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Abstract

The aim of this study was to develop random and aligned polyacrilonitrile (PAN)/polypyrrole (PPy) nanofibrous scaffolds
by electrospinning technique for osteogenic differentiation of mesenchymal stem cells. Nanofibers were fabricated
successfully as straight, smooth, and free from bead formation. The average diameter of random and aligned nanofibers
was 268(+£49) nm and 225(£72) nm, respectively. Alignment process increased the tensile strength of nanofibers
3.9-fold, while the tensile strain of nanofibers decreased by 78%. PAN/PPy nanofibers were hydrophilic with the contact
angle value of about 32° and alignment did not affect the contact angle value. Random and aligned PAN/PPy nanofibers
were investigated as a scaffold material for osteogenic differentiation of DI ORL UVA mouse bone marrow mesen-
chymal stem cells. Cells were able to attach and grow on nanofibers confirmed by cell viability results. Stem cells that
were cultured with osteogenic induction were able to mineralize on electrospun nanofibers based on alizarin red and
Von Kossa dye staining. For aligned PPy nanofibers, mineralization occurred in the fiber alignment direction.
Consequently, PAN/PPy nanofibrous mats in both random and aligned forms would be potential candidates for bone

tissue engineering.
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Introduction

Tissue engineering is a fast-growing field, which utilizes
a combination of scaffolds, cells, and biologically active
molecules to improve or restore anatomical and physi-
ological functions.' Biological tissues are characterized
by their mechanical, chemical, and morphological prop-
erties that are mainly governed by extracellular matrix
(ECM) proteins of that tissue. The main goal of tissue
engineered scaffolds is to mimic the ECM for cells that
are aimed to be grown, and most scaffolds are fabricated
from polymers via various methods such as solvent cast-
ing and particulate leaching, melt molding, rapid proto-
typing, phase separation, and electrospinning.> Among
these methods, electrospinning provides nanofibers with
excellent interconnectivity,” and porosity for the inte-
gration of cells into the scaffold with an appropriate
pore size.* " Therefore, electrospun polymer nanofibers
became a frequently used tool in tissue engineering®® 1°
and drug delivery'''* applications.

Electrospun nanofibrous scaffolds can be engineered
to closely mimic the ECM based on their tunable

mechanical, chemical, degradative, and surface
properties.'> Various scaffold types for biomedical
applications spanning from nerve to bone tissue engi-
neering can be studied with electrospinning methodolo-
gy based on the versatility in its nature.” An important
aspect that governs the mechanical properties of various
tissues including skeletal muscle, nerve, and vasculature
is their anisotropic structure. These tissues show high
elasticity in the direction of their extracellular matrix
fibers alignment.'® The fabrication methodology of elec-
trospun nanofibers can easily be extended to align fibers
during the collection process leading to the formation of
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aligned structures that promote the growth of cells
neural, muscle, and spinal disc applications.'” "

Bone tissue is also known to be anisotropic.’*! It is
therefore not surprising that several studies investigat-
ed effects of aligned synthetic or natural polymer
electrospun fibers in bone tissue engineering applica-
tions.”> 2* In essence, aligned fibers enable bone cell
growth and alignment in the fiber directions.
However, to date none of these studies used a biocom-
patible conductive polymer. Finally, it is currently not
known whether aligned fibers also facilitate calcifica-
tion in the direction of alignment for bone cells.

For this study, we used polypyrrole (PPy), which is a
conductive polymer with known biocompatibility.?> '
PPy is nontoxic and thin films made of PPy support
attachment, adhesion, and the osteogenic differentia-
tion of mesenchymal stem cells as well.* Here, we
developed 3D polyacrylonitrile (PAN)/PPy scaffolds
by an electrospinning method and tested for osteogenic
differentiation of mesenchymal stem cells. It was
observed that these nanofibers supported attachment,
proliferation, and differentiation of mesenchymal stem
cells. In addition, nanofiber alignment governed the
direction of mineralization during osteogenesis, show-
ing that PAN/PPy conductive scaffold is a potential
candidate for bone tissue applications.

Materials and methods

PAN/PPy solutions preparation and electrospinning

In order to synthesize PAN/PPy scaffolds, electrospin-
ning method was used. We used PPy with PAN as a
co-polymer during electrospinning process as PAN
enhances the solubility of PPy.** In order to prepare
electrospinning solution, first 8 wt% PAN was dis-
solved in DMF until a clear solution was obtained by
mechanical stirring, then PPy was added to the solution
with 10 wt% concentration of the total polymer mass.
These PAN/PPy solutions were prepared with mechan-
ical stirring for minimum 72 h at 60°C.

Obtained solutions were loaded to a SmL syringe
connected to a high voltage of 15kV for the electro-
spinning process. Solution flow rate was kept at
1.5mL/h and the distance between the syringe and col-
lector was 20 cm. The fibers were collected on 10 mm
diameter coverslips, which were fixed on Al foil.
Random and aligned nanofibers were collected on a
drum collector with dimensions of 10cm in diameter
and 25cm in length. Rotation speed to synthesize
nanofibers was set to 250 r/min for random orientation
and 1000 r/min for aligned orientation.

Nanofibers characterization

The morphology and diameter of PAN/PPy nanofibers
were analyzed by scanning electron microscope (SEM)
(FEI QUANTA 250 FEG). Tensile tests of nanofibers
were carried out with a 5 kg load cell under 0.1 mm/s
test speed (TA.XT plus texture analyzer). For tensile
tests, sample dimensions were kept as 8§ mm x 60 mm.
The wettability of PAN/PPy electrospun nanofibers
was analyzed by water contact angle measurement
test (Attention-Theta analysis system). The droplet
size was 3 uL and at least five readings were taken for
each sample. To examine the changes in the molecular
orientation, random and aligned PAN/PPy nanofibers
were analyzed with Fourier-transform infrared spec-
troscopy (FT-IR) (Perkin Elmer) with a wire grid
polarizer with 4cm ™' resolution. In parallel/perpendic-
ular polarization, the direction of oscillating electric
field of the IR beam was parallel/perpendicular to the
alignment direction of nanofibers. Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy
(EIS) methods were utilized for -electrochemical
measurements of the PAN/PPy nanofibers. A three-
electrode electrochemical cell including a graphite
working electrode covered with the nanofibers during
electrospinning process, an Ag/AgCl reference elec-
trode and a Pt wire counter electrode was used for
both techniques. The electrolyte solution was 0.1 M
HCI solution for CV and Fe[CNG6]3-/4 solution for
EIS. The EIS graphs of the nanofibers were taken in
the frequency range of 0.01 Hz to 100 kHz.

Osteogenic differentiation of mesenchymal stem cells
on PAN/PPy nanofibrous scaffold

In this study, DI ORL UVA (ATCC) bone marrow
stem cells were used as a biological model.** PAN/PPy
nanofibers on coverslips were sterilized by incubation at
200°C for 3 h and then cells were seeded on nanofibers in
24-well cell culture plates at 500 cell/well density. Cells
were grown until day 7, 14, and 21 for morphological
assessment by SEM and viability assessment by MTT
assay. D1 ORL UVA mesenchymal stem cells were
either grown quiescent (DMEM +10% FBS+2%
Pen/Strep) or induced 50% and 100% osteogenic
medium. Two different osteogenic medium was tried
with different contents: first tried osteogenic media
was quiescent media + 10 nM B-glycerolphosphate and
50 pg/mL ascorbic acid®® and the second was quiescent
media + 10 nM B-glycerolphosphate 4 50 pg/mL ascor-
bic acid and 10 nM dexamethasone.

Characterization of cells

After 7, 14, and 21 days of culture, morphology of cells
were analyzed with SEM. Cells were washed with
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phosphate-buffered saline (PBS) and then fixed with
4% paraformaldehyde for 3—4 h at room temperature.
After fixation, cells were washed with PBS and ultra-
pure water and then air dried. Dry cellular constructs
were sputter coated with gold and observed under the
SEM at an accelerating voltage of 5kV.

Cell viability was determined by MTT (3—(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay. Culture medium was replaced with 10%
MTT solution containing medium and the plates were
incubated at 37°C, 5% CO, for 4h. During the
incubation, the active enzymes of the viable cells trans-
formed the yellow MTT into purple formazan crystals.
The top medium was then removed and DMSO was
added to each well to dissolve the formazan crystals.
The absorbance of the solution was measured at
570 nm and 650 nm (Thermo Multiskan).

Presence of calcified matrix on PAN/PPy electro-
spun nanofibers was detected with Alizarin red and
von Kossa staining at 21 days of quiescent or osteo-
genic culture of D1 ORL UVA cells. Cells were first
washed with 1 mL of PBS (x3) and then fixed with
500 uL of 10% neutral buffered formalin for 30 min.
Afterwards, cells were washed again (x2) with 1 mL of
deionized (DI) water and stained with 1 mL of Alizarin
red dye for 30min. After staining, cells were rinsed
(x2) with DI water, and washed in PBS for 15min to
remove nonspecific binding of dye. Micrographs of cal-
cified matrix were taken through the light field of an
inverted microscope (Olympus, 1X-83).

For von Kossa staining firstly cells were fixed with
4% PFA for 20 min. Subsequently, PBS was discarded
on the cells fixed in tissue culture plate and rinsed with
DI water. OnemL of a 1% silver nitrate solution was
added and the plate was placed under UV light in lam-
inar flow for 30 min. After incubation, cells were rinsed

in DI water several times. Then, to remove unreacted
silver 500 uL. of 5% sodium thiosulfate was put and
incubated for 5 min. Lastly, cells were rinsed with DI
water again and kept the water inside the wells until
observation under light microscope.

Statistics

All results were reported as mean + standard deviation.
Statistical comparisons were made by Student’s t-test
in excel.

Results and discussions

Alignment of nanofibers in electrospinning method
requires high rotation speed, usually 1000 r/min or
higher speeds.*®*” In this study, PAN/PPy nanofibers
were electrospun in different spinning velocities that
resulted in either random (with 250 r/min) or aligned
(1000 r/min) orientations (Figure 1). Physical compar-
ison of aligned and random nanofibers yields similar
fiber diameters (Table 1). Contact angle measurements
also displayed similar hydrophilicity (~32°) for both
PAN/PPy random and oriented setups (p <0.05), a
result that is clearly distinct from a pure PPy, which
is hydrophobic in nature (Table 1). Increased hydro-
philicity of polymers is essential for using them in tissue
culture applications, as cells tend to favor hydrophilic
surfaces for attachment, migration and growth.*®
Alignment of PAN/PPy nanofibers also affected bulk
mechanical properties by increasing tensile strength
3.9-fold (p<0.01), and decreasing tensile strain 78%
(p=0.01) (Table 1). Our results indicated that mechan-
ical properties of nanofiber scaffolds are highly depen-
dent on the orientation distribution of the nanofibers
and oriented scaffolds can resist high tensile loads on
the alignment axis relative to random scaffolds

Figure 1. SEM images of (a) random (b) aligned PAN/PPy nanofibers at 5 pm scale.
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Table I. Average diameter, tensile properties and contact angles of random and aligned PAN/PPy nanofibers

(NFs) containing 10 wt% PPy.

Average Tensile Tensile Contact
Nanofibers diameter (nm) strain (%) strength (MPa) angle (°)
Random NFs 268 (+49) 23.33 (£3.17) 9.34 (£1.3) 32817 (£1.54)
Aligned NFs 225 (£72) 5.15 (£1.87) 36.77 (£2.1) 32.005 (£1.24)
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Figure 2. Polarized FT-IR spectra (parallel (0°) and perpendic-
ular (90°) polarized IR spectra) of random and aligned PAN/
PPy nanofibers.

consistent with literature.>**' Mechanical strain has a
significant influence in growth and development of
osteoblasts and bone tissue**** and promotes matrix
mineralization of osteoblasts.***°

Polarized FT-IR spectra of the random and aligned
PAN/PPy nanofibers were performed for confirmation
of fiber alignment (Figure 2). The peaks at 1270cm ™'
and 1654cm ! are induced by C-N and C =N stretch-
ing, respectively. The peaks observed at 1454cm ™" and
2237cm ™! were the characteristics vibrations peaks of
PAN.* FT-IR results confirmed the PPy existence in
PAN solution. For random nanofibers, positions and
peak intensities of parallel and perpendicularly polar-
ized FT-IR spectra were the same indicating that there
was no specific molecular orientation in this sample.
When the IR beam was polarized parallel to the fiber
axis (green line), higher absorption was observed. The
intensities and peak positions were changed for parallel
and perpendicular directions. FT-IR spectroscopy
relays structural information on oriented and ordered
molecules. Molecular orientation occurring during var-
ious forming processes significantly affects mechanical
properties of polymers, therefore, to determine the
molecular mechanism of polymer deformation, the

measurement of this orientation is significant. For a
polymer sample, the differences in band intensities
between parallel and perpendicular polarized infrared
spectra demonstrate high degree of orientation of the
polymer chains while similar band intensities between
parallel and perpendicular polarized infrared spectra
mean random orientation with little order. The quan-
titative relationship between the preferred orientation
and fiber morphology was reported in literature.***’
The polarized FT-IR spectra of aligned PAN/PPy
nanofibers showed anisotropy, indicating that the poly-
mer chain in the fiber was stretched and aligned in the
fiber axis during electrospinning process.

PAN/PPy nanofibers cyclic voltammetry (CV)
results showed two oxidation peaks at 0.2 and 0.7 V
and two reduction peaks at 0.1 and 0.45 V (Figure 3).
CV results of the fibers indicated that these nanofibers
were electroactive and can be used as an electrochem-
ical actuator in acidic solutions. The electrode/electro-
lyte interfacial resistance of PAN/PPy as obtained
through Nyquist plots displayed semicircles with a
diameter at the intermediate frequency region repre-
senting the charge-transfer resistance of nanofibers
(Figure 3(b)). Average impedance value of the nano-
fibers calculated from Nyquist plots was 1245 Q. PPy
existence decreased the resistance value, and provided
conductive nanofibers.*® Porous structure of nanofibers
and the high affinity of PAN and PPy to the liquid
electrolyte contribute to low interfacial resistances.*’

SEM images illustrated randomly distributed DI
ORL UVA mesenchymal stem cells on two dimension-
al glass surface (Figure 4). D1 cells attached and spread
on glass in both growth medium (GM) and osteogenic
medium (OM). Consistent with the literature,®> DI
cells that were cultured in OM for 21 days showed
mineralization. D1 cells were able to attach randomly
oriented PAN/PPy nanofibers for both growth and
osteogenic conditions as evidenced by SEM images
(Figure 5). Cells formed intimate contact with multiple
fibers and displayed rough topography. D1 cells, that
normally form extremely packed colonies in the absence
of an ECM," initially formed distinct colonies but after
three weeks of culture, they covered the whole surface of
nanofibers and mineralization was observed for cells
that were grown in osteogenic conditions. D1 cells that
were cultured on aligned PAN/PPy nanofibers, depicted
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Figure 3. (a) Cyclic voltammogram and (b) electrochemical impedance spectroscopy measurement of PAN/PPy nanofibers.

Figure 4. SEM images of MSCs after culturing in growth medium (GM) and in osteogenic medium (OM) for 7, 14, and 2| days on

glass control coverslips. Scale bar is 50 um.
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Figure 5. SEM images of MSCs after culturing in growth medium and osteogenic medium for 7, 14, and 21 days on the random PAN/

PPy nanofibers (250 r/min). Scale bar is 50 pm.

Figure 6. SEM images of MSCs after culturing in growth medium and osteogenic medium for 7, 14, and 21 days on the aligned PAN/

PPy nanofibers (1000 r/min). Scale bar is 50 um.

a cellular morphology that aligned and elongated
in accordance with the fiber alignment direction
(Figure 6). This observation was valid for cells grown
in both quiescent and osteogenic conditions.

In order to understand the degradation behavior of
PAN/PPy nanofibers in culture conditions, both
random and aligned nanofibers were put into the
growth and osteogenic medium without inoculation
of cells for 21 days. SEM images of nanofibers

indicated that after 21 days, the morphology of fibers
did not appear to change (Figure 7, Table 2).
Viability results of the D1 ORL UVA mesenchymal
stem cells cultured on glass surface and PAN/PPy
nanofibers showed cells were able to attach and prolif-
erate on glass, randomly oriented and aligned PAN/
PPy fibers similarly during three weeks of cell culture
(Figure 8). Viability was similar for cells that were cul-
tured in growth and osteogenic conditions, suggesting
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Figure 7. SEM images of random nanofibers kept in (a) GM (b) OM, and aligned nanofibers kept in (c) GM, (d) OM after 21 days.

Table 2. Average fiber diameter for random and aligned nano-
fibers (NFs) after keeping in OM and GM for 21 days (without
cell seeding).

Random NFs Aligned NFs
Ave. diameter 268 (£49) 225 (£72)
Ave. diameter (GM) 262 (+40) 248 (+53)
Ave. diameter (OM) 283 (+67) 235 (£39)

GM: growth medium; OM: osteogenic medium.

that PAN/PPy nanofibers were nontoxic for osteo-
blasts and could be utilized as scaffold for osteogenic
differentiation of mesenchymal stem cells. These results
are consistent with previous studies, which showed that
D1 cells are as viable and active in 3D scaffolds as 2D
surfaces.” MTT results, although an indirect measure
of cell proliferation, concurred that PPy/PAN nano-
fiber scaffold was nontoxic, and cells were able to
attach and grow on the scaffold, compared to the base-
line values. The mineral deposition on PAN/PPy elec-
trospun nanofibrous scaffolds was confirmed using
Alizarin red staining after the 21 days of incubation
period. Results indicated that D1 ORL UVA mesen-
chymal stem cells cultured with both 50% dose (half-
dose) and 100% dose (full-dose) osteogenic media was
committed to osteogenesis, while cells in growth media

200 4

- -
o a
o o
L L

MTT signal (a.u.)

a
o
L

Day-1 Day-7 Day-14 Day-21
HGlass-GM = Random NFs-GM = Aligned NFs-GM
= Glass-OM ® Random NFs-OM ® Aligned NFs-OM

Figure 8. MTT assay of DI ORL UVA mesenchymal stem cells
on 2D glass surface or in PPy nanofiber scaffolds after I, 7, 14,
and 21| days of culture. r: randomly oriented; a: aligned; GM:
growth media; OM: osteogenic media.

did not show any mineral deposition (Figure 9).
However, mineral deposition observed in full-dose oste-
ogenic media was more distinct at the end of three weeks
compared to half-dose. Furthermore, oriented mineral
deposition was observed in scaffolds with aligned fibers,
while mineralization was randomly oriented in 2D glass
culture and nonoriented fiber scaffolds. While dexa-
methasone was induced for osteogenesis, mineral
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Figure 9. Alizarin red staining on random NFs, aligned NFs and
glass control for growth and (50% and 100%) osteogenic con-
ditions after 21 days. Scale bar is 200 um.

deposition increased for half-dose osteogenic media
compared to B-glycerolphosphate and ascorbic acid,
but there was not a significant advantage of dexameth-
asone in osteogenesis for full-dose. Alternative staining
using von Kossa method showed similar calcification
trends in control and experimental groups, consistent
with Alizarin red staining (Figure 10).

PPy electrospun nanofibers were utilized with
different co-polymers as tissue engineering scaffold.
PPy-coated silk fibroin nanofibers indicated high elec-
troactivity and they are used for human mesenchymal
stem cells and fibroblasts culture and the results
showed that silk fibroin nanofibers with their both
PPy-coated and uncoated forms supported these cells
attachment, spreading, and growth in vitro; however,
the bioactivity of PPy-coated nanofibers was found to
be low.>® PPy was also examined with poly(butylene
adipate-co-terephthalate) (PBAT) to obtain electrically
conductive electrospun nanofibers and these PBAT/
PPy nanofibers were found to be a good candidate
for bone tissue engineering.”> PAN was also tried
with PPy before; however, PAN and PPy were not
blended together as done in our study, but rather
PAN nanofibers were synthesized with electrospinning
and then coated with PPy. These PPy-coated PAN

Glass

Random NFs

Aligned NFs

Growth

50% Osteo.

Osteo.

50% Osteo.
(Dexa.)

Osteo
(Dexa.)

Figure 10. von Kossa staining after on random NFs, aligned NFs
and glass control for growth and (50% and 100%) osteogenic
conditions 21 days. Scale bar is 100 pm.

nanofibers were utilized as conductive scaffolds, in
which nanofibers supported cell viability and the elec-
trical stimulations improved the proliferation and
accelerated neural maturation.>* PAN/PPy electrospun
nanofibers were also examined for keratinocyte culture
in our previous study and their biocompatibility and
suitability for keratinocytes growth were demonstrat-
ed.*® However, this study is the first report on blended
PAN/PPy nanofibers to be used for bone tissue
engineering.

Similar to our application, chitosan based electro-
spun nanofibrous scaffolds were also studied for
osteoblast-like cells.>> While the majority of observed
osteoblast-like cells were in spindle morphology, the
cells were expanded on nanofibrous scaffold relatively
better compared to osteoblast-like cells grown on con-
trol chitosan film. PLLA/PCL/hydroxyapatite (HAP)
electrospun nanofibers were another scaffold tested
for the mouse calvaria-derived pre-osteoblastic cells
(MC3T3-El). This scaffold exhibited a good attach-
ment and proliferation of osteoblasts and differentia-
tion was also facilitated with this scaffold.’*>” PVA
thin layer was deposited on electrospun nylon 6
hybrid nanofibers by a hydrothermal process were
found to be very effective for bone tissue
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regeneration.” Gelatin electrospun fibrous scaffolds
also supported adhesion and proliferation of osteo-
blasts and osteo-differentiation of mesenchymal stem
cell.’ Cross-linked boron-nitride-reinforced gelatin
electrospun scaffold was examined for human bone
cells and showed nontoxic and biodegradable behav-
jor.®” It is confirmed that PAN/PPy is a suitable to
use as a bone tissue engineering scaffold with its min-
eralization ability. Generally, many polymeric materi-
als including natural and synthetic polymers in their
fiber form have been developed for bone tissue engi-
neering.! However, the crucial thing is to find a scaffold
supporting the adhesion, proliferation and differentia-
tion of mesenchymal stem cells for bone tissue engi-
neering. In this study, PAN/PPy nanofibers as a new
material for osteogenic differentiation of mesenchymal
stem cells with their random and aligned forms sup-
ported osteogenic differentiation of mesenchymal
stem cells and indicated good viability for osteoblasts.
Therefore PAN/PPy nanofibers may find a suitable
application in bone tissue engineering era such as in
the repair of bone defects, periosteum and
reconstruction.®!-%?

Scaffold mechanical properties and cell—ell interac-
tion are two significant parameters that regulate oste-
ogenic differentiation of mesenchymal stem cells.®* Our
results also suggested that mechanical properties of the
scaffold played a major role in cell viability as cell via-
bility on aligned nanofibers, which indicated higher
strength, were higher than random nanofibers.

Conclusions

We investigated random and aligned PAN/PPy nano-
fibers as scaffold for osteogenic differentiation of mes-
enchymal stem cells. These electrospun nanofibers were
found to be biocompatible for osteoblast growth and
supported differentiation of mesenchymal stem cells.
Cell attachment and proliferation were observed for
mesenchymal stem cells and their differentiated form.
The cells on random nanofibers showed a tendency of
creating groups and getting together on the randomly
oriented nanofibrous scaffold, whereas the cells
appeared to align and elongate in the major fiber direc-
tion when they were seeded on aligned nanofibers.
Alignment of nanofibers allowed to obtain an aniso-
tropic cellular structure. MTT assay indicated that
PAN/PPy nanofibers were non-toxic and Alizarin red
and Von Kossa assays showed that osteogenesis was
induced on mesenchymal stem cells osteogenesis on
these nanofibers.
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