Mol Neurobiol (2016) 53:4798-4808
DOI 10.1007/s12035-015-9410-0

@ CrossMark

The Differentiation of Human Endometrial Stem Cells
into Neuron-Like Cells on Electrospun PAN-Derived Carbon
Nanofibers with Random and Aligned Topographies

Esmaeil Mirzaei'?
Hossein Ghanbari' - Reza Faridi-Majidi'

- Jafar Ai® - Somayeh Ebrahimi-Barough? - Javad Verdi* -

Received: 23 July 2015 / Accepted: 23 August 2015 /Published online: 3 September 2015

© Springer Science+Business Media New York 2015

Abstract Electrospun carbon nanofibers (CNFs) have great
potential for applications in neural tissue regeneration due to
their electrical conductivity, biocompatibility, and morpholog-
ical similarity to natural extracellular matrix. In this study, we
cultured human endometrial stem cells (hEnSCs) on
electrospun CNFs with random and aligned topographies
and demonstrated that hEnSCs could attach, proliferate, and
differentiate into neural cells on both random and aligned
CNFs. However, the proliferation, differentiation, and mor-
phology of cells were affected by CNF morphology. Under
the proliferative condition, hEnSCs showed lower prolifera-
tion on aligned CNFs than on random CNFs and on tissue
culture plate (TCP) control. When cultured on aligned CNFs
in neural induction media, hEnSCs showed significant upreg-
ulation of neuronal markers, NF-H and Tuj-1, and downregu-
lation of neural progenitor marker (nestin) compared to that on
random CNFs and on TCP. In contrast, hEnSCs showed
higher expression of nestin and slight upregulation of oligo-
dendrocyte marker (OLIG-2) on random CNFs compared to
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that on aligned CNFs and on TCP. SEM imaging revealed that
differentiated cells extended along the CNF main axis on
aligned CNFs but stretched multidirectionally on random
CNFs. These findings suggest electrospun CNFs as proper
substrate for stem cell differentiation into specific neural cells.

Keywords Electrospun carbon nanofibers - Surface
topography - Human endometrial stem cell - Differentiation -
Neuron-like cells

Introduction

Central nervous system (CNS) pathologies such as
Alzheimer’s, Parkinson’s, stroke, heat stress, brain trauma,
and spinal cord trauma are associated with neuron loss or
dysfunction in CNS and affect a large percentage of the
world’s population. The number of people suffering from neu-
ronal disorders is growing with the increasing of age and pop-
ulation of the world. Neuronal regeneration of CNS is chal-
lenging due to the complexity of native CNS tissue and func-
tion. Solutions to recover neurological function are still need-
ed for all CNS injuries [1-3].

As a new approach, neural tissue engineering holds great
promise for neural tissue regeneration. This emerging interdis-
ciplinary field provides novel and improved biological sub-
strates and scaffolds that can restore, maintain, or improve
neural tissue functions [3]. Among a variety of constructs used
for neural tissue engineering, nanostructures, because of their
similarity to natural neural tissues (such as nanostructured
extracellular matrices), have rapid expansion applications in
neuroscience [4, 5].

Recently, among the variety of available nanomaterials,
carbon-based nanostructures such as carbon nanotubes
(CNTs) and carbon nanofibers (CNFs) have attracted great
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interest in neural tissue regeneration applications due to their
electrical conductivity, excellent mechanical properties, struc-
tural similarity to natural neural tissue components, and bio-
compatibility with neural tissue [2, 1, 6]. In this concept,
CNTs/CNFs have been used as substrates/scaffolds for
supporting neural cell adhesion, promoting cell growth, en-
hancing neuritis orientation, neuritis outgrowth and
branching, and promoting differentiation of stem cells to spe-
cific neural cell lineage as well [7-11]. For example, Mattson
et al. demonstrated that embryonic rat-brain neurons can ad-
here and extend neuritis on unmodified CNTs and CNTs coat-
ed with the bioactive molecule 4-hydroxynonenal [12]. It has
also been reported that CNTs are able to improve neural signal
transfer while supporting dendrite elongation and cell adhe-
sion [13]. Increase in the efficacy of neural signal transmission
was attributed to the specific properties of CNT materials,
such as the high electrical conductivity. CNTs had also shown
the ability to modulate differentiation of stem cells into neural
cells [14, 15, 11]. It is well known that the interaction between
stem cells and extracellular microenvironment is critical in
controlling stem cell differentiation [16, 17].

The CNTs and CNFs that are commonly used in neurological
applications are fabricated mostly by techniques including elec-
tric arc, laser ablation, and chemical vapor deposition (CVD) [2,
5]. These techniques produce CNTs/CNFs mostly as powder or
as a layer deposited on a surface such as glass. To be used as
substrate/scaffold suitable for tissue regeneration goals, such
CNTs/CNFs need to be deposited on a surface [18, 19, 9, 12]
or be composited or grafted with other materials mostly poly-
mers [14, 20]. On the other hand, so-called CNTs/CNFs contain
a substantial fraction of metal catalyst which may cause toxicity
which further limits their biological applications [5].

As anew class of carbon nanostructure, electrospun carbon
nanofibers, which have excellent electrical and mechanical
properties along with similarity to natural extracellular matrix,
provide possible candidates for neural tissue repair applica-
tions [21]. Electrospinning, a simple and rapidly developing
technique, provides a straightforward approach to produce
continuous (long) fibers with diameters ranging from submi-
crons to nanometers from diversity of polymers. Electrospun
nanofibers have structural features similar to natural extracel-
lular matrix and have been widely used as tissue engineering
scaffold [22]. Subsequently, carbon nanofibers (CNFs) can be
obtained from polymeric precursor nanofibers mainly from
polyacrylonitrile (PAN) nanofibers through a heat treatment
process of electrospun nanofibers. PAN-based fibers have
been found to be the most suitable precursors for producing
high-performance carbon fibers (compared to pitch, rayon,
etc.) generally because of its higher melting point and greater
carbon yield (>50 % of the original precursor mass) [23].

In contrast to CNTs/CNFs produced by CVD or other afore-
mentioned methods, electrospun CNFs have integrated network
structure and hence can be used as substrate/scaffold for neural

tissue engineering with no need to be deposited on a substrate
or be composited or grafted with a polymer. Furthermore, the
diameter and surface morphology of electrospun CNFs can be
easily controlled by controlling electrospinning of precursor
polymer. On the other hand, toxic metal catalyst is not used in
the synthesizing process of electrospun CNFs. Despite these
advantages and favorable features of electrospun CNFs, there
are a few studies on application of electrospun CNFs for neural
tissue engineering applications. In first attempt in this field, Jain
et al. investigated the cytocompatibility of electrospun CNFs
using neuroblastoma and Schwann cells. Their results demon-
strated good biocompatibility of the PAN-derived electrospun
carbon nanofibers with nerve-tissue-specific cell types. A great-
er cell adhesion and proliferation of neuroblastomas cells on
electrospun carbon nanofibers than on flat carbon films were
also reported. They suggested that the electrospun carbon
nanofibrous scaffolds can be used as a suitable biomaterial sub-
strate in the context of their applications as artificial nerve im-
plants [24]. In another study to address the cytotoxicity and cell
fate processes of neural cells from the perspective of neural
tissue engineering applications, Jain et al. investigated in vitro
cytocompatibility of PAN-derived continuous carbon nanofi-
bers. This study also suggested that electrospun carbon nanofi-
bers are not cytotoxic in vitro and do not significantly induce
apoptosis of Schwann cells but, in fact, even facilitate their
proliferation and growth [25].

On the other hand, using proper cell along with substrate is
critical for neural tissue regeneration. Among different cells
used for neural tissue regeneration, human endometrial stem
cells (hEnSCs) showed many advantages to be used as cell
source in neural regenerative applications. hEnSCs are
multipotent stem cells with the ability to differentiate into a
number of cell lineages especially to neuron cells [26-29].

We investigated the proliferation and neuronal differentia-
tion of hEnSCs on electrospun PAN-derived carbon nanofibers.
PAN was first electrospun to form precursor polymeric nanofi-
bers with random and aligned topographies. The nanofibers
were then heat-treated to form carbon nanofibers. The differen-
tiation of hEnSCs on random and aligned CNFs under neuronal
induction medium was investigated by evaluating expression
of neuron-specific markers at messenger RNA (mRNA) and
protein levels by real-time PCR and immunocytochemistry,
respectively. The morphology and proliferation of hEnSCs on
electrospun CNFs were also investigated by SEM imaging and
total lactate dehydrogenase (LDH) activity assay, respectively.

Experimental
Preparation of PAN Nanofibers

Polyacrylonitrile (PAN, average molecular weight (MW)=80,
000 g/mol, Polyacryl, Iran) solution was prepared by
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dissolving PAN in N,N-dimethylformamide/acetone (9:1vA)
at 70 °C under magnetic stirrer to obtain 10.0 wt% solution as
spinning solution. The electrospinning process was carried
out using an electrospinning equipment (Electroris, FNM,
Tehran, Iran). The spinning solution was kept in a standard
5-ml syringe that was connected to an 18-gauge stainless steel
needle with inner diameter of 0.8 mm. The needle was con-
nected to a positive high-voltage power supply. An aluminum
foil was wrapped on the Electroris grounded rotating drum as
collector and was located at the distance of 12.0 cm from the
needle. The electrospinning was carried out by applying a
high voltage of 13.0 kV between the needle and the rotating
collector with diameter of 13 cm. The speed of drum was set at
400 and 2500 rpm to produce random and aligned nanofibers,
respectively. The spinning processes were performed at 35 °C
under room humidity.

Stabilization and Carbonization of PAN Nanofibers

The electrospun PAN nanofibrous mats with thickness of 90—
100 um were peeled from the aluminum foil and was heat-
treated to produce carbon nanofibers. Stabilization and car-
bonization of PAN electrospun mats were done in a tube fur-
nace (Azar, TF5/25-1720, Iran). Stabilization was performed
in air at 290 °C with heating rate of 1 °C/min and holding at
290 °C for 3 h. The stabilized nanofibers were then carbonized
at 1000 °C under high-purity nitrogen atmosphere (N,
99.9999 %, Air Products). The samples were heated at the rate
of 5 °C/min and kept for 30 min at 1000 °C [30].

Characterization of Nanofibers

Size and morphology of electrospun nanofibers were exam-
ined by scanning electron microscope (Philips, XL 30) after
sputter coating with gold.

X-ray diffraction (XRD) was performed to investigate the
crystalline structure of electrospun carbon nanofibers. XRD
pattern of electrospun carbon mats was obtained from a
PANalytical X’pert diffractometer using Cu K« radiation
(A=0.1540598 nm) as the source.

Raman spectroscopy was performed using a SENTERRA
(BRUKER, Germany) spectrometer using the 785-nm laser
diodes and power of 25 mW under ambient conditions with
a charge-coupled device (CCD) detector. The spectral resolu-
tion was <3 cm ' and confocal depth resolution was 2 pm.

Human Endometrial Stem Cell Isolation and Culture

Human endometrial stem cells (hEnSCs) were isolated and
purified from human endometrial tissue according to the pre-
viously described protocol [31]. Briefly, human endometrial
tissue from healthy women was obtained in accordance with
the Tehran University of Medical Sciences ethic committee.
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The tissue was digested in Hank’s balanced salt solution
(HBSS; Sigma, USA, H-6136) containing collagenase type I
(1 mg/ml, Sigma-Aldrich) at 37 °C for 60 min. The resulting
cell suspensions were neutralized with Dulbecco’s modified
Eagle’s medium/F12 (DMEM/F12) medium (Gibco) contain-
ing 10 % fetal bovine serum (FBS; Gibco) and passed through
a 70-um sieve (BD Biosciences, USA, 93070). The cell sus-
pensions were centrifuged, and the pellet of stromal cells was
then suspended in a medium consisting of DMEM/F12 con-
taining 10 % FBS and 1 % penicillin/streptomycin (50 U/ml
penicillin and 50 U/ml streptomycin; P/S; Sigma-Aldrich).
The media were changed every 3 days. Human EnSCs at the
passage 3 after identification were used for the experiments.

Cytotoxicity and Proliferation of hEnSCs on CNFs

The cytotoxicity of CNFs and the proliferation of hREnSCs on
electrospun CNF mats were determined using lactate dehydro-
genase (LDH) assay kit (LDH Cytotoxicity Detection
Kit™ S, Roche). The assays were done at three different in-
cubation times as 24, 48, and 72 h for cytotoxicity assay and 1,
3, and 6 days for proliferation test. Electrospun CNFs were
first punched circularly and put on the bottom of the 96-well
plates so that the entire surface of the well was covered. After
sterilization with 70 % ethanol for 2 h, the mats were washed
with phosphate-buffered saline (PBS, pH=7.4) several times.
For cytotoxicity assay, a number of 10,000 cells were seeded
on the triplicates of carbon mats and tissue culture plate
(TCP), as a control, in 100 pl of DMEM/F12 medium supple-
mented with 1 % FBS and 1 % antibiotic (50 U/ml penicillin
and 50 U/ml streptomycin), and then the plate was incubated
for various incubation time frames. It should be noted that
culture medium was replaced with fresh medium after each
24 h for cytotoxicity tests of 48 and 72 h. For example for 48-h
cytotoxicity test, the medium was replaced with fresh medium
after first 24-h incubation, and for 72-h cytotoxicity test, the
medium was replaced with fresh medium after 14 and 48 h.

For proliferation assay, a number of 5000 cells/well were
seeded in 100 pl of DMEM/F12 medium supplemented with
10 % FBS and 1 % antibiotic, and then the plate was incubated
at 37 °C in a CO, incubator (5 % CO2 and 90 % humidity) for
various incubation time frames. For proliferation test, the su-
pernatant medium was removed, and after washing with PBS,
the cells were lysed with the lysis solution (5 /100 pl culture
medium) after each incubation time, and the total LDH re-
leased activity was measured for all samples (experiment
and control).

The cytotoxicity and proliferation were determined accord-
ing to the procedure described by the manufacturer. The kit
measures LDH activity released from the cytosol of damaged/
lysed cells based on colorimetric assay. The amount of en-
zyme activity detected in the culture supernatant corresponded
to the proportion of lysed cells.
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Cytotoxicity and proliferation were determined according
to the following Eqgs. 1 and 2, respectively:

) exp. value—low control
Cytot, = 100 1
yrotoxity (%) hig control—low control . (1)

Low control determines the LDH activity released from the
untreated cells. Here low control was the cells cultured on
TCP.

High control determines the maximum releasable LDH ac-
tivity in the cells. Here the high control was the cells cultured
on TCP and were lysed by adding lysis reagent of the kit at the
end of each culture period.

The results are given as relative values to the negative
control in percent, whereas negative control (TCP) is set to
be 0 % cytotoxic:

exp. value

Proliferation (%) = x 100 (2)

control value
Control for proliferation test was TCP.
The results of proliferation are given as relative values to
the control (TCP) in percent, whereas the proliferation of cells
on control is set to 100 %.

Differentiation of hEnSCs into Neuron-Like Cells
on CNFs and TCP

To investigate the differentiation of hEnSCs on aligned
and random electrospun CNFs, the carbon mats were first
punched into the size of a well of a 48-well plate and then
putted on the bottom of the wells. Mats were sterilized
with ethanol 70 % (v/v) for 2 h and washed with PBS
(pH=7.4) and DMEM/F12 medium several times to re-
move any residual ethanol. To induce neuronal differenti-
ation, hEnSCs were seeded at 7000 cells/well on carbon
mats and TCP. The cells were first incubated with
DMEM/F12 medium supplemented with 10 % FBS,
100 U/ml penicillin, and 1 mg/ml streptomycin for 24 h.
Differentiation of cells was induced by exposing them to a
preinduction medium composed of DMEM/F12 (1:1),
20 % FBS, 2 % B27, 10 ng/ml fibroblast growth factor
2 (FGF2), 250 uM isobutylmethylxanthin, and 100 uM 2-
metcaptoethanol and incubating them for 24 h at 37 °C
and 5 % CO, to induce differentiation of cells to
neuroepitheliom [26]. The treated cells were then cultured
in induction media containing DMEM/F12 (1:1), 1 %
B27, and 1 uM retinoic acid (RA) for 1 week. Then, the
induced media were replaced with a medium composed of
DMEM/F12 (1:1), 0.2 % B27, 100 ng/ml glial-cell-
derived neurotrophic factor (GDNF), and 100 ng/ml
brain-derived neurotrophic factor (BDNF), and 1 uM
RA for another 1 week. As negative control, hEnSCs

were cultured on TCP in the DMEM/F12 (1:1) supple-
mented with 10 % FBS for 15 days.

Immunocytochemistry

The hEnSCs grown on aligned and random carbon nanofibers
and TCP under neuronal induction media for 15 days were
investigated by immunocytochemistry of neural-specific
markers including nestin, neurofilament 200-kDa subunit
(NF-H), p-tubulin IIT (Tuj-1), glial fibrillary acidic protein
(GFAP), and oligodendrocyte transcription factor (OLIG2).
For immunofluorescence staining, the cells were fixed in
4 % paraformaldehyde for 1 h at room temperature, washed
with PBS, and then permeabilized with 0.2 % Triton X-100 in
PBS for 30 min at room temperature. The cells were blocked
for 30 min at room temperature with 5 % bovine serum albu-
min (BSA) and incubated with primary antibodies against
nestin (neural progenitor marker, mouse monoclonal antihu-
man, abcam 22035, 1/200), NF-H (neuronal marker, mouse
monoclonal antihuman; abcam 7795, 1/200), beta-tubulin I1I
(neuronal marker, mouse monoclonal antithuman; abcam7751,
1:500), GFAP (astrocyte marker, mouse monoclonal antihu-
man; abcam 4648, 1:200), and OLIG-2 (oligodendrocyte
marker, goat polyclonal antihuman, Santa Cruz 19966,
1:200) diluted in 5 % BSA in PBS overnight. Secondary an-
tibodies included Alexa Fluor 488 donkey anti-mouse
(Invitrogen A-21202, 1:500) or Alexa Fluor 488 donkey
anti-goat (Invitrogen A-11055, 1:500) or Alexa Fluor 594
donkey anti-mouse (Invitrogen A-21203, 1:700), and the nu-
clei were counterstained with 4’,6-diamidino-2-phenylindole
dihydrochloride (DAPI, Sigma-Aldrich,). A counterpart con-
trol treated with secondary antibody (lack of primary antibod-
ies) was considered for each sample to be sure that the ob-
served fluorescence of the differentiated cells is not autofluo-
rescence. The immunofluorescence microscopy was per-
formed using an OPTIKA fluorescence microscope.

Quantitative Real-Time PCR

The messenger RNA (mRNA) expression patterns of neu-
ronal markers were analyzed by quantitative real-time PCR
in treatment groups. Total RNA was extracted using EZ-10
Spin Column Total RNA Minipreps Super Kit (BIO
BASIC INC). Complementary DNA (cDNA) synthesis
from 1 pg of RNA was performed by PrimeScript™™ first
strand cDNA Synthesis Kit (TaKaRa). Quantitative real-
time PCR reactions were carried out on StepOne™ Real-
Time PCR machine (Applied Biosysytems) using primers
listed in Table 1. cDNA was used for 40-cycle PCR using
SYBR® Premix Ex Taq ™ II (Tli RNaseH Plus) (TaKaRa).
Each reaction was repeated three times and relative fold
change expression was quantified using the ddCt method.
All Ct values calculated from the target genes were
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Table 1  Primers used for real-time RT-PCR

Gene Primer sequence (5'-3") Annealing (°C)

Nestin F CAGAGGGAAGGAGATGAGTC 56
R TGAGATGGAGCAGGCAAGAG

NF-H F CGACATTGCCTCCTACCAG 53
R CCGACACTCTTCACCTTCC

TUJ 1 F CAATTTCATCTTTGGTCAGAGTGG 54
R TAGGTCTCATCCGTGTTCTCC

OLIG-2 F GGCAGTGGCTTCAAGTCATC 54
R TCACCAGTCGCTTCATCTCC

GFAP F CCCAGCAACTCCAACTAACAAG 55
R TCTCCTTCCTCCTCATTCTAACG

GAPDH F TCGCCAGCCGAGCCA 55

R CCTTGACGGTGCCATGGAAT

normalized to GAPDH and calibrated using calculation
from the undifferentiated human EnSCs as control group
for analysis.

Statistical Analysis

All the data are presented as mean+standard deviation (SD).
The data of cytotoxicity and proliferation assays were ana-
lyzed using one-sample ¢ test, and differences from the control
for each sample (random CNFs or Aligned CNFs) were con-
sidered statistically significant at p value <0.05. Analysis of
variance (ANOVA) was used to compare the means in real-
time PCR analysis, and a value of p<0.05 was considered
statistically significant.

Fig. 1 SEM images of a random
PAN nanofibers, b aligned PAN
nanofibers, ¢ random carbon
nanofibers (CNFs), and d aligned
carbon nanofibers. Red arrows
show fusions between adjacent
nanofibers in CNFs. Images were
taken at x10,000 magnifications
(Color figure online)

PAN NFs

hAccV  Spot Magn  Det WD
E200kv 28 10000x SE 112

Carbon NFs
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Results
Characterization of Electrospun Carbon Nanofibers

Electrospun carbon nanofibers were obtained after carboniza-
tion of PAN nanofibers as the precursor polymer. Size and
morphology of the electrospun PAN and carbon nanofibers
were studied using SEM images. Figure 1 represents the
SEM images of random and aligned PAN nanofibers and their
counterpart carbon nanofibers (Fig. 1a—d). The PAN nanofi-
bers were shown to be straight and continuous without any
beads in the structure (Fig 1a, b). The average diameter of
PAN nanofibers was 174+31 and 165+20 nm for random
and aligned fibers, respectively. As shown in Fig. 1d, the
electrospun carbon nanofibers prepared in this study had rea-
sonably good alignment for aligned nanofibers. In comparison
with the SEM micrograph of PAN nanofibers, some structural
deformations were observed for carbon nanofibers. In this
case, some fusions between adjacent individual nanofibers
(shown with arrows in Fig. lc, d) were observed.
Additionally, noticeable changes in the nanofiber diameter
could be noticed after the carbonization step. The diameters
were reduced to 154+25 and 145+27 nm for random and
aligned carbon nanofibers, respectively.

The Raman spectrum and XRD pattern of electrospun
CNFs are shown in Fig. 2. Raman spectroscopy is a valuable
tool for studying the structural properties of carbonaceous
materials. The characteristic D and G bands of CNFs appeared
at 1313 and 1600 cm ', respectively (Fig 2a). The G band is

Aligned
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Fig. 2 Raman spectrum (a) and XRD pattern (b) of electrospun carbon nanofibers

related to the in-plane stretching vibration of the sp® carbon
bonds within the ordered graphitic layers of fibers while the D
band is related to the defects in the graphene structure or due
to the edges present in the graphitic structure [32, 33]. The
ratio of the integrated intensity of the D and G peaks (R=Ip/
1) were calculated after Gaussian—Lorentzian mixed peak
fitting of Raman spectrum. The R value of prepared carbon
nanofibers was 0.95, which indicates some disorders in the
carbon nanofibers. According to literature, more highly or-
dered carbon nanofibers have lower R values [34, 35].

XRD analysis was carried out to investigate crystalline
structures in the prepared carbon nanofibers. The XRD pattern
of electrospun CNFs is shown in Fig. 2b. The diffraction peak
centered at the 20 value of 25.15° is attributed to the crystal-
lographic plane of (002) in graphite crystallites [35].
Additionally, a broad peak around 20 value of 44°, corre-
sponding to (100) layers, could be attributed to the graphite
basal plane [36]. The average interplanar spacing, d(oo2), and
crystallite size parameter, L., were determined from XRD
spectra using the “Bragg equation” and the “Scherrer equa-
tion,” as shown in Egs. 3 and 4, respectively [35]:

A
d(002) = 2sinf (3)
0.91\
L. = 4
¢ Bcosh “)

where “0” is the scattering angle, “A” is the wavelength of the
X-ray used, and “P” is the width at half-maximum intensity
(FWHM) of the (002) peak in radians. The prepared carbon-
ized PAN nanofibers had the “L.” and “d(o)” values of
0.99 nm and 3.54 A, respectively. The crystal size parameter
was consistent with the reported values for 1000 °C carbon-
ized electrospun PAN nanofibers [35]. The dgo,) value of
3.54 A in the prepared carbonized PAN nanofibers is larger
than the d(g02) value for graphite crystals (3.35 A for highly
oriented pyrolytic graphite (HOPG)) which is probably due to

the presence of H, O, and N, and the presence of sp3 bonds in
the prepared CNFs [34]. The larger d(o2) spacing indicates
less ordered graphitic structures in the prepared carbon nano-
fibers than on HOPG.

Cytotoxicity and Proliferation of hEnSCs on Electrospun
CNFs

In order to determine the cytotoxic effects of electrospun car-
bon nanofibers on hEnSCs, LDH assays were carried out by
measuring the activity of released LDH from damaged cells
with a spectrophotometer. The amount of LDH in cell super-
natant is directly proportional to the number of cells with
damaged membranes. As is shown in Fig. 3, aligned CNFs
did not show any significant cytotoxicity difference, when
compared to control (tissue culture plate, TCP), independent

10 *

N *

= g |

.y *

O

4 6 4

6 1

=

s} m Aligned CNFs
2 Random CNFs
0

24 h 48h 72h

Culture period

Fig. 3 Determination of cytotoxic effects of aligned and random
electrospun carbon nanofibers (CNFs) on human endometrial stem
(hEnSCs) measured by lactate dehydrogenase (LDH) assay. hEnSCs
seeded on CNFs with a density of 10,000 cells/well in a 96-well plate
and incubated for 24, 48, and 72 h. Data represented as mean+SD, n=5.
The results are given as relative values to the negative control (tissue
culture plate, TCP) in percent, whereas negative control is set to be 0 %
cytotoxic. Asterisk indicates significant difference compared to control
(TCP)
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of the incubation period. However, random CNFs showed
significant cytotoxic effect on hEnSCs in all cell culture pe-
riods (p<0.05). However, the cytotoxic effects of random
CNFs were less than 10 % even after 72-h culture period.
These results indicated proper cytocompatibility of
electrospun carbon nanofibers with hEnSCs.

To investigate hEnSC proliferation on electrospun carbon
nanofibers, the activity of total LDH was measured after com-
plete cell lysis. Higher LDH activity is related to the higher
number of cells on CNFs or on TCP. The results of cell pro-
liferation on random and aligned CNFs are shown in Fig. 4.
The results showed that both aligned and random CNFs re-
duced the proliferation of hEnSCs after 6 days of cell culture
in comparison with the control (TCP). However, the effect of
aligned CNFs were more considerable than that of the random
CNFs. Random CNFs did not show any statistically signifi-
cant difference in hEnSC proliferation after 1 and 3 days of
culture period (p<0.05). However, the proliferation of
hEnSCs on random CNFs after 6 days of cell culture was
93 % of the control (»p<0.05). Aligned CNFs were more ef-
fective in reducing hEnSC proliferation. The proliferation of
hEnSCs on aligned CNFs was 88 % and 76 % of the control
after 3 and 6 days of culture period, respectively (with p<0.05
with respect to the control).

Immunocytochemistry of Differentiated hEnSCs
on Electrospun CNFs

Human EnSCs were seeded on random and aligned CNFs and
were treated with the neuron induction medium for 15 days.
Immunocytochemistry of neural markers was carried out to

120

100 - *
o
& 3o | *
c I
0
@ 60 W Control (TCP)
o]
= w Aligned CNFs
9 40
a = Random CNFs

20

0 -
1day 3 days 6 days

Culture period

Fig.4 Proliferation of human endometrial stem (hEnSCs) on aligned and
random carbon nanofibers (CNFs) in proliferative medium measured by
total lactate dehydrogenase (LDH) activity assay. hEnSCs seeded on
CNFs with a density of 5000 cells/well in a 96-well plate and incubated
for 1, 3, and 6 days. LDH activity was measured after cell lysis. Data
represented as mean+SD, n=5. The results are given as relative values to
the control (tissue culture plate, TCP) in percent, whereas the proliferation
of cells on control is set to 100 %. Asterisk indicates significant difference
compared to control (TCP)

@ Springer

investigate the differentiation of hEnSCs. Immunofluorescence
staining was performed to characterize the expression of nestin
(neural stem/progenitor cell marker), NF-H (neuronal marker),
Tuj-1 (neuronal marker), Olig-2 (oligodendrocyte marker), and
GFAP (astrocyte marker). The immunofluorescence images of
differentiated hEnSCs on CNFs and on TCPs in comparison
with negative control are shown in Fig. 5. The immunocyto-
chemistry showed the expression of the immature neuronal
marker (nestin) by some hEnSCs seeded on random CNFs
and TCPs after 15-days treatment in neuronal induction media.
As Fig. 5 clearly shows, the number of cells, which expressed
nestin marker, was higher on random CNFs than those on
aligned CNFs and TCPs. The differentiated cells were also
found to express the neuronal proteins, NF-H and Tuj-1, on both
CNFs and on TCPs after 15-day treatment in neuronal induction
media. The NF-H- and Tuj-1-positive cells on aligned CNFs
elongated along a preferred axis while NF-H- and Tuj-1-
positive cells on random CNFs and TCPs oriented in several
directions. Immunostaining of the hEnSCs seeded on random
CNFs, aligned CNFs, and TCPs after 15-day treatment in neu-
ronal induction media was negative for GFAP and Olig-2 (data
not shown).

Quantitative Real-Time PCR

Quantitative real-time PCR was performed in order to inves-
tigate neural marker expression in mRNA level, quantitative-
ly. The results for hEnSCs seeded on CNFs and on TCPs and
treated in neuronal induction media for 15 days are shown in
Fig. 6. This figure indicates that the differentiation of hEnSCs
cultured on CNFs was significantly different from that on the
TCPs. The cells cultured on random CNFs showed significant
higher expression of nestin compared to those cultured on
aligned CNFs and TCPs. On random CNFs, there was a 3-
fold increase in the expression of nestin in comparison with
aligned CNFs and 1.5-fold increase in comparison with TCP
(»<0.05). The lowest expression of nestin was observed for
aligned CNFs. On the other hand, hEnSCs cultured on aligned
CNFs yielded the highest expression of neuronal markers,
NF-H and Tuj-1, when compared to the TCP and random
CNFs. Cells, cultured on aligned CNFs, demonstrated 1.7-
fold and 1.4-fold increase in NF-H expression when compared
to random CNFs and TCP, respectively (p<0.05). Similarly,
the expression of Tuj-1 in the aligned CNFs was 2.6 times
higher than that in the random CNFs and 1.6 times higher than
that in the TCPs. In contrast, the oligodendrocyte marker ex-
pression in random CNFs was significantly higher than those
in the aligned CNFs and TCP. There was no difference in the
expression of astrocyte marker (GFAP) in all groups. These
results implied that the microenvironment of aligned CNFs
encouraged the development of neurons. While, random
CNFs kept the cells in neural progenitor state and slightly
encouraged oligodendrocyte development.
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Aligned CNFs Random CNFs

100pm
4 -

Nestin/DAPI

NF-H/DAPI

TUJ 1/DAPI

Fig. 5 Immunofluorescence staining of differentiated human
endometrial stem cells (hEnSCs) on random CNFs, aligned CNFs, and
tissue culture plate (TCP) after 15-day induction in neuronal medium.
Cells were stained for neural markers including nestin, NF-H, and Tuj-

SEM Morphology of Differentiated Cells on Carbon
Substrates

The morphology of hEnSCs which were cultured on aligned
and random CNFs after 15 days of treatment in neuronal in-
duction media was investigated by SEM images. The SEM
images of differentiated cells on aligned and random CNFs
with different magnifications are shown in Fig. 7. According

Relative fold change
(o4

Fig. 6 Quantitative mRNA expression of neural markers in differentiated
human endometrial stem (hEnSCs) on random CNFs, aligned CNFs, and
TCP after 15-day induction in neuronal medium. The expression levels of
each gene were normalized to GAPDH and calibrated using calculation

Control

1, and nuclei (blue) were stained using DAPI. Negative control was cells
cultured on TCP in hEnSC normal media without neuronal induction
factors (Color figure online)

to this figure, cells were able to adhere to and spread on both
random and align fibers. However, apparent changes in cell
morphology were observed for cells cultured on aligned CNFs
in comparison with cells on random CNFs. The cells cultured
on aligned CNFs aligned along the main axis of the fibers
(Fig 7a), while the cells cultured on random CNFs did not
show any specific orientation (Fig 7d). Most cells cultured
on aligned CNFs were long with a big round cell body and

m Aligned CNFs
Random CNFs

mTCP
# Control
- - =L
GFAP

from the undifferentiated human EnSCs as control group for analysis.
Data represented as mean+SD, n=3. Asterisk indicates significant
difference
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Aligned CNFs

Random CNFs

Fig.7 Scanning electron microscopy images of human endometrial stem
(hEnSCs) on carbon nanofibers (CNFs) after 15-day induction in
neuronal medium at different magnifications; a, b, ¢ cells on aligned

two long processes (Fig. 7a—c), while cells cultured on random
CNFs were flatted round shaped and they extended in several
directions (Fig. 7d—f). SEM images also illustrated the excel-
lent adhesion and integration of differentiated EnSCs with
both aligned and random CNFs (Fig. 7c, f).

Discussion

Electrospun CNFs can be considered as promising substrate
for neural tissue regeneration, due to their electrical conduc-
tivity, structural integrity, simple patterning, and similarity to
ECM. The biocompatibility of electrospun CNFs with neural-
specific cells has been demonstrated in previous studies [24,
25]. In the present study, we investigated the proliferation and
differentiation of hEnSCs on electrospun PAN-derived CNFs.
PAN was used as polymeric precursor due to its suitability for
producing high-performance carbon fibers (compared to
pitch, rayon, etc.). PAN has higher melting point and greater
carbon yield (>50 % of the original precursor mass).

Because of the easy availability of hEnSCs, their differen-
tiation to functional neurons would be of interest to field of
cell therapy [27]. Nevertheless, controlling cell proliferation
and differentiation into specific neural cell lineage is still chal-
lenging. In addition to biochemical cues such as retinoic acid,
physical cues such as surface topography are also important in
differentiation of stem cells into specific neural cell lineages
[37, 38, 26].

@ Springer

f cells on random CNFs with x2000, x3000, and x7500 magnification,
respectively

In the present study, the effects of electrospun CNF surface
topography have also been investigated on hEnSC differenti-
ation. Our results demonstrated that hEnSCs could attach,
proliferate, and differentiate on electrospun CNFs. The sur-
face topography of electrospun CNFs was also effective on
hEnSC proliferation, morphology, and differentiation to neu-
ral cells. Aligned CNFs reduced the proliferation of hEnSCs
compared to TCP and random CNFs. Aligned CNFs also
induced a significant upregulation of neuronal markers, NF-
H and Tuj-1, compared to random CNFs and TCP, hence
suggesting the induction into neuronal lineage. In contrast,
random CNFs maintained hEnSCs in neuronal progenitor
state (indicated by higher expression of nestin) and upregulat-
ed the oligodendrocyte marker (oilg-2) in comparison with
aligned CNFs and TCPs. The morphology of differentiated
hEnSCs was also different on random and aligned CNFs.
When the hEnSCs were cultured on aligned CNFs in neuronal
induction media, the cells remarkably aligned and elongated
along the direction of the CNFs main axis. However, the cells
on random CNFs were not oriented in a particular direction.
These findings established the importance of electrospun CNF
nanotopographical cues on the neuronal differentiation of
hEnSCs.

The significant effects of aligned nanotopography on en-
hancing stem cell differentiation into neuron-like cells have
been previously demonstrated [38, 37]. Yim et al. demonstrat-
ed that aligned poly(dimethylsiloxan) (PDMS) nanogratings
(350-nm width) significantly upregulated neuronal markers of
human mesenchymal stem cells (hMSCs) compared to
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unpatterned and micropatterned controls. They showed that
the hMSCs also aligned and elongated along the nanograting
axis [37]. The changes in hMSC neuronal marker expression
were correlated with the elongation of cytoskeleton and nu-
clei. They suggested that aligned nanotopography induces
neuronal differentiation of stem cells via changing stem cell
morphology [37].

In another study, Lim et al. demonstrated that aligned
polycaprolactone (PCL) nanofibers encourage neuronal dif-
ferentiation of adult neural stem cells (ANSCs) upon induc-
tion of differentiation with retinoic acid compared to cells on
random fiber or unpatterned surfaces. They also observed that
ANSCs, which were cultured on aligned fibers, elongated
along the major fiber axis [38]. It was demonstrated that
aligned morphology was effective in upregulating canonical
Wnt signaling pathway, which is crucial for neurogenesis in
both embryonic and adult neural precursor cells [39]. Aligned
nanofibers also had selectivity for neural cells. Aligned fibers
were less receptive to the attachment and survival of oligo-
dendrocytes compared to random fibers or unpatterned sub-
strates. Substrate-induced elongation via upregulating canon-
ical Wnt signaling and cell selectivity of aligned fibers was
suggested as mechanisms to describe morphological control
of stem cells fate [38].

Our results showed that aligned CNFs apparently changed
the morphology of hEnSCs compared to random nanofibers.
The hEnSCs cultured on aligned CNFs elongated along the
fibers main axis (Figs. 5, 6, and 7). This biomechanical re-
sponse may be transmitted to the nucleus through
cytoskeletal-linked signaling pathways [38]. This may be a
reason for enhancing neuronal differentiation of hEnSCS on
aligned CNFs.

The proliferation of hEnSCs cultured on electrospun CNFs
was also affected by CNF morphology. The proliferation of
hEnSCs cultured on aligned CNFs was significantly less than
that on random CNFs and on TCP after 3 and 6 days of cell
culture in hEnSC proliferating medium (Fig. 4). The lower
proliferation of hMSCs on nanopatterned PDMS compared
to that on the unpatterned surfaces was also reported in Yim
et al. study [37]. The upregulation of neuronal marker on
aligned surface may be a result of reduced proliferation on
aligned CNFs.

Moreover, conductivity of electrospun CNFs gives them
additional advantage for regulating stem cell differentiation
to neural cells in comparison with polymeric substrates.
Electrical stimulation can be easily applied in the direction
of CNFs axis to regulate stem cell behavior. It has been dem-
onstrated that electrical stimulation can strongly influence
stem cells to assume a neuronal fate [40]. This feature of
electrospun CNFs along with their topographic effect on
hEnSC elongation, proliferation, and differentiation suggest
that this type of CNFs is a proper substrate for enhanced con-
trolling of stem cell neuronal differentiation.

Conclusion

Differentiation of hEnSCs was investigated on electrospun
carbon nanofibers with random and aligned topographies.
Electrospun CNFs showed good biocompatibility with
hEnSCs. The proliferation, morphology, and differentiation
of hEnSCs were dependent on CNF topography. The aligned
CNFs enhanced the differentiation of hEnSCs into neurons
and also directed the cell growth along the fibers’ axis. On
the other hand, random CNFs kept the cells on neural progen-
itor state and slightly encouraged differentiation into oligo-
dendrocyte. These findings suggest that electrospun CNFs
are proper substrates for regulating stem cell differentiation
into specific neural cell lineage for neural tissue regenerative
applications.
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