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Abstract Cell transplantation strategies have provided poten-
tial therapeutic approaches for treatment of neurodegenerative
diseases. Mesenchymal stem cells from Wharton’s jelly
(WIMSCs) are abundant and available adult stem cells with
low immunological incompatibility, which could be considered
for cell replacement therapy in the future. However, MSC trans-
plantation without any induction or support material causes
poor control of cell viability and differentiation. In this study,
we investigated the effect of the nanoscaffolds on WIMSCs
differentiation into motor neuronal lineages in the presence of
retinoic acid (RA) and sonic hedgehog (Shh). Surface proper-
ties of scaffolds have been shown to significantly influence cell
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behaviors such as adhesion, proliferation, and differentiation.
Therefore, polycaprolactone (PCL) nanofibers were construct-
ed via electrospinning, surface modified by plasma treatment,
and grafted by collagen. Characterization of the scaffolds by
means of ATR-FTIR, contact angel, and Bradford proved
grafting of the collagen on the surface of the scaffolds.
WIMSCs were seeded on nanofibrous and tissue culture plate
(TCP) and viability of WIMSCs were measured by MTT assay
and then induced to differentiate into motor neuron-like cells
for 15 days. Differentiated cells were evaluated morphologi-
cally, and real-time PCR and immunocytochemistry methods
were done to evaluate expression of motor neuron-like cell
markers in mRNA and protein levels. Our results showed that
obtained cells could express motor neuron biomarkers at both
RNA and protein levels, but the survival and differentiation of
WIMSCs into motor neuron-like cells on the PCL/collagen
scaffold were higher than cultured cells in the TCP and PCL
groups. Taken together, WIMSCs are an attractive stem cell
source for inducing into motor neurons in vitro especially
when grown on nanostructural scaffolds and PCL/collagen
scaffolds can provide a suitable, three-dimensional situation
for neuronal survival and differentiation that suggest their
potential application towards nerve regeneration.

Keywords Wharton’s Jelly-derived mesenchymal stem cell -
Motor neuron differentiation - Nanofibrous scaffolds

Introduction

Spinal cord injury (SCI) often leads to cell death and axonal
degeneration resulting in functional motor and sensory loss
[1]. In many cases, spinal cord is unable to regenerate or repair
its functions following pathological trauma or disease [2—4].
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Furthermore, current therapies are minimally effective and
unable to restore lost function, thereby highlighting the need
for new innovative therapies. Cell transplantation strategies
are potential therapeutic approaches for treatment of neurode-
generative diseases to replace the damaged and lost cells
after SCI [5-7]. Unfortunately, transplanted cells have low
survival rate and much tendency to differentiate into either
astrocytes or oligodendrocytes [8, 9]. Stem cell therapy
can be complemented by fabrication of optimal scaffolds
that can promote cell survival and differentiation towards
specific neuronal lineages needed for effective spinal cord
repair [10]. Design and fabrication of scaffolds using ap-
propriate biomaterials for neural tissue engineering is crit-
ical for the creation of functional engineered tissues [11].
A variety of natural and synthetic polymers such as
polycaprolactone (PCL) [12], poly(L-lactide-co-glycolide)
(PLGA) [13], collagen [14, 15], and gelatin [16] have
been investigated in a variety of studies for the fabrication
of scaffolds for nerve tissue regeneration and to determine
their supporting capacity of neuronal differentiation for a
wide range of cell types.

PCL has good mechanical properties, biodegradability, and
biocompatibility, which has been shown to be suitable for
constructing scaffold for differentiation of stem cells to differ-
ent types of cells [12, 17, 18]. In addition, the ability of PCL to
support neural cells in vitro and in vivo has demonstrated
previously [19-21]. However, hydrophobic feature of PCL
is known as an adverse feature for cell attachment [22]. Sur-
face plasma treatment and immobilization of scaffold with
protein such as collagen are effective methods that have
shown to improve surface characteristics such as hydrophilic-
ity, cell attachment, expansion, proliferation, and infiltration
[23-26]. In the present study, natural and synthetic polymers
have been used to fabricate a near-perfect scaffold suitable for
motor neuron differentiation. Among different methods for
scaffold construction, electrospinning has drawn attention
for neural repair because it is an easy, cost-effective technique
and provides a proper matrix with high surface area to volume
ratio and fiber diameters in the range of nanometer with suf-
ficient pores to encourage mesenchymal stem cells (MSCs)
adhesion, proliferation, and differentiation [27-29]. Intrigu-
ingly, inducing stem cells to differentiate into neural cells
without any differentiation inducer on nanomaterial scaffolds
have been reported [30]. Moreover, the interaction between
cells and nanomaterial plays an important role, especially in
controlling the stem cell differentiation procedure. Therefore,
it can be concluded that different physicochemical properties
of electrospun nanofibrous such as morphology, fiber diame-
ter, and orientation may affect the quality of this interaction
and in turn influence stem cells fate [31]. In the present study,
we manipulated the electrospinning parameters to fabricate
ideal nanofibrous scaffold of PCL for neural tissue engineer-
ing application, and following this pattern, collagen I was
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grafted to the surface of nanofibers. On the other hand, MSCs
have become one of the most interesting cells for neural tissue
engineering since these cells present high plasticity, prolifera-
tive, and differentiation capacity for treatment of neurodegen-
erative diseases [32, 33]. Notably, MSCs derived from
Wharton’s jelly region of umbilical cord (WJMSC) represents
an interesting alternate source for MSCs. WIMSCs have
many advantages, such as, potentially available in large quan-
tities, easily harvested and manipulated with no harm to the
baby or mother, prolonged stemness properties in vitro up
to 9-10 passages, limited number of ethical issues to be
dealt, and most important are not tumorigenic. Interestingly,
these cells express immunoprivileged and immunomodula-
tory phenotype, allowing for an allogeneic cell therapy
source [34-37]. Furthermore, it is well established that
WIMSC have capacity to differentiate into dopaminergic
neuron and is the best candidate for regenerative SCI due
to having high proliferation and differentiation capacity into
neural cells [38].

The aim of this study was to determine the effect of the
nanofibrous scaffolds on WIMSCs differentiation into motor
neuronal lineage. WIMSCs were induced to differentiate into
motor neuron-like cells by using different signaling molecules
and neurotrophic factors in vitro on scaffolds and tissue
culture plate (TCP). Differentiated neurons were then char-
acterized morphologically and for the expression of motor
neuron markers was investigated using quantitative reverse
transcription PCR and immunocytochemistry for PCL,
PCL/collagen, and TCP groups.

Material and Methods
Materials

PCL (Mw 80,000) and collagen type I was obtained
from Sigma-Aldrich, USA. Dichloromethane (DCM),
N,N-dimethylformamide (DMF), 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), and N-hydroxysuccinimide(NHS) was obtained
from Merck, Germany. Dulbecco’s modified Eagle’s
medium/Nutrient Mixture F12 (DMEM/F12), trypsin/
EDTA, and B27 was obtained from GIBCO Invitrogen,
USA. Collagenase type I, paraformaldehyde (PFA), fetal
bovine serum (FBS), penicillin/streptomycin, fibroblast growth
factor (FGF2), glial cell-derived neurotrophic factor (GDNF),
brain-derived neurotrophic factor (BDNF), and other chemicals,
including isobutylmethylxanthine, 2-metcaptoethanol, sonic
hedgehog (Shh), and retinoid acid (RA), were bought from
Sigma-Aldrich, USA. Antibodies were obtained from
Abcam, USA. RNeasy Plus Mini Kit was purchased from
Qiagen, USA, and RevertAid First Strand cDNA Synthesis
Kit was purchased from Fermentas, USA.
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Methods

Fabrication and Modification in Solvent Ratio to Produce
an Optimal Nanofibers

To obtain steady state condition for uniform, beadless, and
well-defined fiber diameter for neural differentiation, PCL
was electrospun using different ratios of binary solvent while
all other electrospinning parameters were constant. PCL
(10 % w/v) was dissolved in different ratio of DCM/DMF
and stirred for 24 h at room temperature. Polymer solutions
were fed to the needle tip using a syringe pump at a flow rate
of 1.3 mL/h with an applied voltage of 15 kV. Prior to char-
acterization and used for cell culture studies, the nanofibrous
scaffolds was placed within a vacuum chamber for 48 h, to
remove residual organic solvent. The morphology of nanofi-
bers was characterized using a scanning electron microscope
(SEM; Philips XL.30, Netherland) at an accelerating voltage of
15 kV after specimens were coated with gold using a sputter
coater. The fiber diameter was determined from SEM images
by measuring 50 different locations for each sample using
Imagel] analysis software (National Institutes of Health, USA).

Surface Modification and Collagen Immobilization

Surface modification of the optimal PCL scaffolds was per-
formed in two stages: (1) plasma treatment and (2) collagen
grafting. Before air plasma treatment, PCL nanofibers were
rinsed with ethanol 70 % and distilled water. Surface plasma
treatment was performed by low frequency plasma generator
of 40 kHz frequency at 30 w with a cylindrical quartz reactor
(Diener Electronics). Pure oxygen was introduced into the
reaction chamber at 0.4 mbar, and then the glow discharge
was applied for 5 min. Plasma-treated scaffolds were
immersed in EDC/NHS solution (5 mg/ml) for 12 h.
The nanofibers were then immersed in collagen solution
(1 mg/ml) at 4 °C overnight.

Characterization of Collagen-Coated Fibers

To study the wettability of the nanofibers surface before and
after surface treatment, water contact angle was measured by
the sessile drop method with an optical bench-type contact
angle goniometer (OCA Dataphysics model, Germany). Five
samples were used for each test. The average value was re-
ported with standard deviation (SD). Surface chemical modi-
fications after plasma treatment and collagen grafting were
investigated by attenuated total reflection Fourier transform
infrared (ATR-FTIR, Bomem MB100, Canada). The amount
of collagen-coated on PCL nanofibers was measured by the
Bradford protein assay method. Briefly, the collagen-coated
PCL nanofibers was immersed in 0.1 ml PBS together
with 2-ml working reagent at room temperature for 2 h,

and then the absorbance at 595 nm was measured. The
collagen concentration was calculated from the collagen
standard curve. To obtain a standard curve for collagen,
several collagen solutions with defined concentrations were
prepared and exposed to Bradford reagent according to
above protocol and their absorbances at 595 nm were read
and finally plotted versus concentrations.

Isolation and Culture of Mesenchymal Stem Cells
from Wharton's Jelly

Umbilical cord was obtained from Shariati hospital (Tehran
University of Medical Sciences) after filling consent forms.
After being rinsed in PBS, the tissue was dissected into 3—
5 cm pieces. In order to decrease possibility of contamination
with endothelial cells, the vessels were removed from all
pieces. Wharton’s jelly fragments were then incubated in me-
dia containing DMEM: F12, 10 % FBS, 1 % penicillin/
streptomycin and 1 % collagenase type I at 37 °C for 3 h.
Incubation with dispase enzyme was performed to assess
more digested tissues. Cell pellets were obtained after
centrifuging tissue pieces at 1500 rpm for 5 min at 4 °C. After
discarding the liquid, the pellet was suspended in culture me-
dium containing DMEM: F12 (1:1), 10 % FBS, 1 %
penicillin/streptomycin and maintained at 37 °C in a 5 %
CO2 incubator. After 3 days, any non-adherent cells were
removed, and the medium was renewed daily until cells
reached 80 % confluency. MSCs derived from Wharton’s jelly
were characterized using flow cytometry for cell surface
markers including CD105, CD90, CD73, CD45, and CD34.

Cell Seeding on Scaffolds

Electrospun nanofibrous scaffolds were exposed to UV radia-
tion for 2 h, washed three times with PBS and incubated with
DMEM/F12 for 24 h before cell seeding. After the cells
reached 85-90 % confluency, they detached by adding 1 ml
of 0.25 % trypsin containing 0.1 % EDTA and keeping for
5 min to create a single cell suspension. Then, 5x10* cells
were dropped onto the top of the scaffold and incubated in
DMEM/F12 for 2 h to allow cells to attach on the surface of
the scaffold. Fresh medium was then added for further
incubation.

Assessment of Cell Attachment and Morphology of WIMSCs
on Scaffolds

Morphological study of the in vitro cultured WIMSCs cells
after 5 days post seeding on PCL, PCL/collagen nanofibrous
scaffolds were performed by using SEM. The scaffolds fixed
with 2.5 % glutaraldehyde for 1 h, followed by washing with
PBS and dehydrated in series of sequentially increasing con-
centration of ethanol solutions (30, 50, 70, 80, 90, and 100 %)
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at 37 °C for 10 min per concentration. Finally cell-containing
scaffolds were sputter coated with gold and then observed
under SEM.

Cell Viability and Proliferation Assay

Scaffolds were seeded with human WJMSCs and cultured
in DMEM/F12 for 1, 3, and 5 days. After fixation, a mor-
phological evaluation of cell attachment was measured by
4',6-diamidino-2-phenylindole (DAPI) staining. Viability
and proliferation of the cells were performed with 3-(4,5-
dimethylthiazoyl-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Briefly, 5x10* WIMSCs were loaded on
nanofibers and TCP and let them to grow with complete
media inside 96 well-plates for 1, 3, and 5 days. The media
was then replaced with MTT dye (0.05 mg/ml) and incu-
bated at 37 °C for 4 h. After removing MTT, DMSO was
added to the wells and shacked for 15 min in dark place.
The absorbance of the content of each well was measured
at 570 nm using a spectrophotometric plate reader (Expert
96, Asys Hitch, Ec Austria). The experiment was repeated
three times and the results were presented as means+SD.

Motor Neuron-Like Cells Induction of WIMSCs on TCP
and Scaffolds

For motor neuron induction, WIMSCs were exposed to cock-
tail of induction agent. Approximately, 2x 10> WIMSCs were
seeded on both the scaffolds and TCP and let them to grow for
24 h in previously defined media. Before treatment with the
induction medium, the cells were pre-treated with
DMEM:F12 (1:1), 20 % FBS, 2 % B27, 10 ng/ml FGF2,
250 uM isobutylmethylxanthine, 100 uM 2-metcaptoethanol
and incubate for 24 h at 37 °C and 5 % CO,. In order to initiate
motor neuron induction, the cells further induce with induc-
tion medium containing DMEM: F12 (1:1), 0.2 % B27,
100 ng/ml of Shh, and 0.01 ng/ml RA for 1 week. Then,
induced media was replaced with media composed of
DMEM: F12 (1:1), 0.2 % B27, 100 ng/ml GDNF, and
200 ng/ml BDNF and let them grow under this condition for
1 week (Liging et al. 2011). After 15 days post induction, the
differentiated cells were characterized for motor neuron bio-
markers with immunocytochemistry and qRT-PCR.

RNA Isolation and Real-Time RT-PCR for Gene Expression
Analysis

Total RNA was extracted from WIMSCs and differentiated
cells following RNeasy Mini Kit protocol. Complementary
DNA (cDNA) synthesis was then performed for 1 pg RNA
by RevertAid First Strand cDNA Synthesis Kit. Designing of
primers to analyze the expression of Nestin, Pax-6, NF-H,
Islet-1, Chat, and HB9 (markers of differentiation) and GAPD
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H (internal control) genes was carried out by NCBI and gene
runner software. The sequence of primers and annealing tem-
perature has been shown in Table 1. Real-time PCR was per-
formed (Corbet research, Rotor gene 5000) on 1 pg of cDNA,
mixed with 10 pl of SYBR green, 300 nM of forward and
reverse primers, and up to 20 pl of ddH20. All the reactions
were done as triplicate. Real-time PCR results were further
analyzed using AACT equation.

Immunocytochemistry

After removal of the medium, the cells seeded in 24-well plate
were fixed with 4 % PFA for 30 min at room temperature. The
cells were then permeabilized with 0.2 % Triton X-100 for
30 min; the cells were blocked using blocking buffer contain-
ing 5 % bovine serum albumin (BSA) in PBS and incubated
overnight at 4 °C with following primary antibodies: NF-H
(SMI-32) (1:200), Chat (1:200), and Islet-1 (1:200) diluted in
5 % BSA in PBS overnight. Secondary antibodies included
Alexa Fluor 594 donkey anti-mouse (1:700) and Alexa Fluor
498 donkey anti-mouse (1:500); the nuclei were counter-
stained with DAPI. For negative controls, only the secondary
antibodies were used. No specific positive staining was de-
tected in either case. Cells were examined by fluorescence
microscope (Olympus BX51, Japan). All immunocytochemi-
cal experiments were repeated three times as independent ex-
periments. The positively stained cells were counted in ten
random fields (x200), and the ratio of the positive cells was
calculated by dividing the number of positive cells over the
total number of cells and was expressed as percentage, and
three independent experiments were performed.

Statistical Analysis

All data in this study was analyzed using ANOVA and student
t test (SPSS 16.0). P values less than 0.05 were considered as
significant.

Results

Effect of PCL Solvent Concentration on Fiber
Morphology and Diameter

SEM micrographs of electrospun PCL in different ratio of
DCM/DMF can be seen from Fig. 1. It was observed that
there was difference in the diameter of fibers with different
solvent fractions. As shown in Fig. 1, increasing the ratio of
DMEF up to 75 % was shown to preserve the electrospinnability,
while fiber diameter was found to decrease. Mean value of
fibers diameter for the samples electrospun with DCM/DMF
(75:25), DCM/DMF (60:40), DCM/DMF (50:50), DCM/DMF
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Table 1 Primers used for real-
time RT-PCR Gene primer sequence(5 -3 ) Annealing temp (°C)
Nestin FAAAGTTCCAGCTGGCTGTGG 55
R TCCAGCTTGGGGTCCTGAAA
Pax-6 FCGGTTTCCTCCTTCACAT 50
R ATCATAACTCCGCCCATT
Islet 1 F ATATCAGGTTGTACGGGTCAAAT 56
R CACGCATCACGAAGTCGTTC
Chat F GCAGGAGAAGACAGCCAACT 55
R AAACCTCAGCTGGTCAT
NF-H F CAGAGCTGGAGGCACTGAAA 55
R CTGCTGAATGGCTTCCTGGT
HB9 F AGCACCAGTTCAAGCTCAACA 55
R ACCAAATCTTCACCTGGGTCTC
GAPDH F TCGCCAGCCGAGCCA 55
R CCTTGACGGTGCCATGGAAT

(40:60), and DCM/DMF (25:75) were 2000, 1650, 1700, 980,
and 750 nm, respectively.

The bead area was found to increase exponentially with
increase in the concentration of DMF. Based on the obtained
micrographs and fiber diameter comparison, it was decided
that the most suitable ratio for nerve tissue engineering was
DCM to DMF (25:75) and the reason was fiber diameter,
consistency, continuity, and uniformity of fibers. The result
showed that the ratio of the solvents had clear effect on the
diameters and homogeneity of the fiber.

Characterization of Collagen-Coated PCL Nanofibers

To investigate the effect of plasma treatment and collagen
grafting on the scaffolds surface chemistry, ATR-FTIR was

Fig.1 SEM micrographs of electrospun nanofibers froma 10 % PCL (w/
v) solution with different ratio of DCM/DMF. a DCM/DMF (75:25), b

performed (Fig. 2). In the PCL spectrum, a major absorption
peak appeared at 1730 cm ™' according to the functional group,
COO, in PCL. When collagen is immobilized onto the surface
of the plasma-treated PCL nanofibers, three distinct peaks
were observed. First, a broader peak which is located at
3000-3600 cm™ ' can be ascribed to the stretching of the hy-
droxyl groups (—OH) or NH groups from grafted collagen
groups. Second, a peak at 1648 cm ! which might belong to
vibration mode of amide I groups and third one at 1540 cm ™
which attributed to the amide II because of collagen immobi-
lization. The results of contact angle measurement showed that
the water contact angle value decreased from 140° for PCL
nanofibers to 70° for PCL/collagen, indicating improved hy-
drophilicity of PCL/collagen nanofibrous scaffolds by covalent
attachment of collagen on the surface of PCL nanofibers. By

- -I o 9. ! |
DCM/DMF (60:40), ¢ DCM/DMF (50:50), d DCM/DMF (40:60), e

DCM/DMF (25:75), and f DCM/DMF (90:10)
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Fig. 2 FTIR spectra of PCL and collagen immobilized PCL nanofibers

Bradford protein assay analysis, the amount of collagen on the
surface of the PCL scaffolds was measured which determined
that the amount of immobilized collagen on the surface was
15 pg/en?’.

Characterization of MSCs Derived from Wharton’s Jelly

When adherent cells grew to confluence, they were harvested,
and then flow cytometry study was performed to characterize
surface markers on mesenchymal stem cells. These cells were
positive for CD90+ (93.6), CD105+ (90.7), and CD73+ (89.8)
(mesenchymal markers) and negative for CD34 and CD4 (he-
matopoietic lineage markers) which indicated isolated cells
were mesenchymal stem cells free of contamination of endo-
thelial and hematopoietic cells (data is shown in unpublished
article).

Assessment of Cell Adhesion and Viability

SEM micrographs of cell interaction with PCL and PCL/
collagen electrospun nanofibrous scaffolds after 5 days of cell
culture was shown in Fig. 3a, c. After seeding the same number
of cells on scaffolds, SEM micrographs showed well attached
and spread of cells on both of the scaffolds, but higher cell
attachment and density on PCL/collagen scaffolds compared to
PCL nanofibers were observed. These observations indicate a
better integration of cells with PCL/collagen nanofibrous scaf-
folds. DAPI staining for cultured cells on PCL and PCL/collagen
scaffold for 1, 3, and 5 days also showed the better attachment of
cells on the PCL/collagen scaffolds (Fig. 3b, d) that was in
agreement with SEM results. Viability and the rate of WIMSCs
proliferation on PCL, PCL/collagen and TCP group were com-
pared during period of culture with MTT assay (Fig. 4). The
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results of MTT assay for 1 day after cell cultures showed that
there was no significant difference between cell viability of cul-
tured cells on scaffolds and TCP on this day. However, in the
following days, it was shown that PCL and PCL/collagen sup-
ported cell proliferation as much as TCP. We also compare the
proliferation of the cells between collagen modified and unmod-
ified scaffolds. Our data also confirmed the positive role of col-
lagen on enhancement of the cell viability. The results obtained
from MTT assay indicated that PCL/collagen nanofibrous scaf-
folds are suitable substrates than PCL nanofibers and TCP, in
terms of cell attachment and proliferation.

Evaluation of WJMSCs Differentiation into Motor
Neuron-Like Cell on TCP and Nanofibrous Scaffolds

To confirm the differentiation of WIMSCs to motor neuron-
like cells and to demonstrate that this differentiation was not
an artifact, three analyses were performed: morphological
changes, expression of motor neuron biomarkers at both
RNA, and protein levels. WIMSCs were induced to differen-
tiate into motor neuron-like cells by using different signaling
molecules including RA, Shh, GDNF, and BDNF for 15 days.
To identify the neuronal differentiation morphologically, the
differentiating cells were observed daily using a phase contrast
microscope in TCP group (Fig. 5a). Most of the MSCs
displayed changes in cellular morphology after exposed to
motor neuron induction medium. The cells showed spindle
fibroblast-like morphology after 24 h of culture in motor neu-
ron pre-confluence culture medium. Seven days after differen-
tiation, the cell bodies tended to be spherical, exhibiting bipolar
neuron cell-like shape. These neuron cell-like cells continued to
develop, the cells became exceedingly long that were in contact
with neighboring cells at the end of the induction. However,
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Fig. 3 SEM images and DAPI
staining of WIMSC:s after 5 days
of cell culture on PCL (a, b) and
PCL/collagen nanofibrous
scaffolds (¢, d)

there was no significant change in cell morphology in the un-
treated cells as control group they appeared as a monolayer of
flat and fibroblast-like cells in morphology (Fig. 5a). Analysis
of the expression of motor neuron markers including Nestin,
PAXGO, Islet-1, NF-H, Chat, and HB9 by means of gqRT-PCR
was performed 15 days post induction. Our results indicated
that expression of motor neuron specific markers significantly
(»<0.001) up-regulated in cells grown on PCL/collagen com-
pared with PCL and TCP groups. These results could clearly
show the effect of collagen on increasing quality of stem cell
differentiation in vitro. We could find significant decrease for
the expression of Nestin and Pax6 between scaffolds and TCP
and also between unmodified and collagen-coated scaffold

1 4

g B9
N e

ol
o

Mean Absorbance(570 nm)

o
e

dayl day3

100pm

100pum

groups (p<0.001) (Fig. 5b). The increase in expression of mo-
tor neuron specific markers was accompanied by low expres-
sion of Nestin and PAX6, indicating a loss of multipotency
phenotype and the differentiation of the cells. To confirm our
data, the cells were further characterized by determining for the
expression of motor neuron specific marker proteins. Immuno-
cytochemistry analyses indicated that motor neuron biomarkers
(NF-H, Chat and Islet-1) were highly expressed in cultured
cells in PCL, PCL/collagen scaffolds, and TCP groups, but
these markers were not expressed in control cells. Immunocy-
tochemistry results also revealed higher expression of these
markers in PCL/collagen compare to cells differentiated in
PCL and TCP (Fig. 6a). The expression of NF-H (59 %), Chat

HTCP
M PCL

i PCL/Collagen

day5

Fig. 4 MTT assay for measuring WJMSC:s viability on PCL and PCL/collagen nanofibrous scaffolds and TCP after 1, 3, and 5 days of cell seeding.

*p<0.05; **p<0.01, ¥***p<0.001 (n=3 biological samples, mean+SD)
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Fig. 5 Characterization of motor neuron cell-like cells induced from
WIMSCs. a Phase-contrast image of Wharton’s jelly stem cells before
and after the induction in TCP group. Following the inductions, the cells
changed from a flat cell shape to a round cell body, and axon of the cells
became much longer on day 15. b Gene expression analysis of motor
neuron biomarkers in differentiated MSCs. Differentiated cells were
checked for RNA expression of motor neuron biomarkers 15 days post
induction. Data showed that obtained cells could significantly express

(77 %), and Islet-1 (76 %) in PCL/collagen group were higher
than the expression of NF-H (56 and 46 %), Chat (69 and 55 %)
and Islet-1 (68 and 58 %) in PCL and TCP groups (p<0.001)
(Fig. 6b). Conclusively, our result showed that collagen-coated
PCL nanofibers could provide better condition for differentia-
tion of WIMSCs to motor neurons.
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Islet-1, NF-H, Chat, and HB9. Additionally, expression of these markers
is higher in cells treated with collagen compare with PCL and TCP. These
results confirmed positive role of 3D culture and collagen in obtaining
qualified motor neurons. RNA expression of Nestin and PAX6 as neuro-
nal precursor biomarkers was shown down-regulation in cells treated with
modified and unmodified PCL scaffolds. WIMSCs were used as a con-
trol, and GAPDH was the housekeeping gene control. Error bars show
SD, n=3 samples (***p<0.001; *»<0.05)

Fig. 6 a Immunocytochemical analysis showed that differentiated P
WIMSCs were positive for NF-H, Islet-1, and Chat after 15 days
post inductions (scale bar, 50 pum). b In histogram, percentages
of cultured cells expressing markers NF-H, Islet-1, and Chat
compared between PCL, PCL/collagen, and TCP. Each groups
differed significantly from the others (p<0.001). n=3 biological
samples, mean+SD
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Discussion

The fundamental approach in neural tissue engineering in-
volves the fabrication of polymeric scaffolds with suitable
chemical and mechanical properties with neural cells to pro-
duce a three-dimensional tissue substitute suitable for implan-
tation [39]. This approach will be dependent on improved
methodologies to promote cell survival and differentiation to-
wards desirable cells. In this study, efficiency of the differen-
tiation of the MSC-derived Wharton’s Jelly to motor neuron-
like cells on nanofibrous scaffolds as a three-dimensional (3D)
structure was examined. Also, the role of material topography
in differentiation of the WIMSCs to motor neuron-like cells
was investigated and compared with TCP as a two-
dimensional (2D) topography. While numerous biomaterials
are available, PCL was chosen because it has several advan-
tages including biocompatibility, low cost and easy process-
ability [40]. Moreover, electrospinning of polymers is receiv-
ing increasing attention for use in neural tissue engineering
due to the ability to mimic the local tissue environment
through the control of fiber alignment and diameter [13, 14,
41]. In addition, it was shown that the diameter and morphol-
ogy of the nanofibers have a role in cell proliferation and
differentiation [42]. To obtain proper nanofibers for neural
differentiation, we first investigated the effect of the different
ratios of the solvents on the fiber morphology and fiber diam-
eter and then determined the effect of the nanofibrous scaf-
folds on differentiation of the WIMSCs into motor neuronal
lineage. The results of SEM showed that the ratio of the sol-
vent had an effect on the diameters and homogeneity of the
electrospun fibers. Fiber diameter of PCL in our study was
400-500 nm that is in agreement with the size obtained by
Binan et al. [43], which is appropriate for neurite outgrowth
and neural differentiation. In order to improve the hydrophi-
licity of the PCL, type I collagen was immobilized on the
nanofibers after surface modification by plasma treatment.
The results of contact angle measurement and the presence
of functional groups from ATR-FTIR spectra provided evi-
dence for increased hydrophilicity of PCL/collagen scaffolds,
and the amount of immobilized collagen on the surface was
15 pug/em?. In order to differentiate Wharton’s jelly stem cell
into motor neuron-like cells in this study, RA was utilized
along with Shh similar to those carried out by Liqing et al.
[44]. The combination of RA and Shh are commonly used for
inducing the expression of transcription factors which play
important roles in motor neuronal differentiation [45, 46].
Differentiated neurons in different groups were then charac-
terized morphologically and for the expression of motor neu-
ron markers including Nestin, PAX6, NF-H, Islet-1, HB9, and
Chat in mRNA levels and protein by quantitative reverse tran-
scription PCR and immunocytochemistry, respectively. To the
best of our knowledge, this study is the first report for motor
neuron-like cell differentiation of human WJMSCs in 2D and
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3D culture. Among selected neuronal biomarkers, four
markers including NF-H, Islet-1, Chat, and HB9 showed in-
crease expression in cells induced through 3D culture com-
pared with the ones differentiated in 2D culture experiments
and were grown just under chemical-induced media. This is
consistent with the idea that stem cells are differentiated in 3D
culture, gain more similar phenotypes to in vivo conditions in
regards to inducing correct cell morphology, gene expression,
and biological behavior [47-49]. We also compare the expres-
sion results between collagen modified and unmodified scaf-
folds. Our data also confirmed the positive role of collagen on
differentiation genes expression in induced MSCs [50, 51].
Unexpectedly, our data indicate significant decrease for ex-
pression of Nestin and PAX6 between 2D and 3D experiments
groups and also among different types of modified and un-
modified PCL scaffolds. Since PAX6 could also be expressed
in stem cells [52] and Nestin expression is limited to the first
days of differentiation [53], therefore, we propose that obtain-
ed cells has passed early stages of differentiation and are close
to fully differentiated motor neuron-like cells. The results of
immunocytochemistry also show that morphogenesis includ-
ing RA and SHH are sufficient to induce motor neuron differ-
entiation, but the results of nanofibrous scaffolds demonstrat-
ed that cell behaviors such as adhesion, growth, and differen-
tiation can significantly influenced by surface properties of the
scaffold [54, 55]. Selection of a proper cell and scaffolds for
proliferation and differentiation into desire lincages are key
element in regenerative medicine [56]. Wharton’s jelly stem
cells are easily accessible, legally and ethically noncontrover-
sial, and have low immunogenicity [57]. Additionally, these
cells express the pluripotency markers Oct-4, Sox-2, and
Nanog [58, 59], albeit at relatively lower levels than embry-
onic stem cells [60, 61]. Thus, we suppose that WIMSCs have
the potential to express marker characteristic for motor neuron
cell-like cells differentiation and could be used in human neu-
rodegenerative disorders. Consequently, our results showed
that collagen-coated PCL nanofibers could provide better con-
dition for differentiation of WIMSCs to motor neurons. The
results of our study open new opportunities for further inves-
tigations on the modification of nanofibrous scaffolds, and
moreover, the combination of stem cells and nanomaterial
expected to be an important tool in treating neural diseases
such as spinal cord injury [62—-64].

Conclusion

Nanostructures with suitable properties could serve as a plat-
form to support the neuronal differentiation of MSCs. In this
study, well-defined fiber diameter substrate suitable for neural
differentiation was developed with controlled ratio of the sol-
vents, surface modified with plasma and collagen grafting,
and then motor neuron differentiation of WJMSCs in the
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presence of inducing factors on nanofibrous scaffolds and
TCP was performed. Evaluation of the motor neuron specific
markers by real-time PCR and immunocytochemistry showed
that PCL/collagen nanofibrous scaffolds were suitable sub-
strates for neuronal differentiation of WIMSCs and suggest
that topographical cues, when applied in conjunction with
targeted biochemical signals which can regulate the differen-
tiation of stem cells into a specific cell.
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