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Biophysical characteristics of engineered scaffolds such as topography and electroconductivity have shown
potentially beneficial effects on stem cell morphology, proliferation, and differentiation toward neural cells.
In this study, we fabricated a conductive hydrogel made from chitosan (CS) and polyaniline (PANI) with
induced PC12 cell surface topography using a cell imprinting technique to provide both topographical
properties and conductivity in a platform. The engineered hydrogel's potential for neural priming of rat
adipose-derived stem cells (rADSCs) was determined in vitro. The biomechanical analysis revealed that
the electrical conductivity, stiffness, and hydrophobicity of flat (F) and cell-imprinted (Cl) substrates
increased with increased PANI content in the CS/PANI scaffold. The conductive substrates exhibited
a lower degradation rate compared to non-conductive substrates. According to data obtained from F-
actin staining and AFM micrographs, both CI(CS) and CI(CS—PANI) substrates induced the morphology of
rADSCs from their irregular shape (on flat substrates) into the elongated and bipolar shape of the
neuronal-like PC12 cells. Immunostaining analysis revealed that both CHCS) and Cl (CS—PANI)
significantly upregulated the expression of GFAP and MAP2, two neural precursor-specific genes, in
rADSCs compared with flat substrates. Although the results reveal that both cell-imprinted topography
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topography effects of the cell-imprinted surface have a more critical role than electrical conductivity on

DOI: 10.1039/d1ra00413a neural priming of ADSCs. The current study provides new insight into the engineering of scaffolds for
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conditions due to two main factors: post-damage scar formation
and unguided axonal regrowth.* Due to the ineffectiveness of

1. Introduction

Neurodegenerative disorders in the brain and spinal cord,
traumatic injuries, and stroke influence the quality of life of 2
million people in the United States of America (USA) each year,
and this number grows by an estimated 11 000 cases annually."?
The regeneration of injured neurons is limited under normal
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numerous strategies for the regeneration of neural defects, the
damaged nerves' full recovery remains challenging.*

New studies suggest stem cells' potential for the treatment of
catastrophic diseases such as neurodegeneration and cancer.>”
ADSCs have many advantages over other stem cells, such as the
ease and low-cost procedure to harvest, abundance of tissues,
low rates of aging and senescence®® and the ability to release
neurotrophic factors such as nerve growth factor (NGF), glial-
derived neurotrophic factor (GDNF), brain-derived neuro-
trophic factor (BDNF), ciliary neurotrophic factor (CNTF), and
fibroblast growth factor (FGF) to promote the survival of motor
neurons in vitro."* Several reports have affirmed ADSCs' capa-
bility to differentiate toward neural lineage, boost axonal
regeneration, myelination, and functional recovery, and protect
oligodendrocytes in vivo.""**

The stem cell environment (niche) controls the natural
regeneration of damaged tissue by providing biochemical (e.g.,
growth factors and other soluble factors) as well as biophysical
cues (e.g., shear stress, elastic modulus, geometry, and
conductivity). Fundamental developments in tissue engineering
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have improved methods to control stem cell behaviors such as
proliferation, migration, and differentiation by applying
biophysical signals.'® In particular, nerve tissue engineering
scaffolds must present appropriate physical characteristics
supplying the proper topography, mechanical elasticity, and
electrical conductivity to accelerate axonal growth during
regeneration.”

Conductive scaffolds that mimic the electrical conductivity
of native tissue have shown the promising ability to promote
stem cell plasticity and differentiation into specific lineages by
altering their membrane depolarization.'”® Because of the
involvement of endogenous electrical signals in neurogenesis,
nerve growth, and axon guidance, biophysical studies of elec-
trical signals are increasingly used to direct stem cell differen-
tiation toward neuron-like cells.* Electrically conducting
polymers such as polypyrrole, polyaniline (PANI), poly-
thiophene, and their derivatives (mainly aniline oligomers and
poly(3,4-ethylene dioxythiophene)) are bioactive biomaterials
for controlled delivery of electrical signals to cells.*® Despite
these polymers' biocompatibility, their weak mechanical prop-
erties and poor processability require blending these polymers
with other biomaterials.?® Chitosan (CS), as a biocompatible,
biodegradable, non-immunogenic, and antibacterial biomate-
rial, is frequently considered as a promising candidate for the
fabrication of electroactive hydrogels.”*® It was reported
previously that the biocompatibility of CS has a direct rela-
tionship with its degree of deacetylation (DD).*”** Films of
chitosan with high DD between 74 and 90% have shown a mild
inflammatory response after implantation.>-*°

Most studies have also indicated that nanopatterned
surfaces activate cell-surface proteins such as integrins, which
are responsible for cell surface signal transduction, cluster
assembly, and formation of focal adhesion complexes con-
taining vinculin, paxillin, and focal adhesion kinase (FAK),
which alter the arrangement and mechanical tension of the
cytoskeleton.*>** Ultimately, the mechanotransduction pathway
activated by mechanical tension changes the nucleus shape and
the expression profile of genes involved in stem cell differenti-
ation.*® Despite much progress to attain precise control of stem
cell behavior using engineered patterned substrates, high yield,
reliable, safe, and cost-effective control of stem cell fate remains
a challenge.

In 2013, Mahmoudi et al, reported the cell imprinting
method as a repeatable, valid, and cost-effective procedure for
controlling stem cell fate.** In the cell imprinting method,
a hierarchically patterned substrate (HPS) is obtained by
molding substrates on a surface containing chemically fixed
cells as a template to mimic the cell shape.*® Furthermore, cell
shape topography can act as a powerful regulator of cell
behavior such as adhesion, differentiation, growth.

In most previous studies, silicone (i.e., PDMS) was the shaping
material due to its transparency, capacity to form nano/micro-
structures, and rubber-like elastic properties. The application of
PDMS as a tissue engineering scaffold has several limitations,
including non-biodegradability, poor electrical properties,
complicated processes for improving this polymer's electrical
conductivity, and undesirable mechanical properties.*®
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In the current study, an optimum amount of PANI (2.5% w/
w) was incorporated into the chitosan matrix to obtain the
desired conductivity while maintaining the flexibility and
biocompatibility of chitosan.?”** The cell imprinting technique
was then used to induce the PC12 cell morphology and topog-
raphy directly on the surface of a conductive CS-PANI based
hydrogel. The effects of cell-imprinted topography and
conductivity, alone or in combination, on the CS-PANI
substrate's biomechanical properties, as well as the morphology
and induction of a pro-neural state in rat adipose-derived stem
cells (rADSCs) is the focus of this study.

2. Materials and methods
2.1 Materials

Polyaniline emeraldine base (PANI EB, Mw average = 65 000),
chitosan (%DD = 80, medium molecular weight), and 3-(4,5-
dimethylthiazol-2-yl}-2,5-diphenyl tetrazolium bromide (MTT)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Glutar-
aldehyde (50% w/w, analytical grade) and paraformaldehyde were
acquired from Fluka (Chemie GmbH, Switzerland). AR grade N-
methyl-2-pyrrolidone (NMP) (Sigma-Aldrich, St. Louis, MO, USA),
acetic acid (Merck, Darmstadt, Germany), and methanol (Merck,
Darmstadt, Germany) were used as received.

2.2 Fabrication of flat and cell-imprinted CS-PANI
substrates

2.2.1 PC12 cell culture and differentiation. PC12 cells were
seeded on plates coated with poly-p-lysine (PDL) (Sigma-Aldrich,
USA) and laminin (Lam) (Sigma-Aldrich, USA) in Gibco™ 1640
Roswell Park Memorial Institute (RPMI) medium with 10%
horse serum (HS), 5% fetal bovine serum (FBS) (Seromed, Ger-
many) and 1% penicillin-streptomycin (Sigma-Aldrich, USA).
After 24 hours, the medium was replaced with a serum-free
medium containing 100 ng ml~" nerve growth factor (NGF)
(GeminiBio, USA) and maintained at 37 °C in a 95% humidified
incubator with 5% CO,.** The medium of cells was changed
every 2 days until they reached 80% confluency. The cells were
fixed with 4% paraformaldehyde (PFA) in phosphate buffered
saline (PBS) (Sigma-Aldrich, USA) (pH = 7.4) for 2 h at 25 °C
before treatment to preserve their shape during the printing
process.

2.2.2 Preparation of flat CS and CS-PANI substrates. 1 wt%
solution of CS was prepared by dissolving chitosan in 2% acetic
acid with vigorous stirring. PANI was dissolved in N-methyl-2-
pyrrolidone (NMP) to obtain a 0.5 wt% solution. To prepare
the CS/PANI mixture (97.5: 2.5 w/w), the desired amount of
PANI/NMP solution was mixed with the chitosan solution. Then
the mixture was stirred at room temperature for 24 h. Also,
0.8 ml glycerol was added to each mixture as a plasticizer while
stirring. Flat CS (F(CS)) and flat conductive CS-PANI (F(CS-
PANI)) substrates were fabricated by casting prepared CS and
CS-PANI solutions on glass coated with PDL and Lam and dried
in a vacuum oven at 37 °C for 24 h. Crosslinking the samples
was carried out by immersing the film in a 0.0025% glutaral-
dehyde (0.5 mM) at room temperature. The prepared substrates

© 2021 The Author(s). Published by the Royal Society of Chemistry
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were neutralized by washing them with 1 M NaOH solution.
Subsequently, the excess acid and any trace of glutaraldehyde
were removed by washing samples with PBS (pH = 7.2) and the
substrates dried under vacuum for more than 24 h.

2.2.3 Fabrication of PC12 cell-imprinted CS and CS-PANI
substrate. The prepared pure CS and CS-PANI solutions were
poured on the fixed PC12 cells and incubated to dry at 37 °C for
48 h to create cell-imprinted CS substrates (CI(CS)) and cell-
imprinted conductive CS-PANI substrates (CI(CS-PANI)). After
peeling off the imprinted substrates, the samples' crosslinking
was performed by immersing the film in a 0.0025% glutaral-
dehyde (0.5 mM) solution at room temperature. The flat and
cell-imprinted substrates were removed from the residues of
solvent and cell debris by washing them with 1 M NaOH solu-
tion after molding. Washing samples removed the excess acid
and any trace of glutaraldehyde with PBS (pH = 7.2), and the
substrates dried under vacuum for more than 24 h. Before cell
culturing, UV light was also used for sterilization for 1 h. The
total mass, temperature, and time of curing were the same for
all prepared scaffolds.

2.3 Characterization of prepared substrates

2.3.1 Fourier-transform infrared spectroscopy (FTIR)
spectra. A Thermo Nicolet Nexus FTIR spectrometer in the
transmittance mode at 32 scans with a resolution of 4 cmK was
used for recording the FTIR spectra of CS and CS-PANI samples.
Spectra in the frequency range of 4000-400 c¢cm ' were
measured using a deuterated tri-glycerine sulfate detector
(DTGS) with a specific detectivity of 1 x 10° cm Hz"> W',

2.3.2 Imaging. The surface morphology of the topograph-
ical substrates and flat substrates was investigated by scanning
electron microscopy (SEM) (Hitachi Japan; apparatus working at
10 keV accelerating voltage), atomic force microscopy (AFM;
DME DS 95 Navigator 220), and optical microscopy (Nikon
Optiphot 200). Before SEM imaging, all samples were coated
with a thin layer of gold using a sputtering machine. AFM
contact mode was performed using a rectangular cantilever
(HQ:NSC18/Al BS, MikroMasch, Bulgaria) with a spring
constant of 2.8 N m " and a conical tip of 8 nm radius. The
sample's surface up to 90 pm? was scanned by a scan rate of
0.05 Hz and setpoint force 0.5 nN. The standard software of the
instrument (JPKSPM Data Processing) was utilized for image
analysis.

2.3.3 Electrical conductivity. The electrical conductivity of
fabricated substrates was measured by applying a two-point
probe method (Keithley, model 7517A). The electrical conduc-
tivity (o) is obtained as the inverse of resistivity. The resistivity of
three samples from each group of the substrate was measured
by passing a constant current through the outer probes and
recording the voltage via the inner probes. The resistivity of
samples was calculated as follows:

p= % <7V>t (1)

where: I, V, and ¢ indicate the applied current, voltage, and the
sample thickness (200 pm), respectively.®”
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2.3.4 Mechanical test. The substrates were immersed in
PBS to reach the equilibrium swelling before performing
mechanical tests. The mechanical properties of all fabricated
samples were determined using AFM. A Molecular Imaging
Agilent Pico Plus AFM system (now known as Keysight Tech-
nologies 5500 AFM) with silicon nitride probes and 5 pm
spherical (nominal value) tips (CP-PNPL-BSG, and a spring
constant of 0.08 N m ™' was used to measure Young's modulus
of samples.

2.3.5 Contact angle. The static (sessile drop) water contact
angle of the prepared substrates was assessed using a contact
angle apparatus (DSA20, Germany) at room temperature. A
droplet of ultra-pure water was placed on the fixed sample
surface, and the measurement was performed 3 s after equili-
bration. Then, a camera recorded the water contact angle of
each surface. This measurement was repeated at three or more
different locations on each sample to calculate the contact
angle's average value.

2.3.6 Degradation rate. The in vitro degradation of
substrates was followed in PBS (pH = 7.4) at 37 °C. Three
samples from each group with ~40 mg weight were immersed
in 10 ml of PBS and shaken by an orbital shaker (rotation speed
of 60 rpm). At time points of 3, 7, 10, 14, 21, and 28 days, each of
the samples was taken out and dried for 12 h after surface
wiping, and its weight was recorded. To assess degradation,
20% of PBS was discarded and replaced by the fresh fluid at all-
time points. This protocol was also used for a static experiment
without shaking the sample. The following equation was used
for the calculation of sample weight loss:

Degradation (%) = (Wy — Wg)l Wy x 100% (2)

where W, is the dry weight of the sample at time ¢ = 0 and Wy is
the dry sample weight after removal from the solution. The pH
values of the solutions during scaffold immersion were also
recorded.

2.4 CS-PANI substrates/rADSCs interaction

2.4.1 Isolation and culture of rat adipose-derived stem cells
(rADSCs). Rat adipose-derived stem cells (rADSCs) were isolated
and expanded by a procedure described in a published study.* In
brief, subcutaneous adipose tissue samples were isolated by
needle-biopsy aspiration. DMEM medium (GIBCO, Scotland)
containing 10% (v/v) FBS and penicillin (100 IU ml™')-strepto-
mycin (100 pg ml~") was used for transportation to the cell culture
laboratory. After washing the tissue sample with DMEM-based
buffer three times, the samples were gently cut into small pieces
and incubated with 0.05 mg ml~" collagenase type I (Sigma, USA)
for 1 h to digest the epididymal fat. The separated cells were
collected from the resulting suspension after centrifugation at 200
x g for 5 minutes. The rADSCs were resuspended in DMEM sup-
plemented with 10% FBS, 100 U ml~* penicillin and, 100 ug ml™*
streptomycin in an incubator (37 °C, 5% CO,). The culture
medium was changed to remove non-adhered cells and debris.

2.4.2 Characterization of rADSCs by flow cytometry and
immunocytochemistry. The rADSCs were examined by flow
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cytometry for identification of surface markers. The cells were
identified for expression of mesenchymal markers such as
CD29 and CD90 and the hematopoietic markers CD34 and
CD45 (all antibodies obtained from Novus Biologicals company,
US). Briefly, 1 x 10° cells in PBS were incubated with 1 pg of
each antibody for 1 hour and then washed with PBS for 3 times.
Ultimately, cells were treated with secondary antibodies and
protected from light for 30 minutes. All cell preparations were
analyzed by flow cytometry (FACSCalibur, BD), and data analysis
was performed with FlowJo software (Tree Star). The rADSCs
were also characterized by immunocytochemical staining as
follows: the cells were fixed with 4% PFA in PBS for 15 min and
permeabilized with 0.25% Triton X-100 in PBS for 10 min at RT.
3% BSA as blocking solution was added to samples for 30 min
and incubated with the primary antibodies (diluted block
solution) overnight at 4 °C. Fluorochrome-conjugated
secondary antibodies were then added to samples for 1 h at
RT and DAPI solution for another 10 min to stain the nucleus.
Finally, the sample was rinsed with PBS 3 times. Fluorescence
signals were detected using a Leica DMIRE2 microscope under
the proper exciting wavelength.

2.4.3 Stem cell seeding on cell-imprinted substrates. The
prepared substrates were placed into 6-well plates. rADSCs (3 x 10
cells per cm®) were then cultured on the conductive cellimprinted
substrates, conductive flat substrates, and flat pure chitosan films.
After 24 h, 600 pl cm > of fresh DMEM with 10% (v/v) FBS was
added to each well to cover the substrates completely.

2.4.4 Cell viability. An MTT assay investigated the viability
of tADSCs cells. To perform this test, a cell density of 2 x 10 cells
per cm”® were cultured on flat and cell-imprinted CS and CS-PANI
substrates for 1 day, 3 days, 7 days, and 14 days in the incubator
(37 °C, 5% CO,). At these specified times, the cells were washed
with PBS, and then the MTT solution was added into well. After
incubation for 4 h, live cells created formazan crystals and were
washed with PBS. A DMSO/isopropanol solution was added to
dissolve the crystals. Finally, the optical density (OD) was
measured using a spectrophotometer at a wavelength of 570 nm.
The following formula determined the absorbance value:

Absorbance value (OD) = average OD of the samples — average
OD of the negative control

The cell culture media without substrates and cells was
considered as a negative control. The cells cultured on the cell
culture plate's plastic surface served as a positive control
(considered 100% cell viability). All data of the test were
expressed as means + standard deviation (SD) for n = 4. The
Kolmogorov-Smirnov test was applied to investigate the normal
distribution of each group of samples. Finally, a one-way
ANOVA and Duncan test (GraphPad Prism 7 software) was
performed to compare the data. P < 0.05 was considered
a significant difference.

2.4.5 F-actin staining. Cell morphology and attachment on
scaffolds were evaluated through F-actin staining. The ADSCs
were cultured on different substrates at 5000 cells per cm?. After
72 hours, cells were rinsed with 1x PBS, fixed with 4% PFA and
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permeabilized with 0.1% Triton X-100. After rinsing with PBS
three times, Alexa-Fluor 647 phalloidin (Invitrogen) and DAPI
staining (Sigma) were added to samples for 1 hour in the dark.
Cells were observed and photographed under an inverted fluo-
rescence microscope (Eclipse Ti-S, Nikon).

2.4.6 Neural lineage induction. ADSCs of the 4th passage
were seeded on a six-well culture plate at a density of 5 x10° cell
per ml with 1 ml of neurosphere induction medium containing
serum-free DMEM/F12 supplemented with 2% B27 (Thermo
Fisher, USA), 20 ng ml~" of basic fibroblast growth factor (bFGF)
(Thermo Fisher, USA) and 20 ng ml~* of epidermal growth factor
(EGF) (Thermo Fisher, USA) for 3 days. The culture medium was
changed with fresh DMDEM/F12 containing 5% FBS and kept in
a cell culture incubator for 2 days. The neurospheres were observed
by light microscopy (Olympus, Japan). The neurospheres were also
fixed with 4% PFA in PBS (pH 7.4) for 20 min, permeabilized with
0.5% Triton X-100 in PBS for 10 min, and then immunostained
with primary Oct4 antibody (1:300; Abcam) and secondary FITC-
labeled antibody (1:400; Abcam). For determination of the poten-
tial of the substrates for neural lineage induction of ADSCs, the
neurospheres were harvested by trypsin/EDTA (0.05% trypsin/
0.5 mM EDTA, Sigma, USA), and the single cell suspension with 1
x 10° cell per ml density was seeded on substrates and treated with
neural differentiation media containing retinoic acid (RA; 0.1 puM,
Sigma), sonic hedgehog (Shh; 1 pg ml ", R&D Systems), 100 ng
ml " glial-derived neurotrophic factor (GDNF, Invitrogen, Paisley,
Scotland) and 200 ng ml™' brain-derived neurotrophic factor
(BDNF, Invitrogen, Paisley, Scotland) for five days.** The differen-
tiation rate of the rADSCs toward neuron-like cells was determined
by immunostaining of neuron-lineage specific markers.

2.4.6.1 Immunostaining. The cell morphology and expres-
sion of neuron cell-specific markers were investigated using
optical and fluorescence microscopy (Nikon, Japan) to evaluate
the neural differentiation capability of rADSCs on prepared
substrates. After 8 days from neural induction, the cells seeded
on substrates were rinsed with PBS and fixed with 4% PFA in
PBS (pH 7.4) for 20 min. In the next step, the cells were per-
meabilized in a solution containing 0.5% Triton X-100 in PBS
for 10 min. To block non-specific antibodies, the cells were
incubated with 10% normal goat serum for 1 h at room
temperature (0.05% Tween 20 and 1% (w/v) bovine serum
albumin (BSA)). Detection and characterization of neuronal
cells were carried out by staining the cells with antibodies
against GFAP and MAP2. Antibodies to GFAP (1:100; Abcam)
and MAP 2 (1:50; Millipore) were added to the cell medium for
staining overnight at 4 °C. After cells were washed with PBS, the
secondary antibody, including Alexa 488-conjugated goat anti-
mouse and anti-rabbit antibodies, was added to cells and
incubated for 1 h. Finally, the nuclei of cells were counter-
stained with DAPI. An Olympus BX51 fluorescence microscope
was used to obtain fluorescence images.

2.5 Statistical analysis

Statistical analyses were performed using SPSS. Data are
expressed as the mean - SD, and p < 0.05 was considered
statistically significant.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

In the current study, the influences of cell-imprinted topog-
raphy and conductivity, alone or in combination, of the CS-
PANI substrates on the morphology and neural differentiation
of rADSCs were evaluated. Fig. 1 represents the method of this
study.

3.1 Characterization of CS-PANI substrates

3.1.1 Fourier-transform infrared spectroscopy (FTIR)
spectra. The FTIR spectra of pure CS and CS-PANI blend
substrates are shown in Fig. 2. In the pure CS spectrum, the
quite broad peak at 3320 cm ™' can be assigned to the over-
lapping of OH and NH, stretches. The bands occurring at
2918 cm™ " and 2873 cm ™! are ascribed to the C-H stretching of
the aliphatic group. The transmission peaks at 1660 cm
belong to the C=0 in amide groups (NHCOCHj;) because of the
partial deacetylation of CS. N-H bending is observed at 1554
and 1416 cm ™ '. The transmission peak at 1386 cm ™' is due to
the C-OH vibration of the alcohol groups in CS. Other main
peaks observed in CS spectra involving 1299 cm™ ", 1254 cm ™,
and 1144 cm ™" are ascribed to anti-symmetric stretching of the
C-O-C bridge and the C-O stretching, respectively.*>** After
blending PANI with CS, a small shift of peaks can be seen for the
PANI-CS composite with N-H stretching vibrations at
3290 cm ™}, C-H stretching, and vibrations at 2887/2861 cm ™",
respectively. A slight shift of peaks is also indicated with the
amide I and II vibrations at 1646 cm ' for the CS-PANI

(a) Preparation of Chitosan- Polyamlme based hydrogel
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composite. Because of interactions between CS and PANI and
conformational changes, small shifts occurred on the C-H
bending vibration of the amide methyl group (1386 cm™ ") and
the C-O stretching vibrations at 1161-1034 cm ™. The charac-
teristic transmission bands of PANI are also authenticated in
the CS-PANI blend spectrum. The transmission peaks corre-
sponding to the C=N stretching vibration of the quinonoid ring
and the C=C stretching vibration of the benzenoid ring can be
seen at 1554 and 1519 cm ', respectively.*** The presence of
these peaks confirms that the synthesized composite samples
contained PANI.

3.1.2 Microscopic observation. The morphology of NGF-
differentiated PC12 cells is shown in Fig. 3(a). The differentia-
tion of PC12 cells into neuron-like cells leads to the outgrowth
of neurites.* Analysis of the optical images demonstrates that
the PDL/Lam coatings and NGF supported PC12 cell attachment
and differentiation, respectively, as evidenced by the presence
of neurite outgrowth. The color of pure PANI is dark green; the
visible feature of CS-PANI blends was a uniform dark green
color. Therefore, the morphology of the blend substrate is not
optimal for optical microscopy. The surface morphology of flat
substrates and PC12-imprinted substrates was investigated
using SEM imaging. As shown by SEM images (Fig. 3(b) and (c)),
the flat pure CS substrate has a homogeneous and smooth
surface, and after adding PANI the smoothness of substrates is
approximately preserved. Also, to evaluate the PC12 cell-
imprinted pattern on pure CS and CS-PANI substrates, SEM
and AFM images were obtained from the prepared substrates.

(d) Stem cells isolation from adipose tissue
[

- - QE

Rat adipose tissue

(f) Evaluation by
fluorescence microscopy

(e) Seeding ADSCs on
imprinted substrate

Fig. 1 Schematic representation of the experimental steps: (a) chitosan—polyaniline based hydrogel was prepared, and (b) PC12 cells were
differentiated into neural cells using NGF. (c) After the fixation of these cells, PC12 morphologies were transferred to the prepared hydrogel by
mold casting. In the next step, (d) stem cells were isolated from rat adipose tissue, and (e) these cells were cultured on the imprinted substrate.

After 8 days, (f) the neural differentiation of rADSCs was evaluated.
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Fig.2 FTIR spectra of (a) CS and (b) CS—PANI substrates are shown. The exhibition of peaks at 1646 cm™, 1519 cm™, 1443 cm™2, 1277 cm™, and
1161 cm™* peaks in the spectra of CS—PANI substrate confirm that this substrate includes PANI.

SEM micrographs of PC12-imprinted substrates are shown in
Fig. 3(d)-(f). As can be seen, the replicated shapes on the
substrates resemble the morphology of PC12 cells. The trans-
ferred topography on pristine CS and CS-PANI substrates
mimics the large body and the network of neurites of differen-
tiated PC12 cells. Also, the 3D AFM image (Fig. 3(g)) and
a representative height profile curve for an imprinted cell
(Fig. 3(h)) show the topographical features of imprinted PC12
cells on the prepared substrates. The morphology and topo-
graphical features of differentiated PC12 were investigated by
Zhao et al., who indicated that the PC12 cell height is between 2
to 3 um.*® Bonakdar and coworkers have successfully imprinted
chondrocytes, tenocytes, and ADSCs morphology on PDMS.
Their SEM and AFM results showed that these cells' morphology
was clearly visible on the PDMS surface.*®

3.1.3 Electrical conductivity. Fig. 4(a) illustrates all
prepared samples' electrical conductivity as a function of PANI
content. The substrates' conductivity is increased from 7.5 X
107 °t0 1.3 x 107* S m™" by adding PANI to both cell-imprinted
and flat CS-PANI substrates (P =< 0.0001). The highly m-conju-
gated system of PANI strongly affected the electrical conduc-
tivity of the blend substrates and increased the conductivity of
F(CS-PANI) and CI(CS-PANI) samples to 1.3 x 10" * S m ".*
This range of conductivity is sufficient for electrical signal
conduction in in vivo conditions.>

3.1.4 Mechanical properties (stiffness measurement).
According to the mechanical properties, the niche can regulate
cell behavior such as attachment, migration, and differentia-
tion, so these physical cues have been considered as an essen-
tial factor in designing the artificial microenvironment to direct
the cell fate.*” Thus, the scaffold used for nerve tissue engi-
neering must mimic the mechanical properties of the ECM to
promote the neural differentiation of stem cells.*® The elastic
moduli (Young's modulus) of substrates at different blend
compositions are shown in Fig. 4(b). The pure CS substrates

15800 | RSC Adv, 2021, 11, 15795-15807

(flat and cell-imprinted) have lower Young's modulus compared
to CS-PANI substrate (flat and cell-imprinted). The addition of
PANI to flat CS substrates and cell-imprinted CS substrates
increases substrate stiffness from 84.7 + 2.7 and 77.5 + 3.2 kPa
to 108.6 + 6.8 and 95.1 £ 2.1 kPa, respectively. This increase
might be the resulted of the brittle and stiff nature of PANI
(Young's modulus of PANI is 1.3 GPa),* as it has a tightening
effect on the blends and improves the mechanical properties of
the substrates. Unlike conductivity, the cell imprinting and
induction of PC12 morphology decrease Young's modulus in
patterned CS and CS-PANI substrates compared with those of
flat CS and CS-PANI substrates, respectively. This decrease may
be due to the formation of local porosity and thinning of the
film after imprinting. As can be seen in Fig. 4(b), the Young's
modulus of all prepared samples is between 70 and 110 kPa.
According to previous studies, all of our samples' stiffness is
suitable for nerve tissue engineering scaffold.*®

3.1.5 Contact angle. The hydrophobicity of the substrate is
an important characteristic that affects cell attachment. Hence,
the surface wettability of the flat and cell-imprinted substrates
was measured by water contact angle after treatment with
sodium hydroxide (NaOH) solution (Fig. 4(c)). The contact angle
increases between 40-60° by adding PANI to the substrates.
Also, the cell-imprinted CS (46° £+ 1.2) and CS-PANI (59° + 2.1)
substrates are slightly more hydrophobic compared to flat CS
(40° £ 0.99) and CS-PANI (53.9° + 1.8) substrates, respectively.
Yang et al®' indicated that the geometrical micro- or nano-
structure of the surface could increase the hydrophobicity of
solid surface.”* In earlier studies, Wenzel modified the Yang
model for surfaces and stated that surface roughness enhances
the wettability caused by the surface's chemistry. Young and
Wenzel statements can be described with eqn (3) and (4),
respectively.

Ysv = Yst t YIv COS 0Y> (3)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Optical image of differentiated PC12 cells. (b) SEM image of flat CS substrate. (c) SEM image of flat CS—PANI substrate. Topographical

features of PC12 cell-imprinted substrates are shown by SEM imaging (d) PC12 cell imprinted CS substrate. (e) PC12 cell imprinted CS—PANI
substrate, and (f) single PC12 cell transferred pattern on CS—PANI substrate. 3D AFM imaging (g) from a low density of PC12 cells imprinted CS—
PANI substrate. (h) AFM height profile from one cell representative shape indicates the appropriate formation of the imprinted niche.

coS b, = r cos Oy, (4)

where 0y is the Young contact angle and vy, vq and vy, are
liquid/gas surface tension, solid/liquid interfacial energy, and
solid/gas surface energy, respectively. 6, is the measured
contact angle, and r is the roughness ratio. For example, the
surface roughness increases the surface area, and hydrophobic
surfaces with large surfaces trap higher amounts of air, leading
to higher hydrophobicity. However, hydrophilic surfaces with
higher roughness lead to increased polar interaction with
a water droplet and decrease the water contact angle. Never-
theless, all the scaffolds fabricated in our study have moderately
hydrophilic surfaces with contact angles between 40° and 70°,
which are considered appropriate for the cell attachment.*
3.1.6 Degradation assay. Throughout in vivo tissue regen-
eration, bioengineered scaffolds should provide the support
structure for cell attachment, proliferation, and differentia-
tion.>® The degradation of substrates in PBS solution was
examined for 35 days in both static condition (ESI Fig. 11) and
after shaking the samples (Fig. 4(d)). The results show that the

© 2021 The Author(s). Published by the Royal Society of Chemistry

degradation rate of pure CS substrates is faster than other
groups in both conditions. After 2 weeks CS gels still preserve
approximately 53% and 60% of their initial mass after shaking
and under static condition, respectively. The conductive
substrates display slower degradation rates. For instance, these
substrates lost approximately 34% and 30% of their mass under
shaking and static conditions, respectively, over 2 weeks of
incubation. This result indicates that the substrate used here
possesses sufficient stability for long-term culture, which may
be beneficial for inducing cell growth and differentiation.
Indeed, the inherent hydrophobic nature of PANI decreases the
affinity between water and the blend substrate, and the uniform
incorporation of PANI in the CS substrate leads to a monotonic
increase in contact angle. Therefore, the hydrophobic domain
of PANI in the CS matrix decreases the hydrophilicity of the
substrate and acts as a barrier against water penetration. This
decrease in water penetration after addition of PANI is a plau-
sible explanation for the decrease in degradation the rate of the
CS-PANI conductive substrate compared with CS substrates.

RSC Adv, 2021, 11, 15795-15807 | 15801
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(a) The electrical conductivity of the substrates was increased by adding PANI to pure CS for both flat and cell-imprinted substrates. Flat (F)

and cell-imprinted (Cl) substrates: F (CS), F (CS—PANI), ClI (CS), ClI (CS=PANI). Error bars represent the SD of measurements performed on 4

samples (P < 0.0001). (b) Young's modulus of fabricated flat (F) and cell-

imprinted (Cl) substrates: F (CS), F (CS—PANI), CI (CS), Cl (CS—-PANI) (***p

< 0.05). (c) Characterization of wettability of various samples. Water contact angle measurement. (d) /n vitro degradation of prepared substrates in
PBS was examined over 35 days after shaking the samples. ****P < 0.0001.

3.2 Characterization of rat adipose-derived stem cells (rADSCs)

Fibroblast-like morphology and specific CD markers on the cell
surface are the most important criteria for the characterization
of ADSCs.**** These cells are positive for mesenchymal specific
markers such as CD29 and CD90 and negative for hematopoi-
etic stems cell markers such as CD34 and CD45.°® The
morphology of ADSCs after 5 and 14 days after isolation is
shown in Fig. 5(a). These cells display the adherent and typical
fibroblast-like morphology under optical microscopy. Flow
cytometry results demonstrate that 99.4% and 98.85% of the
cell population are positive for CD90 and CD29, while only
0.122% and 0.457% of them are positive for CD34 and CD45,
respectively (Fig. 5(b)). Immunostaining by CD surface markers
was also performed (Fig. 5(c)—(f)). These results reveal that more
than 98% of rADSCs positively express the mesenchymal stem
cell markers CD29 and CD90 but do not express the hemato-
poietic stem cell marker CD45 and CD34 (<1%).

3.3 Cell attachment and morphology on substrates

An optimal biomimetic scaffold should support a microenvi-
ronment for cell attachment, growth, and migration.””*® The

15802 | RSC Adv, 2021, 11, 15795-15807

morphology of the rADSCs grown on the substrates was
observed using F-actin staining and AFM imaging, and the
results are shown in Fig. 6. F-actin staining of ADSCs cultured
on flat and imprinted substrates to visualize cytoskeleton is
seen in Fig. 6(a). The flattened irregular morphology of rADSCs
on flat substrates and stretched bipolar shape of cells on
imprinted substrates are visible in these figures. The ADSCs
become slightly elongated on flat conductive CS-PANI
substrates compared to flat pure CS substrates. In particular,
the cell aspect ratio (which denotes the ratio of the major axis to
the minor axis) (Fig. 6(b)) indicates that rADSCs cultured on
cell-imprinted substrates exhibit obvious elongation and
different morphology after adhering to the PC12-imprinted
pattern. The measurement of rADSCs cell area on different
substrates demonstrates that the cultured cells on the cell-
imprinted substrate have surface areas closest to those of the
PC12 cells used as control.

Fig. 6(d) and (e) display the different morphology of rADSCs
grown on the cell-imprinted substrate and flat substrate as
visualized by AFM. The cells' morphology on all substrates
confirms the excellent cell adhesion property of prepared
substrates for rADSCs. Also, it can be seen that the flattened

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00413a

Open Access Article. Published on 28 April 2021. Downloaded on 1/14/2026 8:57:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
(a)

5 days

(b)

CD90

View Article Online

RSC Advances

14 days

CD45 CD34

A

f

)
\
\

99.4%

0.457%

|

100pm

10° 100 102 10° 100

(f)

CD45

Fig. 5

(a) Morphological change in ADSCs in cell culture media at days 5 and 14 post-isolation. (b) Flow cytometry results of CD90, CD29, CD45,

and CD34. More than 90% of the cell population represented phenotypic characteristics of ADSCs. Immunostaining of rADSCs expression of (c)
CD90 (green), (d) CD29 (red), (e) CD45 and (f) CD34. Cell nuclei were stained with DAPI (blue). The result of staining confirmed the flow

cytometry results.

irregular shape of ADSCs converts into the more elongated,
bipolar shape on cell-imprinted substrates compared with flat
substrates. These results support the results of F-actin staining.
Height profiles of cells attached on substrates, Fig. 6(f) and (g),
show the differences in the height of cultured cells on flat
substrates and on cell-imprinted substrates. These findings
indicate the power of the cell-imprinted topography to induce
cell morphology. Although attachment and morphology of cells
can be adjusted by surface chemistry, attachment forces medi-
ated by topography might play an important role upon extended
contact over time. Previous studies have shown that cells tend to
adhere to rough surfaces better than smooth surfaces.>**

3.4 Cell viability study (MTT assay)

The biocompatibility of pure CS substrates and CS-PANI
substrates was evaluated by MTT assay to define the PANI
concentration's effect on rADSCs proliferation on 1, 3, 7, 14 days
after cells seeding. The determination of proliferation rate
(Fig. 7) shows no significant difference between cells in the
different experimental groups (p = 0.05). These results confirm
the biocompatibility and supporting role of flat and cell-
imprinted CS and CS-PANI substrates for the adhesion and

© 2021 The Author(s). Published by the Royal Society of Chemistry

growth of rADSCs. As PANI has concentration-dependent cyto-
toxicity, it is important to optimize the PANI containing
conductive scaffolds in their biocompatible dose.®* Our cell
viability assay shows no sign of cytotoxicity in the CS-PANI
substrates for ADSCs, indicating the optimal concentration of
PANI in our constructs.

3.5 Neural lineage induction and differentiation

Several studies reported that the biophysical characteristics of
scaffolds such as topographic features at the micro- and nano-
scale® and conductivity®® can regulate the behavior of the
mammalian cells.®**® Micro- and nanoscale topography can
direct cell fate by activating mechanotransduction pathways,
rearranging the cytoskeleton and nuclear shape alignment, and
ultimately altering transcription programs and protein expres-
sion.***® Endogenous electric fields in tissues such as nerve,
heart, and bone dictate stem cell differentiation toward
a specific lineage of native tissue by altering the membrane
depolarization.®”* Therefore, recent studies investigate the
synergetic effect of these two factors on guiding stem cells’
differentiation into specific cell lineage. In the current study, we

RSC Adv, 2021, 1, 15795-15807 | 15803
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Fig. 6 Cell attachment on flat and cell-imprinted substrates. (a) F-actin in rADSCs on flat and cell-imprinted substrates was visualized by
phalloidin staining 72 h of seeding. Fluorescence micrographs of rADSCs are representative images for each group. Scale bar: 20 um. (b) Cell
morphology aspect ratio of rADSCs on flat CS, flat CS—PANI, patterned pure CS, and patterned CS—PANI substrates (*p < 0.05). (c) The ADSCs
area on different samples was compared with the PC12 cell area. AFM image of rADSCs cultured after 8 days on flat (d) and cell-imprinted (e)
substrates. Scale bar: 20 pm. Height profile of cells attached on substrates. (f) Heightimage of ADSCs on a flat substrate. (g) Height image of ADSC

on the imprinted substrate.

explored the effects of these two biophysical cues together on
the guidance of neural differentiation of rADSCs.

After treatment of rADSCs with neurosphere induction
media, neurosphere formation was confirmed by light micros-
copy (ESI Fig. 2at) and immunostaining with Oct4 (ESI
Fig. 2bt).** The substrates’ potential for neural priming of the
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ADSCs was determined by immunostaining of neural precursor
cell specific markers (MAP2 and GFAP) (Fig. 8). MAP2 and GFAP
markers are expressed in differentiated neurons and astrocytes,
respectively. The conductive samples exhibit a slight increase in
the number of GFAP and MAP2 positive cells in comparison
with cell-imprinted substrates with the same composition
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== CI(CS)
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Fig. 7 MTT viability assay of cultured ADSCs on the prepared substrates. F (CS): Flat chitosan substrate, F (CS—PANI): Flat chitosan-polyaniline
substrate, Cl (CS): cell-imprinted chitosan substrate, ClI (CS—PANI): cell-imprinted chitosan—polyaniline substrate (*P < 0.001).
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with DAPI (blue). Scale bar: 100 um. (b) Average percentage of GFAP and MAP2 expressing rADSCs. P = 0.05 was considered as level of

significance. * indicates significant difference.

(F(CS-PANI) vs. F(CS), and CI (CS-PANI) vs. CI (CS)), but the
increase is not statistically significant. On the other hand, all
the cell-imprinted substrates show a significant increase in the
GFAP and MAP2 positive cell number when compared with flat
substrates with the same composition (CI (CS-PANI) vs. F (CS-
PANI), and CI (CS) vs. F(CS)).

All the immunostaining data reveal the higher impact of cell-
imprinting topography on the neural priming of rADSCs
compared with PANI-induced conductive substrates. The
results obtained from immunostaining indicate that the
percentage of the cells expressing MAP2 and GFAP in the CI
(CS-PANI) group (82.1 £ 5.5% MAP2 positive cells and 89.3 +
2.1% GFAP positive cells) is higher than other experimental
groups (Fig. 8(b)). The lowest percentage of GFAP (53.3 £ 3.1%)
and MAP2 (43.3 + 4.2%) positive cells is observed in the F (CS)
sample when compared with other experimental groups. These
results reveal the greater importance of the PC 12 cell-
imprinting topography than conductivity induced with PANI
on neural priming of rADSCs. Earlier studies demonstrated that
cell-imprinted topography imitates the plasma membrane's
surface morphology of the respective mature cell types used as
templates. This topography could regulate stem cell

© 2021 The Author(s). Published by the Royal Society of Chemistry

differentiation through selective activation of the printed
matured cells’ genes, which lead to the autoactivation of specific
complex cell signaling pathways.*3>7>

Also, a slight increase in the number of GFAP and MAP2
positive cells in conductive samples compared with pure CS
substrates with the same surface topographical feature (F(CS-
PANI) vs. F(CS), and CI (CS-PANI) vs. CI (CS)) suggests an addi-
tional role of electrical conduction in inducing of a pro-neural
phenotype in ADSCs. However, we suggest that to determine
better the effects of electrical conductivity induced by PANI on the
cell, it is the best to apply an exogenous electrical signal to the stem
cells cultured on the prepared substrate in future studies. Several
studies infer that electrical stimulation is able to enhance the NGF-
induced neuronal differentiation through activation of the
mitogen-activated protein kinase (MEK)-extracellular signal regu-
lated kinase (ERK1/2)-Egrl pathway.”>”

Our results demonstrate that morphology and the neural
priming of ADSCs are modulated by cell-imprinted topography
and electrical conductivity. In our case, surface topography
effects of the cell-imprinted surface have a more important role
than electrical conductivity. It must be noted that although
neural priming, as assessed by gene expression level (protein

RSC Adv, 2021, 11, 15795-15807 | 15805
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expression), has been observed from the induction of conduc-
tive cell-imprinted topography, the mechanisms that contribute
to the changes in stem cell behaviors remain to be determined
in future experiments.

4. Conclusion

The substrates produced for neurogenic differentiation effec-
tively simulate the natural ECM of neuron cells in multiple
aspects. According to our findings, the conductive cell-imprinted
substrates can mimic nerve tissue's topography and conductivity,
which can physically direct the stem cells' differentiation toward
neuron like cells. PC12-imprinted CS-PANI substrates exhibit
desirable characteristics such as appropriate mechanical proper-
ties, degradation rate, and good wettability, representing effective
parameters required for neural differentiation. In conclusion, this
work prepares a pioneered design of the PC12 cells morphology
directly imprinted to a conductive hydrogel for controlling the
morphology and neural priming of ADSCs.
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