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Background: Researchers are trying to study the mechanism of neural stem cells (NSCs)

differentiation to oligodendrocyte-like cells (OLCs) as well as to enhance the selective

differentiation of NSCs to oligodendrocytes. However, the limitation in nerve tissue acces-

sibility to isolate the NSCs as well as their differentiation toward oligodendrocytes is still

challenging.

Purpose: In the present study, a hybrid polycaprolactone (PCL)-gelatin nanofiber scaffold

mimicking the native extracellular matrix and axon morphology to direct the differentiation

of bone marrow-derived NSCs to OLCs was introduced.

Materials and Methods: In order to achieve a sustained release of T3, this factor was

encapsulated within chitosan nanoparticles and chitosan-loaded T3 was incorporated within

PCL nanofibers. Polyaniline graphene (PAG) nanocomposite was incorporated within gelatin

nanofibers to endow the scaffold with conductive properties, which resemble the conductive

behavior of axons. Biodegradation, water contact angle measurements, and scanning electron

microscopy (SEM) observations as well as conductivity tests were used to evaluate the properties

of the prepared scaffold. The concentration of PAG and T3-loaded chitosan NPs in nanofibers

were optimized by examining the proliferation of cultured bone marrow-derived mesenchymal

stem cells (BMSCs) on the scaffolds. The differentiation of BMSCs-derived NSCs cultured on

the fabricated scaffolds into OLCswas analyzed by evaluating the expression of oligodendrocyte

markers using immunofluorescence (ICC), RT-PCR and flowcytometric assays.

Results: Incorporating 2% PAG proved to have superior cell support and proliferation while

guaranteeing electrical conductivity of 10.8 × 10−5 S/cm. Moreover, the scaffold containing 2% of

T3-loaded chitosan NPs was considered to be the most biocompatible samples. Result of ICC, RT-

PCR and flow cytometry showed high expression of O4, Olig2, platelet-derived growth factor

receptor-alpha (PDGFR-α), O1, myelin/oligodendrocyte glycoprotein (MOG) and myelin basic

protein (MBP) high expressed but low expression of glial fibrillary acidic protein (GFAP).

Conclusion: Considering surface topography, biocompatibility, electrical conductivity and

gene expression, the hybrid PCL/gelatin scaffold with the controlled release of T3 may be

considered as a promising candidate to be used as an in vitro model to study patient-derived

oligodendrocytes by isolating patient’s BMSCs in pathological conditions such as diseases or

injuries. Moreover, the resulted oligodendrocytes can be used as a desirable source for

transplanting in patients.

Keywords: nanofibers scaffold, oligodendrocyte cells, controlled triiodothyronine release,

central nervous system, polyaniline graphene
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Introduction
The aim of tissue engineering and regenerative medicine is

to speed up the healing process of the damaged tissue and

to promote regeneration of new tissue after injury.1 In

general, the damage to the central nervous system (CNS)

results in axonal damage and myelin degradation.2 In

addition, oligodendrocyte responsible for myelination in

CNS also will be damaged, which causes more axonal

dieback known as secondary damages.3 The damage to

CNS causes hyperactivation of astrocyte cells which

leads to the secretion of proteoglycans including chondroi-

tin sulfate, known to be a potent inhibitor of axonal

growth. Additionally, glial scar tissue hinders axonal

growth by creating physical and chemical barriers.4 In

order to repair the CNS, the selective differentiation of

NSCs into neurons and OLCs is crucial, while the differ-

entiation to astrocytes is not desirable.5 The goal of all

regenerative strategies in the CNS is to modulate the

activity of astrocytes and increase the regrowth

of damaged axons as well as oligodendrocytes.4

Biomimicking the CNS microenvironment is crucial

because CNS development is highly dependent on chemi-

cal and physical factors.6 In the past, much of the research-

ers’ focus had been devoted to the development of the

therapeutic approaches that improved the recovery of neu-

rons. Recently, special attention has been paid to improve

myelination and the provision of OLCs in the site of

injury.7 Different strategies have been proposed to differ-

entiate stem cells to OLCs. Although direct use of differ-

entiation factors in cell culture media or using

transcription factor-encoding viral vectors as the elemen-

tary approaches for differentiating stem cells towards the

OLCs were somewhat successful, it is verified that taking

advantage of biomaterials and scaffolds will be safer and

more efficient than previous approaches.8

There are various differentiation factors including reti-

noic acid, thyroid hormone, and platelet-derived growth

factor (PDGF), which have been frequently used to direct

the differentiation of NSCs to neurons, and OLCs.9

Among the hormones affecting the CNS, thyroid hormone

plays a crucial role in its function, which affects not only

neurons but also the growth and differentiation of neuron-

supporting cells.10 Inspired by the very important role of

the thyroid hormone in the CNS and its significant effect

on differentiating NSCs into OLCs, T3 as OLCs differen-

tiation factor has been used in the present study.11 It is

predicted that the use of stem cells for repair and

regeneration of the spinal cord will have a promising

future due to their high proliferation and differentiation

potential. However, the problem with using these cells is

the targeted differentiation into the desired cell line.12

Among different types of stem cells, BMSCs have special

characteristics that regulate the environment of the CNS

and ultimately lead to axon reconstruction and motor

recovery.13 Therefore, BMSCs would be desirable as

a source of either autograft or allograft cells for transplant-

ing into the CNS due to their special characteristics such

as availability, low immunogenicity, high growth rate, and

the ability to differentiate to glial cells to treat diseases

related to the CNS.11 Till now, a wide range of scaffolds

have been fabricated to be used in the regeneration of the

CNS and spinal cord, each of which has its own advan-

tages and disadvantages.3,8 However, the design and fab-

rication of a bioactive scaffold that supports OLCs

differentiation and proliferation are valuable. To stimulate

OLCs differentiation by using the scaffold to mimic its

natural microenvironment, the scaffold should have

desired structural and morphological characteristics simi-

lar to the native axons. Considering the porosity and

fibrous structure, electrospun scaffolds resemble the neural

extracellular matrix. In addition, they may support adhe-

sion, proliferation, and differentiation of various cell types

due to the high surface-to-volume ratio.14 Moreover, in

order to resemble the oligodendrocyte microenvironment,

electrical conductivity should be taken into account.15

Among different types of conductive materials, a small

amount of polyaniline combined with graphene nanosheets

denoted as PAG is considered to be a biocompatible mate-

rial, which increase the electrical conductivity efficiently.

These PAG previously synthesized and characterized by

Baniasdi et al were used in this study to increase the

electrical conductivity of the scaffold.16

It has been shown that chitosan NPs can be a very good

candidate as a carrier for drug or differentiation factor. The

benefit of controlled release of various factors encapsu-

lated in chitosan NPs-loaded nanofibers has already been

reported in several studies.17,18 Moghadasi Boroujeni et al

showed that the encapsulation of TGF-β1 in chitosan NPs-

loaded nanofibers resulted in significant enhancement of

human Wharton’s Jelly-derived mesenchymal stem cell’s

differentiation toward myogenic lineage, compared with

bolus delivery of TGF-β1.18 In a recent work reported by

our group, the encapsulation of dexamethasone (DEXP) in

chitosan NPs, as an inhibitor of astrocyte proliferation,

reduced the burst release of DEXP from PCL/gelatin
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nanofiber scaffold and caused a sustained release of this

factor.19 In the present study, chitosan NPs have been used

as a carrier to encapsulate T3 as OLCs differentiation

factor. In summary, the main purpose of this study was

to design and fabricate a conductive nanofibrous scaffold

with controlled release of T3 to differentiate BMSCs-

derived NSCs to OLCs. In our previous study, it was

showed that the synergistic effect of scaffold topography

and the sustained release of differentiating factor resulted

in improved efficiency of cell differentiation.18 In this

study, the synergistic effect of the scaffold conductivity

and sustained release of T3 was investigated on NSCs

differentiation toward OLCs. The conductive scaffold con-

sists of biodegradable and biocompatible gelatin, PCL,

T3-containing loaded chitosan NPs, and PAG. Dual-

electrospinning technique was utilized to fabricate nanofi-

bers. PCL solution containing T3-loaded chitosan NPs and

gelatin solution containing PAG were electrospinned on

different sides of the collector simultaneously. First, the

effect of PAG nanoparticles on scaffold characteristics and

cell viability were analyzed, and then the effect of

T3-loaded chitosan NPs on the scaffold and the differen-

tiation were studied. The graphical abstract of this work is

illustrated in Figure 1. As it is shown, BMSCs were

isolated from adult rats and transdifferentiated into neuro-

spheres (NSFs), which was followed by the differentiation

of NSFs into NSCs. Next, NSCs were seeded on the

fabricated scaffold in order to induce differentiation

towards OLCs. To evaluate the differentiation of NSCs

to OLCs, the expression of platelet-derived growth factor

receptor-alpha (PDGFR-α), Olig 2, O4, O1, myelin/oligo-

dendrocyte glycoprotein (MOG), and myelin basic protein

(MBP) were analyzed. It has been reported that early

oligodendrocyte progenitors express PDGFR-α, while

late oligodendrocyte progenitors and pre oligodendrocytes

express Olig 2 and O411,20. The expression of O1

and MOG as well as MBP will be upregulated by imma-

ture oligodendrocyte and mature oligodendrocyte,

respectively.11 In addition, the expression of the glial

fibrillary acidic protein (GFAP) as an astrocyte marker

was analyzed to evaluate the selective differentiation of

NSCs to oligodendrocytes.8

Materials and Methods
Materials
Poly-ɛ-caprolactone (PCL, Mw = 80 KDa), gelatin (from

porcine skin), chloroform, MTT (3[4,5- dimethylthiazol-

2-yl]-2,5-diphenyltetrazolium bromide), tripolyphosphate

Figure 1 Schematic illustration of cell preparation and scaffold fabrication.
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(TPP), chitosan (medium molecular weight), platelet-

derived growth factor (PDGF), heregulin, basic fibroblast

growth factor (bFGF), ethidium bromide, and triiodothyr-

onine were all purchased from Sigma-Aldrich. Dimethyl

formamide (DMF), acetic acid and glutaraldehyde were

supplied by Merck. Dulbecco’s Modified Eagle’s medium

(DMEM, high glucose), fetal bovine serum (FBS), trypsin/

EDTA, trypan blue stain (0.4 %) and phosphate buffer

saline (PBS) were provided by Bio-Idea group.

Triiodothyronine ELIZA kit was purchased from Pishtaz

Teb Zaman Diagnostics Company. CD34, CD45, CD90,

CD44, Nestin, NF68, GFAP antibodies all purchased from

Chemicon, USA. The RNX-Plus Kit, DNase I, and strand

cDNA Synthesis Kit were purchased from Thermo Fisher

Scientific. Mouse anti-O4 monoclonal antibody, FITC con-

jugated rabbit anti-mouse secondary antibody, and mouse

anti-O1 monoclonal antibody were provided from EMD

Millipore Corporation. Mouse anti-MOG monoclonal anti-

body was supplied by Covance.

Fabrication of Conductive PAG-Loaded

Gelatin Nanofiber Scaffold
In this study to increase the conductivity of nanofibrous

scaffold, PAG synthesized by Baniasadi et al16 was used.

The nanoparticles were previously characterized by the

same group. First, in order to find the optimal percentage

of PAG to prevent cellular toxicity, different amounts of

this nanoparticle were added to the gelatin solution, and

polycaprolactone PCL solution was electrospun. PCL

solution was prepared by adding 0.36 g of PCL in 3 mL

of chloroform:DMF (1.8/1.2 mL). The gelatin solution was

also prepared by dissolving 2.5 g of gelatin in 4 mL of

40% (v.v−1) acetic acid solution and different amount of

PAG suspension were added and stirred for 3 h. The final

percentage of PAG in the gelatin solution was considered

to be 1%, 2% and 3% (w.v−1). The dual-electrospinning

process was done by means of two different needles on

opposite sides of a Nano Model electrospinning device

(Tehran, Iran). In order to overcome the surface tensile

force and form the jet, positive 16 kV and 20 kV charges

were applied to PCL and gelatin solutions, respectively.

PCL and gelatin volume flow rates were maintained at

0.5 mL.h−1. The optimal operating distance from the nee-

dle to the collector was selected to be about 15 cm and

17 cm for gelatin and PCL solutions, respectively.

A cylinder collector (33 cm × 17 cm) coated with alumi-

num foil with a rotational speed of 300 rpm was utilized.

At the end of the electrospinning process to allow gelatin

nanofibers to coat the surface of scaffold, PCL electrospin-

ning stopped, and only gelatin electrospinning continued

for 20 min. It should be noted that all experiments were

carried out at temperature between 25°C and 27°C and

humidity of 30–35%. The components of fabricated scaf-

folds are shown in Table 1.

Fabrication of T3-Loaded PCL Nanofiber

Scaffold
Chitosan NPs Preparation

In this study, chitosan NPs were synthesized by the ionic

gelation method while T3 was encapsulating within the

chitosan NPs. First, chitosan was dissolved in 1% w.v−1

acetic solution with a concentration of 1.7 mg.mL−1 fol-

lowed by the addition of 1 N NaOH to adjust its pH at 5.5.

Besides, the T3 stock solution was achieved by dissolving

in 1 N NaOH. The isoelectric point (PI) of chitosan is

approximately 6.2, and pK of hydroxyl phenol group of T3

is 8.45. Under these conditions, the pH of the chitosan was

below PI, and consequently had a positive charge.21 TPP

solution (0.45 mg.mL−1), an anionic cross-linking agent,

was used to form chitosan NPs. The pH of the TPP solu-

tion was adjusted to 10. Given that the pK of the phenolic

hydroxyl group of T3 is about 8.45, the T3 solution was

added to the TPP solution in order to enhance the ioniza-

tion of the hydroxyl group and increase its negative

charge. Then, 12 mL TPP solution containing T3 was

added to 30 mL chitosan solution followed by stirring

for 1 h at room temperature to form nanoparticles. The

weight ratio of chitosan to T3 was fixed at 1:100. After the

formation of nanoparticles, they were collected by ultra-

centrifuging at 24,000 rpm for 60 min. Eventually, nano-

particles were washed with water and dispersed in DMF

containing 2% (v.v−1) and Tween 80 using a homogenizer.

Size Distribution and Morphology of Chitosan NPs

The size distribution of T3-loaded chitosan NPs in terms

of the number was obtained by using a dynamic light

Table 1 Experimental Groups for Conductive Scaffold

Fabrication with Varied PAG Content

Sample Condition

PG PCL/gelatin scaffold without PAG and without chitosanNPs

PG/PAG 1 PCL/gelatin scaffold containing 1% PAG

PG/PAG 2 PCL/gelatin scaffold containing 2% PAG

PG/PAG 3 PCL/gelatin scaffold containing 3% PAG
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scattering (DLS) method. Zetasizer Nano S (Red badge-

Malvern Instruments, UK) was used to determine the size

and distribution of loaded chitosan NPs. Field-emission

scanning electron microscope (FESEM, Tescan, Mira ІІІ,
Czechia) operating at 15 kV was used to analysis the

morphology of dried nanoparticles after gold coating.

Electrospinning of T3-Loaded PCL Nanofiber

Scaffold

The process of electrospinning T3-loaded nanofiber scaf-

fold was similar to what mentioned before with some

modification for PCL nanofibers. In this step PCL nanofi-

bers contained T3-loaded chitosan NPs. In order to prepare

a PCL solution containing 1%, 2% and 3% (w.v−1) of

chitosan NPs, 0.36 g of PCL was poured in 1.8 mL chloro-

form and different amount of chitosan NPs were sus-

pended in DMF, and finally stirred for 2 h. The

electrospinning conditions were the same for both gelatin

and PCL nanofibers.

T3 Encapsulation Efficiency and Release Behavior

To determine the encapsulation efficiency (EE) and load-

ing capacity (LC) of T3 in chitosan NPs, the amount of

T3 present in supernatant obtained by ultracentrifugation

of nanoparticle suspension at 24,000 rpm for 1 h at 4°C

was evaluated by ELISA kit. Then, encapsulation effi-

ciency was calculated by the following equation (1).

EE% ¼ A� B

A
� 100 (1)

where A is the amount of primary and B is the final

concentration of T3 in the supernatant after centrifugation.

Loading capacity for chitosan NPs were obtained by the

following equation (2).

LC ¼ C

D
(2)

where C is the amount of loaded T3 and D is the amount

of chitosan. In order to investigate the release profile of

T3 from the scaffold, 100 mg scaffold containing chitosan

NPs and PAG were put in 10 mL of PBS (pH = 7.4) in the

6-well plate in shaking incubator at 80 rpm and 37°C. At

specific intervals, 4 mL sample was taken from the plate

and replaced with 4 mL fresh PBS solution. The concen-

tration of T3 in the PBS solution was then measured using

an ELISA kit. The total amount of T3 released from the

scaffold at time i shown by Mi is calculated using equa-

tion (3).

Mi ¼ CiVþ∑Ci�1Vs (3)

where C i is the concentration of the sample taken from

release medium at time i. Also, V is the total volume of

release medium, and Vs is the sample volume taken at time i.

Scaffold Characterization
Conductivity Measurement

The aim of this test was to investigate the effect of conductive

nanoparticles on the conductivity of scaffolds. A homemade

4-point probe resistor device was utilized. The probes were

placed simultaneously at 2.5 mm distance from each other on

the samples. By applying the voltage to the sample, the

electrical current was measured, and the scaffold resistance

was obtained by the following equation (4).

Conductance ¼ Current Að Þ
Voltage Vð Þ (4)

Biodegradation Rate

To test the biodegradability of scaffolds, they were placed

in a vacuum oven for 24 h to become thoroughly dry.

Then, the scaffolds were weighed and put in a PBS solu-

tion in a shaker incubator at 100 rpm at 37°C. After 7, 14,

and 21 days, scaffolds were taken out, washed with dis-

tilled water and placed in the vacuum oven for 24 h to

become completely dry and then, were weighed. Using

Equation (5), the percentage of scaffold weight loss was

calculated obtained at any time.22

Biodegradation rate %ð Þ ¼ W0 �Wi

W0
� 100 (5)

where W0 and Wi are the weight of scaffold at the begin-

ning and time i, respectively.

Scanning Electron Microscope (SEM)

For the investigation of size and morphology of the nanofi-

bers, SEM (AIS2100 model, Seron Technology Co., South

Korea) at 25 kV voltage was used. First, dried nanofibers

were gold-coated with a sputter-coater (SC7620 model,

Quorum Technologies co., UK) for 90 s. Image J software

was used to measure the diameter of nanofibers.

Contact Angle Measurement

Contact angle measurement was done to investigate the

hydrophilicity of the scaffolds. First, 5 µL of distilled

water was placed on scaffolds, after 10 s, pictures from

the interface between water droplet and scaffolds were

taken by a Dino Camera. Image J software was used to

measure the contact angle.
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Isolation and Characterization of BMSCs
Animals were kept under stable state conditions and all

procedures were accepted by the Ethics Committee of

Shahid Beheshti University of Medical Sciences (IR.

SBMU.RETECH.REC.1398.001) based on National

Institutes of Health Principles of Laboratory Animal Care

(NIH publication no. 85–23, revised1985).

Briefly, rat was sacrificed, and the femur as well as

tibia was separated. The bone marrow was extracted with

a syringe needle (G 18) containing DMEM medium con-

taining 10% FBS plus 0.25% trypsin and 1 Mm EDTA.

Bone marrow cells were cultured in 0.75 cm2 flasks with

DMEM/F12 medium containing 10% FBS, 100 U.mL−1

penicillin, 100 mg.mL−1 streptomycin, and glutamine. The

flask was placed in an incubator at 37°C and 5% CO2.

After 24 h, floating cells were removed, and the medium

was replaced daily. After reaching confluency, the cells

were removed from flask by using 0.25% trypsin and

1 mM EDTA, after 5 mins at 37°C. Then, the cell suspen-

sion was cultured for four passages again. These cells were

used to analyze scaffold biocompatibility and differentia-

tion study. As mentioned, in order to differentiate BMSCs

toward OLCs, they are transdifferentiated to NSFs, and

then to NSCs. Finally, NSCs were seeded on the scaffolds

to induce differentiation toward OLCs. For the character-

ization of BMSCs, the flowcytometry analysis was per-

formed. Adherent cells were trypsinized and dissociated

by Trypsin/EDTA and re-suspended in a completely fresh

medium and then transferred to new flasks at a density of

1 × 104 cells.cm−2. Afterward, PBS was used to wash the

fixed cells twice and the cells were incubated at 4°C with

antibodies specific for the following antigens: CD34,

CD45, CD90, CD44, Nestin, NF68, GFAP for 30 mins.

Phycoerythrin was conjugated with primary antibodies,

and fluorescence-activated cell sorting (FACS) which is

a specialized type of flow cytometry was carried out

(Becton Dickinson, USA), and flow cytometry analysis

was done by a Partec CyFlow Space cytometer system

using FloMax software.

Analysis of Cell Viability on Scaffold
BMSCs were used to evaluate the effect of T3 and PAG on

the biocompatibility of the scaffold using the MTT test.

First, this test was performed for scaffolds with different

percentages of PAG without the presence of chitosan NPs,

and then for scaffolds containing chitosan NPs loaded with

T3. Cells were seeded on the scaffolds in 96-well with

5000 cells.cm−2 cell density. The viability of the seeded

cells was evaluated after days 1, 3, 5 and 7 with three

replications for each sample. After each time interval, cells

were washed with sterile PBS followed by adding 100 µL

fresh DMEM/F12 medium as well as 10 µL of 5 mg.mL−1

MTT dye. The plates were incubated for 2–4 h at 37°C.

After the formation of purple precipitate, the medium was

removed and 100 µL DMSO was added to each well. After

leaving the covered plate in a dark place for 2 h, the

content of the plate was transferred to a new 96-well

plate and the absorbance at 570 nm was measured using

Biotek ELISA reader. In addition, to observe the morphol-

ogy of cells on scaffolds, the cells were washed with PBS

and then fixed with 2.5% glutaraldehyde solution for 2 hr.

Dehydration process was done by immersing the samples

in different concentrations of ethanol (50%, 70%, 90%,

and 100% v/v) for 15 min. After dehydration, the samples

were gold-coated and observed under SEM.

NSF Formation and NSC Differentiation
NSF formation was carried out according to a previous

study.11 Extracted BMSCs were cultured in DMEM/F12

supplemented by 2% B27, 20 ng.mL−1 bFGF, 20 ng.mL−1

EGF, 100 U.mL−1 of penicillin, and 100 mg.mL−1 of

streptomycin for 4 days, after which the cells formed

NSF structure. After 7 days of culturing NSFs, they were

dissociated by 0.25% trypsin and 1 mM EDTA and cul-

tured on petri dish coated by poly-lysine in DMEM/F12

medium containing 5% FBS, 10 ng.mL−1 EGF, 10 ng.

mL−1 bFGF, 1% B27, 100 U.mL−1 penicillin, and

100 mg.mL−1 streptomycin for 7 days in order to induce

differentiation toward NSCs.11

Differentiation Analysis of BMSCs to

NSCs
To evaluate the differentiation of BMSCs to NSCs flow-

cytometry analysis was performed as described before.

Nestin, NF160, and NF68 markers as neural stem cell

markers and GFAP as astrocyte marker were selected for

flowcytometric analysis.

OLCs-Like Cell Differentiation
In order to differentiate NSCs to OLCs, first NSCs were

seeded on the scaffolds with a cell density of 25,000 cells.

cm−2 and treated with basal medium supplemented with

10 ng.mL−1 bFGF, 5 ng.mL−1 PDGF-AA, and 200 ng.
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mL−1 heregulin. The cells were cultured on five scaffolds

groups for 14 days.

Differentiation Analysis of NSCs to OLCs
After 14 days of cell culture on the scaffolds, the differ-

entiation of NSCs to OLCs was evaluated using different

techniques. After detaching the cells from the scaffold by

using Trypsin/EDTA, RT-PCR and immunostaining were

used to analyze the expression of oligodendrocyte markers

including O1, O4, and MOG. Furthermore, flow cytometry

analysis was carried out for PDGFR-α, Olig 2, MBP, and

GFAP markers as described before.

mRNA Expression

After 14 days, the gene expression of O4, O1, and MOG and

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were

assessed by performing Reverse Transcriptase PCR (RT-

PCR) assay. The RNX-Plus Kit was used with 2 µg of total

RNA from each sample and then DNase I was added to them.

Optical density measurements and electrophoresis on 1%

agarose gel were adopted in order to assess both the purity

and integrity of the extracted RNA. The first-strand cDNA

Synthesis Kit was used for the purpose of converting extracted

RNA (1 µg) to cDNA. To amplify cDNA, 35 PCR cycles

were run including denaturation at 95°C for about 45 s,

annealing at 60°C for about 45 s, and elongation at 72°C for

30 s using 50 ng of cDNA. Finally, 2% agarose gel was used

to separate the products and ethidium bromide was added to

visualize the products under UV light. All the experiments

were performed in triplicate and repeated at least 3 times.

Both forward and reverse primer sequences, the final size of

the product and PCR conditions are tabulated in Table 2.

Immunocytochemistry

In order to fix the cultured cells, 4% paraformaldehyde in

0.1 M phosphate buffer (pH 7.4) was used for 20 min. After

the process of permeabilization, 5% bovine serum albumin

was used for 30 min to block the cells. Immunostaining

method was performed on BMSCs and OLCS cells. The

mouse anti-O4 monoclonal antibody (1:100), mouse anti-O1

monoclonal antibody (1:100) and mouse anti-MOG mono-

clonal antibody (1:1000) as a specific marker for mature

oligodendrocytes were used. FITC conjugated rabbit anti-

mouse secondary antibody (1:100) was added to cells for the

duration of 2 h at 25°C. The cells were counterstained using

1:10,000 ethidium bromide for 1 min.

Static Analysis
The one-way analysis of variance (ANOVA) was per-

formed for statistical analysis using Tukey’s post hoc

test. The data were expressed as mean ± SEM and

P-value was considered to be statistically significant

when the value was less than 0.05 (p<0.05).

Results and Discussion
The Analysis of Conductive Nanofiber

Scaffold
Morphological Characterization

SEM images were taken in order to assess gelatin nano-

fibers with and without PAG and PCL nanofibers mor-

phology as shown in Figure 2A. As shown in Figure 2B,

the diameter of the gelatin nanofibers containing PAG

has been changed as a function of PAG percentage. By

increasing the percentage of conductive nanoparticles

from 1% to 2%, the diameter of the fibers was reduced

from 360 to 263 nm due to the higher conductivity of the

polymer solution.23 It should be noted that a low percen-

tage of PAG including 1% and 2% did not affect the

polymer solution viscosity significantly. However, by

increasing the concentration of PAG from 2% to 3%,

the fiber diameter increased to 372 nm which is caused

Table 2 Primer Sequence for RT-PCR Analysis

Gene Primer Sequence Gene Size (Base Pair)

GAPDH Forward: 5ʹ-ACCCAGAAGACTGTGGATGG-3ʹ

Reverse: 5ʹ-CACATTGGGGGTAGGAACAC-3’

200

O1 Forward: 5-GGCCGCGCTCGTGCACCTGG-3

Reverse: 3-GGGCTGCCTGC ACCCAGCGCC-5

210

O4 Forward: 5-GCTAACCAGCCGTCCGAGCCG-3

Reverse: 3-TTCATCAAGGTTCACAACGAG-5

185

MOG Forward: 5ʹ- AGGAAGGGACATGCAGCCGGAG −3ʹ

Reverse: 5ʹ- CTGCATAGCTGCATGACAACTG −3’

180
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by the fact that a high percentage of PAG increased the

gelatin solution viscosity. Indeed, in case of using 3% of

PAG, the effect of higher viscosity of gelatin solution

outweigh its higher conductivity which led a bigger dia-

meter of gelatin nanofibers.

Electrical Conductivity Measurement

Free electron in polymer backbone conducts electrical cur-

rent. Since the purpose of this study was to synthesize scaf-

fold to mimic the natural microenvironment of NSCs in order

to induce differentiation toward OLCs, the electrical conduc-

tivity of scaffold was considered as an important parameter.

The use of conductive polymers would mimic OLCs natural

microenvironment. Ghasemi-Mobarakeh et al reported that

applying direct current to polyaniline/gelatin (15:85) with

electrical conductivity of 0.02 × 10−6 S amended the NSCs

proliferation and neurite outgrowth;24 likewise, Li et al used

polyaniline/PCL nanofibers with electrical stimulation to

culture human umbilical vein endothelial cells (HUVECs)

and reported promotion in growth for the cultured cells in the

presence of conductive polymer.25 As shown in Figure 2C,

the electrical conductivity of nanofiber scaffolds was PAG

dose-dependent. In comparison to the results reported by

Baniasadi et al, the conductivity of the fabricated nanofiber

scaffolds in the present study declined due to the presence of

PCL nanofibers although its conductivity is around 1.2×10−5

S/cm which is still in an appropriate range to be used for

neural tissue engineering.15 Lee’s group seeded PC12 cells

on nanofiber scaffolds coated with polypyrrole and applied

the potential of 10 and 100 mV/cm to them. Their experi-

ments demonstrated that electrical stimulation promoted

neurite outgrowth compared to the non-stimulated situation.

This group also showed that the potential of 10mV/cm causes

higher neurite outgrowth in comparison with the potential of

100 mV/cm.26

Biodegradability of Scaffold

Scaffold degradation time is a decisive parameter in the

design of the scaffold. The low degradation rate of con-

ductive polymers is one of their disadvantages.27

Therefore, the combination of conductive polymers with

degradable polymers can improve the biodegradability of

the final scaffold. The ability of the gelatin to dissolve in

water and its hydrolysis, as well as enzymatic degradation,

has made it useful for the construction of different

scaffolds.28,29 Various strategies have been proposed to

Figure 2 Fabrication and analysis of conductive PAG-loaded gelatin nanofiber scaffold. (A) SEM graphs of PCL/gelatin nanofibers, left images show PCL nanofibers and the

right images show gelatin nanofibers (B) nanofiber diameter, (C) degradation rate, and (D) SEM images of PG/PAG 2 at day 0 and day 14 after cell culturing, (E) electrical
conductivity of the scaffolds, (F) contact angle measurement of scaffolds, (G) the condition of water droplet on different scaffolds.
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increase gelatin resistance in physiological environments,

including the use of crosslinking agents or their combina-

tion with synthetic polymers.30 In this regard, the use of

PCL as synthetic polymer and addition of PAG nanoparti-

cle to gelatin solution were proposed to optimize the scaf-

fold degradation rate. Since the degradation rate of PCL

and polyaniline is very low, and the rate of degradation of

gelatin is too fast, their combination may optimize the rate

of degradation. The results of the biodegradation test car-

ried out for 21 days confirmed the effect of PAG on the

reduction of scaffold degradation rate (Figure 2D).

Baniassadi et al showed that the rate of degradation was

reduced by increasing the concentration of PAG in gelatin-

chitosan scaffolds.15 Soleimani et al also observed that the

duration of degradation was increased by adding PAG to

the gelatin scaffold.31 As shown in Figure 2D, by increas-

ing the percentage of PAG in the hybrid scaffold, the

degradability of samples has been decreased. However,

the scaffold degradation rate in the absence of PAG was

relatively fast. In addition, the SEM image of PG/PAG

2 scaffold used to study cell analysis showed no significant

morphological changes in nanofibers after 21 days of cell

culturing (Figure 2E).

The Hydrophilicity of Scaffold

The hydrophilicity of scaffold is one of the most important

parameters in cell attachment. However, PCL nanofibers

had a hydrophobic surface.32 In this study to improve the

hydrophilicity of PCL nanofibers, gelatin nanofibers were

employed. PCL nanofibers showed a contact angle of

112°, which is in the range of hydrophobic materials. As

shown in Figure 2F and G, dual-electrospinning of gelatin

with PCL solution decreased the contact angle of scaffold

from 112° to 23°. Since the polyaniline used to synthesize

PAG was in salt form16 and its contact angle was within

the range of hydrophilic materials,24,33 it was expected that

its addition to gelatin could decrease the contact angle.

However, the addition of this substance could not change

the scaffold contact angle significantly due to low concen-

tration of applied PAG in the system, which was in accor-

dance with the results reported by Ghasemi

Mobarakee et al.24 Jun et al34 showed only 3° reduction

in the contact angle of their scaffold in the presence of

30% polyaniline.

BMSCs Characterization
Flow cytometry was performed to confirm the existence of

BMSCs as shown in Figure 3A. In this analysis, CD44,

CD90, and CD 106 markers as mesenchymal stem cell

markers and CD45 as hematopoietic stem cells marker

were used. Flowcytometric analysis showed that cultured

cells were positive for mesenchymal markers CD29

(94.5%) (D), CD73 (99.4%), CD105 (99.9) and negative

for hematopoietic cell markers CD45 (3.67%).

Evaluation of BMSCs Proliferation on

Conductive Nanofiber Scaffold
MTT assay was performed to find the optimum percentage

of PAG and T3-loaded chitosan NPs. Considering PAG

structure, graphene plates are mounted on the center of

NPs and polyaniline chains sited on top of graphene

plates;35 hence, the effect of polyaniline and graphene

may conduct cell behaviors. As shown in Figure 3B, scaf-

folds containing 2% of PAG showed the highest cell pro-

liferation. As shown in Figure 3C, cells exhibited more

flattened morphology on PG/PAG 2 compared to PG scaf-

fold. The results of this test revealed a high dependency of

cellular behaviors on the percentage of PAG in the scaf-

folds. Kim and colleagues reported that chitosan-containing

graphene substrates improved cell adhesion of human

mesenchymal cells while cell proliferation decreased by

adding a higher amount of graphene to chitosan because it

causes higher differentiation rather than proliferation. This

group claimed that nanotopographical cues of graphene

incorporated in chitosan improved cell spreading thereby

enhancing interactions between cells and cell-substrate.

They have reported that the presence of graphene on the

surface of the chitosan substrate and the formation of sur-

face nano topography has improved the interaction of the

cells with the surface.36 In addition, polyaniline can

increase reactive oxygen species (ROS) content in cells

and cause cell death.37 Besides the effect of PAG on cell

behavior, nanofiber size can potentially influence cell via-

bility and spreading. According to the result in this study,

the scaffold with smaller nanofiber size showed the highest

biocompatibility. Noreiga et al reported the effect of nano-

fiber size on cell viability. They reported similar results and

showed that cell viability on the scaffold with smaller

nanofiber diameter was higher than the other scaffolds.38

According to the results of MTTassay and SEM images, the

biocompatibility of PAG was completely dependent on its

content in the scaffold. The lowest amount of cell prolifera-

tion was observed for PG/PAG3 due to the high concentra-

tion of polyaniline and its cytotoxicity.37 Scaffolds
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incorporating 2% PAG were considered as the optimum

scaffold and was used for further experiments.

The Analysis of T3-Loaded Conductive

Nanofiber Scaffold
The effect of NPs on PCL/gelatin scaffold was investi-

gated by analyzing PCL nanofiber morphology, release

study of T3, cell viability, and differentiation. As shown

in Table 3, there were five different groups analyzed in this

step denoted as PG, PG/PAG 2, PG/PAG 2/1% NPs, PG/

PAG 2/2% NPs and PG/PAG 2/3% NPs.

Chitosan NPs Characterization

One of the methods to fabricate chitosan NPs is based on

ionic gelation methods. In this method, positive-charged

amine groups in chitosan will interact with negatively

Figure 3 Characterization of BMSCs and cell viability analysis of BMSCs on scaffold. (A) The flow cytometry analysis of CD44, CD90, CD 106 and CD45 for BMSCs, (B)
cell viability on PCL/gelatin scaffolds containing various amount of PAG, *Indicates significant difference of p < 0.05, (C) cell spreading on two different scaffold.

Table 3 Experimental Groups for Scaffold Fabrication with Varied T3-Loaded Chitosan NPs Content

Sample Condition

PG Cells were cultured on PCL/gelatin scaffold without PAG and without chitosan NPs.

PG/PAG 2 Cells were cultured on PCL/gelatin scaffold containing 2% PAG and without chitosan NPs.

PG/PAG 2/1% NPs Cells were cultured on PCL/gelatin scaffold containing 2% PAG and 1% T3-loaded chitosan NPs.

PG/PAG 2/2% NPs Cells were cultured on PCL/gelatin scaffold containing 2% PAG and 2% T3-loaded chitosan NPs.

PG/PAG 2/3% NPs Cells were cultured on PCL/gelatin scaffold containing 2% PAG and 3% T3-loaded chitosan NPs.

Notes: All above samples were cultured in DMEM/F12 base medium containing 10 ng.mL−1 bFGF, 5 ng.mL−1 PDGF-AA and 200 ng.mL−1 heregulin.
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charged tripolyphosphate molecules.39 T3 is a type of hor-

mone derived from the amino acid tyrosine. In order to

increase the loading of nanoparticles, the interaction between

the positive and negative groups between chitosan and T3

was required. The isoelectric point (PI) of chitosan is

approximately 6.2, and pK of hydroxyl phenol group of T3

is 8.5.40 Adjusting the pH of the chitosan solution below the

PI of chitosan resulted in a positive charge of chitosan

chains.21 While the pH of TPP solution is around 9, adding

T3 solution to TPP solution enhanced the ionization of the

hydroxyl group of T3which caused a higher negative charge.

After optimizing the operating conditions such as chitosan

and TPP concentration, stirring speed, volume ratio of chit-

osan solution to TPP solution, and T3 concentration, T3-

loaded chitosan NPs were synthesized. The procedure is

shown schematically in Figure 4A. LC and EE % of T3 in

chitosan NPs reported to be 3.8% and 87%, respectively. The

size distribution of T3-free chitosan NPs in terms of the

number obtained by the DLS is shown in Figure 4B.

Besides, by loading T3 in the chitosan NPs, the average

diameter of synthesized chitosan NPs was increased from

78 nm to 91 nm. In addition, the FE-SEMmicrograph images

showed chitosan nanoparticles with roughly spherical mor-

phology and less diameter size compared to DLS result due

to the dehydration of nanoparticles (Figure 4C).

Morphological Characterization of T3-Loaded

Nanofiber Scaffold

SEM images of five different groups of PCL/gelatin

nanofibers with and without T3-loaded chitosan nano-

particles are shown in Figure 5A. As shown in Figure

5B, the diameter of the PCL nanofibers without chitosan

NPs was 793 ± 20 nm. After adding 1% of chitosan NPs

to the PCL solution, the diameter of nanofiber increased

to 821 ± 20 nm due to the higher viscosity of polymer

solutions. On the other hand, by increasing the percen-

tage of chitosan NPs to about 2%, the conductivity of

PCL solution increased, and consequently, the diameter

of PCL nanofibers was reduced to 750 ± 72 nm due to

higher amount of tween 80 in PCL solution.17 Again,

increasing the percentage of chitosan NPs up to 3%

increased the viscosity of the PCL solution which over-

came the higher conductivity and led to increased PCL

nanofibers diameter to 780 ± 6 nm. However, the overall

effect of chitosan nanoparticles on the size of PCL

nanofibers was not significantly noticeable.

Release Profile of T3 from Conductive Bioactive

Nanofibers

According to Table 3, hybrid PCL/gelatin scaffolds con-

taining 1, 2 and 3 (%) T3-loaded chitosan NPs denoted

as PG/PAG 2/1% NPs, PG/PAG 2/2% NPs, and PG/PAG

2/3% NPs, respectively, were used to obtain the

Figure 4 (A) Schematic procedure for chitosan NPs synthesis, (B) chitosan NPs size and distribution, (C) FESEM image of dried chitosan NPs.
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optimum concentration of chitosan NPs in the scaffold

to induce differentiation of NSCs to OLCs. According to

a previous study reported by Abbaszadeh et al concern-

ing the differentiation of NSCs to OLCs using T3, the

optimal concentration of this differentiating factor in the

culture medium was reported to be 25 ng.mL−1.11 Based

on this optimal concentration, the amount of chitosan

NPs containing T3 in the scaffold was selected. Three

different scaffolds containing various amount of chito-

san NPs were electrospun. The amount of T3 released

from the scaffolds during 14 days had three different

levels including fast, medium, and slow rates. As shown

in Figure 5C, the concentration of T3 released from PG/

PAG 2/1% NPs, PG/PAG 2/2% NPs, and PG/PAG 2/3%

NPs scaffolds over a period of 4 days reached to 39, 82,

and 133 ng.mL−1, respectively.

The Analysis of Cell Viability of Cells Cultured on

Conductive T3-Loaded Nanofibers

After finding the optimal concentration of PAG, the optimal

percentage of chitosan NPs containing T3 was investigated by

culturing BMSCs on PG/PAG 2 scaffolds having various

percentages of T3-loaded chitosan NPs and MTT assay was

performed. The observed results ofMTTassay for the first and

third days showed no significant change among different

groups, while MTT results for the fifth and seventh days.

showed a significant increase in cell attachment on PG/PAG

2/2%NPs as shown in Figure 5D. Abbaszadeh and colleagues

used T3 as a differentiating factor for differentiation of neural

precursor stem cells to OLCs and found the effective range of

concentration of T3. Hence, out of the reported range, T3

would not be effective, or it may cause cytotoxicity. This

research group reported that the highest viability was observed

Figure 5 Characterization of T3-loaded nanofiber scaffold. (A) SEM graphs of PCL/gelatin nanofibers, left images showPCLnanofibers containing T3-loaded chitosanNPs and the right

images show gelatin nanofibers containing PAG nanoparticles, (B) nanofiber diameter, (C) release profile of T3 from PCL/gelatin scaffolds containing various amount of T3-loaded

chitosan NPs, (D) BMSCs viability on PG, PG/PAG 2, PG/PAG 2/1% NP, PG/PAG 2/2% NP, and PG/PAG 2/3% NP %; *Indicates significant difference of p < 0.05.
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at a concentration of 25 ng.mL−1, and at the concentrations of

50, 100 and 200 (ng.mL−1) it caused cytotoxicity.11 Based on

the obtained results, scaffold containing 2% and 3% of T3-

loaded chitosan NPs were considered to be the most and the

least biocompatible samples among the other groups,

respectively.

Evaluation of the Differentiation of

BMSCs Toward NSCs
The differentiation of NSCs was analyzed with NF68,

NF160, NESTIN, and GFAP markers. NF68, Nestin,

NF160, and GFAP were analyzed by flow cytometry. The

three markers NF68, NF160 and Nestin were both specific

markers for NSCs although the GFAP marker was consid-

ered as a specific marker for astrocyte. As shown in Figure

6A, the flowcytometric analysis showed that cultured cells

were positive for neural stem cell markers Nestin (91.1%),

NF160 (98.9%), NF68 (91.9), and negative for astrocyte

marker GFAP (2.85%).

Evaluation of the Differentiation of NSCs

Cultured on Conductive Bioactive

Scaffold Towards OLCs
RT-PCR

As previously mentioned, RT-PCR analysis was used to

evaluate the differentiation of OLCs. The qualitative and

quantitative results of RT-PCR analysis are shown in

Figure 6B and C, respectively. As can be seen, scaffolds

containing different concentrations of T3 have different

effects on cell differentiation. mRNA levels of O4:

a transcription factor in pre-OLCs, O1: a transcription

factor in immature OLCs, and MOG: a transcription factor

in mature OLCs were observed by RT-PCR analysis.41–43

Among all the scaffolds, the ones containing 1% of T3-

loaded chitosan NPs (PG/PAG2/1% NP) showed less

effect on cell differentiation, and the cells exhibited less

expression of O4, O1, and MOG genes due to its low

concentration of T3 compared with the cells cultured on

the scaffold containing 2% T3-loaded chitosan NPs (PG/

Figure 6 Characterization of NSCs and the differentiation of NSCs to OLCs on scaffolds. (A) Flow cytometry analysis of NF68, NF160, Nestin, and GFAP, (B) RT-PCR
analysis for O1, O4, and MOG genes, (C) RT-PCR quantitative data for O1, O4, and MOG. Note, *Indicates a significant difference of p < 0.05.
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PAG2/1% NP) which showed relatively higher expression

of O4, O1, and MOG. The cytotoxicity caused by the high

concentration of T3 embedded in the scaffold containing

3% T3-loaded chitosan NPs (PG/PAG2/3% NP) caused

cell death as shown by MTT assay results. Generally, T3

plays a very important role in the growth and maturity of

OLCs. Some myelin genes are directly controlled by thyr-

oid hormone receptors. Therefore, the presence of T3 is

essential for the differentiation and maturity of OLCs at

the later stages of differentiation.11 As mentioned before,

pre-OLCs and immature OLCs express O4 and O1,

respectively. The expression of these genes in large

amounts will be a stimulus to differentiate NSC to mature

OLCS. MOG gene is expressed by mature OLCs. This

gene is considered as one of the most important functional

genes for OLCs. T3 plays an important role in the func-

tional maturity of immature OLCs and increasing the

expression of MOG.11,41,43

Immunostaining

Three important cell surface markers including O4, O1,

and MOG were used to evaluate the differentiation of

NSCs to pre-OLCs, immature OLCs, and mature OLCs,

respectively. The evaluation of expression of these mar-

kers for cells seeded on scaffolds without T3 showed that

NSCs did not differentiate significantly from OLCs.

However, the presence of these markers was significantly

increased for the cells cultured on scaffolds containing T3.

The qualitative and quantitative results of immunocyto-

chemistry analysis are shown in Figure 7A and B, respec-

tively. The use of nanofibers to simulate the axonal

environment to direct the differentiation of NSC is

a method used by different groups.8,44 Lee and colleagues

used polystyrene with various fiber diameters to study the

differentiation and myelination of precursor OLCs. This

research team showed that the process of differentiation

and myelination of these cells took place without the need

for the presence of neurons and their simultaneous co-

culturing. Thus, providing a microenvironment similar to

axon can be very effective for the differentiation and

maturity of OLCS. As can be deduced from the results

of immunostaining, the expression level of these three

markers were different for the scaffolds with varied

T3-loaded NPs content. As shown in Figure 5E and F,

a small population of cells cultured on PG and PG/PAG

2 expressed these three markers, which may be attributed

to the effects of fiber morphology and also other supple-

mentaries including bFGF, PDGF, and heregulin used in

culture medium to promote the differentiation at the early

stage.11 Higher number of cells cultured on PG/PAG 2/1%

NPs expressed O4 compared to O1 and MOG. In other

words, a lower concentration of T3 in the medium caused

a higher population of pre-OLCs or immature OLCs than

mature OLCs. Eighty-five percent of the cells cultured on

PG/PAG 2/2% NPs expressed O1 marker and 80% of the

cells cultured on the same scaffold expressed MOG

Figure 7 The differentiation of NSCs to OLCs on scaffold. (A) qualitative and (B)
quantitative immunocytochemistry analysis of the transdifferentiated BMSCs into

OLCs, *Indicates a significant difference of p < 0.05, scale bar = 20 µM. Yellow

arrows in (A) show cell process extension.
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marker. MOG was considered as a marker for adult OLCs,

and its high percentage indicated the efficiency of the

differentiation and secretion of glycoprotein associated

with myelin plates.11 It was deduced that the concentration

and the release rate of T3 were sufficient to differentiate

pre-OLC to immature and mature OLCs. In the case of

cells cultured on PG/PAG 2/3% NPs, MOG expression

was higher in comparison to O1 and O4. Although the

concentration of T3 was high enough to promote the

differentiation of NSCs to mature OLCs, but more popula-

tion of the cells were died and did not show significant

expression of markers due to the high concentration of T3,

which may cause toxicity. In conclusion, in this study,

a controlled release of T3 caused differentiation of NSFs

into OLCs which mimics the fetal growth when T3 is

produced to stimulate differentiation in CNS.45

Flow Cytometry Analysis

For further evaluation of oligodendrocyte differentiation on

PG/PAG 2/2% NPs scaffold, flow cytometry analysis was

carried out. In fact, the oligodendrogenesis may go through

several differentiation stages for the differentiation of NSC

into OLCs, including precursor, immature, mature and

functional OLC that produces myelin and these stages are

characterized by distinct morphological and antigenic

changes and specific markers are expressed during this

differentiation process including PDGFR-α, O4, OLIG2,
O1, GFAP, MBP, and MOG.11 PDGFR-α, Olig 2 as early

markers and MBP as mature OLC were selected. As shown

in Figure 8A, cultured cells were positive for immature

OLC markers, PDGFR-α (85.3%), Olig 2 (87.16%), and

mature marker, MBP (80.2%). These data exhibited that

NSCs cultured on PG/PAG 2/2% NPs scaffold showed

a high level of expression of reliable oligodendrocyte mar-

kers. One of the important mitogens for oligodendrocyte

progenitor cells is PDGF, which induces the differentiation

and proliferation of NSC into OLC. PDGF induces

a specific number of cell divisions. PDGF can block the

intracellular signaling pathways starts from the PDGF

receptor to the expression of the PDGFR-α gene, and

thereby it could affect oligodendrocyte progenitor cell

development and proliferation.11 Olig2 transcription factors

are expressed by both oligodendrocyte precursor cells and

mature oligodendrocyte. It was reported that its expression

is important for neural progenitor cell differentiation into

the oligodendroglial lineage but its overexpression may

induce the NSCs differentiation into mature oligodendro-

cytes based on an in vitro study.41 By knocking down the

Olig2 gene in the immature oligodendrocytes, the degree of

maturation was increased, which was correlated with

Figure 8 Characterization of the differentiation of NSCs to OLCs on PG/PAG 2/2% NP scaffold. (A) Flow cytometry analysis of the expression of PDGFR-α, Olig 2, MBP,

and GFAP markers in differentiated OLCs, (B) SEM images of morphological changes of differentiated OLC cultured on PG/PAG 2/2% NP scaffold at day 1 and day 14.
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myelination.11,41 To show the selective differentiation of

NSCs towards OLCs, the expression of GFAP as an astro-

cyte marker was analyzed. The percentage of positive cells

for GFAP marker indicated the selective differentiation of

NSCs to OLCs. In addition, the presence of MBP as an

indicative marker of myelinating OLC46 for NSCs cultured

on PG/PAG 2/2% NPs scaffold showed that the concentra-

tion of T3 and the morphology of nanofiber microenviron-

ment strongly affected not only the differentiation of NSCs

to OLC but also the maturation of the cells to myelinating

OLC stage. Both MBP and MOG are key markers for both

maturity and functionality and they are expressed by the

differentiated oligodendrocytes. Thyroid hormone recep-

tors could regulate MBP and MOG genes because they

have thyroid hormone response elements as an enhancer-

like element.41

Morphological Analysis of NSC and OLC

As shown in the results, the highest amount of expression of

all marker genes was observed for the cells cultured on

PG/PAG 2/2%NP compared to the other groups. In addition

to T3 effect on guiding oligodendrocyte differentiation,11 it

should be noticed that probably the morphology of nanofi-

bers also had an effect on directing oligodendrocyte differ-

entiation. Christopherson et al reported that NSCs cultured

on 283-nm fibers showed a significant increase in oligoden-

drocyte differentiation due to the multi-direction guidance

of nanofibers and cell spreading compared to the cells

cultured on nanofibers with bigger diameter.47 As shown

in Figure 8B, differentiated NCSs on PG/PAG 2/2% NP

scaffold spread in different directions and showed extended

cell morphology similar to oligodendrocytes. The fiber size

of gelatin nanofiber in PG/PAG 2/2% NP scaffold is in the

range that is favorable for oligodendrocytes due to its mor-

phological resemblance to axons.8 As shown in Figure 8B,

the differentiation of NSCs to OLCs caused the morpholo-

gical changes. After 14 days of differentiation process of

spindle-like NSCs on PG/PAG 2/2% NP scaffold, cells

show the extension of their process, which is one of the

most characteristics of oligodendrocytes compared to

NSCs. As shown in Figure 8B, since the size of cell pro-

cesses is quite the same as the size of nanofibers, it is hard to

distinguish the cell process from nanofibers.

Conclusion
Hybrid conductive nanofiber scaffolds of PCL and gelatin

were fabricated using the co-electrospinning technique to

direct stem cell fate. Using a nanofiber construct with

sustained release of an induction factor, T3, with the

potential for NSCs toward OLCs differentiation was

demonstrated. In conclusion, the hybrid scaffold fabricated

in this study providing an appropriate conductivity, surface

topography and controlled release is a suitable substrate

for the differentiation of NSCs to OLCs. This study

strongly proves the potential use of bioactive PCL/gelatin

nanofiber in the field of CNS tissue engineering and

in vitro CNS disease model to study patients’ own oligo-

dendrocytes by isolating BMSCs.
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