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ABSTRACT 
BACKGROUND AND OBJECTIVE: Wharton Jelly Stem Cells (WJSCs) can be a good option for differentiating and 

regeneration of nervous system damage. Three dimensional (3D) cell cultures by providing a body-like environment have 

more advantages than the two dimensional (2D) cell cultures. The aim of this study was to investigate the neural 

differentiation of these cells in a 3D chitosan based culture environment. 

METHODS: This experimental study was performed in 4 groups of 2&3D with and without differentiation media on 

WJSCs. First, to construct the hydrogel, hydroxyl ethyl cellulose was added to chitosan-beta-glycerophosphate solution 

(8.4: 0.8) (HEC: CH-β-GF). Human WJSCs after isolation by enzymatic method from wartons' jelly of born infant in  

Imam Khomeini hospital in Tehran and characterization with flow cytometry, were cultured 510 5 cell in each well of 

24-well plate in a 2D and 3D environment using the hydrogel in neural differentiation media for 4 days. Then, the neural 

differentiation of WJSCs was evaluated by quantitative analysis of β-Tubulin III, Nestin and β-actin (internal control) 

genes expression by Real Time PCR (RT-PCR). 

FINDINGS: The results of RT-PCR showed that expression of β-Tubulin III and Nestin genes in WJSCs was 

significantly increased by the influence of the neural differentiation media in both 2D (more than 4 folds)and 3D (more 

than 2 folds) culture conditions (p<0.005). But the expression of β-Tubulin III and Nestin in 3D cell culture condition 

(more than 1.5 folds) was greater than that in the 2D cell culture condition under the influence of the neural differentiation 

media (p<0.01). 

CONCLUSION: The results showed that neural differentiation of WJSCs in a chitosan based 3D environment is higher 

than 2D. 
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Introduction 

The use of cell based and stem cell therapies in the 

treatment of diseases and injuries of the nervous system 

has been promising (1,2). An important source of stem 

cells is the Wharton Jelly stem cells. Features such as 

availability, high proliferation without the risk of 

developing tumors, their high differentiation potential 

to transform into different types of tissues, the 

possibility of autologous transplantation for one's own 

or allogeneic for another person are the reasons for 

extensive study of these cells in tissue engineering and 

regenerative medicine (3).  

In addition, stem cells extracted from Wharton Jelly 

have higher differentiation potentials to become 

neuronal precursors than bone marrow and adipose 

tissue (4) and survive, support and repair nerve cells by 

secreting neurotrophic factors and cytokines (4, 5). In a 

study, transplant of cells after differentiation into 

neurons in the cerebral ischemia model, there has been 

a significant improvement (6). One of the most 

important points in using these cells is culturing and 

differentiating them in the laboratory. In this regard, the 

use of 3D culture with imitation of 3D body and natural 

environment has many advantages (7). The use of 3D 

culture in different studies of neuronal cell or neuronal 

differentiation has had different results than 2D culture. 

Several studies have reported the use of three-

dimensional culture in modeling the nervous system for 

viral infection or screening for cell differentiation (9, 8). 

Chitosan-based hydrogels are scaffolds used in tissue 

engineering that can mimic natural extracellular matrix 

conditions and provide a three-dimensional 

environment for cell growth (10).  

The use of Wharton jelly stem cells with hydrogels 

that can provide the 3D environment needed to grow 

them, can be a viable strategy for the treatment of nerve 

tissue damage (11,12). Chitosan (CH) is a natural 

polysaccharide derived from chitin. Biocompatible and 

biodegradable chitosan has anti-free radical and 

neuroprotective properties. It also facilitates adhesion 

and growth of the nerve cell and has an adjustable 

degradation rate (13) and antibacterial property (14). 

Therefore, it can be a suitable scaffold for 3D culture 

and neural differentiation of stem cells. For the 

production of CH temperature-dependent hydrogels, it 

can be linked to β-GPs and cellulose derivatives such as 

hydroxyethyl cellulose (HEC) (15). β-GP causes the 

acidity of CH to close to the physiological range and 

prevents its rapid gelation (16). The use of HEC 

improves the mechanical properties and initiates the  

 

hydrogel gelation process (17,18). Different markers are 

used to evaluate the neural differentiation of stem cells. 

One of these markers is the β-Tubulin III protein, which 

is found specifically in neurons and can be examined at 

the beginning of neuronal differentiation. Another 

marker indicating the onset of neuronal differentiation 

is Nestin (19). Considering the above-mentioned 

evidence and the importance of investigating the 

differentiation of these cells in 3D media and since no 

studies have been reported so far, this study aimed to 

evaluate and compare the neuronal differentiation of 

Wharton jelly stem cells in CH -β-GP-HEC hydrogels 

as a three-dimensional culture medium compared to 

two-dimensional culture. 

 

 

Methods 

Study type and groups: This experimental study was 

performed in 4 groups of 2D culture of Wharton jelly 

stem cells in the presence of nerve differentiation 

medium and its absence (medium lacking 

differentiators) and three-dimensional culture of 

Wharton jelly stem cells in the presence of nerve 

differentiation medium and its absence (medium 

lacking differentiators).  

To evaluate and compare neural differentiation, two 

expression variables of β-Tubulin III and Nestin as two 

markers and criteria for measuring neural differentiation 

and β-actin gene (as internal control and benchmark 

gene or reference gene) were evaluated by Real time 

PCR. Wharton jelly stem cells were isolated from 

neonatal cord at Imam Khomeini Hospital after 

obtaining written consent and with the approval of 

Ethics Committee of Tehran University of Medical 

Sciences (Code: 2406TUMS.rec.). 

Wharton Jelly stem cell separation: Cord specimens 

were placed under sterile conditions containing normal 

saline and transferred to the laboratory. To eliminate 

contamination, the cord was rinsed with 70% alcohol 

for 30 seconds. Then, it was washed with PBS 

containing penicillin, streptomycin, amphotericin and 

gentamicin. Wharton jelly was separated from the cord 

by a sterile razor blade and divided into pieces less than 

5 mm square.  

The fragments were transferred to complete culture 

medium (containing glucose, 20% FBS and 1% 

penicillin/ streptomycin) and incubated in 95% 

humidity and 5% CO2 at 37 ° C. Cells were separated 

by culture of a piece of Wharton jelly and adhered to the 
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bottom of the flask. Wharton jelly remnants were 

removed 24 h after the first wash with saline phosphate 

buffer. 

Wharton Jelly stem cell identification: Three passage 

cells were used to confirm the identity of Wharton jelly 

stem cells extracted by flow cytometry (BD FACS 

Calibur Bioscience, USA) for expression of CD105, 

CD90, CD73, CD45, and CD34 markers by specific 

antibodies and results were analyzed using FlowJo 

software version 1, 7 and 6. 

Hydrogel preparation: To make the hydrogel, first 

weighed 225 mg of CH powder and after sterilizing in 

0.1 ml of 0.1 M hydrochloric acid was placed on the 

shaker with 140 RPM for several hours to completely 

dissolve. In the next step, 2.25 g of weighted β-GF was 

dissolved in 3.5 ml of de-ionized water and sterilized 

with a filter.  

The sterile solution of CH and β-GF were both kept 

on ice for 15 min separately, then the β-GF was 

dropwise and gently stirred on the CH solution while the 

CH solution was stirred. After adding β-GF, the final 

volume of CH and β-GF solution reached 15 ml. 125 mg 

HEC (autoclaved) was dissolved in 10 ml PBS. Cold 

HEC was added to CH-β-GF solution at a ratio of 4.8: 

0.8 (HEC: CH- β-GF). Cell addition was performed 

concurrently with the addition of HEC. 

Evaluation of hydrogel gel morphology and gelation 

process: To determine the gelation time of low 

temperature HEC solution was added to CH-β-GF and 

the resulting hydrogel was transferred immediately 

(constant temperature 37 ° C) and gelation time was 

investigated. To investigate the morphology of the 

hydrogel, it was dried by freeze drier and gold coated 

with Sputter Coater (Technics, Hummer II, Japan) and 

imaged with HITACH-S4160 electron microscope. 

Evaluation of neural differentiation of Jelly-

Wharton stem cells: In order to evaluate the neuronal 

differentiation of Wharton jelly stem cells in 2D 

medium, these cells were cultured in nerve 

differentiation medium for 4 days. But in the 3D culture 

group, these cells were subjected to neuronal 

differentiation after exposure to hydrogel. The 

differentiation medium included DMEM / F12, 10% 

KSR serum, 20 ng/ml EGF growth factor, 20 ng/ml 

bFGF growth factor and 10 mg/ml heparin. After 4 days, 

the cells of both groups and control groups without 

differentiation medium were evaluated morphologically 

by invert phase contrast microscopy.  

Real time-PCR was also performed using the 

primers for Nestin, β-Tubulin III and β-actin genes (as 

internal control) (Table 1). The cDNA kit according to 

the manufacturer's protocol was also used for cDNA 

synthesis. A negative control was assumed for real-time 

PCR for each. Three replicates were prepared for each 

sample. Each sample consisted of 10 µL Syber green, 1 

µL Rox, 0.7 µL F primer, 0.7 µL R primer, 1 µL cDNA, 

6.4 µL RNase free water and the volume of each 

reaction was 20 µL. In the negative control all the above 

compound was present except cDNA. The reaction was 

performed on the ABI Step One device according to the 

manufacturer's protocol.  

40 cycles were considered for each cycle of Real 

Time PCR. After each run of PCR, the accuracy of each 

amplification was confirmed by the Melting curve using 

the specific temperature of the Melt of product specific 

to each gene. The expression levels of target genes 

(Nestin and β-Tubulin III) were compared to the 

reference gene (β-actin) using ΔΔ CT formula. 

Statistical tests: All data were analyzed by SPSS 

software version 23 using one-way analysis of variance, 

and graphs were draw with Excel 2016 software. To 

analyze the results of Real-Time PCR, raw data were 

converted to interpretable data by REST 2009 software. 

The expression levels of target genes (Nestin and β-

Tubulin III) were compared to the reference gene (β-

actin) using ΔΔ CT formula. One-way analysis of 

variance was then used and p<0.05 considered 

significant. 

 

Table 1. Sequences of forward and reverse primers 

Forward and reverse primers Gen 

Forward primer (5′-3′):acatcaaggagaagctgtgctac 
β-actin 

Reverse primer (3′-5′):cttcatgatggagttgaaggtagtt 

Forward primer (5′-3′):ggcttctctcagcatcttgg 
Nestin 

Reverse primer (3′-5′):aaggctggcataggtgtgtc 

Forward primer (5′-3′):cagagcaagaacagcagctactt 
β-tubulinIII 

Reverse primer (3′-5′):gtgaactccatctcgtccatgccctc 
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Results 

Identification of Wharton jelly stem cells: These 

cells initially appeared rounded and adhered to the 

bottom of the flask after 24 hours and appeared to 

resemble fibroblasts (Fig 1). Flow cytometry analysis 

(Fig 2) showed the highest expression of positive CD44 

stem cell markers with 98.6% and the remaining 

positive markers CD105, CD90, CD73 with 91.4%, 

98.3% and 95.9%, respectively. In addition, negative 

markers CD45 and CD34 were expressed 4.75% and 

2.74%, respectively.  

Porous morphology of hydrogel: The structure of the 

hydrogel after its removal was investigated by SEM 

microscopy (Fig 3). The results showed that the 

structure of this hydrogel was completely porous and 

the pores were interconnected.  

Hydrogel gelation time: The results of gelation time 

determination showed that the gel began to gelation 

immediately after transfer to 37 °C and completed in 

about 25 minutes. 

Evaluation of the neural differentiation genes 

expression in 2D and 3D cultures: Quantitative 

expression of Nestin and β-Tubulin III genes (Fig 4) 

showed increased expression of these genes in the 

presence of neuronal differentiation medium both in 3D 

and 2D culture conditions. Expression of these genes 

was increased (more than 2-fold) in three-dimensional 

culture conditions and in neuronal differentiation 

medium (p<0.005). Moreover, expression of these 

genes in two-dimensional culture conditions and 

presence of neuronal differentiation medium was 

increased (more than 4-fold) compared with control 

group without differentiation medium (p<0.005). 

Chitosan based hydrogel and presence of neuronal 

differentiation medium showed similar increase (more 

than 1.5 fold) compared to similar two-dimensional 

conditions (p<0.01). 

 

 

 

 

 

 

 

 

 

Figure 1. Fibroblast-like morphology of Wharton jelly 

stem cells in DMEM/F12 medium on the right and nerve 

cells induced Wharton jelly stem cells in differentiation 

medium after 4 days on the left 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Flow cytometry analysis of Wharton jelly stem 

cells with positive marker including: (a) CD44 (98.6%) b) 

CD105 (91.4%) c) CD90 (98.3%) and d) CD73(95.9%) and 

negative markers included: (e CD45 (75.4%) (f CD34 

(2.74%) 

 

 

 

 

 

 

 

 

 

 

Figure 3. Porous morphology of CH-β-GP-HEC hydrogels 

after water removal by electron microscopy 

 

 

 

 

 

 

 

 

 

Figure 4. Results of Nestin and β-Tubulin III gene 

expression in study groups after 4 days. Three D without: 

3D cell culture (in hydrogels), Three D with: 3D cell 

culture in neural differentiation medium, Two D without: 

2D cell culture, 2D with:  2D cell culture in the presence of 

neuronal differentiation medium 
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Discussion 

The results of this study showed that expression of 

neuronal differentiation markers (β-Tubulin III and 

Nestin) in 3D culture conditions using CH-β-GP-HEC 

chitosan basic hydrogel was increased compared to 2D 

culture medium. Wharton jelly stem cells were isolated 

by the culture of small fragments, a common method of 

isolating these cells (20). The cells isolated in this way, 

like other mesenchymal cells, were found to resemble 

fibroblasts after sticking to the bottom of the culture 

medium. Flow cytometry studies in line with other 

studies on the identity of these cells showed that the cell 

surface markers of CD45 and CD34 were not expressed 

by the cells. However, surface markers of mesenchymal 

stem cells including CD90, CD73, CD105, and CD44 

were expressed (20).  

The results of the hydrogel morphology evaluation 

showed that this hydrogel, like other basic chitosan 

hydrogels, has a porous structure and its pores are 

interconnected. The porosity allows the cell to be 

positioned and the connection between the pores leads 

to the transfer of food and waste. The porous structure 

of CH-β-GP-HEC hydrogels can provide suitable 

conditions for stem cell growth and proliferation. Other 

studies of these hydrogels have reported similar results 

(21). The gelation time of CH-β-GP-HEC hydrogel at 

37 ° C is about 25 minutes. However, the gelation time 

for CH-β-GP hydrogels was reported to be 6 minutes 

(22). Rapid gelation can disrupt the cellular positioning 

process and cause shock to them.  

The time taken for CH-β-GP-HEC hydrogels seems 

to be a very good one. According to the results of MTT 

test, there was no significant difference in survival 

between control group and cells in contact with 

hydrogel. appropriate concentration of β-GP used can 

be mentioned as a reason for the lack of hydrogel 

toxicity. The strong interaction between water 

molecules and CH prevents its mass or gelation. 

Electrostatic repulsion of the CH chains is neutralized 

by phosphate group of glycerophosphate salt. In very 

small amounts of glycerophosphate salts, the resulting 

gel returns to a soluble state with the lowering of the 

temperature; because the very low salt content cannot 

overcome the electrostatic charge between the chitosan 

chains (23). One of the common ways to overcome this 

problem is to increase the amount of glycerophosphate 

salts (25, 24). The main problem with this method is the 

increase in toxicity at high concentrations of 

glycerophosphate. Cross linking agents such as HEC 

can be used to reduce the glycerophosphate intake and 

increase the bio-compatibility of these hydrogels (26, 

24). The appropriate combination of CH-β-GP-HEC 

hydrogels has made this hydrogel a suitable 

environment for differentiating cell types into different 

classes. In one study, the potential of chondrogenic 

differentiation of this hydrogel was evaluated for 

adipose-derived stem cells, and the results showed that 

the porous structure of this hydrogel could provide a 

suitable environment for the growth and differentiation 

of adipose tissue derived mesenchymal stem cells to 

chondrocytes (21). Real-time PCR results showed that 

the three-dimensional hydrogel medium without nerve 

differentiation medium increased the expression of 

Nestin and β-Tubulin III gene in Wharton jelly stem 

cells. Expression of these neural markers during the 4-

day period that eventually induces neural protein 

synthesis indicates the initiation of differentiation of 

Wharton jelly stem cells into neurons (19).  

In the presence of hydrogel and neuronal 

differentiation medium, Wharton jelly stem cells had 

the highest expression of Nestin and β-Tubulin III 

compared to the other groups. This increase was due to 

the synergistic effect of the presence of CH-β-GP-HEC 

hydrogel as a three-dimensional culture medium and a 

neuronal differentiation medium, which is due to the 

usefulness of this hydrogel in neuronal differentiation of 

Wharton jelly stem cells. In addition to enjoying the 

benefits of three-dimensional culture in providing 

natural and near-body conditions due to the high cost of 

preparing the nerve differentiation medium, hydrogels 

that can help induce nerve differentiation are 

economically viable. It is concluded from this study that 

3D culture in CH-β-GP-HEC hydrogel contributes to 

neuronal differentiation of Wharton jelly stem cells and 

can be used as a suitable 3D culture medium in the 

laboratory for proliferation and differentiation of these 

cells or as a carrier for injecting and transplanting these 

cells to different parts of the nervous system. 

 

 

Acknowledgment 

Hereby, we would like to thank the cooperation of 

the Cellular and Molecular Research Center of Iran 

University of Medical Sciences, as well as Dr. 

Mansoureh Soleimani and Dr. Seyed Mohammad Amin 

Haramshahi who contributed to this study.  

 [
 D

O
I:

 1
0.

22
08

8/
jb

um
s.

21
.1

.2
66

 ]
 

 [
 D

O
R

: 2
0.

10
01

.1
.1

56
14

10
7.

13
98

.2
1.

1.
41

.6
 ]

 

                               5 / 7

http://dx.doi.org/10.22088/jbums.21.1.266
https://dor.isc.ac/dor/20.1001.1.15614107.1398.21.1.41.6


J Babol Univ Med Sci; 21; 2019                                                                                                                                                                             271 

 

References 

1.Levy M, Boulis N, Rao M, Svendsen CN. Regenerative cellular therapies for neurologic diseases. Brain res. 

2016;1638(Pt A):88-96. 

2.Eftekharzadeh M, Nobakht M, Alizadeh A, Soleimani M, Hajghasem M, Kordestani Shargh B, et al. The effect of 

intrathecal delivery of bone marrow stromal cells on hippocampal neurons in rat model of Alzheimer's disease. Iran J 

Basic Med Sci. 2015;18(5):520-25. 
3.Jaimes-Parra BD, Garzon I, Carriel V, Durand-Herrera D, Martín-Piedra MA, García JM, et al. Membranes derived 

from human umbilical cord Wharton’s jelly stem cells as novel bioengineered tissue-like constructs. Histol Histopathol. 

2018;33(2):147-56. 

4.Balasubramanian S, Thej C, Venugopal P, Priya N, Zakaria Z, Sundarraj S, et al. Higher propensity of Wharton's jelly 

derived mesenchymal stromal cells towards neuronal lineage in comparison to those derived from adipose and bone 

marrow. Cell Biol Int. 2013;37(5):507-15. 
5.Sanluis-Verdes A, Sanluis-Verdes N, Manso-Revilla MJ, Castro-Castro AM, Pombo-Otero J, Fraga-Mariño M, et al. 

Tissue engineering for neurodegenerative diseases using human amniotic membrane and umbilical cord. Cell Tissue 

Bank. 2017;18(1):1-15. 

6.Zhang L, Wang LM, Chen WW, Ma Z, Han X, Liu CM, et al. Neural differentiation of human Wharton's jelly-derived 

mesenchymal stem cells improves the recovery of neurological function after transplantation in ischemic stroke rats. 

Neural Regen Res. 2017;12(7):1103-10. 

7.Ruedinger F, Lavrentieva A, Blume C, Pepelanova I, Scheper T. Hydrogels for 3D mammalian cell culture: a starting 

guide for laboratory practice. Appl Microbiol Biotechnol. 2015;99(2):623-36. 

8.D'Aiuto L, Bloom DC, Naciri JN, Smith A, Edwards TG, McClain L, et al. Modeling Herpes Simplex Virus 1 

Infections in Human Central Nervous System Neuronal Cells Using Two- and Three-Dimensional Cultures Derived from 

Induced Pluripotent Stem Cells. J Virol. 2019; 93(9): pii: e00111-19. 

9.Nierode GJ, Gopal S, Kwon P, Clark DS, Schaffer DV, Dordick JS. High-throughput identification of factors promoting 

neuronal differentiation of human neural progenitor cells in microscale 3D cell culture. Biotechnol Bioeng. 

2019;116(1):168-80. 

10.Jiao J, Huang J, Zhang Z. Hydrogels based on chitosan in tissue regeneration: How do they work? A mini review. J 

Appl Polym Sci. 2018;136;47235. 
11.Carballo-Molina OA, Velasco I. Hydrogels as scaffolds and delivery systems to enhance axonal regeneration after 

injuries. Front Cell Neurosci. 2015;9(13):1-12 

12.Hosseini SM, Vasaghi A, Nakhlparvar N, Roshanravan R, Talaei-Khozani T, Razi Z. Differentiation of Wharton's 

jelly mesenchymal stem cells into neurons in alginate scaffold. Neural Regen Res. 2015;10(8);1312-6. 
13.Gnavi S, Barwig C, Freier T, Haastert-Talini K, Grothe C, Geuna S. The use of chitosan-based scaffolds to enhance 

regeneration in the nervous system. Int Rev Neurobiol. 2013;109:1-62. 
14.Fregnan F, Ciglieri E, Tos P, Crosio A, Ciardelli G, Ruini F, et al. Chitosan crosslinked flat scaffolds for peripheral 

nerve regeneration. Biomed Mater. 2016;11(4):045010. 
15.Shen X, Shamshina JL, Berton P, Gurau G, Rogers RD. Hydrogels based on cellulose and chitin: fabrication, 

properties, and applications. Green Chem. 2016;18(1):53-75. 

16.Gawish AS, Bilal MM. Smart Liposomal Chitosan-Based Auto Gel with Ofloxacin; a new Controlled Release Device 

used for Treatment of Chronic Periodontitis. a Randomized, Double-Blind Controlled Clinical Trials. Med Clin Res. 

2017;2(3):1-7. 
17.Dashtimoghadam E, Bahlakeh G, Salimi-Kenari H, Hasani-Sadrabadi MM, Mirzadeh H, Nystrom B. Rheological 

Study and Molecular Dynamics Simulation of Biopolymer Blend Thermogels of Tunable Strength. Biomacromolecules. 

2016;17(11):3474-84. 
18.Liu L, Gao Q, Lu X, Zhou H. In situ forming hydrogels based on chitosan for drug delivery and tissue regeneration. 

Asian J Pharm Sci. 2016;11(6):673-83 

 [
 D

O
I:

 1
0.

22
08

8/
jb

um
s.

21
.1

.2
66

 ]
 

 [
 D

O
R

: 2
0.

10
01

.1
.1

56
14

10
7.

13
98

.2
1.

1.
41

.6
 ]

 

                               6 / 7

https://www.ncbi.nlm.nih.gov/pubmed/?term=Soleimani%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26124940
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hajghasem%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26124940
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kordestani%20Shargh%20B%5BAuthor%5D&cauthor=true&cauthor_uid=26124940
https://www.ncbi.nlm.nih.gov/pubmed/?term=Durand-Herrera%20D%5BAuthor%5D&cauthor=true&cauthor_uid=28444679
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mart%C3%ADn-Piedra%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=28444679
https://www.ncbi.nlm.nih.gov/pubmed/?term=Garc%C3%ADa%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=28444679
https://www.ncbi.nlm.nih.gov/pubmed/?term=Priya%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23418097
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zakaria%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=23418097
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sundarraj%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23418097
https://www.ncbi.nlm.nih.gov/pubmed/?term=Castro-Castro%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=27830445
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pombo-Otero%20J%5BAuthor%5D&cauthor=true&cauthor_uid=27830445
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fraga-Mari%C3%B1o%20M%5BAuthor%5D&cauthor=true&cauthor_uid=27830445
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ma%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=28852392
https://www.ncbi.nlm.nih.gov/pubmed/?term=Han%20X%5BAuthor%5D&cauthor=true&cauthor_uid=28852392
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=28852392
https://www.ncbi.nlm.nih.gov/pubmed/?term=Smith%20A%5BAuthor%5D&cauthor=true&cauthor_uid=30787148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Edwards%20TG%5BAuthor%5D&cauthor=true&cauthor_uid=30787148
https://www.ncbi.nlm.nih.gov/pubmed/?term=McClain%20L%5BAuthor%5D&cauthor=true&cauthor_uid=30787148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Clark%20DS%5BAuthor%5D&cauthor=true&cauthor_uid=30229860
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schaffer%20DV%5BAuthor%5D&cauthor=true&cauthor_uid=30229860
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dordick%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=30229860
https://www.ncbi.nlm.nih.gov/pubmed/?term=Crosio%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27508969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ciardelli%20G%5BAuthor%5D&cauthor=true&cauthor_uid=27508969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ruini%20F%5BAuthor%5D&cauthor=true&cauthor_uid=27508969
http://dx.doi.org/10.22088/jbums.21.1.266
https://dor.isc.ac/dor/20.1001.1.15614107.1398.21.1.41.6


272                                                                                                      Neural Differentiation of Wharton's Jelly Stem Cells …; E. Mansoori, et al 

19.Liu C, Zhong Y, Apostolou A, Fang S. Neural differentiation of human embryonic stem cells as an in vitro tool for 

the study of the expression patterns of the neuronal cytoskeleton during neurogenesis. Biochem Biophys Res Commun. 

2013;439(1)154-9. 

20.Hosseini A, Estiri H, Akhavan Niaki H, Alizadeh A, Abdolhossein Zadeh B, Ghaderian SMH, et al. Multiple Sclerosis 

Gene Therapy with Recombinant Viral Vectors: Overexpression of IL-4, Leukemia Inhibitory Factor, and IL-10 in 

Wharton's Jelly Stem Cells Used in EAE Mice Model. Cell J. 2017;19(3)361-374. 
21. Karimpour A, Talebpour Amiri F, Ghaffari E, Alizadeh A, Jamalpour Z, Mirhosseini M, et al . Growth and 

Chondrogenic Differentiation of Mesenchymal Stem Cells Derived from Human Adipose Tissue on Chitosan Scaffolds. 

J Babol Univ Med Sci. 2016; 18(9):32-8. [In Persian] 
22.Niranjan R, Koushik C, Saravanan S, Moorthi A, Vairamani M, Selvamurugan N. A novel injectable temperature-

sensitive zinc doped chitosan/β-glycerophosphate hydrogel for bone tissue engineering. Int J Biol Macromol. 

2013;54:24-9. 
23.Ganji F, Hoobakht F, Ghasemi Tahrir F, Vasheghani-Farahani E. In Vitro Sustained Release of Pyridostigmin 

Bromide from Injectable Thermosensitive Chitosan Hydrogel. Iran J Biomed Engin. 2014; 8(3): 249-60. [In Persian] 
24.Kim S, Nishimoto SK, Bumgardner JD, Haggard WO, Gaber MW, Yang Y. A chitosan/β-glycerophosphate thermo-

sensitive gel for the delivery of ellagic acid for the treatment of brain cancer. Biomaterials. 2010;31(14):4157-66. 
25.Wu J, Su ZG, Ma GH. A thermo-and pH-sensitive hydrogel composed of quaternized chitosan/glycerophosphate. Int 

J Pharm. 2006;315(1-2):1-11. 
26.Yan J, Yang L, Wang G, Xiao Y, Zhang B, Qi N. Biocompatibility evaluation of chitosan-based injectable hydrogels 

for the culturing mice mesenchymal stem cells in vitro. J Biomater Appl. 2010;24(7):625-37. 

 

 [
 D

O
I:

 1
0.

22
08

8/
jb

um
s.

21
.1

.2
66

 ]
 

 [
 D

O
R

: 2
0.

10
01

.1
.1

56
14

10
7.

13
98

.2
1.

1.
41

.6
 ]

 

Powered by TCPDF (www.tcpdf.org)

                               7 / 7

https://www.ncbi.nlm.nih.gov/pubmed/?term=Alizadeh%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28836399
https://www.ncbi.nlm.nih.gov/pubmed/?term=Abdolhossein%20Zadeh%20B%5BAuthor%5D&cauthor=true&cauthor_uid=28836399
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ghaderian%20SMH%5BAuthor%5D&cauthor=true&cauthor_uid=28836399
http://dx.doi.org/10.22088/jbums.21.1.266
https://dor.isc.ac/dor/20.1001.1.15614107.1398.21.1.41.6
http://www.tcpdf.org

