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ARTICLE INFO ABSTRACT

Keywords: Fabrication and optimization of conductive scaffolds capable of inducing proper intercellular connections
Polyvinyl Alcohol through electrical signals is critical for neural tissue engineering. In this research, electrospun conductive PVA
PEDOT:PSS

(Polyvinyl alcohol)/PEDOT(poly(3,4-ethylenedioxythiophene)) scaffolds were fabricated in different composi-
tions. Conductivity of electrospinning solutions and electrospun scaffolds were measured. Morphology and to-
pography, mechanical properties and water contact angle of scaffolds were analyzed. Chemistry of scaffolds were
studied using FTIR analysis, while biocompatibility and cellular interactions with scaffolds were tested using
MTT assay and cellular attachment and spreading testing. Our results show improvements in PEDOT-containing
scaffolds, in terms of physiochemical properties, and cell viability compared to pure PVA scaffolds. After opti-
mization of scaffolds, real-time PCR analysis was used to study neural differentiation of rat mesenchymal stem
cells (MSCs). Scaffold samples with and without induction of electrical stimulation are shown to upregulate f3-
tubulin, nestin and enolase as compared to TCP samples. Additionally, expression of nestin gene in scaffold
samples with electrical stimulation was 1.5 times more significant than scaffold sample. Overall, this study
shows that using PVA/PEDOT conductive scaffolds with electrical stimulation can improve cellular response and
neural differentiation through mimicking the properties of native neural tissue.

Electrical Stimulation
Mesenchymal Stem Cells
Neural Tissue Engineering

1. Introduction the synthetic scaffold.

In order to achieve functional differentiation of stem cells, proper-

Regeneration of peripheral nerve injuries occurs at a limited rate in
body, therefore these injuries can cause permanent damage to patients.
Current methods in treatment of these injuries are through autologous
grafts. Application of autologous grafts are highly limited due to
availability of donors and high expenses. Allografts and xenografts have
been also used, but showed limited success due to issues including
immune response and possible rejection of grafts [1-4]. Using in vitro
methods combined with all the advances in micro- /nano- fabrication,
tissue engineering is suggesting new solutions for engineering of neural
tissue [5]. However, successful engineering of neural tissue depends on
providing a balance between cellular behavior and growth of cells into
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ties of the scaffolds should mimic the biophysical cues of natural en-
vironment of the target tissue[6]. In order to mimic these cues, en-
gineering of neural tissue should be performed on biocompatible,
biodegradable conductive scaffolds [2,7-9]. Electrospinning is one of
the most accepted methods in fabrication of neural tissue engineering
scaffolds due to simplicity, low expenses and ease of control over
morphology and structure of fibers [10-12]. Electrospun scaffolds have
superior physical and chemical properties, which is suitable for various
applications including nerve growth conduits, neural probes and neural
tissue engineering scaffolds. Microfibrous scaffolds are formed from
fibers with diameters of a few microns down to few hundreds of
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nanometers that can promote attachments and growth of cells
[7,13,14].

As neural tissue is a stimuli-responsive tissue, fabrication of an
electrically conductive scaffold—capable to transmitting electrical sig-
nals—can substantially improve differentiation of stem cells [5,15-17].
Previous researches have mainly focused on using carbon nanotubes
(CNTs), Polypyrrole (PPy) and Polyaniline (PANI) for fabrication of
conductive scaffolds [18]. Meanwhile, poly (3,4-ethylenediox-
ythiophene) (PEDOT) is a polythiophene derivative that has recently
drawn a lot of attention in biomaterials and tissue engineering appli-
cations due to its biocompatibility and chemical stability. Also, as
compared to PPy, PEDOT has higher electrical and thermal con-
ductivity [7,18-20]. Currently, PEDOT is being used in fabrication of
biosensors, neural electrodes and in environmental applications
[18,21]. PEDOT showed biocompatibility in culture of different cell
types, including mesenchymal stem cells (MSCs) extracted from rat
bone marrow [7] and neural cells [22]. PEDOT substrates doped with
either polystyrene sulfonate (PSS) or tosylate have supported attach-
ment and growth of fibroblasts [23]. SH-SY5Y neuroblastoma cells
showed suitable attachment and growth on PEDOT-coated PET sub-
strates [24]. In this study, PVA is used as a carrier polymer for elec-
trospinning. PVA is a synthetic polymer with high hydrophilicity (—OH
groups) that has been widely used in tissue engineering due to its good
biodegradability and excellent biocompatibility [25].

Electrical stimulation is another factor we have utilized in this
study. Presence of electrical current can be very effective in mimicking
the electrochemical cues surrounding nerve cells and differentiation of
MSCs into the neural cell lines. Applying electrical charge affects the
action potential of the cell membrane, changing the influx of calcium
ions which can facilitate the differentiation process [18,26-28]. Also,
electrical stimulation has a significant effect on intracellular signaling
pathways and cells’ intracellular microenvironment. Activation of these
pathways facilitates migration, proliferation and differentiation of
cultured cells [26,29].

Favorable properties of PEDOT in contact with neural tissue is es-
tablished and supported with a huge amount of research. However, to
best of our knowledge, no research has focused on fabricating and
optimizing conductive composite scaffolds with PEDOT and PVA
through electrospinning for mimicking the natural environment of
neural tissue. Afterwards, we evaluate the differentiation of MSCs using
these scaffolds and electrical stimulation.

2. Materials and methods
2.1. Materials

Dulbecco’s Modified Eagle’s Medium (DMEM), Trypsin/EDTA,
Penicillin/Streptomycin, fetal bovine serum (FBS) and phosphate-buf-
fered saline (PBS) were purchased from Gibco. MTT powder, Trypan
Blue, PEDOT:PSS (483095) and PVA (99% hydrolyzed) were purchased
from Sigma-Aldrich. DMSO, ethanol, glutaraldehyde and glycine were
purchased from Merck.

2.2. Scaffold fabrication

In this research, six compositions of scaffolds are fabricated using
PVA and PEDOT:PSS. PVA (12 wt%) was dissolved overnight in deio-
nized water at 80 °C using a magnetic stirrer. Afterwards, the PVA so-
lution was cooled down, combined with different amounts of
PEDOT:PSS and mixed with magnetic stirrer for another 12 h to form
homogenized aqueous dispersion for electrospinning.

Details of different electrospinning solutions are shown in Table 1.
Conductivity of solutions were measured in room temperature using a
conductometer (WPA-CMD510) prior to placing solutions into syringes
for electrospinning. Measurements were carried out five times for each
sample and conductivity values have been reported in the form of
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Table 1
Details of content and electrical conductivity of electrospinning solutions.

Sample PEDOT content Electrical conductivity of
(wt. %) electrospinning solution (uS/cm)
PVA 0 198 = 7
PVA/ PEDOT(0.1) 0.1 491 + 10
PVA/ PEDOT(0.3) 0.3 557 = 11
PVA/ PEDOT(0.6) 0.6 731 = 11
PVA/ PEDOT(1) 1 825 + 14
PVA/ PEDOT(3) 3 1050 + 12

average + standard deviation (Table 1). After optimization of elec-
trospinning parameters, including needle-to-drum distance, applied
voltage and concentration of solution, samples were electrospun using a
dual-nozzle setup (flow rate of 0.4 ml/h each) in an electrospinning
device (Full Option Lab electrospinning device — Nanoazma - Iran) onto
aluminum foils. All samples were fabricated using a 25 KV of voltage at
the tip of the nozzle, with 18 cm needle-to-drum distance on the ro-
tating drum (1000 rpm). After completion of electrospinning process,
nanofibrous mats were removed from aluminum collector. Samples
were cross-linked by exposure to glutaraldehyde vapor, which was
placed at the bottom of the desiccator at 0.2 M concentration. In order
to remove the excessive glutaraldehyde after crosslinking, scaffolds
were washed with 1% wt/wt aqueous glycine for 15 min and rinsed
extensively with PBS [7].

2.3. Scaffold characterization

Structural morphology of electrospun nanofibers were evaluated
using a scanning electron microscope (Hitachi S-4160 and Seron
Technologies AIS2100). Fiber diameter was measured using Image J
(Image J - National Institutes of Health, USA), and statistical analysis
was performed using Microsoft excel software. Surface topography was
evaluated using Olympus OLS4100 digital laser scanning microscope
pictures, and surface roughness was evaluated using OLS4100 offline
V3.1.1 software (Olympus Corporation, Japan). Contact angle mea-
surements were carried out using OCA 15EC (Dataphysics, Germany).

Water contact angle was measured by placing a 4 pl water drop on
the surface of scaffolds at room temperature. Measurement was carried
out for a minimum of eight times for each sample.

In order to confirm the expected bonds and functional groups,
Fourier Transform Infrared Spectroscopy (FTIR) was performed.
PEDOT:PSS solution was placed in a freeze-dryer overnight to obtain a
dry PEDOT:PSS sample. Pure PVA powder and punched sample from
PVA/PEDOT(1) scaffold was dried in vacuum oven at 30 °C overnight to
remove any residual water content. Samples were recorded using FTIR
spectrometer (PerkinElmer-Frontier L1280032) against a blank KBr
pellet background.

Mechanical behavior of cross-linked scaffolds was evaluated using
Instron 3367 tensile testing device (Instron co., UK). Scaffolds with
dimensions of 5 X 30 mm (3 replicates each) were punched from a
single cross-linked electrospun sheet. Samples were tested at room
temperature with 1 mm/min loading velocity.

Electrical conductivity of cross-linked scaffolds has been measured
using Keithley model 2361 multimeter (Keithley Instruments, USA).
Three 10 X 1 mm samples were cut from each electrospun sheet, and
the thickness of each sheet was measured. Resistance (R) of fibers was
calculated by measuring current during applying a range of voltage
from —10 V to 10 V with 0.2 V steps into samples using 1 mm elec-
trodes. Electrical conductivity of fibers(o) has been measured using Eq.
(1) considering the size and thickness of samples.

c=1/(w. d. R) )]

where 1 is distance between two electrodes, w is the width of elec-
trode and d is thickness of scaffold sample.
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2.4. Biocompatibility studies

To evaluate the biological behavior of the scaffold, crosslinked
scaffolds have been punched to fit the bottom of 24-well plates, ster-
ilized with 70% v/v aqueous ethanol solution, washed with PBS, in-
cubated overnight in complete culture medium (DMEM high glucose,
10% FBS and 1% Penicillin/Streptomycin) and seeded with 2 x 10* of
rat MSCs per well. Culture medium was changed once every 2 days.
Adhesion and spreading of cells have been monitored after 1 and 7 days
of culture. After the incubation period, cells were rinsed with PBS to
remove dead and unattached cells, fixed with 2.5% aqueous glutar-
aldehyde solution for 3 h, and washed respectively with 60, 70, 80, 90
and 100% aqueous ethanol solution for 15 min to remove the residual
water content. Images of surface were taken using Seron Technologies
AIS2100 scanning electron microscope device.

To analyze the metabolic activity and proliferation rate of the
seeded cells, scaffolds were punched, sterilized and incubated in com-
plete culture medium. The cells were then seeded on scaffold samples
together with tissue culture plates (TCP) and treated similar to adhesion
section as mentioned above. The proliferation rate based on metabolic
activity has been monitored after 1, 3 and 7 days of culture. After the
incubation period, cells were rinsed with PBS solution, and incubated
for 4 h with 0.5 mg/ml MTT solution. Lastly, the medium was removed,
then the developed formazan crystal was dissolved with DMSO and
pipetted out into 96-well plates. Absorbance was recorded at 540 nm.
All samples were analyzed in triplicates and reported in terms of
average optical density (O.D.) with standard deviation.

2.5. Neural differentiation studies

In order to evaluate the differentiation behavior of rat MSCs seeded
on conductive scaffolds, cells were cultured on scaffolds and TCPs and
treated with different inductions (see Table 2). Initially, cells were
seeded at density of 1.5 x 10> cells/well of 6-well plates on different
surfaces and incubated for 24 h prior to induction of differentiation.
Afterwards, as shown in Fig. 1, Fig. 7 differentiation groups were
treated with DMEM as basal medium, FBS and 2.5 uM retinoic acid
(RA), 0.5 mM Forskolin and 2.5 pM 3-isobutyl-1-methylxanthine
(IBMX) for 14 days; medium was changed every 2 days. The amount of
FBS was reduced during the differentiation protocol to apply FBS shock,
where 10v/v% was being applied in day O to day 4, 5v/v% was being
applied in day 5 to day 10, and 2v/v% of FBS was being applied in day
11 to day 14. In treatment of Scaffold + ES group, electrical stimulation
was applied during day 10 to day 13 using an electrical pulse generator
(GPS-2105 function generator, General Polytronic). Electrical stimula-
tion was applied using 100 mV/mm of scaffolds for 2 h each day. The
bioreactor for electrical stimulation (Figure S1) included two 316-
stainless steel electrodes for each well, where the electrodes were
connected to pulse generator using copper wires.

After day 14 of differentiation, RNA was extracted from each
sample, cDNA was synthesized, and expressions of neural marker gen-
es—nestin, enolase and PB-Tubulin III—were analyzed using qPCR.
Primers used in qPCR are listed in Table S1, and HPRT was applied as
the housekeeping gene.
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3. Results and discussion
3.1. Morphological properties of the scaffolds

Scaffolds containing different amounts of PVA and PEDOT:PSS, as
described in Table 1, were fabricated by electrospinning. Fig. 2 shows
the microscopic structure of different scaffold samples, which demon-
strates that all scaffolds are bead-free with uniform structures. Figure
S2 illustrates the average diameter and fiber diameter distribution of
each scaffold.

Increasing the amounts of low concentrated PEDOT:PSS (1.3 wt%)
to pure PVA solution of 12% wt/wt concentration lead to a less con-
centrated solution. Moreover, as shown in Table 1, solution con-
ductivity has risen meaningfully. Our results show that mean fiber
diameter decreases significantly in all samples containing PEDOT
compared to PVA samples, except for PVA/PEDOT(3). Also, a de-
creasing trend in average fiber diameter has been observed in samples
(p value < 0.05). The lowest average of fiber diameter among samples
was 300 nm in PVA/PEDOT(3) samples, which shows a significant 40%
decrease as compared to PVA samples with 500 nm of average fiber
diameter. Moreover, the range of fiber diameters have changed from
450 to 700 nm in pure PVA samples to 200 to 400 nm in PVA/
PEDOT(3). Fiber diameter distribution also illustrates a gradual decline
pattern in mode value of fiber diameter from pure PVA (500 nm) to
PVA/PEDOT(1) (350 nm).

According to previous investigations, lower concentration and
higher conductivity of solutions will both lead to spinning of narrower
fibers, which is in consent with our results [7,31-33]. Other studies on
electrospinning of fibers showed that increase in concentration from 80
to 140 mg/ml results in increase of average diameter of fibers from 120
to 610 nm [32]. In other researches on conductive composite fibers,
adding 1 wt% PEDOT to CS/PVA scaffolds have resulted in a 4-time
increase in conductivity of solutions and 50% decrease in diameter of
fibers [7].

3.2. Chemical properties of the scaffolds

In order to evaluate the functional groups present in different
scaffolds, FTIR analysis was conducted, with the results shown in Fig. 3
and Figure S3. The large peaks at 3278 cm™ ' in PVA sample
and ~ 3350 cm ™! in PEDOT-containing scaffolds are related to the
stretching of O—H bond [7,34]. Peak at 3125 cm ™! in PEDOT:PSS is
related to stretching of C—H bond in aromatic ring of PSS [7]. This peak
in PEDOT-containing scaffolds is overlapping with the large peak re-
lated to O—H stretching. Another peak at ~2941 cm ™' in PVA and
PEDOT-containing scaffold samples is related to stretching of C—H in
PVA [34]. The peaks at 1737 cm ™' in PVA scaffold and at ~1733 cm ™!
in scaffold samples are related to stretching of C=O0 in acetaldehyde
functional groups, which are formed during the uncatalyzed tautomeric
reaction in vinyl alcohol monomers [7,34,35]. Peaks at 1719 cm ™ tin
PEDOT:PSS sample and in 1680 cm ™! in PEDOT-containing scaffolds
are attributed to the stretching of C=C in thiophene ring [7,36]. Peaks
at 1374 cm ™! and 1434 cm ™! in PEDOT-containing scaffolds, and at
1380 cm ™! and 1446 cm ™! in PVA sample, are related to the bending
of C—H bond in PVA [7,34,37]. The peaks at 1450 cm~! and
1510 cm ™! in PEDOT:PSS sample and in scaffold samples are related to

Table 2
Different differentiation study groups and their treatments.
Samples Scaffold Differentiation media (DM) Electrical stimulation (ES) Named as
MSC on TCP - + - TCP + DM
MSC on scaffold + + - Scaffold + DM
MSC on scaffold + + Scaffold + DM + ES
MSC on TCP - - - Control
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Fig. 1. Infographic illustration of the applied differentiation protocol for differentiation of MSCs into neuron-like cells.

Fig. 2. Scanning electron microscope images of different scaffolds A: PVA pure, B: PVA/PEDOT(0.1), C: PVA/PEDOT(0.3), D: PVA/PEDOT(0.6), E: PVA/PEDOT(1),
and F: PVA/PEDOT(3). Scale bars in large and small images equal to 10 um and 1 pm, respectively. As mentioned earlier, increasing the amount of PEDOT:PSS in the

samples decreases the mean diameter of the fibers.

the stretching of C=C in aromatic ring of PSS [7]. The peaks at
810 cm ™! in PEDOT-containing scaffolds and at 785 cm™! in PED-
OT:PSS sample are related to bending of C—H bond [7,37]. And finally,
the peaks at 740 cm ™! in PEDOT-containing scaffolds and at 710 cm ™!
in PEDOT:PSS scaffold are related to C—S bond in thiophene ring
[38,39].

FTIR analysis results have shown that the peaks related to PVA and
PEDOT:PSS were distinguishable, however as PEDOT is in very low
concentrations and considering the overlapping peaks in fingerprint

zone, it was really difficult to find any chemical reactions between
different components of the composite reactions.

3.3. Electrical conductivity of the scaffolds

In order to evaluate the impact of conductive polymer content on
electrical properties of dry electrospun substrates, electrical con-
ductivity of electrospun mats has been measured. In this regard, I-V
curves have been drawn using the results from the Keithley multimeter,
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Fig. 3. FTIR spectrum of PVA, PEDOT and PVA/PEDOT(1) scaffold samples.
Peaks around 3125, 1680 and 1510 cm ™! are respectively related to stretching
of O-H in aromatic PSS ring, C = C stretching in thiophene ring and C = C
stretching in aromatic PSS ring, which represent the presence of PEDOT:PSS in
the structure.

and the respecting slope for the curve was used in Eq. (1) to calculate
conductivity values [7]. Results on conductivity of samples is shown in
Table 3.

PVA itself is insulating [40,41], however, increasing the content of
conductive PEDOT into in PVA/PEDOT composites has resulted in in-
creasing the conductivity of scaffolds. Polymers with an electrical
conductivity of < 107> S/m are counted as insulators [7,42]. All
samples containing PEDOT in this study have electrical conductivity
greater than 10> S/m and fall within the range of semiconductor
materials.

There are two ways to increase electrical conductivity in non-con-
ductive polymers during the electrospinning process. Coating fibers
with conductive materials or adding conductive components to the
electrospinning solutions [43]. The presence of conductive polymers in
the spun nanofibers reduces the energy gap between the conduction
and the valence band. As the energy of the gap decreases, the electrons
move easier from the valence band to the conduction band. The holes
created in the valence layers are filled by the motion of electrons. This
process creates electrical conductivity in the polymer chain [42].

Another mechanism for explaining the reason for the increased
conductivity relates to the single o and double 5- bonds in the con-
ductive polymers chain. The continuous overlap of the pz-orbital zones
in the double n- bonds causes the electron transfer in the carbon chain
of the conductive polymers [18,42,43]. In this regard, PEDOT is highly
recommended as a conductive polymer with good thermal stability over
other polymers [18,43]. Electrochemical behavior of conductive poly-
mers relies on doping which can highly influence their conductivity.
PPy which is widely used in other studies for culture of neural cells can
lose conductivity and become an insulator in reducing environment. On
the other hand, PEDOT stays conductive in various electrochemical
conditions [44]. Therefore, many studies have used PEDOT in blends or
as a coating for fabrication of conductive scaffolds. Hydrogel scaffolds
containing 1-3 wt% PEDOT:PSS showed to have better conductivities
(2x1073 - 7x107% S/m) as compared to collagen scaffolds (un-
measurable) [45]. Adding 1 wt% of PEDOT:PSS to CS/PVA electrospun
scaffolds have increased the conductivity from 6x10~° to 7.6x10 3 S/
m [7]. Ostrakhovitch et al. have shown that surfaces coated by PED-
OT:PEG and electrodeposited PEDOT:PSS can have up to 2.63 x 10~ 2
S.cm~2and 1.89 x 10~ 2S.cm ™~ 2 respectively (conductance per surface
area) [44]. PEDOT can be used in hybrid scaffolds together with other
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Table 3

Mechanical properties (indicated by Young's modulus, elongation at break and
ultimate strength), electrical conductivity and static contact angle of different
electrospun scaffolds.

Sample Young’s Ultimate Electrical Static
Modulus strength conductivity (S/  Contact
(MPa) (MPa) m) Angle ()
PVA 61 = 8 142 = 2.8 - 64 = 9
PVA/ PEDOT(0.1) 71 = 9 7.2 £ 1.3 1.6 x 1074 52 £ 7
PVA/ PEDOT(0.3) 76 =+ 11 76 = 1.1 4 x107* 48 + 8
PVA/ PEDOT(0.6) 92 + 9 87 = 2.8 6 x 107* 45 + 3
PVA/ PEDOT(1) 87 = 13 9.2 = 1.3 1x1072 43 = 4
PVA/ PEDOT(3) 58 *+ 16 9.6 £ 1.6 2 x 1073 32 =+ 4

conductive components. Addition of 15% PEDOT to reduced graphene
oxide microfibers have improved the conductivity from 1.51 S/cm up to
2.52 S/cm followed by enhanced neural differentiation of MSCs [46].

Functionality of neural cells depends on transmission of electrical
signals. Therefore, conductive scaffolds can help the engineered tissue
to acquire the functionality by mimicking the native environment of
neural tissue. Conductivity of neural tissue is reported to range between
8 x 10" *to 4 x 102 S/m in different areas [5,47]. Other researches
showed that conductivity of gray matter and white matter are 0.033
and 0.022 S/m respectively [48]. Considering these values, our results
on PVA/PEDOT(3) and PVA/PEDOT(1) scaffolds with 2 x 10~2 and
1 x 1072 S/m, demonstrate the closest conductivity values to the
conductivity of neural tissue. In fact, adding 3 wt% of PEDOT to pure
PVA scaffolds have resulted in increasing the conductivity by 100-
times. These values of scaffold conductivity can also be useful for cul-
ture of MSCs due to the closeness to the conductivity of bone marrow
environment (0.15-0.02 S/m).

3.4. Topological properties of the scaffolds

Laser scanning digital microscope Images were taken from central
areas of scaffolds using Olympus-OLS4100 device at 100X magnifica-
tion; 2D images are also shown in Fig. 4 and Figure S4. In order to
explore the surface roughness parameters, surface topography analysis
was performed using OLS4100 offline V3.1.1 software and surface to-
pography parameters—including R.’, So°, Vi.', Vi ’—are shown in
Table 4.

The data in Table 4 indicates that the highest values of surface and
line roughness, in terms of Sy and R, and also void volumes amount
(Vyy, Vyo), are related to PVA/PEDOT(1) sample. The presence of 1%
PEDOT in this sample results in an increase of 30%, 25% and 100% in
Sq» Vve and V,, terms, respectively, compared to PVA sample (P
value < 0.05). In fact, presence of conductive components in electro-
spinning solution can promote the randomness in deposition of fibers
on foil, causing the formation of complicated patterns of fibers [7].
Although in PVA/PEDOT(3) samples, formation of thinner fibers is
more dominant in moderating the surface roughness than the influence
of other factors, the PVA/PEDOT(3) sample still shows better results
compared to PVA sample in terms of roughness factors.

The importance and role of roughness factors in cell adhesion and
growth have been emphasized previously. Surfaces with more rough-
ness facilitate the attachment of cells and accumulate more culture
media for cells. The degree of protein uptake on polymer surfaces is
related to the roughness in a direct linear relationship [49,50]. Neural
cells respond to rough and randomly-oriented fibers by forming short
neurites [50,51]. In previous researches, it was shown that nanofibers

2 Arithmetic mean height on line

3 Root mean squared height

*Void volume of the core section
5 Void volume of the valley section



A. Babdaie, et al.

20 pm

12.6 pm

8.2 jim

European Polymer Journal 140 (2020) 110051

Fig. 4. Laser scanning microscopic images of topography of different surfaces: A: PVA pure, B: PVA/PEDOT(0.1), C: PVA/PEDOT(0.3), D: PVA/PEDOT(0.6), E: PVA/
PEDOT(1), and F: PVA/PEDOT(3). PVA/PEDOT(1) scaffolds have the largest Ra, Sa and Vvv among all scaffolds.

Table 4
Surface topography data of different electrospun scaffolds.
Sample Ra[nm] Sq[um]  Vve[pm3/pm2]  Vvv[um3/um]
PVA 24 = 208 0.580 0.775 0.072
PVA/ PEDOT(0.1) 20 = 217 0.600 0.779 0.098
PVA/ PEDOT(0.3) 25 + 212 0.338 0.432 0.101
PVA/ PEDOT(0.6) 31 = 213 0.575 0.810 0.121
PVA/ PEDOT(1) 61 = 287 0.750 0.965 0.145
PVA/ PEDOT(3) 28 + 229 0.622 0.801 0.110

with 500 nm of diameter and 200 nm of groove spacing can have better
filament density and promote the regeneration of neural tissue in vivo.
Other studies showed that scaffolds with 400 nm of fiber diameter can
promote the growth of neurites and neural differentiation of embryonic
stem cells. It was also shown that thinner fibers can promote growth of
neurites [51]. In this regard, PVA/PEDOT(1) have the largest space
(close to 200 nm) between valleys as compared to other scaffolds,
which is similar to previous studies. Also, the diameter of fibers in PVA/
PEDOT(1) and PVA/PEDOT(3) samples are close to 400 nm, which was
also suggested for engineering of neural tissues.

3.5. Mechanical properties of the scaffolds

In order to evaluate the mechanical properties of samples, scaffolds
have been tested using universal tensile testing machine and results, in
terms of young modulus and tensile strength, are shown in Table 3 and
testing curves are shown in Figure S5. Pure PVA scaffolds has better
tensile strength, as compared to samples with PEDOT:PSS. For example,
adding 0.1%wt PEDOT to pure PVA scaffolds results in a decrease of
tensile strength from 14.2 MPa to 7.2 MPa. PEDOT is known for its
superior electrical and thermal properties [7,52]. However, in terms of
tensile properties, PEDOT—due to its chemical structure and presence
of thiophene ring—is known as a brittle polymer with high young
modulus and low mechanical strength [52,53]. Adding PEDOT to the
homogeneous structure of PVA causes a decline in the tensile strength
of polymeric scaffolds as compared to pure PVA samples. Also, higher

PEDOT content have led to lower elongation at break in samples (see
Figure S5). In this regard, Chen et al. on PVA/PEDOT:PSS films have
shown that these samples with < 10%wt PEDOT:PSS show irregular
shapes in their morphology, which fades away gradually as the PED-
OT:PSS content increases to up to 40%wt.

In low contents of PEDOT:PSS, cracks formed in the structure of
PEDOT penetrates into PVA structure and cause a more brittle fracture
[52]. In this experiment, by increasing the PEDOT content from 0.1%
up to 1%wt, young modulus has increased gradually. Also, tensile
strength in PEDOT-containing samples shows a gradual 33% increase
from PVA/PEDOT(0.1) to PVA/PEDOT(3) sample. In PEDOT-con-
taining scaffolds, enhanced mechanical properties of scaffolds by in-
creasing the PEDOT content can be a result of improved crystallinity,
decrease in structural defects and decrease in the diameter of fibers
[7,54,55]. In fact, in thicker fibers, structural defects can form and
propagate easier than thinner fibers [7].

3.6. Hydrophilicity of the scaffolds

Hydrophilicity of cross-linked electrospun scaffolds has been eval-
uated using a water contact angle (WCA) measurement device. Results
(average =+ standard deviation) have been reported in the form of
average contact angle with standard (Table 3 and Figure S6). It is worth
mentioning that all surfaces are highly hydrophilic in a way that drops
would absorb fully in the scaffolds in less than a minute. Therefore, all
results in this section are the initial contact angle values.

It is noticeable that increasing the PEDOT content in the composi-
tion results in higher hydrophilicity, as indicated by lower WCA values,
where the WCA values have dropped from 64° to 43° and 32° from PVA
sample to PVA/PEDOT(1) and PVA/PEDOT(3) samples, respectively (p
value =< 0.05). PVA is a hydrophile polymer and electrospun fibers
containing PVA can absorb large amounts of water in a short time [56].
Moreover, PEDOT is also a hydrophile in a way that the PEDOT used in
this study was in the form of an aqueous solution. PEDOT-coated
electrospun fibers are super hydrophilic, which makes it impossible to
measure their static WCA. Another study on CS/PVA/PEDOT
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nanofibers also mentioned that adding PEDOT to CS/PVA scaffolds can
enhance the hydrophilicity of surfaces, leading to a significant increase
in the cells adhesion and spreading degree of MSCs (7).

Aside from the surface chemistry, morphology of fibers and topo-
graphy of the surface can also be a crucial factors in determining the
wettability of the surface [7,57]. In the PVA/PEDOT(3) and PVA/
PEDOT(1) samples, we have the highest reduction in fiber diameter
compared to PVA sample, which leads to an increase in the specific
surface area and more exposed polar and hydrophilic polymers bonds,
like O-H, to the water droplet [57]. On the other hand, according to
theoretical support for the Wenzel Equation (Eq. (2)), water contact
angle depends on the equilibrium between surface energies of so-
lid-liquid (ysl), solid-gas (ysv), liquid-gas (ylv) and real area/planar
area (r,,) index [58] Therefore, when there are more polar bonds at the
surface, they lead to bonding to water molecules. This reduces the
amount of the yls, thus reducing the contact angle, according to Eq. (2);
also, r,, amount represents roughness and in smooth surfaces is
(rw = 1), but with the increase in roughness factors as well as surface
grooves, this index tends to be greater than 1 (r,, > 1). With due at-
tention to Wenzel equation (Eq. (2)), this results in decrease of contact
angle, especially in confirming the results of the PVA/PEDOT(1) sample
[57,58]. Essentially, in micro/nano-fibrous structures, thinner fibers
and higher roughness will increase the solid-liquid interface, mean-
while if the fibers are hydrophilic, water will have more tendency to be
absorbed into the structure of fibers [7,57].

ysv — ysl . rw
ylv ()]
where r, is real area/planar area, ysl is surface energies of solid-liquid,

ysv is surface energies of solid-gas and ylv is surface energies of li-
quid-gas.

cosb =

3.7. Biological properties of the scaffolds

In order to understand the morphological alterations of seeded
MSCs and investigation of cell attachment and spreading on the scaf-
folds, cells were grown on different groups. At the end of day 1 and day
7, cells were fixed and SEM images were acquired (see Figure S7 for cell
attachments at day 1 and Fig. 5 for cell spreading at day 7). These
images are demonstrating that addition of PEDOT will result in better
attachment of cells as depicted by higher population of cells in closer
contact. In the next few days, cells have grown and higher populations
with smaller distances are observable in day 7 images of Fig. 5. Al-
though on day 1 PVA/PEDOT(3) surfaces showed the best support for
cell attachment, on day 7, largest cell areas belonged to PVA/PEDOT(1)
surfaces, where surface roughness parameters were the highest among
all the other scaffolds. Improved cell attachment in PVA/PEDOT(1) and
PVA/PEDOT(3) surfaces can be due to the proper hydrophilicity of
these surfaces.

In previous studies it was reported that nano-roughness of
20nm < R, < 100 nm and 20 nm < R, < 50 nm can promote the
adhesion and growth of rat cortical neurons and MSCs, respectively,
which are in consent with our results [51].

Other factors influencing the growth of cells on electrospun fibers
are fiber diameter and fiber orientation. Cells have the tendency to
grow in the direction of topographical features of the surface. This
tendency has been numerously reported in different studies on the
growth of cells on aligned electrospun fibers. The same behavior is also
happening on randomly oriented electrospun fibers. MSCs behave dif-
ferently on nano-scale and micro-scale fibers. Nuclear structure and
cytoskeletal filaments of MSCs can grow preferentially in the direction
of fibers [7,51]. It has already been shown that cultured cells on cy-
lindrical fibers tend to form a certain curvature by the cell membrane to
reduce their free energy, and the diameter of the fibers in the range of
320-500 nm is very suitable for this purpose [59]. Our results show that
electrospun scaffolds with average diameters of 350 nm on PVA/
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PEDOT(1) sample have the best support for growth and spreading of
MSCs.

Evaluation of metabolic activity of seeded cells through MTT is
shown in Fig. 6. Comparing the O.D. results of different samples in a 7-
day period shows that all scaffold samples have better support for
viability and growth of cells. Samples on PVA/PEDOT(3) surfaces have
the best O.D. results at day 1. Due to the fact that the doubling time for
MSCs is almost 2 days [7,60], proliferation of MSCs in the first 24 h
should be negligible. Therefore, O.D. in PVA/PEDOT(3) surfaces after
24 h represents the better support for cell attachment on these surfaces.
In this regard, previous studies have also shown the enhancement of
cell adhesion on conductive scaffolds [61,62].

All scaffolds show an increasing trend in O.D. from day 1 to day 7,
which represent their growing pattern on scaffolds. Although PVA/
PEDOT(3) scaffold showed promising results for O.D. in day 1, the
growth of cells on this scaffold was significantly lower than other
samples. This could be due to the toxicity of high amounts of
PEDOT:PSS. Previous reports on bone tissue engineering using con-
ductive scaffolds based on gelatin/bioactive glass showed that scaffolds
containing more than 0.6 wt% PEDOT can cause toxicity for MSCs
[7,63]. On the other hand, comparing the O.D. values between PVA and
PVA/PEDOT(0.1) shows that presence of small amounts of PEDOT can
result in better viability of MSCs. As the topographical parameters be-
tween PVA and PVA/PEDOT(0.1) are similar, this change in O.D. values
might be due to the variations in surface chemistry, where presence of
conductive components can enhance cell signaling and promote the
adsorption of surface proteins, e.g. fibronectin [22,60,64-66]. Also,
proliferation of stem cells when grown on conductive scaffolds was
improved [62,67,68]. Similarly, our results have shown an increasing
trend in the O.D. results, especially for PVA/PEDOT(1) sample, which
shows the proper support of these surfaces for stem cell growth, and
considering the attachment and morphology images of these surfaces,
this composition of scaffold has been selected for further differentiation
experiments. It is worth mentioning that using glutaraldehyde as a
crosslinking agent did not result in a cytotoxicity of scaffolds during the
7-day culture period. Similar to this, other studies have shown that
glutaraldehyde could be used as a crosslinking agent with minimized
cytotoxic response [69,70]. Aside from that, glycine can be further used
to block the toxic aldehyde groups [7,70,71].

3.8. Neural differentiation and gene expression

In order to evaluate the neural differentiation of cells, expression of
some neural markers—including nestin, (B-tubulin III and en-
olase—were analyzed using real-time PCR method, with the results
being normalized to negative control samples (undifferentiated cells).

Nestin is a microfilament in neural progenitor cells and, therefore, is
an early neural differentiation marker [4,72-74]. B-tubulin III is a mi-
crotubule that is exclusively found in neurons and testis cells, thus is
another important neural marker in late neural differentiation [75-78].
Therefore, upregulation of these genes can show the progress in in-
duction of neural differentiation in all differentiation groups including
TCP + DM, Scaffold + DM and Scaffold + DM + ES samples (see
Table 2 for details on groups and relative treatments).

Differentiation protocol in this study uses different chemical factors,
including RA, Forskolin and IBMX. These three factors have been pre-
viously studied and shown to be promising in induction of neural dif-
ferentiation using different types of stem cells [79-81]. RA either so-
lely, or in combination of other differentiation or survival promotion
factors have been extensively used for induction of neural differentia-
tion [79,82 83]. Induction with RA results in improved formation of
neurites both in number and length [84]. In a study on neural differ-
entiation of hESCs, adding RA increased nestin expression by 56% and
67% in day 7 and day 14, respectively [79]. MSCs treated with 30 uM of
RA have indicated the expression of neuron-specific markers and for-
mation of synaptic connections [85]. However, some studies have
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Fig. 5. SEM imaging of cell spreading after 7 days of culture: A: PVA pure, B: PVA/PEDOT(0.1), C: PVA/PEDOT(0.3), D: PVA/PEDOT(0.6), E: PVA/PEDOT(1), and F:
PVA/PEDOT(3). Cells have shown better growth on PEDOT containing scaffolds. PVA/PEDOT(1) scaffold have shown the best cell area compared to other cells. Scale
bars in large and small images are equal to 50 um and 10 pm, respectively.

@ Day1l #Day3 NDay7
0.400
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Fig. 6. MTT assay for MSC viability on different nanofibrous scaffolds and TCP. The * & + signs indicate the significance (p-value < 0.0.5) as compared to TCP and
PVA/PEDOT(1) samples. Scaffold samples have shown better support for cell adhesion and growth. PVA/PEDOT(1) scaffold have shown the best support for cell
viability after 7 days of culture without any sign of cytotoxicity. It should be noted that not all the significant samples have been marked.

shown that induction with RA alone does not result in formation of Aside from RA, Forskolin and IBMX can influence the early neural-like
mature neuronal phenotype and morphology [86]. Therefore, many differentiation and change of morphology of MSCs through activation
studies have used RA along with other differentiation factor to improve of cyclic adenosine monophosphate (cAMP) and suppressing neuron
neural differentiation factors including Forskolin and IBMX [79,82,87]. restrictive silencer factor (NRSF) [81,84,88]. In induction of human



A. Babdaie, et al.

M B-tub mEnolase Nestin

10000.00

*
1000.00
100.00 = *
I * =
10.00 L ' L
1.00 '

TCP + DM Scaffold + DM Scaffold + DM + ES

Fig. 7. Expression of neural marker genes in different differentiation treat-
ments. Cells cultured on TCP samples (TCP + DM), scaffolds (Scaffold + DM)
and incorporation of a conductive scaffold and electrical stimulation
(Scaffold + DM + ES) have been analyzed for expression of neural markers f3-
tub, Enolase and Nestin (see table 2 for details on groups and relative treat-
ments). Gene expression results were normalized as compared to untreated TCP
samples (control). Incorporation of a conductive scaffold and electrical stimu-
lation have resulted in increased expression of neural differentiation genes in-
cluding Nestin and B-tubulin III. The * sign indicates that the values of the
samples are significant compared to the TCP + DM values, (p-value < 0.05).

MSCs, it was shown that IBMX can be a more crucial factor in formation
of neurites as compared to other differentiation factors including RA,
cAMP, bFGF and NGF [89]. Previous studies have shown the promise of
using either RA or Forskolin and IBMX together with knock-out of
serum in differentiation of induced pluripotent stem cells [90]. There-
fore, as various factors including RA, Forskolin and IBMX promote the
different stages of neural differentiation [84,90], in this study a mixture
of these factors together with step-wise knock-out of serum were used
for chemical induction of neural differentiation. Gene expression results
have shown that using the differentiation media alone can cause
overexpression of neural markers including Enolase, Nestin and fB-tu-
bulin in all differentiation samples. Moreover, light microscopy images
of differentiating and undifferentiated cells (control group) on TCP
have shown the promise of differentiation media in formation of
neurites in Scaffold + DM group (Figure S8 - images for scaffolds
samples are not shown).

In the Scaffold + DM sample, expression of nestin increased by 2-
times (p value < 0.05) compared to TCP + DM sample which indicates
the potential of using conductive scaffolds in neural induction of BM-
MSCs (see Fig. 7). Aside from that, expression of enolase has also in-
creased in Scaffold + DM + ES and Scaffold + DM samples as com-
pared to TCP + DM sample, however, the changes in expression were
not statistically significant. Moreover, in Scaffold + DM + ES sample,
expression of nestin and B-tubulin III have increased by 3- and 2-times
respectively as compared to TCP + DM sample. Moreover, nestin gene
expression in the Scaffold + DM + ES sample was 1.5-times that of the
Scaffold + DM sample. These results clearly shows the influence of
incorporating electrical stimulation with conductive scaffolds for neural
differentiation. Although the mechanisms behind the influence of
conductive scaffolds and electrical stimulation on neural differentiation
and nerve regeneration are not yet fully understood, some possible
postulations include altered adsorption of proteins and electrophoretic
redistribution of cell surface receptors [2,91,92].

One of the main challenges in designing scaffolds for excitable tis-
sues, including neural and cardiac tissue, is to reach an electrical mi-
croenvironment for cells capable of mimicking electrical signal trans-
mission [93]. Considering the functionality of neural cells in terms of
their electrochemical activities, it is not far from expectation that
conductive scaffolds and incorporation of electrical stimulation have
enhanced the maturation and functionality of neuron-like cells
[18,26,94]. In this regard, rat nerve stem cells and PC-12 cells have
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shown improved extension of neurites and elongation of cell area while
subjected to electrical stimulation on conductive scaffolds [67 95-97].
Wang et al. have shown that aligned conductive scaffolds can be highly
beneficial in reaching polarity of cells on neural cells [98]. Moreover,
Puladzadeh et al. have indicated the promise of incorporation of con-
ductive scaffolds with electromagnetic stimulation in improved ex-
pression of neural markers. It was shown that while using electro-
magnetic stimulation, MAP2, a neuron-specific marker related to
cytoskeleton proteins have overexpressed for at least 4-fold on con-
ductive scaffolds compared to un-conductive samples. In addition to
that, -tubulin upregulated by more than 2-fold as a result of the
electromagnetic field, whereas using conductive scaffolds did not have
any significant influence on the expression of this gene after 2 weeks of
culture [62]. Rahmani et al. have shown that MSCs cultured on con-
ductive scaffolds will have a better expression of neural markers in-
cluding MAP-2, B-tubulin and nestin when treated with 100 Hz of al-
ternating current (AC) rather than lower frequencies (0.1 Hz) [99].
Other studies have shown that expression of neural genes including
NGF, GAP43 and SYP in PC-12 cells grown on conductive surfaces will
upregulate by more than 5-fold [68,100]. Other studies with graphene
and PEDOT have also shown the importance of incorporating con-
ductive scaffolds with electrical stimulation for enhanced expression of
neuronal markers, especially Tuj-1, in protein level [46,101]. Os-
trakhovitch et al. have shown that surfaces made of PEDOT:PEG and
PEDOT:PSS can improve the B-tubulin expression in P19 embryonic
carcinoma cells and induce neural differentiation even at the absence of
RA [44]. Our findings on upregulation of neural gene are in accordance
with previous researches on the influence of conductive scaffolds and
electrical stimulation for enhancing in-vitro neural induction for stem
cells. Although further studies should investigate the mechanisms in-
volved in improvement of neural induction through conductive scaf-
folds and electrical stimulation, these results indicate that incorporation
of our conductive scaffolds with electrical stimulation provide a better
neural induction for rat BM-MSCs.

4. Conclusions

In this study, PVA scaffolds were made with different weight per-
centages of PEDOT, and their properties were optimized to mimic the
environment of neural tissue. Our results show that PVA scaffolds
containing 1 wt% of PEDOT can be very effective in enhancing the
electrical conductivity of the nonconductive polymers, simultaneously
improving the topographic and morphological properties of the fibers.
Also, PEDOT-containing scaffolds, especially PEDOT/PVA (1), have
resulted in enhanced metabolic activity of MSCs. Also, our results re-
garding neural differentiation of MSCs demonstrates that induction of
electrical stimulation on PEDOT-containing conductive scaffolds in the
presence of differentiation factors—including RA, IBMX and For-
skolin—can improve the expression of neuronal genes. Finally, our re-
sults suggest that using PEDOT as a conductive component in fabrica-
tion of neural tissue engineering scaffolds can be useful in improving
physical properties of scaffolds and enhance the neural differentiation
of stem cells.
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