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1. Introduction  
 

Spinal cord injuries can cause damages to neurons, 

oligodendrocytes and lead to axon demyelination. There are 

three strategies to regenerate an injured nerve, including 

tissue engineering, molecular and biomaterial based 

approaches. As a branch of regenerative medicine, tissue 

engineering involves the utilization of cells (mature or stem 

cells), signaling factors (such as chemical, magnetic, 

electrical and mechanical signals) and scaffold as a 

microenvironment for cell attachment, differentiation and 

migration (Lanza et al. 2013, Rastin et al. 2020, Rastin et 

al. 2020, Rohani Rad et al. 2019). 

In addition to chemical stimuli as the most widely used 

signaling factors for cell differentiation, electrical, magnetic 

and low-frequency electromagnetic fields (EMF) have been 

recently assessed for application as signaling factors, as 

well. EMF has been generally reported to affect cell 

behavior, especially differentiation.  EMF with different 

frequencies has induced cell differentiation toward neural 

(Barati et al. 2020, Barati et al. 2020b, Khoram et al. 2020,  
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Lee et al. 2015, Moraveji et al. 2016, Najafzadeh et al. 

2020), chondrogenic (Kavand et al. 2016), osteogenic 

(Jazayeri et al. 2016, Ongaro et al. 2014), cardiac muscle 

(Gaetani et al. 2009) and skeletal muscle (Norizadeh-

Abbariki et al. 2014) cells. One of the main mechanisms of 

EMF effect on cells involves ion channels and ion flow into 

and out of cells (Levin 2009). In this research, the effect of 

low-frequency electromagnetic field (LFEMF), as a 

potential signaling factor for cell differentiation, has been 

studied. The electromagnetic field can modulate the 

hyperpolarizing potassium channels by increasing the 

intracellular calcium concentration (Tonini et al. 2001). 

However, some reports suggest that the electromagnetic or 

magnetic fields have no effect on this phenomenon (Madec 

et al. 2003). Magnetic and electromagnetic fields can affect 

the formation and rotation of protein molecules (Binhi et al. 

2001, Laurence et al. 2000). Cheng and Zou (2006) showed 

that the electromagnetic field could separation of nucleotide 

sequences and unwinding of a double helix during DNA 

replication. Buchachenko et al. (2007) indicate that the 

electromagnetic field increase the production of ATP 

molecules in the cell. The magnetic field increases 

phosphorylation up to 2 times and also affects the calcium 

bind (Markov and Pilla 1997). Wang et al. (2009) showed 

that the average magnetic field interferes with cellular 

signals, some membrane lipids, calcium flow, and the 

expression of some genes. Extremely low-frequency 
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Abstract.  This study aimed to develop a collagen/polycaprolactone (CP) fibrous scaffold decorated with Graphene (Gr) 

nanoplatelets (Gr-CP). In previous studies, accessibility of cells to the surface of Gr nanoplatelet was missed.  

Nanofibers were prepared by electrospinning which sprayed Gr nanoplatelets (1 wt.%) to synthesize the Gr-CP scaffold. 

Fourier transform infrared spectroscopy (FTIR) was utilized for investigation of chemical structure. Tensile tests were 

performed to study the influence of Gr on the mechanical properties of scaffolds. Cell differentiation was analyzed based 

on MAP2 and TUJ1 expression levels using real-time PCR technique in 6 groups. The variables examined in this 

experiment was the neural differentiating chemical medium, low-frequency electromagnetic field (LFEMF; 50Hz, 1mT) 

and Gr. Based on the results, Young’s modulus, tensile strength and work of fracture ratio of the Gr-CP were 1.68, 2.41 

and 1.42 times higher than those of the CP scaffold, respectively. MTT assay outcomes were indicative of scaffold 

cytocompatibility. The group treated with all three factors exhibited the highest MAP2 expression level compared to other 

groups. Based on the obtained results, exposing stem cells to the combined treatment of Gr and LFEMF can be used as a 

promising method to induce neuronal differentiation. 
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electromagnetic fields promote in vitro neuronal 

differentiation and neurite outgrowth of embryonic neural 

stem cells via up-regulating TRPC1 (Ma et al. 2016). 

Ö zgün et al. (2019) indicated that low-frequency magnetic 

fields can active N-methyl-D-aspartate receptors in 

glutamatergic Ca2+ channels to promote neuronal 

differentiation.  

As a microenvironment for cells, the scaffold can affect 

intracellular signals and control cellular behavior and 

activities. Biomimetic scaffolds that simulate extracellular 

matrix (ECM) are appropriate microenvironments for cells. 

Biopolymer nanofibers are among ECM components 

(Szymanski et al. 2014). Inspired by ECM structure, 

nanofibrous scaffolds have been synthesized for tissue 

engineering, using various techniques such as 

electrospinning (Teo and Ramakrishna 2006), self- 

assembly (He et al. 2014), phase separation (Vasita and 

Katti 2006) and template directed approaches (Acar et al. 

2011) among which, electrospinning is a low cost and 

feasible method, compared to others (Golafshan et al. 

2017). As neural cells tend to align on nanofibers and 

elongate along them, nanofibrous scaffolds have been 

extensively used in neural tissue engineering (Xie et al. 

2009). 

Various natural and synthetic polymers have been 

utilized to produce scaffolds for neural regeneration. 

Natural polymers show biological activity and synthetic 

polymers are associated with superior mechanical properties 

compared to the natural ones. Therefore combining natural 

and synthetic polymers can result in improved properties. 

As a natural polymer, collagen is well able to control cell 

behavior. In addition to its differential role, collagen causes 

the synapsis maturation of neurons and their release through 

the MAPK/ERK1/2- synapsin I intracellular signaling 

pathway (Yin et al. 2014). Synthetic polymers such as PGA 

(Yoshitani et al. 2007), PCL (Çapkın et al. 2012, Schnell et 

al. 2007), PLGA (Ouyang et al. 2013), PMMA (Li et al. 

2008) can be combined with collagen to produce a neural 

tissue engineering scaffold.  In particular, PCL fibers have 

the potential of inducing neural differentiation. For 

example, cells cultured on a PCL fibrous scaffold have been 

reported to express mature neuron markers such as MAP2 

and β-tubulin, compared to control cells (Xie et al. 2009).   

Depending on the type of tissue, specific characteristics 

are required for an appropriate tissue engineering scaffold. 

Conductivity is among the necessary properties of neural 

scaffolds. There are two types of synapses through which 

neighboring neurons communicate with each other: 

chemical synapses by a neurotransmitter and electrical 

synapses (Pereda 2014). A conductive scaffold seems to be 

capable of improving electrical synaptic transmission 

between neurons. In this regard, conductive biomaterials 

such as graphene (Gr) (Gupta et al. 2019, Soleimani et al. 

2019, Zhang et al. 2018), carbon nanotube (CNT) (Xia et 

al. 2019), polyaniline (Garrudo et al. 2019), polypyrrole 

(Alegret et al. 2018), poly (3,4- ethylenedioxythiophene): 

poly (styrenesulfonate; pedot: pss) (Magaz et al. 2020) and 

MXene (Driscoll et al. 2018, Wychowaniec et al. 2020), 

have been recently considered for application in neural 

scaffolds. 

As a carbon derivative, Gr is a flexible, conductive, high 

strength, hard and biocompatible biomaterial (Ryu and Kim 

2013). It can adsorb small biomolecules on its surface and 

thereby act as an appropriate substrate for cell activities 

(Park et al. 2011).  

Park et al. (2011) have reported that Gr induces stem 

cells toward neuronal cells (by increasing TUJ1 expression) 

compared to astrocyte parenchymal cells (with decreased 

GFAP levels). In addition to cell differentiation, cell-cell 

communication and synaptic activity are also essential for 

the nervous system. Gr stimulates the neurite growth from 

the cellular body of neural cells (Li et al. 2011). Indeed, Gr 

causes the formation of neural network between the neural 

cells (Kenry et al. 2018). One of the obstacles in nerve 

regeneration is the secretion of inflammatory factors by glia 

cells. 2D and 3D Gr scaffolds can decrease inflammatory 

secretion and improve neurosphere formation and cell 

migration (Li et al. 2011).  

A scaffold with structure of fiber/Gr is taken into 

consideration recently. 3D- printed PCL/rGO scaffold with 

conductive fiber structure has been introduced as an 

appropriate substrate for neural cell differentiation with 

expression of neural genes (TUJ1, NF-H, and GAP43) 

(Vijayavenkataraman et al. 2018). Also, it was show that Gr 

can improve the differentiation of stem cell to dopaminergic 

neurons (Ginestra 2019). Although conducting the fiber 

with Gr is an exciting method, however the percentage of 

Gr effect on the properties of scaffold. For example, high 

percentage of Gr increases the hydrophobicity of scaffold 

and decreases the cell attachment and spreading on it 

(Golafshan et al. 2017). Coating of nanofiber with single 

sheet graphene is another technique for conduction of 

nanofiber with Gr. This method cannot disorder the 

alignment of nanofiber. GO coating increases the neurite- 

bearing PC12 cells and length of them. In fact, GO can 

stimulate cell differentiation for neural tissue engineering 

(Zhang et al. 2016).   

Considering Gr conductivity, the combined treatment of 

Gr and electrical signals have recently attracted scientific 

attention. In this work, we used electrospinning to prepare 

PCL/collagen nanofibrous scaffolds which were modified 

with Gr nanoplatelet spraying during synthesis. The 

difference of this work with other studies based on 

electrospinning and Gr is that the Gr nanoplatelet was not 

distributed in electrospinning solution. As a result, Gr 

nanoplatelet placed on the fibers instead of embedded inside 

of them. It is noteworthy that the cells miss the direct 

contact with Gr when they are inside of fibers. We 

investigated the effect of Gr on the mechanical properties of 

the scaffold. Another aim of this research was to assess the 

effect of Gr on adipose mesenchymal stem cells (AMSCs) 

differentiation based on the expression of neuronal markers. 

In addition, the effect of LFEMF was also investigated 

using real-time PCR. The simultaneous effects of Gr and 

LFEMF on AMSCs differentiation were studied. 
 

 

 

550



 

The effect of collagen/polycaprolactone fibrous scaffold decorated with ... 

2. Materials and methods 
 

2.1 Fabrication of Gr-CP fibrous scaffold 
 

Gr-CP fibrous scaffold was prepared using two 

techniques, namely electrospinning and spraying. It was 

necessary first to prepare polymeric and Gr solutions. The 

polymeric solution was prepared from 15 wt.% collagen I 

(National cell bank of Iran) and PCL (Mn = 80,000, sigma 

Aldrich) within 90% acetic acid solvent, with a collagen/ 

PCL ratio of 25/75 wt.%. To prepare PCL solution, PCL 

pellet in 90% acetic acid was placed on a hot plate stirrer at 

50°C for 90 min. To prevent collagen denaturation at high 

temperatures, collagen was added to the solution after the 

PCL solution cooled down. After 40 min, the CP solution 

was ready to use. To obtain Gr-CP fibrous scaffold with 1 

wt.% Gr, Gr nanoplatelets (purity > 99.5%; less than 32 

Layers, Nanosany Corporation, Iran) were dispersed in 

DMF using a probe sonicator (100 W) for 90 min. For the 

electrospinning process, CP solution was fed into 1 mL 

insulin syringes. Electrospinning parameters including 

voltage, flow rate, tip to collector distance and rotational 

speed of collector were set to 22 kV, 0.3 mL/h, 13 cm and 

700 rpm, respectively. Every half hour, at zero flow rate and 

zero voltage, the dispersed graphene was sprayed on the 

nanofibers. The appropriate distance of sprayer and 

collector caused the sprayed droplets to spread on the 

fibrous scaffold uniformly. After scaffold fabrication, cross 

linking was performed using 10% or 25% glutaraldehyde 

(GA) vapors at room temperature for 72 or 24 h, 

respectively. For complete solvent evaporation after 

scaffold cross linking, the scaffold was placed in a vacuum 

oven at 25°C for 24 h. 

 
2.2 Characterization of Gr-CP fibrous scaffold 

 

Nanofiber morphology, as well as distribution and 

dispersion of graphene nanoplatelets on the surface of 

nanofibers were studied via scanning electron microscopy 

(SEM, AIS 2100, Seron Technology, Korea). Nanofiber 

diameter (n = 25) was determined using Image J software 

1.44 p.    

Chemical composition of scaffold and the effect of cross 

linking were studied through Fourier transform infrared 

spectroscopy (FTIR) over the range of 400-4000 cm−1.  

Mechanical properties were investigated using a tensile 

testing machine (GALDABINI, Italy). Two 20 mm × 5 mm 

specimens of Gr-CP and CP nanofibrous scaffolds with 10 

µm and 30 µm thickness values, respectively, were tested 

using an extension rate of 1.0 mm/min. The obtained data 

were used to calculate Young’s modulus, tensile strength 

and toughness of specimens. 

 
2.3 Cell study 

 
2.3.1 Extraction test and cell proliferation study  

To investigate the effects of scaffold on cell 

proliferation, extract test was performed according to ISO 

10993-5 guidelines. In this test, 1 ml of culture media 

(DMEM containing 10% (v/v) FBS) per 6 cm2  of the 

scaffold was added to a 6- well plate and incubated at 37°C 

and 5% CO2 for 24 h. Before performing the extract test, 

each side of scaffold was sterilized under UV light for 45 

min and washed thrice with sterile PBS. It should be noted 

that sterilizing collagen with UV for less than an hour has 

no effect on collagen (Sionkowska et al. 2020). Concurrent 

with the start of the extraction test, 104, L929 cells were 

seeded on a 96-well plate. After 24 h, the culture medium of 

L929 cells was replaced with 100 µl of scaffold extract. The 

control sample was incubated with DMEM containing 10% 

(v/v) FBS. Cell proliferation was studied based on 3-(4,5-

dimethylthiazolyl-2)-2,5-diphenyl tetrazolium bromide 

(MTT) assay. After 24 or 72 h, the culture medium was 

discarded, sample was rinsed with 1x PBS and cells (n = 5 

for each group) were incubated with 100 µl of MTT 

solution (0.5 mg/ml MTT reagent in PBS) for 4 h. Finally, 

MTT solution was removed, and violet formazan crystals 

were dissolved in 100 µl of isopropanol for 20 min. The 

optical density (OD) of formazan was measured using an 

Eliza reader machine (Stat Fax 2100, Awareness 

Technology, US) at 545 and 630 nm wavelengths. The 

relative cell proliferation was calculated based on Eq. (1) 

(Mohabatpour et al. 2016) 

Relative cell proliferation = 
𝑚𝑒𝑎𝑛 𝑂𝐷 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

𝑚𝑒𝑎𝑛 𝑂𝐷 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 × 100 (1) 

 

2.3.2 SEM analysis of cell attachment and cell 
morphology on the Gr-CP scaffold 

To image the cells cultured on the scaffold, 50×104 

L929 cells were first seeded on the scaffold for 24 h. After 

fixing the cells with GA 4% (v/v) for 4 h at 4°C, the 

scaffold was rinsed with PBS and dehydrated using a 

graded ethanol series (30, 50, 70 and 95%). After drying the 

scaffold and coating with gold, SEM analysis was carried 

out. 

 

2.3.3 Cell differentiation  

Rat adipose mesenchymal stem cells (RAMSCs) were 

obtained from National Cell Bank of Iran and cultured in a 

media consisting of DMEM/F12 + 10% (v/v) FBS + 1% 

(v/v) penicillin/ streptomycin. Scaffold sterilization was the 

prerequisite of study. In this investigation, six groups were 

studied during 13 days, in which passage 3 cells were 

cultured on: 1) Gr-CP nanofibrous scaffold and subjected to 

LFEMF (Gr-CP(EM)), 2) Gr-CP nanofibrous scaffold and 

incubated with neural differentiation medium while being 

exposed to LFEMF (Gr-CP(ch-EM)), 3) CP nanofibrous 

scaffold and exposed to LFEMF (CP(EM)), 4) tissue culture 

polystyrene (TCPS) and subjected to LFEMF (TCPS(EM)) 

5) Gr-CP nanofibrous scaffold and incubated with neural 

differentiation medium (Gr-CP(ch)), 6) TCPS. Neural 

differentiation medium contained DMEM/F12, 10%(v/v) 

FBS, 10 ng/ml b-FGF (Royan Institute,Iran), 10 ng/ml EGF 

(Gibco,UK), 5 mM retinoic acid (Sigma aldrich, USA) and 

100 µM BHA (Sigma aldrich, USA). 

LFEMF device, which had been previously designed 

and fabricated in National Cell Bank of Iran and could be 

placed in an incubator, consisted of a multi-turn solenoid, 

an electrical current source and an operative for generation 

of nonsinusoidal, pulsed electromagnetic fields. The 
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frequency and flux density of the applied EMF were 50 Hz 

and 1 mT, respectively, with a pulse period of 40 ms and 

duty cycle (on/ off) of 25/15. EMF was applied on cells for 

13 consecutive days (7 h/day) (Cho et al. 2012, Moraveji et 

al. 2016, Piacentini et al. 2008). 

 
2.3.4 RNA isolation and reverse transcription 

polymerase chain reaction 

RNA isolation was performed using RNeasy Plus mini 

kit (Qiagen, Germany) for the six experimental groups, 

followed by optical density measurement of RNA using a 

Nanodrap instrument (NanoDrap, USA) and cDNA 

synthesis using Takara kit. Neural differentiation of 

RAMSCs was assessed based on mRNA levels of MAP2 

and TUJ1 as the target genes, while β-actin was used as the 

housekeeping gene. mRNA expression level was evaluated 

in triplicate utilizing SYBR®  Green Master Mix and ABI 

Step One real time- PCR instrument (Applied Biosystems, 

USA). Primers were designed using Primer Blast (NCBI), 

as the following: MAP2: forward 5’- 

CAAACGTCATTACTTTACAAC TTGA-3’ and reverse 5’-

CAGCTGCCTCTGTGAGTGAG-3’; TUJ1: forward 5’-

TGGATGT CGTGAGGAAAGAAT - 3’ and reverse 5’-

TCATCCGTGTTCTCCACTAGC-3’. 

 

2.3.5 Statistical analysis 

The results of this study were expressed as mean±SD. 

Each test was repeated 3 times. The normality test was done 

by Shapiro-Wilk method. ANOVA and Scheffe’s tests 

(SPSS) were performed to determine the significance of the 

difference between experimental groups. The value of p < 

0.05 was considered statistically significant. 

 

 
3. Results and discussion 

 
3.1 Fabrication and characterization of the Gr-CP 

fibrous scaffold 

 
Providing surface availability of Gr and CP nanofibers 

was the main reason for choosing the mentioned fabrication 

method. The electrospun fibrous scaffold composed of PCL 

and collagen was associated with an average diameter of 

238 ± 97 nm. During electrospinning Gr nanoplatelets 

dispersed in DMF were sprayed on the scaffold (Fig. 1(a)). 

Since DMF is a solvent for PCL (Qin and Wu 2012), Gr 

spraying resulted in the surface dissolution of PCL 

nanofibers. Therefore, the Gr nanoplatelets sprayed on the 

nanofibers exhibited stronger interactions with them, 

compared to what is observed in common deposition 

technique. It is noteworthy that due to DMF spraying, the 

thickness of the Gr-CP scaffold was less than that of the CP 

scaffold. Scaffold SEM imaging (Fig. 1(b)) indicated a 

fibrous scaffold decorated with Gr nanoplatelets with 

thickness values of 2-18 nm and diameters of 40-80 nm 

(Fig. 1(a)). 

After scaffold fabrication, cross linking with GA was 

performed, mainly to increase collagen stability in cell 

culture medium. 10% and 25% of GA vapors were used for  

 

 
Fig. 1 Schematic diagram of Gr-CP scaffold fabrication 

and SEM image of it: a) preparation of nanofibers 

through electrospinning and decoration of the fibrous 

scaffold via Gr suspension spraying; b) SEM image of 

the fibrous scaffold decorated with Gr nanoplatelets. Red 

circles indicate Gr nanoplatelets on nanofibers. 

 

 

cross linking to optimize the cytotoxicity and cross linking.  

Cross linking was analyzed through FTIR spectroscopy. 

The characteristic peaks of PCL in the cross linked and non-

cross linked scaffolds were around 1175, 1240, 1294, 1418, 

1729, 2867 and 2946 𝑐𝑚−1, attributed to the symmetric 

stretching COC, asymmetric stretching COC, stretching C- 

O, COO-, C = O, symmetric 𝐶𝐻2  and asymmetric 

𝐶𝐻2vibration, respectively (Rajzer et al. 2014) (as shown in 

Fig. 2(a)). 

N-H peak was observed in the range of 3100-3400 cm-1 

(Li et al. 2003). As the frequency of band vibration is 

inversely proportional to the mass of vibrating molecule, 

the wavenumber peak of N-H was decreased in the cross 

linked scaffold. Reduction of 𝑁𝐻2 and amide II formation 

was another consequence of cross linking (Damink et al. 

1995). Therefore, the formation of amide II instead of  

𝑁𝐻2 caused an increase in the molecular weight, a decrease 

in vibration frequency and occurrence of red peak shifting 

(Fig. 2(a)). A higher Red peak shifting was observed in the 

10% GA cross linked scaffold, compared to the 25% one. 

Peaks observed at 1541 and 1652 cm-1 for the cross 

linked scaffold were indicative of amide II and C = C 

bond (Coates 2000, Muyonga et al. 2004). Interaction of 

GA with collagen led to formation of amide II and decrease 

in 𝑁𝐻2  (Fig. 2(b)). Interaction of two GA molecules 

resulted in C = C bond formation (Damink et al. 1995) 

(Fig.2 (b)). FTIR results were demonstrative of a greater 

reduction in primary amine groups in the scaffold cross 

linked with 10% GA, compared to that with 25% GA. 

Mechanical properties such as Young’ modulus, tensile 

strength and work of fracture are important factors of a  
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Fig. 2 Mechanism of crosslinking and FTIR analysis of 

it. a) FTIR spectra of non-cross linked and cross linked 

fibrous scaffolds with 10% and 25% GA; b) mechanism 

of collagen cross linking with GA 

 

 

Fig. 3 The mechanical properties of CP and Gr-CP 

scaffolds. Young modulus, work of fracture and tensile 

strength of the Gr-CP scaffold were all greater than those 

of the CP scaffold. 

 

 
 

 

 

Fig. 4 Biocompatibility analysis of scaffolds. a) cell 

morphology on the Gr-CP scaffold for 24 h. b) MTT test 

on the scaffolds cross linked with 10% and 25% GA for 

24 and 72 h. 

 
 

scaffold that can be measured through tensile experiments. 

Based on the young's modulus measurements, Gr addition 

increased the modulus and tensile strength from 46.25 and 

3.72 MPa for the CP scaffold to 78.1 and 8.99 MPa for the 

Gr-CP scaffold, respectively. Similarly, the Gr-CP scaffold 

exhibited a greater work of fracture (321.60 N.mm) 

compared to the CP scaffold (225.69 N.mm). Results of the 

mechanical properties, implying the significant role of Gr 

inenhancing the mechanical properties of Gr-CP scaffold. 

The CP scaffold showed a higher elongation (74.62%) 

compared to the Gr-CP sample (48.84%) (Fig. 3). 

 
3.2 Cell morphology and proliferation 

 

Appropriate cell attachment and morphology on a 

scaffold represent the biocompatibility of scaffold. 

Attachment of L929 cells to the Gr-CP scaffold 24 h after 

cell seeding was studied by SEM. Cell morphology and 

spreading on the scaffold were remarkable only after 24 h 

(Fig. 4(a)).  

MTT analysis was performed to investigate the effect of 

scaffold extract on cell proliferation. Compared to control 

samples, L929 cell proliferation levels were 122% and 99% 

after 24 h and 89% and 82% after 72 h on scaffolds cross 

linked with 10% and 25% GA, respectively, (Fig. 4(b)). 

Based on FTIR and MTT results, the scaffold cross linked 

with 10% GA was selected for subsequent cell 

differentiation studies. 
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Fig. 5 mRNA expression of differentiation test groups. 

Real-time PCR results for a) TUJ1 expression and b) 

MAP2 expression in the TCPS, TCPS(EM), CP(EM), Gr-

CP(EM), Gr-CP(ch) and Gr-CP(ch-EM) groups (* P < 

0.05). 
 

 

3.3 Neuronal gene expression analysis using 
real-time PCR 

 

Expression of MAP2 and TUJ1 genes as two neuronal 

markers was studied through real- time PCR technique. 

MAP2 is a neuron specific protein which is weakly 

expressed by neuronal precursors but is significantly 

expressed by mature neurons (Bojnordi et al. 2016, Raposio 

et al. 2007). TUJ1 is expressed by immature neurons 

(Bédard and Parent 2004, Callahan et al. 2013). 

The significant expression levels of TUJ1 in the CP(EM), 

Gr-CP(EM), Gr-CP(ch) and Gr-CP(ch-EM) groups were 

indicative of neuronal differentiation of RAMSCs. In these 

groups, TUJ1 expression levels were higher than those of 

MAP2 (Figs. 5(a) and (b)). As mentioned, TUJ1 is 
expressed by early neurons and therefore, longer time 

durations (more than 13 days) were required for 

differentiation of RAMSCs into mature neurons and 

observing higher expression levels of MAP2. The observed 

difference in TUJ1 expression between test groups was 

indicative of the different effects of signaling factors on 

neural differentiation. For instance, comparison of TUJ1 

mRNA levels in the Gr-CP(ch) and Gr-CP(EM) groups 

showed that chemical differentiation medium was more 

neuroinductive than LFEMF.  

 MAP2 mRNA level was proportional to cell 

differentiation signals (Fig. 5(b)). Studying cell 

differentiation mechanisms through LFEMF, Gr and neural 

chemical medium is essential for analyzing the results of 

real-time PCR.  

Park et al. (2013) have reported that EMF can induce 

NADH, leading to the production of reactive oxygen 

species (ROS) at the plasma membrane which in turn leads 

to the phosphorylation of epidermal growth factor receptor 

(EGFR) and activation of the P13k/Akt intracellular 

pathway (as a neuronal differentiation pathway). 

Gr nanoplatelets have been proved to cause a decrease 

in mitochondria membrane potential and ROS generation. 

In fact, one of the drawbacks of Gr is increasing the ROS 

generation in cells which leads to cytotoxicity and cell 

death (Ou et al. 2016, Zhang et al. 2016). Therefore, the 

appropriate graphene concentration should be determined. 

In addition to Gr and LFEMF as ROS generating factors, 

EGF cause neuronal differentiation through increasing 

cellular ROS and activation of the P13k/Akt pathway (Huo 

et al. 2009, Le Belle et al. 2011). So in general, in this study 

there are three sources of ROS production.  

According to the above discussion, the less mature 

neurons and lower MAP2 expression in the CP(EM) group 

compared to the Gr-CP(EM) one and also in the Gr-CP(ch) 

group compared to the Gr-CP(EM-ch) one, had originated 

from the lower ROS concentrations. This conclusion can be 

validated based on the Gr-CP(ch-EM) group. ROS is a 

double-edged sword, as a low ROS concentration is 

necessary for neuron differentiation and growth while its 

high concentrations can cause cell apoptosis.   

Therefore, due to the increase in ROS concentration by 

all 3 factors in the Gr-CP(ch-EM) group, cell apoptosis and 

no expression of MAP2 and TUJ1 genes were expected. 

Indeed, in our previous study, cell apoptosis was happened 

due to the simultaneous application of chemical and EM 

factors that led to an increase in ROS. However, significant 

expression levels of MAP2 and TUJ1 were observed. The 

only reason behind such finding may be the presence of 

BHA in the culture medium of Gr-CP(ch-EM) group. BHA 

acts as an antioxidant and scavenger of ROS (Festjens et al. 

2006). In our previous study, no BHA was present in the 

medium used for the Gr-CP(ch-EM) group, leading to cell 

death and no expression of MAP2 (Moraveji et al. 2016). 

Comparing the CP(EM), Gr-CP(EM), Gr-CP(ch-EM) 

groups in our present study and the ch-EM group in our 

previous work reveals the critical role of ROS in mRNA 

expression. 

 

 

4. Conclusions 
 

In this present study, a CP fibrous scaffold was prepared 

through electrospinning and spraying Gr nanoplatelets (1 

wt.%) several times through fiber synthesis. Young’s 

modulus, tensile strength and work of fracture of Gr-CP 

scaffold were increased by 1.68, 2.41 and 1.42 times 

compared to the CP scaffold, respectively, revealing the 

positive effect of Gr nanoplatelets on the mechanical 

properties of scaffolds. In addition, evaluation of L929 cell 
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adhesion and morphology after 24 h demonstrated excellent 

cell-scaffold interactions. These results showed that the 

prepared Gr-CP scaffold can be used as a suitable scaffold 

for stem cell differentiation. Real-time PCR results were 

indicative of the positive effects of Gr, LFEMF and 

chemical medium on neural differentiation. Despite its low 

cost compared to other differential stimuli, LFEMF was a 

considerably influential signaling factor. Further studies are 

still required to investigate cellular pathways and find the 

optimized conditions for simultaneous application of 

differentiation factors. In future works, we will study 

astrocyte and neuron protein expression based on 

immunocytochemical staining and electrical impedance 

analysis of scaffold. 
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