 2 to 102 + 5 for both CP41 scaffold
types. The values of the contact angle are strongly affected by the
roughness of a surface. Previous studies reported relevant data
about the relation between the scaffold roughness and the
measured contact angle.37

The Fourier transform infrared (FTIR) spectra of CS/PEO
nanofibrous scaffolds (Figure S4) confirmed the successful
mixing of CS with PEO polymers. The spectrum reflected a band
at 3432 cm™' which is attributed to the —OH group and the

stretching vibration of the —NH, bands of CS, whereas the peak
at 2880 cm™" originated from —CH,— stretching vibration of
CS/PEO. Furthermore, the peaks at 1544 and 1645 cm™! were
due to the carbonyl stretching of the amide bands C=0—-NH
and the N—H bending of the CS amino groups, respectively.
Another peak of CS (C—O stretching) was detected at 1029
cm ™! but overlapped with intense PEO bands of 1145, 1098, and
1035 cm™" assigned to C—O—C stretching vibrations.*®

2.2. Cell Morphology and Tissue Formation. Human
breast cancer cells (MCF-7) were cultured on all the six
electrospun nanofibrous scaffolds as well as on ultra-low
attachment plates (ULAPs) and adherent cell culture plates
[tissue culture plate (TCP)]. It was obvious from the images
obtained by optical microscopy that cells acquired different
morphological behaviors dependent upon the basal surface they
were grown on. For instance, cells cultured on adherent plates
appeared to have a flattened, trigonal morphology and formed a
confluent monolayer cell sheet. In contrast, on the surface of
nanofibrous scaffolds, cells took on close to round structures
which self-assemble to form aggregates. In addition, they were
uniformly distributed on the surfaces of the scaffolds (Figure
4A). Typical spheroids have a spherical geometry with an
outward proliferative zone, beyond which the innermost cells
become quiescent (created by food and oxygen transport
gradients) that surrounds a necrotic zone which dies because
sufficient oxygen and fresh growth medium fail to diffuse far
enough to reach them, imitating the cellular heterogeneity
noticed in solid tumors, and the size of this spheroid had reached
a diameter greater than 500 ym (Figure 4B).

From day 3, a notable increase in cell number was observed,
with the formation of numerous cell aggregates (Figure S). The
size of these aggregates increased from day to day, forming
spheroids. Furthermore, spheroid formation was similar for both
non-aligned and aligned nanofibrous scaffolds, which might be
due to the possession of similar characteristics (roughness, fiber
diameter, and wettability) within the same scaffold type (C2P1
and C4P1), but they did not show the same pattern when
cultured on scaffolds with different CS concentrations.

It was noticeable that MCF-7 cells cultured on the C2P1
scaffolds formed aggregates within the first 3 days of a culture
that persisted up to 16 days of the experiment. These spheroids
started to spontaneously fuse to form 3D breast cancer
microtissues after 10 days of culture without the introduction

Figure 4. (A) Phase contrast image showing the difference in MCF-7 cell morphology at the interface between the C2P1 nanofibrous scaffolds and the
plate bottom after 72 h in culture. The scale bar is 100 ym. (B) Optical image shows typically formed spheroid with three distinct zones. The scale bar is

200 ym.

https://doi.org/10.1021/acsomega.1c05646
ACS Omega 2022,7,2114-2126


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05646/suppl_file/ao1c05646_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

R-R1-C2P1

R-R4-C2P1

A-R4-C2P1

R-R1-C4P1

R-R4-C4P1

A-R4-C4P1

Figure S. Optical images of MCF-7 cells seeded on non-aligned (R-R1-C2P1, R-R4-C2P1, R-R1-C4P1, and R-R4-C4P1) or aligned (A-R4-C2P1 and
A-R4-C4P1) nanofibrous scaffolds after 16 days. The images show an increase in cell number and diameter of the formed spheroids until some of them

form microtissues at day 10 of culture. The scale bar is 200 gm.

of external growth factors (Figure 5). On the other hand, cells
cultured on C4P1 scaffolds formed spheroids at the same time,
but quickly disassociated from 8 to 10 days of time in culture
(Figure 5). As mentioned before, the CS content within the two
types of nanofibrous scaffolds was different; therefore, we
suggest that not only the morphological characteristics of the
scaffolds are crucial to determine the cell proliferation but also
the CS content in those scaffolds.

2.3. Number and Distribution of Spheroids. In order to
understand the behavior of MCF-7 breast cancer cells in
response to the surface topography of four different scaffolds, it
was necessary to correlate the number of spheroids formed in
the early stage of culture to the scaffold characteristics. After 7
days of culture, the formation of MCF-7 spheroids was captured
by an optical microscope and analyzed to quantify their number
and diameter. As shown in Figure 6A, the numbers of spheroids
formed on the C2P1 scaffolds were significantly higher
compared to the numbers of spheroids formed on C4P1
scaffolds. It was also clear that surface topography of the
scaffolds can influence the formation of spheroids, where the
number of spheroids formed on the R-R1-C2P1 scaffold was 322
+ 31 spheroids per well, but the spheroid number increased to
621 =+ 36 spheroids per well on the R-R4-C2P1 scaffold.
Similarly, the number of spheroids on C4P1 scaffolds increased
on the R-R4-C4P1 scaffold (397 + 65 spheroids per well)
compared to the R-R1-C4P1 scaffold (222 + 57 spheroids per
well).

The high spheroid numbers counted on R-R4-C2P1 and R-
R4-C4P1 scaffold surfaces could be due to the large fiber
diameter, pore size, and small packing density which led to

2118

better cell proliferation. The scaffolds with large pores permit
cell infiltration and migration allowing cells to reach the
scaffolds’ depth and proliferate; this is to facilitate nutrient and
oxygen exchange leading to the increase of spheroid
numbers.”>”*” However, in the case of scaffolds (R-R1-C2P1
and R-R1-C4P1) with high packing density, only the surface of
the scaffolds is available for cell proliferation. The surface
roughness, fiber diameter, pore size, and wettability were known
to influence the cell adhesiveness and cell spreading capability.*’
Furthermore, CS has been reported to be mucoadhesive,*' so
the C2P1 scaffolds are more favorable for spheroid formation
than the C4P1 scaffolds which are more adhesive. Differences in
CS concentration influence the scaffolds’ surface charge as CS
has a positive charge due to the amine group. When the
concentration increases the positive charge at the surface, the
zeta potential increases and affects the formation and stability of
the formed 3D spheroids.*”

On the other hand, the average diameter of MCF-7 spheroids
grown on C2P1 and C4P1 scaffolds was not affected by surface
topography as spheroids’ diameter ranged from 211 + 76 to
174.9 + 61 um for C2P1 scaffolds and from 211 + 68 to 228.2 +
85 um for C4P1 scaffolds (Figure 6B). This means that surface
topography has a great impact on the number of spheroids
formed but not on their diameter (Figure 6C,D). Besides
differences in the number of spheroids in the first week, no
obvious morphological differences could be recognized among
the spheroids formed on the C2P1 and C4P1 scaffolds within
this week.

2.4. Cell Viability. In order to evaluate MCF-7 cell viability
on all the six nanofibrous scaffolds, we carried out a cell viability
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Figure 6. Effects of scaffold surface topography on MCF-7 spheroid formation. (A) Number of MCF-7 spheroids formed on R-R1 and R-R4 for the
C2P1 and C4P1 scaffolds after 7 days of culturing. (B) Average spheroid diameter on R-R1 and R-R4 for the C2P1 and C4P1 scaffolds. (C,D)

Histograms show spheroid size distribution on R-R4 of C2P1 and C4P1 scaffolds, respectively.
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Figure 7. Fluorescence images of MCF-7 cell tissue viability assessment on randomly (R-R1-C2P1, R-R4-C2P1) and aligned (A-R4-C2P1) C2P1
scaffolds after 17 days. Calcein AM (green) stains the living cells whereas ethidium homodimer-1 (red) stains the dead cells. The scale bar is 200 ym.

assay using calcein AM and ethidium homodimer-1 staining.
Figure 7 shows an intense green fluorescence signal (living cells)
and a very weak red fluorescence signal (dead cells) on C2P1
scaffolds, indicating the high viability of cells within the 3D
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microtissues after 17 days of incubation time. This indicates the
possible involvement of cell migration to form compact 3D

breast cancer microtissues.
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Figure 8. Fluorescence images of MCF-7 cell viability assessment of non-aligned (R-R1-C4P1 and R-R4-C4P1) and aligned (A-R4-C4P1) C4P1
scaffolds after 17 days. Calcein AM (green) stains the living cells whereas ethidium homodimer-1 (red) stains the dead cells. The scale bar is 200 ym.
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Figure 9. Proliferation of MCF-7 cells cultured on the tested scaffolds compared to standard tissue culture plates used as the control.

The 3D breast cancer microtissues displayed good cell
viability without apparent death. Most dead cells are single cells
that lost their viability and remained outside the viable 3D breast
cancer microtissues after they died. As discussed above, the CS
concentration was observed to impact the overall viability of the
growing spheroids and their stability on the nanofibrous
scaffolds within the first 8—10 days. After that time point, we
no longer observed any significant difference in viability and
morphology of the MCF-7 breast cancer microtissues formed on
C2P1 scaffolds for the non-aligned and aligned fibers. This is
most likely due to all the scaffolds’ surface topographies
promoting cell—cell interactions instead of cell-matrix ones,
resulting in the formation of spheroids maturing into 3D breast
cancer microtissues. Another reason is that no much difference
in values of the scaffold surface topography was observed, and
we found that the huge difference was between C2P1 and C4P1
scaffolds not between random and aligned scaffolds of the same
concentration.

In contrast to the C2P1 scaffolds, the C4P1 scaffolds showed
an intense red fluorescence signal, indicating pronounced cell
death, and a weak green fluorescence signal from the cells
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remaining on the surfaces (Figure 8) due to dissociation of the
formed spheroids after 17 days of seeding. Varying the
conditions used to create C4P1 scaffolds had no effect on
spheroid formation, viability, or the formation of 3D breast
cancer microtissues.

Interestingly, the size, shape, and viability of the 3D cancer
microtissues formed on C2P1 scaffolds was better than that of
spheroids formed by using a commercially available ULAP. In
our case, using an ULAP, the size of the MCF-7 spheroids
increased with the incubation time and exhibited a diameter of
522 pm over 17 days of culture with good cell viability (Figure
S5). However, cell culture on the TCP showed an intense red
fluorescence signal, indicating vast cell death due to a long time
of incubation which leads to cell stress and death after 17 days of
culturing (Figure S6).

2.5. Cell Proliferation. A series of 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assays were
performed to determine the proliferation of MCF-7 cells after
1,2, 3,7, and 14 days of culture. In this experiment, a TCP was
used as the negative control. The CS/PEO nanofibrous scaffolds
effectively support cell adhesion and proliferation, and CS and
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Figure 10. (A) Fluorescence images of MCF-7 spheroid cytoskeleton stained with rhodamine-B and spheroid nuclei stained with DAPI formed on
C2P1 scaffolds. (B) Z-stack images of the formed spheroids and 3D microtissue nuclei stained with DAPI. The scale bar is 100 ym.

PEO are highly biocompatible materials.*> The MCE-7 cells
were followed over a 14 day time course. Cell viability for all six
scaffolds was about the same value during the first week of the
experiment (Figure 9).

On day 7 of the culture, cells reached a plateau and stopped
growing at an exponential rate. Strikingly, cultures grown on
TCP completely died in the second week of the experiment but
remained viable when grown on nanofibrous scaffolds. C2P1
scaffolds were slightly superior in supporting cell growth
compared to C4P1, on which viability also declined in the
second week of culture.

Considering the cell seeding densities were the same in
nanofibrous scaffolds (C2P1 and C4P1) and TCP, the
difference might result from the expanded space (large surface
area compared to the volume) for cell growth in CS/PEO
nanofibrous scaffolds. In addition, the porous morphology and
large surface area of the nanofibrous scaffolds may have assisted
tissue oxygenation resulting in enhanced cell adhesion, spread-
ing, and proliferation like in vivo structures do.**

2.6. Microscopy of MCF7 Cells on Nanofibrous
Scaffolds. Fluorescence images reveal cell morphology grown
on nanofibrous scaffolds at different culture times. The taken
images show that cells on nanofibrous scaffolds exhibited a
round shuttle-like shape which self-assembled with each other to
form 3D spheroids (Figure 10A).

Morphological analysis demonstrated the presence of specific
sites of intercellular connections in addition to the discontin-
uous areas where plasma membranes of adjacent cells were in
adhesive contact which indicate cell—cell connections. Fur-
thermore, Z-sections were able to be imaged for the nanofibrous
scaffolds to analyze how cells interact with each other and with
their microenvironment in all three spatial dimensions.
Furthermore, it shows how 3D microtissues engulf the nanofiber
surface (Figure 10B).

2.7. Scanning Electron Microscopy. SEM images display
that the formed spheroids have a smooth surface, tight cell
junctions, and indistinguishable cellular boundaries with
interweaving of the fibers into and around the spheroids and
the 3D microtissues that assist in anchoring and stabilization
(Figure 11). Both morphological forms exhibit cell—scaffold and
cell—cell interactions.

2.8. Immunofluorescence Staining. Ki-67 (green) was
used to determine the proliferative potential and growth of the
cells in the microtissues formed after 27 days of culture on the
two randomly C2P1 scaffolds, using DAPI (blue) to stain and
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Figure 11. SEM images of the spheroids (A,B) and 3D microtissues
(C,D) formed on the surface of C2P1 nanofibrous scaffolds at different
culture times. The scale bar is 20 and 10 pym.

visualize the nuclei of the cells (Figure 12). Ki-67 is highly
expressed in the microtissues but not in the 2D monolayer,
highlighting the high proliferative activity of cells in the 3D
microtissues. Essentially, these types of morphological differ-
ences resemble the microenvironment of the in vivo tumor,
where cells are generally present as multicellular proliferative
clusters.

Ki-67 showed that most cells were actively proliferating within
the microtissues formed after 27 days of incubation time, which
indicates that a lot of cells within the microtissues are healthy
and continue to proliferate. On the other hand, a small number
of quiescent, non-proliferating but viable cells are present, which
resemble the situation in vivo in cancer microtissues. Ki-67 is
highly expressed in the microtissues but not in the 2D
monolayer, highlighting the high proliferative activity of cells
in the 3D microtissues.

2.9. Mechanism of 3D Tissue Formation. The surface
topography of the CS/PEO scaffolds discussed above plays an
essential role in the behavior of tumor cells and the spontaneous
formation of the breast cancer microtissues that resemble in vivo
cancer tissues. The dimensions and morphology of CS/PEO
nanofibrous scaffolds resemble the nano- and sub-micron scale
of ECM structures in the in vivo tumor microenvironment.**
The characteristics and surface topography of these scaffolds
induce spheroid formation and the development of microtissues
by mechanisms which are currently not completely understood

https://doi.org/10.1021/acsomega.1c05646
ACS Omega 2022,7,2114-2126


https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05646?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Ki67 DNA Bright field

Figure 12. Fluorescence images of immunofluorescence staining for
MCEF-7 3D microtissues formed after 27 days of culturing on non-
aligned (randomly oriented) nanofibrous scaffolds [ (A, B-R-R1-C2P1)
and (C, D-R-R4-C2P1)]. (A,C) Merged images of anti-Ki-67 (green)
and DAPI (blue) stains of the nuclei and (B,D) bright field images. Ki-
67 expression is limited to the 3D microtissues but not in the 2D
monolayer. The scale bar is 200 ym.

but we suppose the following possibilities as potential
mechanisms for the formation: (i) cell—cell interactions result
in tight cell aggregates which form the spheroid through self-
assembly and then the formed spheroids are held together
forming the 3D microtissues and (ii) outward proliferation of a
fiber-attached cell to form a spheroid which enlarges in size and
proliferates more and more forming the 3D microtissues. We
found that cells cultured on C4P1 scaffolds formed spheroids
that quickly dissociated within 8—10 days of culturing, whereas
cells grown on C2P1 scaffolds first formed spheroids and then
3D microtissues which persisted for the duration of culture.
Moreover, the number of spheroids on the same type of scaffolds
depended on the conditions used when creating the scaffold. We
show that the pore size, roughness, packing density, and fiber
diameter of the C2P1 scaffolds create a surface topography that
is very suitable for the stable and spontaneous formation of
microtissues. In addition, these scaffolds have a suitable balance
of hydrophobicity and hydrophilicity which facilitates the
formation of tumor spheroids.”**’

Based on our observations, each spheroid forms a number of
elongated extensions or protrusions out of the spheroid
structure and makes contact with scaffold surfaces (Figure
S8). These finger-like protrusions resemble those produced by
cancer cells penetrating the ventral membrane during the initial
stages of the migration of metastases. They are considered as
matrix-degrading structures involved in ECM proteolysis.*” The
formation of this protrusion confirms that CS/PEO scaffolds act
as ECM for the MCF-7 cells without the need for external
growth factors. Also, this protrusion plays an important role in
directing cell migration and leads to the metastases of cancer
cells.” The spheroids start migrating to fuse with each other and
form breast cancer microtissues, which is a mechanically strong
structure. The breast cancer microtissues display good cell
viability and bioactivity, especially for a long culture time on all
C2P1 scaffolds and a number of dead cells diffuse out of the 3D
microtissues.
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Most studies currently rely on mechanical spheroid formation
involving a method using a specific inverted cone-shaped, non-
adherent culture dish by rotating, shaking, and stirring
motions.”” In our case, we found that by using exactly the
right materials and conditions, we were able to generate
spontaneously formed spheroids which did not rely on
mechanical manipulation. The mechanically formed spheroids
have a short life span whereas the spontaneously formed
spheroids go on to form mechanically strong cancer micro-
tissues. Previously, spheroid formation was reported to take 5—
10 days,” or as much as several weeks on polymer-based
scaffolds, or through serum-free medium with a specific growth
factor [epidermal growth factor, basic fibroblast growth factor,
B27 minus, vitamin A (Invitrogen), and Lif1];>" however, here
rapid spheroid formation was observed on the CS/PEO
scaffolds after merely 48—72 h in the absence of external
growth factors.

The creation of spontaneously formed 3D cancer microtissues
is an important step in drug screening and development. The 3D
cultures have far fewer interactions between cells and the
scaffolds so that cell migration on the scaffold surface is
apparently easier and cell—cell interactions are facilitated. Taken
together, the balance between cell—cell and cell-scaffold
interactions affects cell adhesion, viability, and migration on
the scaffold surfaces. The evidence for the low level of
interaction between MCEF-7 cells and the scaffolds is that the
cells are not affected by the degree of alignment of the
nanofibers.

3. CONCLUSIONS

3D breast cancer cell culture on CS/PEO nanofibrous scaffolds
is one effective, high-profile, and proactive cell culture platform
compared to the TCP and other 3D cell cultures such as ULAPs.
The network structure of nanofibrous scaffolds can imitate the
native ECM microenvironment of the in vivo tumor. Therefore,
the surface topography of CS/PEO scaffolds was varied in order
to determine the behavior of MCF-7 breast cancer cells on these
surfaces. Different scaffold surface topographies were produced
by changing the electrospinning processing parameters such as
the polymer concentration, pump flow rate, and method of
collection. Based on our results, as the polymer concentration
and pump flow rate increase, the fiber diameter, pore size,
hydrophobicity, and surface roughness increases.

CS/PEO nanofibrous scaffolds sustained cell viability and
active cell growth for at least 17 days. The scaffold surface
topography affects the tumor cells’ behavior. C2P1 scaffolds
formed a higher number of spheroids and formed more breast
cancer microtissues than C4P1 scaffolds. Whether the fibers
were specifically aligned or not made no appreciable difference
for C2P1 scaffolds with regard to the formation of 3D breast
cancer microtissues.

Our platform is a simple and low-cost fabrication method.
Although, the cancer phenotype has not been studied
thoroughly, these scaffolds offering cancer cells a natural
microenvironment with non-toxic components and FDA
approved. Besides, the fabrication hypothesis is formed without
the use of potentially hazardous chemicals. The novel in this
platform is the formation of stable and reproducible 3D tissue-
like structures which did not stop at the stage of forming
spheroids as mentioned in the literature. The obtained 3D
tissue-like structures will be used as a drug screening and
development platform, which will lead to results that mimic the
in vivo one.
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Table 1. Summary of the Different Electrospinning Processing Parameters Used in Our Study

sample name CS (wt %) PEO (wt %) solution ratio (CS/PEO)
R-R1-C2P1 2 3 3:1
R-R4-C2P1 2 3 3:1
A-R4-C2P1 2 3 3:1
R-R1-C4P1 4 3 3:1
R-R4-C4P1 4 3 3:1
A-R4-C4P1 4 3 3:1

dry ratio (CS/PEO)

flow rate (mL/min) voltage (kV) distance (cm)

2:1 0.006 19 20.5
2:1 0.024 19 20.5
2:1 0.024 19 9
4:1 0.006 19 20.5
4:1 0.024 19 20.5
4:1 0.024 19 9

4. EXPERIMENTAL SECTION

4.1. Scaffold Fabrication. CS/PEO nanofibrous scaffolds
were manufactured via electrospinning. In detail, CS solutions
were prepared by dissolving CS powder with an average
molecular weight of 200,000 g/mol (International Laboratory,
USA) in 90% glacial acetic acid (AA 99%, Chem-Lab, Belgium).
CS solutions of 2 and 4 wt % were prepared by continuous and
vigorous stirring overnight at room temperature. A separate
solution of PEO was prepared by dissolving PEO with an
average molecular weight of 600,000 g/mol (Sigma-Aldrich,
USA) in glacial acetic acid under the same conditions used with
CS. The solutions were mixed at a ratio of 3:1 CS to PEQ,
producing C2P1 (2 wt % CS) and C4P1 (4 wt % CS) solutions
(Table 1). Each of the blended solutions was then placedin a §
mL syringe with a 21 gauge blunt tip. The polymer was ejected
using a syringe pump (KD Scientific, Holliston, MA, USA) at a
flow rate of 0.006—0.024 mL/min. The complete set of
experiments is represented in Table 1 with employing varied
electrospinning processing parameters.

For collecting non-aligned nanofibers, a stationary grounded
collector covered with aluminum foil was placed at a distance of
20 cm from the tip of the nozzle. Aligned nanofibers were
prepared by placing a drum collector at a distance of 9 cm from
the tip of the nozzle rotating at 2000 rpm (Table 1). A voltage of
19 kV was applied between the nozzle tip and the stationary/
drum collector.

4.2. Scaffold Characterization. Microstructure and
morphology of the electrospun CS/PEO nanofibers were
analyzed using a scanning electron microscope (Carl Zeiss
Sigma 500 VP, Jena, Germany) operated at an acceleration
voltage of 10 kV. Before the SEM examination, the samples were
coated with gold for 1 min. Image] software was used to analyze
the average fiber diameter.

The scaffold pore size was measured by capillary flow
porometry (POROLUX 1000 Porometer, IB-FT GmbH, Berlin,
Germany). Porefil wetting fluid was applied to wet the scaffold
when the sample was pressurized under air to an applied
pressure of 3 bar. The bubble point and average pore size were
determined.

The surface topography and morphology of the scaffolds were
analyzed using an atomic force microscope (Nanosurf Flex,
Liestal, CH). The thin nanofibrous scaffolds were affixed onto
the atomic force microscope holder using a double-sided tape.
The measurements were performed at room temperature in the
tapping mode using an aluminum—gold tip at a resonance
frequency of 190 kHz. NanoSurf Easy Scan software was used to
calculate the root mean square and surface roughness of the 30 X
30 um? scanning area.

To assess the scaffolds’” hydrophilicity, the contact angle was
measured using the contact angle measuring system (OCA 28,
DataPhysics GmbH, Germany). In detail, 10 L of deionized
water was dropped on top of the scaffolds. Then, high-resolution
images were captured after 5 s of incubation and the average
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contact angle was calculated based on five measurements at
different locations.

FTIR measurements were carried out to investigate the
functional groups of CS/PEO electrospun nanofibrous scaffolds.
Absorption spectra were recorded in the energy range of 500—
4000 cm™' using a Bruker Vertex 70 spectrophotometer
(Billerica, MA, USA) coupled with a diamond attenuated total
reflection unit.

4.3. Cell Culture. Human breast cancer cell line MCF-7 was
obtained from the American Type Culture Collection (ATCC;
Rockville, MD, USA). Cells were cultured in Dulbecco’s
modified Eagle’s medium high glucose (4,500 mg/L p-glucose
anhydrous) and supplemented with 10% FBS, SO U/mL
penicillin, 50 pg/mL streptomycin, and 1% L-glutamine
(Biowest, Nuaillé, France). The cells were maintained in a 5%
CO, humidified incubator at 37 °C.

The electrospun nanofibrous scaffolds were cut into discs
using a hole puncher with 6.4 mm internal diameter. The discs
were sterilized for 20 min at 120 °C in a drying oven and then
sprayed with 70% ethanol/water and exposed to UV irradiation
for 2 h. The nanofibrous scaffolds were soaked in media
overnight before cell seeding. Then, 200 yL of a MCF-7 human
breast cancer cell suspension was added to each well (3,500
cells/well) of a 96-well plate.

4.4. Cell Proliferation Assay. The MTT assay was applied
to test the cell proliferation on the fabricated scaffolds and non-
coated cell culture plates. Only viable cells retain the ability to
transform the yellow tetrazolium salt into water-insoluble purple
crystals of formazan. The scaffolds were cut into discs using a
hole puncher with 16 mm internal diameter and then placed into
new wells of 24-well plates and sterilized with the protocol
mentioned in the previous section. Thereafter, a suspension of
40,000 MCEF-7 cells was seeded in each well. Cell culture was
maintained for 14 days. After 24, 48, 72 h, 1, and 2 weeks,
samples were collected and the MTT assay was performed.
Briefly, the scaffolds and adherent wells were first washed with
phosphate-buffered saline (PBS), then treated with 1 mL of
Dulbecco’s modified Eagle’s medium and 200 uL of MTT and
incubated for 4 h. Next, 750 uL of sodium dodecyl sulfate was
added to dissolve the formazan crystals. Three 100 yL aliquots
from each well were transferred into a 96-well plate and the
absorbance was measured at 570 nm using a microplate reader
(800 TS microplate absorbance reader, BioTek Instruments,
USA).

4.5, Spheroid Diameter and Number Estimation. The
number of spheroids resulting from a suspension of 40,000
MCEF-7 cells seeded into 24-well plates was counted from
complete planar images taken systematically across each
scaffold. Formed rounded aggregates of size greater than S0
pum were counted as spheroids. For the measurement of
spheroid diameter, all-optical images were taken of each scaffold
with an inverted fluorescence microscope (Axio Vert.Al, Carl
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Zeiss, Oberkochen, Germany) and analyzed using ZEN 2 (blue
edition) software (Carl Zeiss).

4.6. Cell Viability Assay. The cell viability assay of MCF-7
cells was performed using the viability/cytotoxicity kit (Thermo
Fisher Scientific, Waltham, MA, USA), as per the manufacturer’s
instructions. Briefly, the cells were stained with 2 yM calcein AM
and 2 yM ethidium homodimer-1 diluted in 1X RPMI 1640 for
1S min at 37 °C. Images were taken using an inverted
fluorescence microscope.

4.7. Immunofluorescence Staining. To observe the
proliferating nuclei within the grown 3D microtissues on
C2P1 nanofibrous scaffolds, samples were stained with Ki-67. In
brief, after culturing for 27 days, the cell nuclei on the scaffolds
were fixed with 4% paraformaldehyde for 15 min. Then, samples
were permeabilized with 0.5% Triton X-100 for 15 min and
washed with PBS three times. The cells were then blocked in 1%
bovine serum albumin solution for 30 min, followed by washing
three times with PBS. Finally, the nuclei of cells were stained
with anti-Ki-67 and DAPI for 20 min and observed using a
fluorescence microscope.

4.8. Statistical Analysis. All experiments were done in
triplicate. Data are reported as the average + standard deviation.
Results were analyzed using SPSS software version 16.0 with
Student’s t-test and ANOVA to study the effect of scaffolds with
different surface topography on the cancer cell proliferation and
number of spheroids formed on their surface. One star (*)
means a p-value < 0.05, two stars (**) mean a p-value < 0.01,
and three stars (***) mean a p-value < 0.001.Corresponding
Author Ahmed S. G. Khalil:asg0S@fayoum.edu.eg Co-authors:
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