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Abstract. Polypyrrole (PPy) is an attractive scaffold material for tissue engineering with its non-toxic
and electrically conductive properties. There has not been enough information about PPy usage in
skin tissue engineering. The aim of this study is to investigate biocompatibility of polyacrilonitrile
(PAN)/PPy nanofibrous scaffold for human keratinocytes. PAN/PPy bicomponent nanofibers were
prepared by electrospinning, in various PPy concentrations and with carbon nanotube (CNT)
incorporation. The average diameter of electrospun nanofibers decreased with increasing PPy
concentration. Further, agglomerated CNTs caused beads and disordered parts on the surface of
nanofibers. Biocompatibility of these PAN/PPy and PAN/PPy/CNT scaffolds were analyzed in vitro.
Both scaffolds provided adhesion and proliferation of keratinocytes. Nanofiber diameter did not
significantly influence the morphology of cells. However, with increasing number of cells, cells
stayed among nanofibers and this affected their shape and size. In this study, we demonstrated that
PAN/PPy and PAN/PPy/CNT scaffolds enabled the growth of keratinocytes, showing their
biocompatibility.

1. Introduction

Electrospun polymer nanofibers are important scaffold components for tissue engineering as they can
be engineered to biomimic the 3D organization of the extracellular matrix (ECM) [1-3]. Electrospun
fibrous scaffolds can be optimized in mechanical, chemical and degradative properties that can
greatly influence their interaction with cells [4] and their high surface area and porosity provide
attachment and migration of cells within the scaffold [5]. To date, various electrospun polymers have
been investigated as scaffold materials for different cell types such as smooth muscle and endothelial
cells, bone cells, skeletal cells [5-12].

Polypyrrole (PPy) is a unique biocompatible polymer that is conductive with physiological
level actuation voltages [13]. PPy films treated with different ECM components were found to support
skeletal myoblast proliferation, adhesion and differentiation [8]. PPy films and nanofibers were
utilized in artificial muscle with physiological actuation (< 2V) and were capable of reaching active
stress and strain levels up to 30 MPa and 39% [10, 11, 14]. PPy was found to give the largest stroke
value among the conducting polymers for electrochemical actuation [12]. Fabrication of nanofiber
PPy is also possible and composite electrospun PPy nanofibers were already shown to be an
appropriate scaffold material for biomedical applications [6, 7]. In a cardiac tissue engineering
application, conductive PPy/PCL/gelatin electrospun nanofibrous scaffolds promoted cell
attachment, proliferation, and expression of cardiac specific proteins [6]. Furthermore, PPy-PLGA
fibers were shown to be suitable candidates of neural tissue applications with both passive
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topographical guidance and active permissibility to electrical stimulation [7]. Along with its
composite applications with other polymers, PPy matrices can also be reinforced with various
components including sulphur nanowires [15], graphene [16] and carbon nanotubes [17].

Carbon nanotubes (CNTs) have attracted considerable attention based on their excellent
electrical and mechanical properties [18]. By incorporating CNTs to PPy, its electrical, mechanical
and electrochemical properties can be improved, leading to increased actuation response and reduced
actuation voltages [19, 20]. Another influence of CNTs on the polymer matrix is an elevation of
actuation strain and conductivity, increasing electrochemical efficiency [21]. These properties
aggregate to CNTs importance in tissue engineering applications in addition to cell tracking, drug
delivery, microenvironment sensing and providing structural support [22]. Though PPy / CNT
composite can be readily fabricated [23], poor solubility of the composition is a limiting factor for
electrospinning applications. This limiting factor for electrospun nanofiber fabrication can be
alleviated by the utilization of polyacrylonitrile (PAN) as a co-polymer in the composition [24].

In this study, we tested PPy/PAN/CNT electrospun nanofibers as a potential scaffold material
for skin tissue engineering applications. Though other polymer nanofibers have been tested as skin
scaffolds such as PVA [25], chitin [26], silk [27], chitosan-gelatin [28], PLAGA poly(lactic acid-co-
glicolic acid) [29], the applicability of conductive polymer nanocomposites were never studied
previously. Our results indicated that PPy/PAN/CNT nanofibers provided a suitable scaffold material
for keratinocyte growth.

2. Materials and Methods

2.1. Materials

To fabricate electrospun nanofibers PPy (Aldrich, Cat# 482552) was used with PAN (Aldrich, Cat#
181315) as a co-polymer to increase the solubility of PPy and N,N-dimethylformamide (DMF)
(Aldrich, Cat# D158550) was used as a solvent.

Immortalized keratinocyte (HaCaT) cells were grown in Dulbecco’s Modified Eagle Medium
(DMEM, GIBCO, Cat# 41966-029) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. HaCaTs were replated by first incubating with EDTA (BI, Cat# 03-015-1B)
for 20 min and then, 0.05% Trypsin/EDTA (BI, Cat# 03-053-1B) was applied to cells for 2 min at
5% COz and 37 °C incubator. HaCaT cells were maintained in 5% CO; and 37 °C conditions.

2.2 PAN/PPy uniform and composite nanofiber synthesis

In order to prepare electrospinning solution, 8 wt% PAN was dissolved in DMF until a clear solution
was obtained through mechanical stirring. Then, PPy was added to the PAN solution in DMF and
stirred for 72 h at 60 °C. For this study we prepared 10 and 25 wt% PPy of total polymer. For
composite nanofibers, 1 wt% CNT was added to PAN/PPy solution and dispersed by using ultrasonic
bath for 24 h.

Obtained solutions were filled in a 20 ml syringe connected to a high voltage for
electrospinning. For all samples 15 kV voltage was applied to the syringe and flow rate of solution
was kept at 1.5 ml/h. The distance between the syringe and collector was 30 cm and the fibers were
collected on 10 mm diameter cover slips which were fixed on Al foil for 1 hour. The polymer ratio
that was used in the solution kept constant after evaporation of solvent (DMF) under electrical field
and so it is the same ratio in the electrospun fibers. CNT incorporated PPy was prepared only for
10 wt% PPy, since solution containing 25 wt% PPy could not be electrospun when CNT was added
to the solution.

Morphology of nanofibers was characterized by scanning electron microscopy (SEM, FEI
Quanta-250FEG ESEM) at an acceleration voltage of 5 kV. Thermal behavior of nanofibers was
determined by thermogravimetric analysis (TGA, Perkin Elmer-Diamond TGA) in the temperature
range of 25-800 °C in air atmosphere at a heating rate of 10 °C/min.

Electrochemical measurements of the nanofibers were performed with cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) techniques. The same 3-electrode
electrochemical cell was utilized for both techniques including a graphite working electrode covered
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with our PAN/PPy nanofibers during electrospinning process, an Ag/AgCl reference electrode and a
Pt wire counter electrode. The electrolyte solution was 0.1 M HCI solution for CV and Fe[CN6]3-/4
solution for EIS.

2.3 Cell culture and seeding

The cover slips with electrospun nanofibers were sterilized at 200 °C for 2h and were then placed in
12-well tissue culture plates where 25,000 HaCaT cells/well were plated on fibers for experiments.

2.4 Characterization of cell morphology by SEM

After 1, 3 and 7 days of culture, morphology of cells were analyzed with SEM. Cells were washed
with phosphate-buffered saline (PBS) and then fixed with paraformaldehyde for 3-4 h at room
temperature. After PBS washes, cells were air dried. Dry cellular constructs were sputter coated with
gold and observed under the SEM at an accelerating voltage of 5 kV.

2.5 Immunostaining of keratinocytes

Cellular morphology of HaCaT on PAN/PPy electrospun nanofibers was investigated by
immunostaining of actin cytoskeleton with Alexa Fluor 488 Phalloidin. Cells were washed with 1X
PBS and then fixed with 4% paraformaldehyde (PFA) for 20 min, permeabilized with 0.1% Triton-
X 100 for 15 min and blocked with 5% bovine serum albumin (BSA) for 1 h at room temperature
(RT). Then, cells were incubated with a 1:200 dilution of Alexa Fluor 488 Phalloidin (Invitrogen,
Cat# A12379) and DAPI (1:200) (Sigma, Cat# D95242) for 45 min at RT in dark. After washing with
PBS, coverslips were dipped in distilled water, dried and mounted on glass slides. Staining was
verified under a fluorescence microscope (IX83, Olympus, Japan) with 40x objective and images
were taken with a CCD digital camera.

2.6 MTT assay

10,000 HaCaT cells were seeded onto PAN/PPy/CNT nanofibers in 12-well tissue culture plates
(n=4 per condition). Cells were incubated at 37 °C and 5% CO;. Medium was removed and 600 pl
10% MTT solution was added onto cells. After 4 hours of incubation, MTT mixture was removed
and 600 pl of DMSO was added. After solubilization of MTT crystals, absorbance was measured at
570, 650 and 670 nm with Thermo Scientific Multiskan Spectrum. MTT measurements were
performed at day 1, 3 and 7.

3. Results and Discussion
3.1 PAN/PPy nanofibers characterization

The morphology of electrospun PAN/PPy bicomponent nanofiber scaffolds were straight and
randomly oriented, no bead formation was observed on nanofibers (Figure 1). Increasing PPy content
resulted in an increase in solution conductivity and a decrease in solution viscosity, therefore
producing nanofibers with smaller diameters [30]. The average diameter of electrospun nanofibers
were 197 nm (Figure la) and 112 nm (Figure 1b) for 10 wt% and 25 wt% PPy concentration,
respectively.

The average fiber diameter for sample containing 10 wt% PPy and 1 wt% CNT was 97 nm
(Figure 1c). At low PPy concentration, surface morphology of nanofibers was smooth. Irregularities
were observed with increasing PPy content. PAN improved the poor solubility of PPy and therefore
the surface roughness of PPy fibers improved at low PPy concentrations [24]. CNT incorporation into
nanofibers provided smaller diameter nanofibers because of increasing solution conductivity. Kaur et
al. also observed decrease in nanofiber diameter for PAN/CNT nanofibers with addition of CNTs and
increasing CNT concentration in PAN solution [31]. Besides, our results showed that number of beads
increased due to agglomerated CNTs and the number of disordered nanofibers increased.
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Figure 1 SEM micrographs of electrospun PAN/PPy nanofibers containing (a) 10 wt%, (b) 25 wt%
PPy, (c) 10 wt% PPy with 1 wt% CNT. Scale bars 2um.

Based on TGA curves, all nanofibers exhibited a degradation step corresponded to the
removal of water in the temperature range of 50-130 °C. Majority of the weight loss for pure PAN
(0% PPy) nanofibers were observed at 310 and 500 °C (Figure 2.a). PAN/PPy nanofibers containing
10 wt% PPy showed nearly the same decomposition characteristics with neat PAN (0 wt% PPy)
nanofibers, even though the decomposition temperatures of pure PPy in air atmosphere were at 210
and 410 °C [24]. Decomposition of nanofibers containing low PPy concentration was higher than the
sample with high PPy concentration, due to easier phase degradation of PPy than PAN phase in air
environment [32]. Nanofibers containing 25 wt% PPy however, decomposed between the
decomposition temperatures of two polymers. In literature, PAN/PPy electrospun nanofibers were
synthesized with 5, 10,15,30 and 50 wt% PPy ratios and their TGA results were agree with our results
and indicated that 280 °C was an appropriate stabilization temperature for PAN/PPy bicomponent
nanofibers [24].

XRD observed patterns from PAN/PPy nanofibers displayed peaks that belong to (200) and
(020) crystal planes at 17.19° and 29.95°, respectively (Figure 2.b). (020) plane peak indicated the
difference in PAN conformation among the PAN samples; PAN nanofibers showed a peak at 20 angle
of 17.19° [33] while the cast PAN film and raw PAN powder gave peaks at 20 angle of 16.92° and
16.79°, respectively [34]. However, for neat PAN nanofibers, we did not observe any peaks at (200).
(200) and (020) plane peaks intensified with the increasing PPy content. At 25 wt% PPy
concentration, a small and broad peak was observed at 24° due to the amorphous structure of the PPy
due to the scattering of PPy from all over chains based on its amorphous structure [35, 36].

CV graphs of nanofibers containing 10 and 25 wt% PPy showed two oxidation waves at 0.2
and 0.7 V and one reduction wave approximately at 0.45 V (Figure 3). Output current, which is a
direct indicator of conductivity of PAN/PPy nanofibers increased with increasing PPy amount from
10 to 25 wt%. Addition of CNTs also improved the conductivity of the nanofibers and exhibited well
defined oxidation-reduction processes for PAN/PPy nanofibers. It indicated more effective ion
exclusion/incorporation during oxidation and reduction which was very important for actuation
properties of these nanofibers. Similar effects of CNT incorporation on polyaniline fibers
electrochemical properties was reported previously [37]. However, the highest output current was
observed for PAN/PPy nanofibers containing 25 wt% PPy. Thus, we can conclude that addition of
CNT and PPy into the nanofibers made them electrically conductive (Nanofiber synthesis with
25 wt% PPy including CNTs was tested, but this solution could not be electrospun due to very high
conductivity). CV results indicated that these nanofibrous scaffolds were electroactive and can be
used as an electrochemical actuator in acidic solutions. The impedance value of nanofibers calculated
from Nyquist plots were 1688 and 1066 ohm for PPy ratios of 10 and 25 respectively. CNT addition
decreased the impedance value from 1688 to 1481 ohm for the nanofibers containing 10 wt% PPy.
Low impedance value for CNT embedded PPy in film form was previously reported for PPy/CNT
films synthesized chemically and electrochemically [38]. Increasing PPy and CNT addition decreased
resistance and improved electrical properties of nanofibers. It indicated that highest recorded
conductivity was obtained for nanofibers containing 25 wt% PPy.



Journal of Biomimetics, Biomaterials and Biomedical Engineering Vol. 41 73

100 —25 wt% PPy
—10 WtPy
—0 wt % PPy
80 |
g 60 |-
z
(o))
)
= 40
20
0 2 (] " [ 2 [ "
0 200 400 600 800
Temperature (°C)
(a)
7000 —25 wt% PPy
— 10 wt% PPy
6000 —0 wt% PPy
5000
S
S 4000
2
2
IS 3000
=
2000
1000
O i i [ i i
10 20 30 40 50 60 70
2 Theta
(b)

Figure 2 (a) TGA thermograms (b) XRD scans of electrospun PAN/PPy nanofibers containing
0 wt%, 10 wt% and 25 wt% PPy.
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Figure 3 Cyclic voltammograms of electrospun PAN/PPy nanofibers containing 10 wt% and 25 wt%
PPy, and 10 wt% PPy with 1 wt% CNT.

3.2  PAN/PPy and PAN/PPy/CNT electrospun nanofibers as a keratinocyte scaffold
Morphology of keratinocytes (HaCaT) and their interaction with PAN/PPy nanofibrous scaffold were
observed during 7 days of growth using SEM (Figure 4). At the 1% day of culture, keratinocytes were
observed to be attached on PAN/PPy scaffolds. Cells were able to proliferate on these scaffolds and
formed colonies on 3™ and 7" days of culture (Figure 4 b and c). These suggested that keratinocytes
were able to adhere and proliferate on PAN/PPy scaffolds.

Our data indicated that with increasing PPy concentration, fiber diameter was reduced (Fig.
1). In Fig. 4d, 4e, 4f, SEM pictures of cells seeded on nanofibers containing 25 wt% PPy showed that
cells attached and spread on the fibers. It suggested that diameter of fibers did not influence the cell
attachment and proliferation. The cell morphology was similar to cells seeded on scaffold containing
lower PPy concentration. These suggested that PAN/PPy nanofibers interacted well with the skin
cells. Guetta-Terrier et al. studied diameter effect of electrospun PCL scaffold and indicated that
diameter range between 0.3 and 1.3 pm did not affect cell behavior [39]. However, in another study,
in a wide range of diameter from 2 to 170 um was investigated showing that diameter change
significantly affected migratory patterns of epithelial cells. Cells behavior on very thick fibers is very
similar to observed behavior on 2D scaffolds. Cell morphology was not affected by the incorporation
of CNTs (Fig. 4g, 4h, 41), even when they were in the proximity of formed beads [40].

Since SEM micrographs only reveal information about the cellular cortex, we tracked cellular
growth and the health of cellular processes on the nanofibers using light microscope. Keratinocytes
that were grown on the control surface showed a cuboidal morphology as expected (Figure 5), similar
to previous studies with HaCaT cells [41]. On the other hand, keratinocytes that were grown on
nanofibers were more elongated in fiber directions, similar to fibroblastic cells (Figure 5). Cells can
sense and adapt to mechanical loads in the form of either acceleration/displacement [42, 43] or
substrate stiffness [44]. Our results suggest that HaCaT cells preferred PAN/PPy fibers in early
culture compared to coverslip and they continued to proliferate in the vicinity of fibers, while cells
seeded on glass surface spread and covered the whole coverslip surface.
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PAN/PPy nanofibrous scaffold was found to be a three-dimensional cellular matrix. After 7
days of culture, keratinocytes started to migrate through the fibers and grow under layers of the fibers
[45]. It was seen from Fig. 6.c, it caused a significant change in shape of cells. Size of nuclei in fiber-
embedded keratinocytes appeared smaller compared to control cells. Their shapes were not circular
after 7 days of culture. This indicated that nanofibrous scaffold caused a morphological change.
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Figure 4 SEM images of skin cells seeded on electrospun PAN/PPy nanofibers containing 10 wt%
PPy after a) 1 day, b) 3 days, and c) 7 days of culture, 25 wt% PPy after keeping in cell culture for
d) 1 day, e) 3 days, f) 7 days, 10 wt% PPy and 1 wt% CNT after keeping in cell culture for g) 1 day,
h) 3 days, 1) 7 days. Scale bars 50 um.
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Figure S Fluorescence microscopy images of skin cells seeded on electrospun PAN/PPy nanofibers

(10 wt% PPy) after a) 1 day, c) 3 days, e) 7 days of culture and their glass control after b) 1 day d) 3
days f) 7 days of culture. Scale bars 20 pm.

Figure 6 Phase-contrast microscopy images of skin cells seeded on electrospun PAN/PPy nanofibers
(25 wt% PPy) after a) 1 day, b) 3 days, c) 7 days of culture. Scale bars 20 pm.

CNT were used to enhance the electrical conductivity and strength of polymeric scaffolds in
many studies [46-48] and it is found that they could provide cell attachment and proliferation as tissue
engineering scaffolds [48, 49]. Keratinocyte adaptation to CNT incorporated PAN/PPy nanofibers
were also tested. We observed that keratinocytes were able to adhere and slide in between the 1 wt%
CNT incorporated 10% wt PPy fiber mesh (Fig. 4g, 4h, 41).

Fluorescent micrographs revealed that in one week of culture keratinocytes reached to
confluency on coverslips in a 2D manner, while keratinocytes on CNT incorporated PPy showed a
tighter and 3D cellular organization as evidenced by phalloidin staining (Fig. 7). This behavior of
keratinocytes on PAN/PPy/CNT nanofibers also differed from their growth on PPy nanofibers
without CNT incorporation.
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Figure 7 Fluorescence microscopy images of keratinocytes seeded on electrospun PAN/PPy
nanofibers (10 wt% PPy) containing 1 wt% CNT after a) 1 day, b) 3 days, c) 7 days of culture and
their glass control after d) 1 day, e) 3 days, f) 7 days of culture. Scale bars 20 pm.

The viability of keratinocytes on fabricated nanofibers were examined for one week using
MTT assay (Fig. 8). Cells showed a tenfold increase during their 7 days on glass coverslip. A similar
increase (p>0.05) was observed for keratinocytes that were growing on CNT incorporated PPy,
suggesting that fibers even though affecting the morphology, accumulation and the structuring of
cells had not interfered with proliferation or showed any cytotoxicity. Our results showed that there
is a relationship between the conductivity of nanofibers and viability of keratinocytes. The highest
viability was observed for 25 wt% PPy while the lowest value was observed for 10 wt% PPy. These
values were inversely proportional with resistance values of nanofibers. It indicated that keratinocytes
viability were positively affected by electrical conductivity.
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Figure 8 MTT assay of keratinocytes seeded on PAN/PPy nanofibers containing 10 wt% PPy,
25 wt% PPy and 10 wt% PPy and 1 wt% CNT nanofibers after 1,3 and 7 days of culture.
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PPy is one of the most extensively investigated polymer for use as tissue engineering scaffolds
because of its biocompatibility and high conductivity and it was analyzed for growth of various cell
types. It was also examined for human keratinocytes in film form by Davidson et al. and PPy
composite films were found attractive candidates for keratinocytes because they were electrically
addressable with the potential to both direct and report on cell activity [50]. In this study, we presented
that electrospun PAN/PPy nanofibers enabled effective cell adhesion and proliferation for
keratinocytes with their 3D structure. PPy concentration altered the diameter of nanofibers where the
diameter of nanofibers decreased with increasing PPy content as reported in the literature [6, 51, 52].
Furthermore, the diameter of PAN/PPy nanofibers did not significantly affect the morphology of cells
in our study. However, it was reported that thinner electrospun PV A nanofibers led to a more rounded
keratinocyte morphology compared to the thicker nanofibers [25].

Our results are consistent with other investigations about electrospun nanofibrous scaffolds;
they are appropriate substrates for cell attachment and proliferation. 3D structure of electrospun
scaffolds provide larger surface area for cell growth and enhance the cell proliferation [53-55].
However, in literature, it was found that the shape of cells grown on electrospun nanofibrous scaffolds
showed some differences from the cell grown on 2D control surfaces [56]. Our results demonstrated
that shape of keratinocytes grown on PAN/PPy nanofibers were different from keratinocytes grown
on glass control surface. They were stuck among nanofibers with increasing culture time, therefore,
they were not circular after 7 days of culture and they were smaller than cells grown on glass.

5. Conclusion

Conductive PAN/PPy nanofibers were synthesized by electrospinning method and their
biocompatibility was investigated by utilizing them as keratinocyte scaffold. Two different PPy
concentrations were examined and straight and regular nanofibers were obtained. It was observed that
with increasing the amount of PPy, diameter of nanofibers reduced. Further, when CNT was
incorporated into PAN/PPy solution, beads were observed on the nanofibers and surface morphology
became irregular. Cell attachment and proliferation were investigated on these nanofibrous scaffolds.
It was found that the diameter of nanofibers did not influence the cellular morphology. However,
growing among nanofibers affected the morphology of cells, CNTs reinforced polymeric scaffolds
have not been examined yet for keratinocytes in the current literature. In this study, we indicated that
CNTs did not affect the biocompatibility of PAN/PPy nanofibers and adhesion and proliferation of
keratinocytes occurred on PAN/PPy/CNT scaffold. In the present study, conductive and
biocompatible PAN/PPy and PAN/PPy/CNT nanofibrous scaffolds were synthesized for
keratinocytes growth and it was found that these synthetic scaffolds could provide an appropriate
growth surface for these cells.
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