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Introduction  

About 15% of couples are infertile worldwide,1 that 7-12% 

of all men complain of infertility in reproductive ages.2,3 

Azoospermia is an important male infertility cause that 

approximately 1% of all men or 10-15% of infertile men 

suffer from it. Sometimes normal volume of ejaculated 

semen contains no sperm which is called non-obstructive 

azoospermia.4,5 Despite being infertile, these patients have a 

potential to initiate a pregnancy. Actually, their testis biopsy 

revealed that 30-60% of these men have focal areas of 

spermatogenesis.6 Severe male infertility occurs in 2/3 of 

infertile men that have untreatable testicular disorders and 

induce spermatogenic failure.7 Spermatogenesis is cornerstone 

of male fertility through differentiation of SSCs. These cells 

are tissue-specific stem cells with self-renewal and 

differentiation potentials,8 which could be supported by a 

long-term culture system.9 

One of the innovative approaches in medicine to overcome 

male infertility is in vitro spermatogenesis especially in 3D 

scaffolds. Engineered 3D scaffolds can mimic the native 

Extracellular Matrix (ECM)10,11 and provide desired biological 

niche for stem cells to have self-renewal or differentiation.12 

Being biocompatible, a suitable scaffold meets specific 

criteria that allow the cells to migrate, attach, proliferate, and 

differentiate to the desired fate.13,14 Many polymers can be 

used to synthesis tissue engineering scaffolds in order to 

provide the necessary physical and chemical signals for cells 

to reside and spread in the porous structure.15 Among 

polymers, properties of synthetic polymers could be easily 

tailored to achieve unique architecture and mechanical 

characteristic for different tissue engineering applications.16 

The most synthetic polymers in tissue engineering are 

Polylactic Acid (PLA), Poly Glycolic Acid (PGA), Polyurethane 
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(PU), polylactic acid, Polycaprolactone (PCL), and poly 

(llactideco εcaprolactone).17-22 PCL is a linear synthetic 

biodegradable aliphatic polyester and it is one of the most 

popular polymers among the researchers for tissue engineering 

applications. PCL is inexpensive, has a controllable degradation 

kinetics and mechanical properties and could be easily 

shaped and manufactured.23,24 This biocompatible polymer is 

FDA-approved25 and exhibits appropriate mechanical, 

structural26 and thermal stability. Electrospun PCL scaffold 

has shown promising results in different tissue engineering 

applications.27 Having a porous interconnected structure, 

microfibrous  scaffolds can mimic the filamentous structure 

of ECM, facilitating optimal cell growth.27    

In tissue engineering, nanocomposites are designed to 

improve matrix and scaffold’s properties. Carbon based 

nanoparticles such as graphene and CNT are highly versatile 

in biomedicine and tissue engineering.28 CNTs are tubular 

nanoparticles composed of carbon atoms which have 

specific characteristics such as high mechanical strength and 

high electrical conductivity.29 It has been proven that they 

could support adhesion and proliferation of different cell 

types such as osteoblasts,30 neuronal cells31 and induce stem 

cell differentiation to different cell lineage.32 It has been 

reported that, spermatogonial cells also remained viable and 

adherent up to 21days when seeded on a CNT-based 

scaffold.33  

According to the high efficiency of 3D microfibrous 

scaffolds in male reproductive systems, a PCL scaffold 

incorporated with Multi-Wall CNT (MWCNT) scaffold were 

synthesized using electrospinning technique. Beside morphological 

and compositional characteristics of the electrospun scaffolds, 

viability, and spermatogenesis potential of SSCs seeded on 

the designed scaffold were evaluated compared to the tissue 

culture plate (2D) (Figure 1) 

 

 

Figure 1. A Scheme of 3D Scaffold Synthesis and Isolation of Spermatogonial Stem Cells (SCCs), Seeding, and Differentiation. 

 
Materials and Methods 

Preparation of PCL/MWCNT Scaffold 

MWCNTs (Nanocyl Korea Ltd) were prepared using Xiao et 

al.'s protocol to create active sites on its surface for more 

reactions.34 Briefly, MWNTs were dissolved into 70 ml 

hydrochloric acid (HCl) (36.5 wt%) solution while slowly 

being stirred until 2 h. Afterward, it was diluted by water, 

refined by filter, and were dehydrated in vacuum at 40 ℃ for 

12 h. Thereafter, MWNTs were mixed with 50 ml nitric acid 

(HNO3) (65 wt%) and warmed up to 140 ℃ inside nitrogen 

atmosphere until 4 h and finally cooled at 25 ℃. 

In the next step, PCL (Mw 5 100 000, Chemiekas, Vienna, 

Austria) was mixed (15% w/v) with N, N‐dimethyl formamide 

(DMF) and this mixture was stirred for 6 h at room 

temperature. For preparing the PCL/MWCNT solution, 3% w/v 

of MWCNT was mixed with the pure PCL solution and the 

mixture was ultra‐sonicated for 1 h. Finally, for electrospinning, 

the PCL/MWCNT solution was put in a 10 ml syringe and 

an 18 gauge metal needle was used. The electrospinning 

process was done on an aluminum rotating plate as a collector 
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with the rate of 200 rpm for 8 h and 20 kV voltage, the flow 

rate of 3 ml/h, and distance of 20 cm. 

 

Morphological Assessment of PCL/MWCNT Scaffolds 

The morphological analysis of electrospun scaffolds was 

done using scanning electron microscopy (SEM, Seron 

Technology, South Korea). The scaffolds were covered with 

gold for 3 min by a sputter coater (Quorum Technologies, 

England) and the SEM results were recorded at 20 kV 

voltage. An image analyzer (Image J) used for evaluation of 

fiber diameter. Moreover, Transmission Electron Microscopy 

(TEM) was used to investigate the incorporation of MWCNTs 

into PCL fibers. For this purpose, a TEM apparatus (Philips 

CM‐30 TEM operating at a voltage of 250 kV) was used, 

and the specimen of TEM were prepared by electrospinning 

PCL/MWCNTs solution on the carbon‐coated copper grids 

attached to the drum for 3 min on the same electrospinning 

condition. 

 

FTIR Analysis 

The scaffolds structure was evaluated using Fourier 

Transform Infrared (FTIR) spectroscopy (EQUINOX 55, 

Germany). The scaffolds were grinded with KBr and samples 

were studied in the 400 to 4000 cm−1 wavelength range. 

 

Water Contact Angle Measurement  

The water drops contact angle on the surface of fibrous neat 

PCL and PCL/MWCNTs membranes was measured with the 

aid of a video contact angle instrument (Sony, model 

SSCDC318P, Japan) at 10 sec across the surface of the 

scaffolds to determine the fabricated scaffolds hydrophilicity. 

 

Isolation and Culture of Spermatogonial Stem Cells (SSCs) 

All animal studies were conducted with the approval of the 

Ethical Committee of Baqiyatallah University of Medical 

Sciences, Tehran, Iran (IR.BMSU.REC.1398.011). Firstly, 

neonatal mice (3-5 day-old) testis were collected. The testes 

were de-capsulated and cut into small fragments and then, 

the testis tissues were washed with Dulbecco's Modified 

Eagle medium/ Nutrient Mixture F-12 (DMEM/F12; Gibco, 

UK), containing 100 IU/ml penicillin, 100 μg/ml streptomycin, 

and 40 μg/ml gentamycin (all from Gibco, UK). The testis 

pieces were put in DMEM/F12, containing 0.5 mg/ml 

collagenase/dispase, 0.5 mg/ml trypsin, and 0.08 mg/ml 

DNase and the suspension was shaken for 60 min at 37 °C. 

Then, the mixture was washed three times in DMEM/F12 

and most of the interstitial cells were removed. Afterwards, 

DMEM/F12 supplemented with fresh enzymes was added to 

the seminiferous cord fragments for the second digestion 

step (45 min at 32 °C). The cells were washed using staining 

buffer and were then fixed and permeabilized in 4% 

paraformaldehyde and in 0.5% Triton X‐100 (Darmstadt, 

Germany) respectively. For blocking the nonspecific antibody 

binding, 10% heat inactivated goat serum with staining 

solution buffer was used. For each sample 1.5 × 105 cells 

were utilized. The cells were incubated with primary PLZF 

(ab189849, Abcam, USA) antibody. The coated cells with 

species‐specific secondary antibodies were put in a staining 

buffer and they were incubated for 30 min at 4 °C. The flow 

cytometric analysis was done by a fluorescence‐activated 

cell sorting (FACS, Sysmex Partec CyFlow Space). Finally, 

1.5 × 104 cells/cm2 of the isolated SSCs were seeded on 2D 

culture vessels (without scaffold) and 3D (with scaffolds) 

groups. The samples and 2D culture group were incubated in 

DMEM/F12 containing 10% FBS and 10 ng/ml GDNF, 50 

ng/ml BMP4 (both from PeproTech, London, UK) for 7 and 

14 days at 34 °C. 

 

Morphological Analysis of SSCs on 3D Scaffolds 

The cells were fixed on fibers using 2.5% glutaraldehyde/ 

PBS solution at 25 °C for 30 min and the seeded cells were 

analyzed after 7 and 14 days. The samples using a gradient 

of ethanol (30%, 50%, 70%, and 100% v/v) were dehydrated. 

Finally, the cells were covered with gold and then the 

morphological analysis of spermatogonial stem cells was 

performed using SEM. 

 

Cell Viability 

To proliferation assessment of the SSCs on PCL/MWCNTs 

scaffolds, MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl- 

tetrazolium bromide) (Carl Roth, Germany) assay was performed 

three times (1, 3, and 7 day). Briefly, after washing the 

seeded samples by PBS, they were incubated with serum‐

free DMEM and composed with 5 mg/ml MTT powder at 37 

°C in a dark place. The medium was removed after 4 h and 

for dissolving the formazan crystals, DMSO was added. The 

Spectrophotometric measurements at 570 nm was performed 

using a microplate reader (Biochrom, Berlin, Germany). 

 

Gene Expression Analysis 

Total RNA was obtained from seeded SSCs on 2D and 3D 

groups by QIAzol (Qiagen, Germany). To remove genomic 

contamination, RNA was treated with Deoxyribonuclease 

(DNase I) enzyme (Fermentas, Vilnius, Lithuania). RNA 

concentrations were measured by Ultraviolet (UV) spectro- 

photometry (Eppendorf, Germany). The cDNAs were made 

from 500 ng DNase-treated RNA samples with a RevertAid™ 

First Strand cDNA Synthesis kit (Fermentas, Germany) by 

oligo (dT) primers. PLZF, ID4, C-Kit, and SYCP3 gene 

expression was analysed and GAPDH was used as a 

housekeeping gene. C-Kit and SYCP3 genes have a higher 

expression in differentiated cells. For Polymerase Chain 

Reaction (PCR), the primers gene sequences were got from 

the National Center for Biotechnology Information (NCBI) 

database and their exons and introns sequence was determined 

and primes were designed using the Primer3 online software. 
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The primers are blasted to approve their accuracy and 

reproduce only the genes’ mRNA sequences and synthesized 

by the Cinnagen Company (Table 1). The qRT-PCR were 

done by Master Mix and SYBR Green I (S7563, Thermo 

Fisher) in a StepOne™ thermal cycler (Applied Biosystems, 

USA). The program was initiated with a melting cycle at 95 

°C for 5 min to activate the polymerase, followed using 40 

melting cycles (30 sec at 95 °C), annealing (30 seco at 58 °C), 

and expanse (30 sec at 72 °C). The PCR reactions quality 

was confirmed using melting curve assessments and the 

efficiency of each gene was determined by a standard curve. 

The reference gene and target gene for each sample were 

amplified in the same run. All runs were performed in 

triplicate. The target genes were standardized with the 

reference gene and expression of the gen was evaluated with 

the ΔΔCT method. 

 

Table 1. The Primers Were Used for real-time PCR 
Primer Sequence Accession Number Gene 

F: 5'-CCCGTTGGGGGTCAGCTAGAA-3' 

R: 5'-CTGCAAGGTGGGGCGGTGTAG-3' 
NM_001033324.2 PLZF  

F: 5'-GGGTGACAGCATTCTCTGC-3' 

R: 5'-TTGGAATGACAAGACGAGAG-3' 
NM_031166.2 Id4 

F: 5'-CTAAAGATGAACCCTCAGCCT-3' 

R: 5'-GCATAACACATGAACACTCCA-3' 
XM_021163091.1 C-Kit 

F: 5
’
-TGTTCAGAGCCAGAGAAT-3

’
 

R: 5
’
-TCACTTTGTGTGCCAGTAA-3

’
 

XM_021171638.1 SYCP3 

F: 5'-CTGCTGGACAAGTGAGTCCC-3' 

R: 5'-CCAAGTACCCTGGCCTCATC-3' 
XM_021218477.1 GAPDH 

 

Statistical Analysis 

The results were described as the mean ± standard error. 

Analysis of variance (ANOVA) was utilized to compare 

results by using the Statistical Package for Social Sciences 

(SPSS) software, Version 18.0 (SPSS Inc., USA). The p<0.05 

was considered statistically significant. 

 

Results 

Scaffold Characterization Tests 

Morphologic Properties 

Based on the SEM images of the PCL/MWCNTs (Figure 2a 

and b), the randomly oriented microfibrous formed a porous 

micro and Nano structure. The diameter average of fibers in 

this scaffold was reported to be 792 ± 37 nm. In addition, 

TEM was used to investigate the incorporation of MWCNTs 

into PCL fibers. As shown in Figure 2c and d, the MWCNTs 

material are in a cylinder like morphology elongated through 

the microfibrous and the MWCNTs nanoparticles are 

incorporated in PCL microfibrous which are clearly 

distinguished (Figure 2c and d). 

 

FTIR Analysis 

FTIR is a method to diagnose the chemical groups of the 

composite fibrous scaffolds. Figure 3a shows PCL/MWCNTs

 

 

Figure 2. The SEM Image of PCL/MWCNTs Scaffold (scale bars: 5 (a) and 30 (b) μm). The magnification shows the intra fiber porosity of 

PCL/MWCNTs scaffold. c and d) The TEM image of microfibrous of PCL/MWCNTs fibers. 
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Figure 3. Structural and Hydrophilicity Properties of PCL and PCL/MWNCTs Scaffolds. a) Shows the FTIR spectra of PCL and PCL/MWCNTs 

composite. b) The hydrophilicity of the surface of PCL and PCL/MWCNT using water contact angle analysis at 10 sec. 

 

scaffold spectra. The PCL FTIR peaks is associated with the 

existence of C═O, C─O, ─CH3 asymmetric, and ─CH3 

symmetric bonds. The peak of absorbance C═O stretching 

bonds was detected at 1758 cm−1 and stretching absorbance 

peaks in 1086, 2943, and 2944 cm−1 were observed 

associated with the C─O, ─CH3 asymmetric, and ─CH3 

symmetric bonds in PCL microfibrous, respectively. The 

peaks in 1455 and 1366 cm−1 are related to the presence of 

─CH3 asymmetric and symmetric bonds. Furthermore, some 

MWCNTs characteristic peaks were observable in the 

spectra and were attributed to the existence of COOH and 

─OH bonds. Also, another absorbance peak in 3450 to 3550 

cm−1 was detected which belong to the stretch bending of 

O─H of the MWCNTs. Moreover, the peak in 2994 cm−1 

can be related to C─H stretching vibration in the aromatic 

structure of MWCNTs (Figure 3a). 

Water Contact Angle Measurement 

Contact angle is an indicator of hydrophilicity of the 

scaffolds surface, characterizes the wettability of the substrate 

and plays an important role in the attachment and fate of 

cells. The hydrophobicity of the microfibrous was altered by 

the incorporation of MWCNTs into PCL fibers. The contact 

angle of PCL was estimated to be 89.1° ± 7° at 10 sec, which 

increased to 95.3° ± 6° in the PCL/MWCNT sample at the 

same time (Figure 3b). The numbers of contact angles were 

statistically significant between PCL and PCL/MWCNT mats 

(p<0.05) (Figure 3b). 

 

In Vitro Assessments 

Morphological and Attachment Analysis and Characterization 

of SSCs 

After two weeks of cell culture, the morphology and attachment  
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Figure 4. Morphology of Differentiated Spermatogonial Stem Cells 

(SSCs) on 2D (a, b) and 3D (c, d) Substrates at 7- and 14-Days after 

Cultivation (Scale bars: 10 μm). 

 

 

 
 

Figure 5. a) Immunophenotyping of spermatogonial stem cells (SSCs) 

by the flow cytometry using PLZF antibody (N = 3). b) Cell viability of 

SSC on 2D and 3D substrates at different times (Day 1, 3, 7) after 

cultivation (N = 3). 

 

of SSCs on 2D and 3D substrates was analyzed which 

presented in Figure 4. The 2D images showed that SSCs had 

intended to be aggregated and create colony shaped clusters 

(Figure 4a and b) while the cells were properly spread on the 

3D substrate (Figure 4c and d). Generally, PCL/MWCNTs 

could provide a suitable 3D environment to SSCs prolifration 

and supported them in culture for 14 days (Figure 4c and d). 

In addition, to confirm the isolated SSCs, the flow cytometry 

technique was performed, which indicated 99.39 ± 2.7% of 

cells expressed PLZF marker (Figure 5a). 

 

MTT Analysis 

The survival and proliferation of SSCs on the PCL/MWCNTs, 

was evaluated using MTT after 1-, 3- and 7-days (Figure 

5b). The cell viability in a 3D cell culture was less than the 

2D cell culture and it was significant (p≤0.05). This may 

happen because of the hydrophobicity nature of PCL/ 

MWCNTs scaffolds that induced weak spermatogonial 

attachment and discarded during medium changing. Based 

on the MTT results, SSCs cell proliferation on day seven 

was more than the other days (days one and three) (p≤0.05). 

This occurred due to the suitable affinity of SSCs to carbon 

nanotubes. These results indicated that the PCL/MWCNTs 

scaffolds have synergetic effects on cell proliferation of 

SSCs during seven days post-incubation rather than other 

time points. 

 

Assessment of Differentiation Based on Specific Gene 

Expression 

Differentiation of SSCs to spermatogonia was evaluated 

using real-time PCR for specific genes expression and 

compared between 2D with 3D (PCL/MWCNTs) substrates 

(Figure 6). The gene expression result indicated that the 

expression pattern of SSC genes such as ID4 and PLZF is 

similar in 2D and 3D groups and they had no significant 

differences. The gene expression of C-Kit and SYCP3 as 

differentiated SSCs-specific genes in 3D group was better 

than 2D group. In addition, these results revealed the 

activation of SSCs genes in two weeks of post-culture. 

 

Discussion 

Male infertility is an important failure which is associated 

with the infertility of about half of the infertile couples.35 

There are some techniques that give infertile men a chance 

to have a healthy offspring, such as microsurgical Testicular 

Sperm Extraction (m-TESE), Intra-Cytoplasmic Sperm 

Injection (ICSI), and Round Spermatid Injection (ROSI) 

which at least the round spermatids are essential for success 

in these processes.36 Some of the infertile men suffer from 

azoospermia in which their semen have no spermatid. 

One of the useful technique for these men is in vitro 

spermatogenesis.37 The cancer treatments and chemotherapy 

are gonadotoxic, the pre-pubertal patient under treatment 

may wish to sterilize in their future life38 and sampling 

before chemotherapy and the culture of testicular tissue 

fragments is one of the ways to preserve their fertility. 

This means these men are also another group who take 

advantage of in vitro spermatogenesis.39 Also, the research  
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Figure 6. The Quantitative Gene Expression Diagram of ID4, PLZF, C-Kit, and SYNCP3 Genes, Respectively, on 2D and 3D Substrates at Different 

Times (Day 7, 14) after Cultivation (a, b). All values are presented as mean ± SE. 

 

on spermatogenesis has been hampered by a lack of 

appropriate in vitro methods. To remodel the 3D structure of 

testicular natural extra cellular matrices, tissue engineering 

using scaffolds has been developed to mimic a micro- 

environment for cell growth and divisions. The current 

research aims to evaluate the effect of Polycaprolactone 

(PCL)/multiwalled carbon nanotube 3D scaffold on the 

growth and differentiation of SSCs.  

The cells distributed uniform in 3D culture. However, in 

the 2D culture, we observed the SSCs formed the colonies, 

moreover 3D scaffold induced better cell differentiation.  

Research have revealed that the 3D culture systems could 

increase the stem cells differentiation to different cells such 

as osteoblast,40 hepatocyte41 and neurons.42 It may be due to 

several factors such as the structural similarity of scaffold to 

ECM which induce the suitable environment for e tgrowth 

and differentiation of cells.43 Among numerous natural or 

syntheticderived materials, PCL has been widely explored as 

a bio‐scaffold because of its impressive biological features, 

excellent mechanical structure, and minimal inflammatory 

reaction. In addition, another important factor can be the 

MWCNT stimulation effect on cells differentiation.44 CNTs 

are viewed as a class of materials in nanoscale with a great 

potential for various biomedical applications because of their 

unique characteristics such as cellular binding, ease of 

cellular uptake, and electrical conductivity, which can be 

effective in the growth and differentiation of different types 

of stem cells. The cell viability in 3D scaffold was 

approximately similar to 2D culture system and the 3D 

scaffold enhanced the SSCs proliferation, which could be 

due to the electrical and mechanical properties of CNTs.29 

Actually, as it has been demonstrated they could increase the 

proliferation in different cell lines.45,46 Generally, in the first 

days of culture, 2D culture systems maintain the cell viability 

more than 3D scaffolds, but 3D scaffold increases the cell 

proliferation compared to 2D culture systems.47 There is 

evidence about the positive impacts of PCL scaffolds on 

spermatogenesis.48 Moreover, Rafeeqi et al. have reported 

that the presence of CNTs in media as a scaffold is likely to 

enhance the SSCs proliferation.33 

The salient importance of electrospun scaffolds in terms of 

porosity and crosslinking in cell survival, proliferation and 

migration has been emphasized in other studies.49 It can be 

concluded that the porous topographic structure of PCL/ 

MWCNT scaffolds provides sufficient dimensions for cell 

infiltration. In addition, PCL wettability decreased after 

MWCNT integration, which was related to the lower OD of 

cells implanted in the scaffold in MTT assays. SEM cultured 

SSCs showed excellent adhesion, penetration and aggregation 

of these cells on scaffolds. The results clearly showed that 

the applied scaffolds not only provide good support for cell 

homing, but also increase the diffusion and differentiation of 

SSCs. 

The PLZF is essential for the normal function of SSCs and 

indirectly controls the earliest cell fate decisions in 

spermatogenesis,50 and the imbalance of PLZF gene expression  

impairs the self-renewal and SSCs differentiation.51 Helix-

loop-helix protein ID4 gene expression have an important 

role in SSCs pool maintenance.52 Our results demonstrated 

that the expression of ID4 and PLZF gene in 2D and 3D 

culture system was similar which means none of them 

induce SSCs damage. Ghorbani et al. revealed that the 

spermatogonial genes expression in cells that cultured in 

PLLA/MWCNTs scaffold were decreased,11 but another 

study indicated that the PCL 3D culture increased the level 

of PLZF gene expression but had no effect on ID4 gene 

expression.53 C-kit is a marker of spermatogonial differentiation 

and have no direct effect on SSCs survival and proliferation.54 
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Synaptonemal Complex Protein3 (SYCP3) is a meiosis and 

germ cell differentiation marker.55 In the present study the 

gene expression of these two differentiation SSC markers in 

3D scaffold were more than 2D culture system which has 

been confirmed by the morphological assessment of the 

present study. Other studies revealed that 3D culture systems 

enhance the expression of differentiation SSCs genes.11,53 

This betterment may be due to scaffold affinity to ECM that 

could promote a good environment for cells and the scaffold 

materials that stimulate cells to be differentiated,43,44 so the 

3D culture systems improve the cells proliferation and 

differentiation. 

 

Conclusion 

In this study, electrospun PCL/MWCNT was synthesized 

and it was shown that these 3D‐like electrically conductive 

scaffolds could support SSCs attachment and proliferation 

also could maintain the cell survival like 2D culture system. 

Also, 3D engineered scaffold and SSCs in culture are likely 

to construct a testis‐like microenvironment. Thus, this study 

suggests that PCL/MWCNT scaffold can be useful as a new 

approach in 3D culture system and it opens up a promising 

field in the study of in vitro spermatogenesis using 3D 

scaffold, guiding the stem cell differentiation toward elongated 

spermatid in the near future. 

 

Authors’ Contributions 

MG and MRN designed the study and they were a major 

contributor in writing and conducting the manuscript, and 

also carrying out some tests. HA and VG analyzed and 

interpreted the data. All authors read and approved the final 

manuscript. 

 

Ethics Approval 

This study was approved by the Ethics Committee of 

Baqiyatallah University of Medical Sciences, Isfahan, Iran 

with code of IR.BMSU.REC.1398.011. 

 

Conflict of Interest Disclosures 

The authors declare that they have no conflicts interest. 

 

Acknowledgment 

The authors would like to thank the Clinical Research 

Development Unit of Baqiyatallah Hospital, Tehran, Iran, 

for their guidance and support. 

 

References 
1. Miyamoto T, Minase G, Shin T, Ueda H, Okada H, 

Sengoku K. Human male infertility and its genetic causes. 

Reprod Med Biol. 2017;16(2):81-8. doi:10.1002/rmb2. 

12017 

2. Henkel R. Infection in infertility. In: Male infertility. 

Springer, Cham. 2020; pp. 409-424. doi:10.1007/978-3-

030-32300-4_32 

3. Lotti F, Maggi M. Sexual dysfunction and male infertility. 

Nat Rev Urol. 2018;15(5):287-307. doi:10.1038/nrurol. 

2018.20 

4. Cocuzza M, Alvarenga C, Pagani R. The epidemiology 

and etiology of azoospermia. Clinics. 2013;68:15-26. 

doi:10.6061/clinics/2013(Sup01)03 

5. Gudeloglu A, Parekattil SJ. Update in the evaluation of 

the azoospermic male. Clinics. 2013;68:27-34. doi:10.6 

061/clinics/2013(Sup01)04  
6. Esteves SC, Miyaoka R, Agarwal A. Sperm retrieval 

techniques for assisted reproduction. Int Braz J Urol. 

2011;37(5):570-83. doi:10.1590/S1677-5538201100050 

0002  
7. Esteves SC, Agarwai A. The azoospermic male: current 

knowledge and future perspectives. Clinics. 2013;68:01-

4. doi:10.6061/clinics/2013(Sup01)01 

8. Oatley JM, Brinster RL. Regulation of spermatogonial 

stem cell self-renewal in mammals. Annu Rev Cell Dev 

Biol. 2008;24:263-86. doi:10.1146/annurev.cellbio. 

24.110707.175355 

9. Kubota H, Avarbock MR, Brinster RL. Growth factors 

essential for self-renewal and expansion of mouse 

spermatogonial stem cells. Proc Natl Acad Sci U S A. 

2004;101(47):16489-94. doi:10.1073/pnas.0407063101 

10. Jiang X, Cao HQ, Shi LY, Ng SY, Stanton LW, Chew SY. 

Nanofiber topography and sustained biochemical 

signaling enhance human mesenchymal stem cell neural 

commitment. Acta Biomater. 2012;8(3):1290-302. 

doi:10.1016/j.actbio.2011.11.019 

11. Ghorbani S, Eyni H, Khosrowpour Z, Salari Asl L, 

Shabani R, Nazari H, et al. Spermatogenesis induction of 

spermatogonial stem cells using nanofibrous poly (l‐lactic 

acid)/multi‐walled carbon nanotube scaffolds and 

naringenin. Polym Adv Technol. 2019;30(12):3011-25. 

doi:10.1002/pat.4733 

12. Delgado-Rivera R, Harris SL, Ahmed I, Babu AN, Patel 

RP, Ayres V, et al. Increased FGF-2 secretion and ability 

to support neurite outgrowth by astrocytes cultured on 

polyamide nanofibrillar matrices. Matrix Biol. 2009;28 

(3):137-47. doi:10.1016/j.matbio.2009.02.001 

13. Jose RR, Rodriguez MJ, Dixon TA, Omenetto F, Kaplan 

DL. Evolution of bioinks and additive manufacturing 

technologies for 3D bioprinting. ACS Biomater Sci Eng. 

2016;2(10):1662-78. doi:10.1021/acsbiomaterials.6b00 

088 

14. Loh QL, Choong C. Three-dimensional scaffolds for tissue 

engineering applications: role of porosity and pore size.  
Tissue Eng Part B Rev. 2013;19(6):485-502. doi:10.10 

89/ten.TEB.2012.0437 

15. Vacanti JP, Langer R. Tissue engineering: the design and 

fabrication of living replacement devices for surgical 

reconstruction and transplantation. Lancet. 1999;354: 

S32-4. doi:10.1016/S0140-6736(99)90247-7 

16. Rao SH, Harini B, Shadamarshan RP, Balagangadharan K, 

Selvamurugan N. Natural and synthetic polymers/ 

bioceramics/bioactive compounds-mediated cell signalling 

in bone tissue engineering. Int J Biol Macromol. 2018; 

110:88-96. doi:10.1016/j.ijbiomac.2017.09.029 

17. Lendlein A, Langer R. Biodegradable, elastic shape-

memory polymers for potential biomedical applications. 

Science. 2002;296(5573):1673-6. doi:10.1126/science. 

1066102 

18. Drumright RE, Gruber PR, Henton DE. Polylactic acid 

technology. Adv Mater. 2000;12(23):1841-6. doi:10.100 

2/1521-4095(200012)12:23<1841::AID-ADMA1841>3.0 

.CO;2-E 

19. Mikos AG, Lyman MD, Freed LE, Langer R. Wetting of 

poly (L-lactic acid) and poly (DL-lactic-co-glycolic acid) 

http://www.biotechrep.ir/
https://doi.org/10.1002/rmb2.12017
https://doi.org/10.1002/rmb2.12017
https://doi.org/10.1007/978-3-030-32300-4_32
https://doi.org/10.1007/978-3-030-32300-4_32
https://doi.org/10.6061/clinics/2013(Sup01)03
https://doi.org/10.6061/clinics/2013(Sup01)04
https://doi.org/10.6061/clinics/2013(Sup01)04
https://doi.org/10.1590/S1677-55382011000500002
https://doi.org/10.1590/S1677-55382011000500002
https://doi.org/10.6061/clinics/2013(Sup01)01
https://doi.org/10.1146%2Fannurev.cellbio.24.110707.175355
https://doi.org/10.1146%2Fannurev.cellbio.24.110707.175355
https://doi.org/10.1016/j.actbio.2011.11.019
https://doi.org/10.1002/pat.4733
https://doi.org/10.1016/j.matbio.2009.02.001
http://dx.doi.org/10.1021/acsbiomaterials.6b00088
http://dx.doi.org/10.1021/acsbiomaterials.6b00088
https://doi.org/10.1016/S0140-6736(99)90247-7
https://doi.org/10.1016/j.ijbiomac.2017.09.029
https://doi.org/10.1002/1521-4095(200012)12:23%3C1841::AID-ADMA1841%3E3.0.CO;2-E
https://doi.org/10.1002/1521-4095(200012)12:23%3C1841::AID-ADMA1841%3E3.0.CO;2-E
https://doi.org/10.1002/1521-4095(200012)12:23%3C1841::AID-ADMA1841%3E3.0.CO;2-E


http://www.biotechrep.ir 

Spermatogonial Differentiation by 3D Scaffold  

 

 J Appl Biotechnol Rep, Volume 9, Issue 4, 2022  |  854 

foams for tissue culture. Biomaterials. 1994;15(1):55-8. 

doi:10.1016/0142-9612(94)90197-X 

20. Teo AJ, Mishra A, Park I, Kim YJ, Park WT, Yoon YJ. 

Polymeric biomaterials for medical implants and devices. 

ACS Biomater Sci Eng. 2016;2(4):454-72. doi:10.1021/ 

acsbiomaterials.5b00429 

21. Do AV, Khorsand B, Geary SM, Salem AK. 3D printing of 

scaffolds for tissue regeneration applications. Adv 

Healthc Mater. 2015;4(12):1742-62. doi:10.1002/adhm. 

201500168 

22. Tan YJ, Yeong WY, Tan X, An J, Chian KS, Leong KF. 

Characterization, mechanical behavior and in vitro 

evaluation of a melt-drawn scaffold for esophageal tissue 

engineering. J Mech Behav Biomed Mater. 2016;57:246-

59. doi:10.1016/j.jmbbm.2015.12.015 
23. Oh SH, Park IK, Kim JM, Lee JH. In vitro and in vivo 

characteristics of PCL scaffolds with pore size gradient 

fabricated by a centrifugation method. Biomaterials. 

2007;28(9):1664-71. doi:10.1016/j.biomaterials.2006.11. 

024 
24. Luo F, Pan L, Pei X, He R, Wang J, Wan Q. PCL–CNT 

Nanocomposites. In: Handbook of Polymer Nanocomposites. 

Processing, Performance and Application. Springer, 

Berlin, Heidelberg. 2015. pp. 173-193. doi:10.1007/978-

3-642-45229-1_41 
25. Abedalwafa M, Wang F, Wang L, Li C. Biodegradable 

poly-epsilon-caprolactone (PCL) for tissue engineering 

applications: a review. Rev Adv Mater Sci. 2013;34(2): 

123-40. 

26. Patricio T, Domingos M, Gloria A, Bartolo P. 

Characterisation of PCL and PCL/PLA scaffolds for tissue 

engineering. Procedia Cirp. 2013;5:110-4. doi:10.1016/j 

.procir.2013.01.022 

27. Mochane MJ, Motsoeneng TS, Sadiku ER, Mokhena TC, 

Sefadi JS. Morphology and properties of electrospun PCL 

and its composites for medical applications: A mini 

review. Appl Sci. 2019;9(11):2205. doi:10.3390/app 

9112205 

28. Eyni H, Ghorbani S, Shirazi R, Salari Asl L, P Beiranvand 

S, Soleimani M. Three-dimensional wet-electrospun poly 

(lactic acid)/multi-wall carbon nanotubes scaffold 

induces differentiation of human menstrual blood-derived 

stem cells into germ-like cells. J Biomater Appl. 2017;32 

(3):373-83. doi:10.1177/0885328217723179 

29. Harris PJ. Carbon nanotubes and related structures: new 

materials for the twenty-first century. Cambridge 

University Press. 2010. doi:10.1017/CBO9780511605819 

30. Zanello LP, Zhao B, Hu H, Haddon RC. Bone cell 

proliferation on carbon nanotubes. Nano Lett. 2006;6(3): 

562-7. doi:10.1021/nl051861e 

31. Jan E, Kotov NA. Successful differentiation of mouse 

neural stem cells on layer-by-layer assembled single-

walled carbon nanotube composite. Nano lett. 2007;7(5): 

1123-8. doi:10.1021/nl0620132 

32. Stout DA, Webster TJ. Carbon nanotubes for stem cell 

control. Mater Today. 2012;15(7-8):312-8. doi:10.1016/ 

S1369-7021(12)70136-0 

33. Rafeeqi T, Kaul G. Carbon nanotubes as a scaffold for 

spermatogonial cell maintenance. J Biomed Nanotechnol. 

2010;6(6):710-7. doi:10.1166/jbn.2010.1167 

34. Xiao Y, Gong T, Zhou S. The functionalization of multi-

walled carbon nanotubes by in situ deposition of 

hydroxyapatite. Biomaterials. 2010;31(19):5182-90. 

doi:10.1016/j.biomaterials.2010.03.012 

35. Thoma ME, McLain AC, Louis JF, King RB, Trumble AC, 

Sundaram R, et al. Prevalence of infertility in the United 

States as estimated by the current duration approach and 

a traditional constructed approach. Fertil Steril. 2013; 

99(5):1324-31. doi:10.1016/j.fertnstert.2012.11.037 

36. Tournaye H. Update on surgical sperm recovery–the 

European view. Hum Fertil. 2010;13(4):242-6. 

doi:10.3109/14647273.2010.522677 

37. Sadri-Ardekani H, Atala A. Regenerative medicine for the 

treatment of reproductive system disorders: current and 

potential options. Adv Drug Deliv Rev. 2015;82:145-52. 

doi:10.1016/j.addr.2014.10.019 

38. Goossens E, Van Saen D, Tournaye H. Spermatogonial 

stem cell preservation and transplantation: from research 

to clinic. Hum Reprod. 2013;28(4):1-11. doi:10.1093/ 

humrep/det039 

39. Picton HM, Wyns C, Anderson RA, Goossens E, 

Jahnukainen K, Kliesch S, et al. A European perspective 

on testicular tissue cryopreservation for fertility 

preservation in prepubertal and adolescent boys. Hum 

Reprod. 2015;30(11):2463-75. doi:10.1093/humrep/ 

dev190 

40. Nardecchia S, Serrano MC, Gutierrez MC, Portoles MT, 

Ferrer ML, del Monte F. Osteoconductive Performance of 

Carbon Nanotube Scaffolds Homogeneously Mineralized 

by Flow‐Through Electrodeposition. Adv Funct Mater. 

2012;22(21):4411-20. doi:10.1002/adfm.201200684 

41. Baharvand H, Hashemi SM, Ashtiani SK, Farrokhi A. 

Differentiation of human embryonic stem cells into 

hepatocytes in 2D and 3D culture systems in vitro. Int J 

Dev Biol. 2004;50(7):645-52. doi:10.1387/ijdb.052 

072hb 

42. McCullen SD, Stano KL, Stevens DR, Roberts WA, 

Monteiro‐Riviere NA, Clarke LI, et al. Development, 

optimization, and characterization of electrospun poly 

(lactic acid) nanofibers containing multi‐walled carbon 

nanotubes. J Appl Polym Sci. 2007;105(3):1668-78. 

doi:10.1002/app.26288 

43. Dvir T, Timko BP, Kohane DS, Langer R. 

Nanotechnological strategies for engineering complex 

tissues. Nat Nanotechnol. 2011;6(1):13-22. doi:10.1038/ 

nnano.2010.246 

44. Huang YJ, Wu HC, Tai NH, Wang TW. Carbon nanotube 

rope with electrical stimulation promotes the 

differentiation and maturity of neural stem cells. Small. 

2012;8(18):2869-77. doi:10.1002/smll.201200715 

45. Wang W, Watari F, Omori M, Liao S, Zhu Y, Yokoyama 

A, et al. Mechanical properties and biological behavior of 

carbon nanotube/polycarbosilane composites for implant 

materials. J Biomed Mater Res - B Appl. 2007;82(1):223-

30. doi:10.1002/jbm.b.30724 

46. Tosun Z, McFetridge PS. A composite SWNT–collagen 

matrix: characterization and preliminary assessment as a 

conductive peripheral nerve regeneration matrix. J Neural 

Eng. 2010;7(6):066002. doi:10.1088/1741-2560/7/6/066 

002 

47. Serrano MC, Gutierrez MC, del Monte F. Role of 

polymers in the design of 3D carbon nanotube-based 

scaffolds for biomedical applications. Prog Polym Sci. 

2014;39(7):1448-71. doi:10.1016/j.progpolymsci.2014.0 

2.004 

48. Eslahi N, Hadjighassem MR, Joghataei MT, Mirzapour T, 

Bakhtiyari M, Shakeri M, et al. The effects of poly L-lactic 

acid nanofiber scaffold on mouse spermatogonial stem 

cell culture. Int J Nanomedicine. 2013;8:4563-76. 

doi:10.2147/IJN.S45535 

49. Farzamfar S, Naseri-Nosar M, Vaez A, Esmaeilpour F, 

Ehterami A, Sahrapeyma H, et al. Neural tissue 

regeneration by a gabapentin-loaded cellulose 

acetate/gelatin wet-electrospun scaffold. Cellulose. 2018; 

25(2):1229-38. doi:10.1007/s10570-017-1632-z 

50. Lovelace DL, Gao Z, Mutoji K, Song YC, Ruan J, 

Hermann BP. The regulatory repertoire of PLZF and 

SALL4 in undifferentiated spermatogonia. Development. 

http://www.biotechrep.ir/
https://doi.org/10.1016/0142-9612(94)90197-X
https://doi.org/10.1002/adhm.201500168
https://doi.org/10.1002/adhm.201500168
https://doi.org/10.1016/j.jmbbm.2015.12.015
https://doi.org/10.1016/j.biomaterials.2006.11.024
https://doi.org/10.1016/j.biomaterials.2006.11.024
https://doi.org/10.1007/978-3-642-45229-1_41
https://doi.org/10.1007/978-3-642-45229-1_41
https://doi.org/10.1016/j.procir.2013.01.022
https://doi.org/10.1016/j.procir.2013.01.022
https://doi.org/10.3390/app9112205
https://doi.org/10.3390/app9112205
https://doi.org/10.1177/0885328217723179
https://doi.org/10.1017/CBO9780511605819
https://doi.org/10.1016/S1369-7021(12)70136-0
https://doi.org/10.1016/S1369-7021(12)70136-0
https://doi.org/10.1166/jbn.2010.1167
https://doi.org/10.1016/j.biomaterials.2010.03.012
https://doi.org/10.1016/j.fertnstert.2012.11.037
https://doi.org/10.3109/14647273.2010.522677
https://doi.org/10.1016/j.addr.2014.10.019
https://doi.org/10.1093/humrep/dev190
https://doi.org/10.1093/humrep/dev190
https://doi.org/10.1002/adfm.201200684
https://doi.org/10.1002/app.26288
https://doi.org/10.1002/smll.201200715
https://doi.org/10.1002/jbm.b.30724
https://doi.org/10.1016/j.progpolymsci.2014.02.004
https://doi.org/10.1016/j.progpolymsci.2014.02.004
https://doi.org/10.2147%2FIJN.S45535


http://www.biotechrep.ir 

Ghorbani et al 

 

855  |  J Appl Biotechnol Rep, Volume 9, Issue 4, 2022  

2016;143(11):1893-906. doi:10.1242/dev.132761 

51. Buaas FW, Kirsh AL, Sharma M, McLean DJ, Morris JL, 

Griswold MD, et al. Plzf is required in adult male germ 

cells for stem cell self-renewal. Nat Genet. 

2004;36(6):647-52. doi:10.1038/ng1366 

52. Oatley MJ, Kaucher AV, Racicot KE, Oatley JM. Inhibitor 

of DNA binding 4 is expressed selectively by single 

spermatogonia in the male germline and regulates the 

self-renewal of spermatogonial stem cells in mice. Biol 

Reprod. 2011;85(2):347-56. doi:10.1095/biolreprod. 

111.091330 

53. Talebi A, Gilani MA, Koruji M, Ai J, Rezaie MJ, Navid S, 

et al. Colonization of mouse spermatogonial cells in 

modified soft agar culture system utilizing nanofibrous 

scaffold: A new approach. Galen Med J. 2019;8:e1319. 

doi:10.31661/gmj.v8i0.1319 

54. Morimoto H, Kanatsu-Shinohara M, Takashima S, Chuma 

S, Nakatsuji N, Takehashi M, Shinohara T. Phenotypic 

plasticity of mouse spermatogonial stem cells. PloS One. 

2009;4(11):e7909. doi:10.1371/journal.pone.0007909 

55. Nickkholgh B, Korver CM, van Daalen SK, van Pelt AM, 

Repping S. AZFc deletions do not affect the function of 

human spermatogonia in vitro. Mol Hum Reprod. 

2015;21(7):553-62. doi:10.1093/molehr/gav022 

 

http://www.biotechrep.ir/
https://doi.org/10.1242/dev.132761
https://doi.org/10.1038/ng1366
https://doi.org/10.1095/biolreprod.111.091330
https://doi.org/10.1095/biolreprod.111.091330
https://doi.org/10.31661%2Fgmj.v8i0.1319
https://doi.org/10.1371/journal.pone.0007909
https://doi.org/10.1093/molehr/gav022

