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Spermatogenesis is a process in which animals generate spermatozoa from spermato-

gonial stem cells (SSCs). Successful in vitro differentiation of SSCs towards sperma-

tids holds a significant promise for regeneration of impaired spermatogenesis. The

present study aims to evaluate the efficiency of a 3D culture containing naringenin

on proliferation and differentiation potentials of mouse SSCs. In this study, multi‐

walled carbon nanotubes (MWCNTs) were incorporated into poly(L‐lactic acid) (PLLA)

fibers via electrospinning technique. The fibrous PLLA/MWCNTs were studied by

Fourier‐transform infrared spectroscopy (FTIR), transmission electron microscope

(TEM), water contact angle measurements, electrical conductivity, and mechanical

properties. Next, the SSCs were seeded into the PLLA/MWCNTs scaffolds and exhib-

ited preferable survival and differentiation efficiency to subsequent cell lines. To shed

more light on this matter, the immunocytochemistry, reverse‐transcription polymer-

ase chain reaction (RT‐PCR), and qRT‐PCR results showed that the aforementioned

cells on the 3D fabrics overexpressed the C‐kit and SYCP3 proteins. In addition,

the reactive oxygen species (ROS) measurement data demonstrated that naringenin,

an effective antioxidant, plays an important role in in vitro spermatogenesis. Taken

together, the results of this study revealed the synergistic effects of 3D scaffolds

and naringenin for efficient spermatogenesis in laboratories.
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1 | INTRODUCTION

Worldwide, male infertility affects 13% to 18% of adults with related

causes of genetics, toxins, and aging.1 Some technical developments

such as microsurgical testicular sperm extraction (m‐TESE), intra‐

cytoplasmic sperm injection (ICSI), and round spermatid injection

(ROSI) have consistently enhanced the chance of achieving healthy

offspring for men with fertility problems.2 Recently, the advent of tis-

sue engineering of reproductive systems using cell‐tissue culture, scaf-

folds, and bioactive factors has opened up new avenues to the

treatment of male infertility. For a long time, spermatogenesis process

outside the testicular niche in a two‐dimensional culture media has

been considered unattainable due to the intricate process of sperm

maturation. This may be associated with culture environments, which

are suboptimal for in vitro proliferation and differentiation of sper-

matogonial stem cells (SSCs).3 The extracellular microenvironment

can stimulate the differentiation potential of SSCs which are precur-

sors of the spermatogonial lineage to generate a mature sperm which

demands the most favorable in vitro culture systems.

The overall efficiency of spermatogenesis highly depends on the

presence of the Sertoli cell–SSCs niche. The connection between pro-

liferating SSCs and the surrounding testicular environment enables

them to receive a variety of signals and factors necessary for SSC

self‐renewal and divisions.4 Fortunately, recent advances in develop-

ment of three‐dimensional culture systems have assisted to mimic

the structure and function of natural extra cellular matrix (ECM) to

improve the cellular behavior of SSCs in vitro.5

Bio‐scaffolds are often fabricated to increase the interactions of

nanoscale surfaces with cell receptors, which are directly involved in

promoting cell attachment, migration, growth, and differentiation.

Electrospun nanofiber matrices are the best candidates for mimicking

the natural ECM of specific tissues because of the fact that they enjoy

ultrafine continuous fibers, high surface‐to‐volume ratio, high poros-

ity, and variable pore‐size distribution.6

Electrospun scaffolds are constructed by various biodegradable

materials including naturally‐derived polymers such as alginate, chito-

san, hyaluronic acid, collagen, and synthetic‐based polymers which are

poly glycolic acid, poly 3‐caprolactone, and poly lactic acid, to name

but three.7,8

Over the few last decades, thanks to the pleasant mechanical prop-

erties of poly(L‐lactic acid) (PLLA), this synthetic polyester has

attracted a great deal of attention in cartilage,9 bone,10 skin,11 and

nerve12 tissue engineering. This biocompatible material has been used

in male reproductive systems, as well. Eslahi et al have shown that

PLLA scaffolds can positively influence the in vitro cluster formation

of neonatal male mice spermatogonial cells and are likely to guide

them toward differentiation during cultivation.13

Besides, carbon‐based nanomaterials including graphene sheets,

carbon nanofibers, carbon dots, and single/multi‐walled carbon nano-

tubes (CNTs) with great mechanical, electrical, and optical properties

are vastly under investigation in the field of optimizing regenerative

medicine scaffolds.14 In addition, CNTs can be incorporated into

different biomaterials including medically approved polymers to
construct highly conductive composite substrates.15 These nanoparti-

cles are also great candidates for preparing the nanotopographic cues

for determining the fate of stem cells. Therefore, the addition of

MWCNTs to PLLA possibly improves the mechanical and the conduc-

tivity properties of PLLA.

Moreover, regarding the high vulnerability of germ cells to oxidative

stress, scientists are trying to utilize antioxidants in regenerative of

reproductive systems. Different kinds of antioxidants in either enzy-

matic or non‐enzymatic forms have been used for the treatment ofmale

infertility such as catalase, α‐tocopherol,16 vitamins,17 and taurine.18

Besides all the antioxidants mentioned above, flavonoids

have recently gained much attention. Naringenin (5,7,40‐

trihydroxyflavanone) is a type of flavonoidwith a high antioxidant activ-

ity which is used in different medical research areas, including stem cell

therapy,19 cancer prevention or therapy,20 and anti‐inflammatory

agents.21 In vivo and in vitro studies demonstrated that naringenin can

reduce the side effects of chemotherapeutic drugs, including cisplatin

and doxorubicin in testicular22 and myocardial23 damages, respectively.

Also, naringenin not only reduces the germ cell death but also improves

the testicular damage in diabetic rats.24 Sahin et al found that oral

supplementation of naringenin can reduce H2O2‐induced testicular

damages in rats.25 Taking the advantages of the mentioned properties

of naringenin into account, it can be considered as a protective agent

in the process of in vitro spermatogenesis.

Herein, considering the high performance of naringenin in male

reproductive systems, we evaluate the spermatogenesis potential of

this antioxidant by adding different concentrations of naringenin

to seeded SSCs on fibrous PLLA/MWCNTs scaffolds. These 3D‐

structured scaffolds are more likely to promote propagation also differ-

entiation of mouse SSCs in the presence of naringenin. To the best of

our knowledge, such composite metrics with naringenin has not been

applied in studies on tissue engineering of reproductive systems yet.
2 | MATERIALS AND METHODS

2.1 | Fabrication of PLA/MWCNTs scaffolds

First,MWCNTs (9.5 nm× 1.5mm, specific surface area of 250‐300m2 g
−1) were supplied by Nanocyl Korea Ltd and were then functionalized

according to the study of Xiao et al to expose their active sites.26 Then,

PLLA (Mw 5 100 000 with the density of 1.25 g/cm3, Chemiekas,

Vienna, Austria) was dissolved with the concentration of 15% (W/V)

in N, N‐dimethyl formamide (DMF) which is a common solvent for both

PLLA and MWCNTs and was stirred for 6 hours at room temperature.

To obtain a blended CNTs/PLLA solution, 3% mass of well‐dispersed

MWCNTs to PLLA was added to the pure PLLA solution and then

ultra‐sonicated for 1 hours followed by stirring continuously for 24

hours. For electrospinning, an 18‐gauge metal needle was attached to

the end of a 10‐mL syringe filled with the PLLA/MWCNTs solution.

Electrospinning was carried out on a rotating aluminum drum at the

speed of 200 rpm for 8 hours using a voltage of 20 kV, at a flow rate

of 3 mL/h, and working distance of 20 cm.
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2.2 | Scanning electron microscopy and transmission
electron microscopy characterization of composite
scaffolds

The structural morphology of scaffolds was investigated using scan-

ning electron microscopy (SEM, AIS2100, Seron Technology, South

Korea). For SEM, the samples were sputtered with gold for 180 sec-

onds by employing a sputter coater (SC7620, Quorum Technologies,

England) in vacuum. SEM micrographs were taken at an accelerating

voltage of 20 kV. Afterwards, the average diameter of the fibers on

the surface of scaffolds was statistically calculated with the use of a

computed image analyzer (Image‐J National Institutes of Health,

USA) by randomly measuring 20 nonoverlapping microscopic fields.

Moreover, transmission electron microscopy (TEM) was used to

investigate the incorporation of MWCNTs into PLLA nanofibers. For

this purpose, aTEM apparatus (Philips CM‐30 TEM operating at a volt-

age of 250 kV) was used, and the specimen of TEM were prepared by

electrospinning of PLLA/MWCNTs solution on the carbon‐coated

copper grids attached to the drum for 3 minutes on the same

electrospinning condition.
2.3 | Fourier transform‐infrared spectroscopy

In order to examine the chemical composition of the scaffolds, Fourier

transform infrared (FTIR) spectroscopy (Bruker, EQUINOX 55,

Karlsruhe, Germany) was applied over a range of 400 to 4000 cm−1

and the samples were prepared by grinding the particles of the

scaffolds with KBr.
2.4 | Water contact‐angle measurement

The contact angle of water drops on the surface of fibrous neat PLLA

and PLLA/MWCNTs membranes was measured with the aid of a

video contact angle instrument (Sony, model SSCDC318P, Japan) at

six different points across the surface of the scaffolds to determine

the hydrophilicity of the fabricated scaffolds.
2.5 | Mechanical properties

Mechanical properties of PLLA and PLLA/MWCNT scaffolds have

been assessed using SANTAM universal tensile testing device (Iran,

SPM20). Single sheets of each scaffolds were punched into 3 samples

(1 cm × 2 cm) and tested at the room temperature with loading

velocity of 0.1 cm/min. The stress–strain curve of each scaffold was

recorded and then stress, strain and Young's modulus (E) were

calculated.
2.6 | Electrical Conductivity

The electrical conductivity of the PLLA and PLLA/MWCNT was mea-

sured by 4‐probe method using a source meter (75 V, 1.5 A, iTech

Company, Hsinchu, ROC) and a 610°C solid state electrometer
(KEIHLEY Instruments company. Cleveland, Ohio). In the experiment,

the rectangular (20 × 4 mm) composites specimens with the thickness

of 0.2 mm were used.
2.7 | Isolation and culture of SSCs

All animal experiments were approved by the Ethical Committee of

Iran University of Medical Sciences, Tehran, Iran. Then, bilateral testes

from neonatal 3‐ to 5‐day‐old NMRI mice were collected for cell sus-

pension. After decapsulation, the testes were minced into small pieces

and suspended in Dulbecco's Modified Eagle medium (DMEM; Gibco,

Paisley, UK), supplemented with 100 IU/mL penicillin, 100 μg/mL

streptomycin, and 40 μg/mL gentamycin (all from Gibco, Paisley,

UK). The minced pieces of testis were suspended in DMEM, which

contained 0.5 mg/mL collagenase/dispase, 0.5 mg/mL trypsin, and

0.08 mg/mL DNase, for 60 minutes (with shaking) at 37°C. After three

washes in DMEM medium and removal of most of the interstitial cells,

a second digestion step (45 min at 32°C) was performed in DMEM by

adding fresh enzymes to the seminiferous cord fragments.

The cells were washed twice in staining buffer, fixed in 4% para-

formaldehyde, and permeabilized in 0.5% Triton X‐100 (Darmstadt,

Germany). The nonspecific antibody binding was blocked by a com-

bination of 10% heat‐inactivated goat serum in staining solution

buffer. Approximately 1.5 × 105 cells per sample were utilized. The

incubation of the cells was performed with suitable amounts of pri-

mary polyclonal antibody PLZF (ab189849, Abcam, Cambridge,

Massachusetts). The samples were placed in a staining buffer and

incubated for 30 minutes at 4°C, with species‐specific amounts of

secondary antibodies. Finally, the flow cytometric analysis was car-

ried out with a fluorescence‐activated cell sorting (FACS, Sysmex

Partec CyFlow Space).

Then, the isolated SSCs at the density of 1.5 × 104 cells/cm2 were

cultured on 2D (without scaffolds) and 3D (PLLA/MWCNTs scaffolds)

culture vessels. The cells were then incubated in inducing media con-

taining DMEM/F12 supplemented with 10% FBS and 10 ng/mL

GDNF, 50 ng/mL BMP4 (both from PeproTech, London, UK) for 14

days at 34°C. In addition, various concentrations (5μM, 10μM, and

20μM) of naringenin (N) (Sigma‐Alderich, Germany) as an antioxidant

were added to the media. The experimental groups were then labeled

in four categories (WN = without N, N5 = 5μM N, N10 = 10μM N,

N20 = 20μM N).
2.8 | Morphology of SSCs on scaffolds

After 7 and 14 days, the seeded cells on fibers were immersed in 2.5%

glutaraldehyde/PBS solutions for 30 minutes at room temperature to

be fixed. The fibrous matrices were then dehydrated by a series of

ethanol solutions (30%, 50%, 70%, and 100% v/v). The samples were

coated with gold using a sputter coater, and then the ultrastructure

of spermatogonial stem cells was observed using SEM.



TABLE 1 The sequence of forward and reverse primers of the genes that were used for spermatogonial stem cells (SSCs)

Genes Accession Number Forward/Reverse Product Size (bp)

Id4 NM_031166.2 GGGTGACAGCATTCTCTGC 185

TTGGAATGACAAGACGAGAG

PLZF NM_001033324.2 CCCGTTGGGGGTCAGCTAGAA 137

CTGCAAGGTGGGGCGGTGTAG

C‐Kit XM_021163091.1 CTAAAGATGAACCCTCAGCCT 143

GCATAACACATGAACACTCCA

SYCP3 XM_021171638.1 TGTTCAGAGCCAGAGAAT 111

TCACTTTGTGTGCCAGTAA

GAPDH XM_021218477.1 CTGCTGGACAAGTGAGTCCC 195

CCAAGTACCCTGGCCTCATC
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2.9 | Cell metabolism studies

The proliferative activity of the SSCs on PLLA/MWCNTs scaffolds

treated with naringenin was evaluated with MTT (3‐(4, 5‐dimethyl-

thiazol‐2‐yl)‐2.5‐diphenyl‐tetrazolium bromide, Carl Roth, GmbH, Ger-

many) cell viability assay for specified incubation periods (1, 3, and 7

d). Briefly, the cultured cells were washed with PBS and incubated in

serum‐free DMEM (without phenol red), supplemented with 5

mg/mL MTT powder at 37°C in a dark environment for 4 hours. After-

wards, the supernatant was removed and 150 μL of DMSO was added

to dissolve the formazan crystals. Spectrophotometric measurements

were done at the optical density at 570 nm using Anthos 2020 micro-

plate reader (Biochrom, Berlin,Germany).

2.10 | Analysis of ROS generation

Intracellular ROS was measured using the fluorescent probe DCFH‐

DA (29, 79‐dichlorofluorescin diacetate, Sigma). At first, cells (1 ×
105) were incubated with 5 M DCFH‐DA in DMSO for 30 minutes.

Next, the cells were collected by trypsinization, washed with PBS,

and centrifuged at 200 × g for 5 minutes. After centrifugation, the

conversion of DCFH to the fluorescent product (DCF) was measured

using fluorescence spectrophotometer with excitation at 488 nm

and emission at 530 nm.
2.11 | Reverse transcription polymerase chain
reaction analysis

The total cellular RNA from seeded SSCs on 2D and 3D groups after 7

and 14 days post‐culture was extracted using TRIzol reagent

(Invitrogen, Karlsruhe, Germany) according to the manufacturer's

instructions. cDNA synthesis kit (Fermentas Inc., Hanover, Maryland)

was used to synthesize cDNA. The gene expression of PLZF, C‐kit,

Id4, and SYCP3 was then analyzed by GAPDH as a housekeeping

gene. PCR amplification was performed using standard conditions
FIGURE 1 A schematic of spermatogonial
stem cells (SCCs) isolation, PLLA/MWCNTs
scaffold fabrication and 2D/3D in vitro
spermatogenesis in presence of naringenin
[Colour figure can be viewed at
wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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with Taq DNA polymerase (Fermentas Inc., Hanover, Maryland) with

denaturation at 94°C for 15 seconds, annealing at 60°C for 30 sec-

onds, and extension at 72°C for 45 seconds. The primers were

designed by Primer Express (Applied Biosystems) and the sequences

of forward and reverse primers were shown in Table 1. Finally, the

PCR products were subjected to electrophoresis on Gel Red (Biotium,

USA) stained 1% agarose gel. Besides, the quantities of genes expres-

sion (PLZF, C‐kit, Id4, and SYCP3) rates were analyzed by RT‐qPCR.
2.12 | Immunofluorescence staining

After 7 and 14 days of culture, all samples were washed with PBS and

fixed in 4% paraformaldehyde (PFA) for 30 minutes. The fixed cells

were then permeabilized with 0.2% Triton X‐100 for 10 minutes

followed by three washes with PBS. The cells were incubated with pri-

mary polyclonal antibody PLZF (ab189849, Abcam, Cambridge, Mas-

sachusetts), C‐kit (ab115801, Abcam, Cambridge, Massachusetts),

and Id4 (ab220881, Abcam, Cambridge, Massachusetts) diluted

1:200 in PBS overnight at 4°C. Further incubation with the fluorescein

isothiocyanate (FITC) (ab6717, Abcam, Cambridge, Massachusetts)

and Alexa Fluor 488 (ab150077, Abcam, Cambridge, Massachusetts)

conjugated polyclonal secondary antibody was performed for 45
FIGURE 2 A,B, Scanning electron micrograph of PLLA/MWCNTs fibers i
microscope (TEM) nanographs of PLLA/MWCNTs fibers. D,E, Cylinder of
viewed at wileyonlinelibrary.com]
minutes in the dark, and the cells were washed three times in PBS.

Nuclei were detected by DAPI (Sigma‐Alderich, Germany) staining.

Images were finally visualized with a fluorescent microscope

(TE2000‐S, Nikon, Tokyo, Japan).
2.13 | Statistical analysis

To statistically analyze the results, SPSS (IBM SPSS Statistics, V.23,

Armonk, New York) software was used. According to the obtained

results, statistical analyses were conducted by means of the one‐way

ANOVA test and the data were expressed as mean ± standard error

(SE), n = 3. In all groups, the P value < .05 was considered as a signif-

icant difference (Figure 1).
3 | RESULTS

3.1 | Scaffold characterization

3.1.1 | Morphologic properties

The SEM micrographs (Figure 2A,B) illustrated that the fibers were ori-

ented in a random, dispersive manner forming a nonwoven porous
n different scales (scale bars: 5 and 30 μm). C‐F, Transmission electron
MWCNTs are elongated through the nanofibers [Colour figure can be

http://wileyonlinelibrary.com


FIGURE 3 Structural and morphological properties of PLLA and PLLA/MWNCTs scaffolds. A, Shows the FTIR spectra of PLLA and PLLA/
MWCNTs composite. B, The macroscopic image of a water droplet on the surface of PLLA and PLLA/MWNCTs which shows hydrophilicity
behavior of the scaffold in 20 seconds [Colour figure can be viewed at wileyonlinelibrary.com]
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micro‐ and nano‐structure. The statistical results proved that the mean

diameter of the fibers in this scaffold was 860 ± 45 nm. Also, TEM was

used to investigate the incorporation of MWCNTs into PLLA fibers. As

shown in Figure 2C,D, the MWCNTs material are in a cylinder‐like

morphology elongated through the nanofibers. The MWCNTs nano-

particles are incorporated in PLLA nanofibers are clearly distinguished

(Figure 2C‐F), with an average diameter of 150 ± 8 nm.

3.1.2 | Fourier transform infrared studies

The chemical groups of the composite fibrous scaffolds were recog-

nized using FTIR. The FTIR spectra of PLLA/MWCNTs fibers

(Figure 3A) showed the characteristic peaks of PLLA, related to the

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

bonds. The absorbance peak at 1758 cm−1 is linked to C═O stretching

bonds.15 Other stretching absorbance peaks in 1086, 2943, and 2944
cm−1 are related to the C─O, ─CH3 asymmetric, and ─CH3 symmetric

bonds in PLLA nanofibers, respectively. Also, the absorbance peaks in

1455 and 1366 cm−1 are belonging to the existence of ─CH3 asym-

metric and ─CH3 symmetric bending peaks of PLLA. Moreover, some

characteristic peaks of MWCNTs visible in the spectra are connected

to the presence of COOH and ─OH bonds. Another absorbance peak

in the range of 3450 to 3550 cm−1 is related to the stretch bending of

O─H of the MWCNTs. In addition, the absorbance peak in 2994 cm−1

can be assigned to C─H stretching vibration in the aromatic structure

of MWCNTs.

3.1.3 | Water contact‐angle measurement

Contact angle, as an indicator of hydrophilicity of the surface of scaf-

folds, characterizes the wettability of the substrate and plays an

important role in the attachment and fate of cells. The hydrophobicity

http://wileyonlinelibrary.com


FIGURE 4 A, Electrical conductivity of scaffolds. B, The stress‐strain curves of PLLA and PLLA/MWCNTs scaffolds. C, Linear slope of stress‐
strain curve of PLLA. D, PLLA/MWCNTs [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Ultrastructure of spermatogonial stem cells (SSCs) on 2D (without scaffold, A‐H) and 3D (with PLLA/MWCNTs scaffolds, I‐P) groups
with various concentration of naringenin (N) after 7 and 14 days post culture. (WN = without N, N5 = 5 μM N, N10 = 10 μM N, N20 = 20 μM N)
[Colour figure can be viewed at wileyonlinelibrary.com]
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of the nanofibers was altered by incorporation of MWCNTs into PLLA

fibers. Initially at zero time, the contact angle of PLLA is estimated to

be 101° ± 8°, which was increased to 116° ± 7° in PLLA/MWCNT

sample (Figure 3B). The numbers of contact angles were statistically

significant between PLLA and PLLA/MWCNT mats (P value < .05).

Also, by increasing the time until 20 seconds, the contact angles of

PLLA/MWCNT is reduced significantly compared with the pure PLLA.
3.2 | Electrical conductivity

The volume electrical conductivity of PLLA and PLLA/MWCNTs are

demonstrated in Figure 4A. As the results show, incorporation of

MWCNTs increased the volume conductivity of PLLA from 1.83E

−10 to 2.63E−09 S/cm.
3.3 | Mechanical properties

The mechanical properties of PLLA and PLLA/MWCNTs are shown in

the Figure 4B‐D. The ultimate strength and fraction point of PLLA

scaffolds increased from 48.9 ± 3.2 MPa and 58 ± 4% to 100.3 ± 4

and 210% with incorporation of MWCNTs, respectively (Figure 4B).

The linear slope of stress‐strain curves which is defined as theYoung's

module is decreased after addition of MWCNT in the PLLA polymer
FIGURE 6 A, Characterization of spermatogonial stem cells (SSCs) using
against PLZF. B, MTT reduction activity (viability assay) of SSC viability on
scaffolds) during different time points (Day 1, 3, 7) of the in vitro culture. C
intensity in SSCs on 2D and 3D culture media containing neringenin (N) d
concentrations of naringenin (WN = without N, N5 = 5 μM N, N10 = 10 μ
statistically significant difference between each 2D or 3D experimental grou
and 14 days post‐induction in 2D (without scaffolds), and 3D (PLLA/MWCN
figure can be viewed at wileyonlinelibrary.com]
(Figure 4C,D). Also, the statistical studies were shown that the differ-

ence between mechanical strength of PLLA and PLLA/MWCNT is sta-

tistically significant.
3.4 | The results of in vitro studies

3.4.1 | Morphological studies

First, The SSCs was characterized using the flow cytometry technique

so that 91.15 ± 2.5% of isolated SSCs were expressed PLZF marker

(Figure 6A). Then, SSCs were cultured and proliferated in vitro for up

to 2 weeks with excellent cell viability in both 2D and 3D groups upon

feeder cells (Sertoli cells). As it has been shown in Figure 4, the seeded

SSCs attached and distributed well on 3D scaffold groups as well as on

the 2D ones.

The phase contrast images for the 2D culture environment

revealed that SSCs intended to be aggregated and generate colony‐

shaped clusters (Figure 5A‐H). Regarding microscopic photos,

naringenin has outstanding effects on SSCs and causes them to make

colonies. In other words, the more the amount of naringenin added to

the culture media, the better the colonization. However, the images of

2D (Figure 5D,H) and 3D (Figure 5I,P) groups confirmed that the

naringenin concentration of more than 10μM inversely leads to fewer

and smaller colonies.
the flow cytometer, where SSCs are labeled with polyclonal antibody
2D (without scaffolds) and 3D‐like environment (PLLA/MWCNTs
, Reactive oxygen species (ROS) levels expressed as DCF fluorescence
uring 7 and 14 days post treatment. Cells exposed to different
M N, N20 = 20 μM N). Data are presented as mean ± SE. “*” indicates
ps (P < .05). D, Changes in the expression pattern of SSCs markers at 7
Ts scaffold) groups. Expression of GAPDH is a positive control [Colour

http://wileyonlinelibrary.com
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A close look at morphological photographs (Figure 5G,O) reveals

that the dose of 10μM naringenin as an antioxidant in media‐

stimulated SSCs to develop a better colonization and then to differen-

tiate into next cell lines in spermatogenesis processes (as aggregated

single cells surrounding colonies) after 14 days post‐induction. Com-

paring the results of all groups, it was realized that PLLA/MWCNTs

provided an appropriate 3D culture for cells to be differentiated

towards successive cell lines which are present in spermatogenesis

after 14 days.

3.4.2 | Viability

As a first step toward in vitro spermatogenesis with the

PLLA/MWCNTs scaffold, we sought to determine the influence of the

fabricated composite matrix containing an antioxidant on SSCs prolifer-

ation. The intention was to determine how naringenin and a 3D culture

system can affect cells during the initial colonizing process. The initial

cell growth or loss after 1, 3, and 7 days post‐culturing was measured

using MTT assay (Figure 6B). The insignificant decline in cell viability

in a 3D cell culture compared with a 2D environment (P > .05), except

for the WN groups on 1 and 3 days (P > .05), at specific time points is

likely to be a consequence of the relative hydrophobicity nature of

PLLA/MWCNTs scaffolds, which leads to cell loss of weakly attached

spermatogonia during medium change.
FIGURE 7 (A‐D) The histogram of quantitative gene expression using real
treated 2D and culture systems within 2 weeks. Cells exposed to different c
μM N, N20 = 20 μM N). All values are presented as mean ± SE [Colour fi
The MTT results indicated that the PLLA/MWCNTs scaffolds with

naringenin have synergetic effects on cell proliferation of SSCs during

7 days post‐incubation rather than other time points (1, 3 days)

because of the excellent affinity of carbon nanotubes for cell adhesion

and the supporting role of naringenin as an antioxidant for SSCs (P ≤

.05). To be more precise, the impact of naringenin on the proliferation

of SSCs depends on dosage and the 10μM of this element had a rela-

tively greater influence on both 2D and 3D samples in comparison

with other concentrations (P ≤ .05).

3.4.3 | Intracellular reactive oxygen species (ROS)
analysis

The ROS generation results, expressed as DCHF‐DA fluorescence

intensity, revealed that there is no significant variance among 2D

groups after 7 days post‐culture except between WN and N10

(Figure 6C). Subsequently, 1 week later, the ROS generation drew a

significant distinction among N10, WN, and N5 groups (P < .05).

Likewise, in 3D scaffold groups, the ROS produced in the N10

group had the lowest amount after 7 and 14 days and it had a signif-

icant difference with WN and N5 samples (P < .05). The main conclu-

sion to be drawn from this assay is that a trend of decreasing

fluorescence intensity can be observed more in the 3D scaffold groups

than 2D ones.
‐time PCR of ID4, PLZF, C‐Kit, and SYNCP3, respectively, in naringenin
oncentrations of naringenin (WN = without N, N5 = 5 μMN, N10 = 10
gure can be viewed at wileyonlinelibrary.com]
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3.5 | RT‐PCR and RT‐qPCR

The expression levels of undifferentiated and differentiated

spermatogonia‐specific genes were compared in 2D with 3D (PLLA/

MWCNTs) groups (Figure 6D). The RT‐PCR results displayed that all

groups had a relatively similar expression pattern of SSC genes such

as Id4 and PLZF, but those of differentiated SSCs‐specific genes,

including C‐Kit and SYCP3, were better in 3D scaffold groups than

2D ones. Moreover, the RT‐qPCR results revealed (Figure 7) the

activation of SSCs genes in 2 weeks of post‐culture. The statically ana-

lyzed data showed that the N10 samples overexpressed C‐kit and

SYCP3 genes in the both 2D and 3D conditions specially after 14 days

post‐treatment (P < .05).
3.6 | Immunocytochemistry

To analyze the expression of specific undifferentiated and differenti-

ated spermatogonial stem cell markers in 2D and 3D groups, the

immunocytochemistry method was performed within 7 and 14 days.

In the 2D groups, Id4 and PLZF as undifferentiated and C‐Kit as differ-

entiated markers were expressed in all the samples (Figure 8 and 9). In

the 3D scaffold groups (Figure 10 and 11), the expression of Id4, PLZF,

C‐Kit was confirmed in all groups but the expression of C‐Kit was
FIGURE 8 Immunofluorescent staining of spermatogonial stem cells (SSC
markers (first column) were detected in 2D groups containing different na
μM N, N20 = 20 μM N). DAPI is staining in the second column and a merg
Scale bar = 100 μm [Colour figure can be viewed at wileyonlinelibrary.com
relatively better in terms of quality especially in N10 samples. Accord-

ingly, the SSCs and differentiating SSCs markers were expressed in the

2D groups as well as 3D scaffold groups but the quality detection of

the C‐Kit marker displayed that SSCs had the chance to be turned into

the following cell lines in spermatogenesis.
4 | DISCUSSION

The gametes generation has inspired scientists to improve the proce-

dures by which investigate and interfere in the complex differentiation

process that leads to mature sperms and oocytes. While for the latter,

several developments have been made, for example in regard to

in vitro oocyte maturation (IVM),27 the study of spermatogenesis has

been hampered by a lack of suitable in vitro methods. To remodel

the three‐dimensional structure of testicular natural extra cellular

matrices, tissue engineering using scaffolds has been developed to

mimic a microenvironment for cell growth and divisions.

Besides good biological properties, a scaffold should match biome-

chanical characteristics of the cells so as to support cells during prolif-

eration and differentiation. Among numerous natural or synthetic‐

derived materials, PLLA has been widely explored as a bio‐scaffold

because of its impressive biological features, excellent mechanical

structure, and minimal inflammatory reaction.28 Similarly, CNTs are
s) in 2D cell culture after 7 days post treatment. The Id4, PLZF, C‐kit
ringenin (N) concentration (WN = without N, N5 = 5 μM N, N10 = 10
e of FITC and DAPI is in the third column in each experimental group.
]
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FIGURE 9 Immunofluorescent staining of spermatogonial stem cells (SSCs) in 2D cell culture after 14 days post treatment. The Id4, PLZF, C‐kit
markers (first column) were detected in 2D groups containing different naringenin (N) concentration (WN = without N, N5 = 5 μM N, N10 = 10
μM N, N20 = 20 μM N). DAPI staining is in the second column and a merge of FITC and DAPI is in the third column in each experimental group.
Scale bar = 100 μm [Colour figure can be viewed at wileyonlinelibrary.com]
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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 conduc-

tivity, which can be effective in the growth and differentiation of dif-

ferent types of stem cells29,30. There is evidence about the positive

impacts of poly(L‐lactic acid) scaffolds on spermatogenesis.13 More-

over, Rafeeqi et al have reported that the presence of CNTs in media

as a scaffold is likely to enhance the SSCs proliferation.31 In this study,

we have combined the potential benefits of the aforementioned poly-

mers to develop a new composite substrate using the electrospinning

method and to mimic the natural ECM for in vitro spermatogenesis.

The prominent importance of electrospun scaffolds in terms of

porosity and interconnectivity in cell survival, proliferation, and

migration has been underlined in other studies.7 We deduced that the

topographical porous structure of PLLA/MWCNTs scaffolds offered

sufficient dimensions for cellular infiltration. Incorporation ofMWCNTs

into PLLA‐enhanced mechanical ultimate strength and toughness of

PLLA which can be result of orientation of MWCNTs along with fibers.

These nanomaterials also enhanced the volume electrical conductivity

of nanofibers interestingly which needs further genomic and proteomic

studies. In a study, Wang et al incorporated single‐walled carbon nano-

tubes (SWNTs) into nanocomposite epoxy resin composite and

elevated the volume electrical conductivity to 6 × 10−8 S/cm.32 In the

other project, Hitscherich et al achieved a volume conductivity near
1.5 × 10−10 S/cm in PCL/Graphene nanofibrous scaffolds, in which this

amount of conductivity is near the conductivity levels of our fabricated

PLLA/MWCNTs scaffolds.33 Furthermore, the wettability of PLLA was

decreased after incorporation of MWCNTs which was relevant to the

lower OD for cells seeded into scaffolds in the MTT tests. This was

proved in the SEM of cultured SSCs showing excellent attachment,

penetration, and aggregation of these cells on the scaffolds. The results

clearly demonstrated that the applied scaffolds not only provided a suit-

able support for cell homing but also enhanced propagation and differ-

entiation of SSCs.

Spermatogenesis begins immediately after birth in mice; therefore,

we used SSCs isolated from 3‐ to 5‐day‐old NMRI mice and then

seeded them on 2D and 3D culture systems. We also evaluated the

synergic effects of PLLA/MWCNTs scaffolds in combination with

GDNF/BMP4 on the SSCs. There is widespread agreement that cul-

turing various stem cells within the 3D scaffolds can trigger stem cell

differentiation.34 Moreover, previous studies have demonstrated that

some soluble growth factors, especially GDNF and BMP4, have pro-

found impacts on SSC maintenance and may also stimulate SSC divi-

sion in animals.35-37

Spermatogonia clusters have a distinct 3D structure; therefore, the

quantitative analysis of SSCs in vitro in experimental groups by

counting colony‐shaped aggregation on culture vessels or scaffolds is

unreliable. However, phase contrast and SEM images from 2D and

http://wileyonlinelibrary.com


FIGURE 10 Immunofluorescent staining of spermatogonial stem cells (SSCs) in 3D cell culture after 7 days post treatment. The Id4, PLZF, C‐kit
markers (first column) were detected in 3D scaffold groups containing different naringenin (N) concentration (WN = without N, N5 = 5 μMN, N10
= 10 μM N, N20 = 20 μM N). DAPI staining is in the second column and a merge of Alexa Fluor and DAPI is in the third column in each
experimental group. Scale bar = 100 μm [Colour figure can be viewed at wileyonlinelibrary.com]
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3D culture systems revealed that adding narigenin to media led to bet-

ter colonization. In other words, the different concentrations of this

antioxidant resulted in a significant difference in the colonization.

Thanks to GDNF and BMP4, along with naringenin in media, SSCs

were differentiated towards the subsequent cells involved in sper-

matogenesis. As can be seen from microscopic images, the numbers

of single differentiating SSCs surrounding the colonies in N10 groups

in both 2D and 3D culture systems are greater than other ones.

Oxygen, a very active molecule, can generate ROS, which damages

healthy tissues and cell functions and thus endangers cell viability. To

evaluate the oxidative stress, the balance between the generation and

degradation of ROS within a tissue or cell suspension is measured.38 In

order to prevent the side effects of oxidative stress in cellular struc-

tures, the presence of antioxidants is necessary in an organism. Oxida-

tion of antioxidants plays a key role in eliminating free radicals by

terminating the reaction chain and protecting molecules against oxida-

tive damage. To date, a number of antioxidants including vitamin E,

vitamin C, taurine, and so forth have been used in spermatogenesis.39

Among antioxidant components used for male reproductive

systems, there is an evidence that naringenin, a well‐known flavonoid,

has a considerable influence on the health of testicular cells and can

act as a radical scavenger, an immunity system modulator, and an

anti‐inflammatory factor.40 Roy et al demonstrated that narigenin

can modulate the levels of ROS and improves diabetes‐induced
testicular dysfunction in diabetic rats.24 Therefore, in this study, we

analyzed ROS formation during SSCs culture in 2D and 3D groups.

Our measurements confirmed that the ROS generation of SSCs

treated with naringenin (N5, N10, and N20) were less than WN in

both 2D and 3D groups. The findings showed that naringenin, espe-

cially N10 (10μM/mL), has a prominent effect on decreasing ROS for-

mation in all groups. Our results are in accordance with the opinions of

Ranawat et al about the dosage‐dependent activity of naringenin for

testicular cells.41

A widely held view among scientists is that there are no particular

biochemical or morphological markers for SSCs,42,43 but the assess-

ment of multiple markers expression can deliver essential information

about spermatogonial stem cells in individuals.44 To confirm the pres-

ence of undifferentiated or differentiated spermatogonial cells during

cultivation, a RT‐PCR and qRT‐PCR using spermatogonial‐specific

markers (Id4, PLZF) and differentiating SSCs markers (C‐Kit and

SYCP3) in all culture groups were performed. Id4 and PLZF are

markers for spermatogonial stem/progenitor cells and are well‐known

in many species.45 The expression of differentiating germ cell markers,

C‐Kit and SYCP3, is low or absent in As, Apr, and early Aal spermatogo-

nial cells, while it is high in late Aal and further differentiated sper-

matogonia.46 In our study, the expression of Id4, PLZF markers of

spermatogonial were observed in all 2D and 3D culture groups. Our

findings also demonstrated that gene expressions of spermatogonial

http://wileyonlinelibrary.com


FIGURE 11 Immunofluorescent staining of spermatogonial stem cells (SSCs) in 3D cell culture after 14 days post treatment. The Id4, PLZF, C‐kit
markers (first column) were detected in 3D scaffold groups containing different naringenin (N) concentration (WN = without N, N5 = 5 μMN, N10

= 10 μM N, N20 = 20 μM N). DAPI staining is in the second column and a merge of Alexa Fluor and DAPI is in the third column in each
experimental group [Colour figure can be viewed at wileyonlinelibrary.com]
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cells decreased in cells seeded on PLLA/MWCNTs while the expres-

sion of the differentiation‐related genes (C‐Kit and SYCP3) increased

in 3D culture systems containing naringenin after 14 days. Kanatsu‐

Shinohara et al made a valid point when they showed weak C‐Kit

expressions in some colonies.47

Furthermore, the immunocytochemical study confirmed RT‐PCR

and qRT‐PCR results. The immunoreactivity of Id4 and PLZF as SSCs

markers were observed in all groups and our findings are in line with

the results of previous research.48,49 Also, the C‐kit appearance was

observed in 2D and 3D groups but its expression was more distinct

in 3D culture especially N10 sample.
5 | CONCLUSION

The results of our study suggest that the presence of GDNF and BMP4

along with an antioxidant in combination with 3D‐like electrically con-

ductive PLLA/MWCNTs fibrous scaffolds, and the presence of somatic

cells in the culture are likely to construct a testis‐like microenvironment

inwhich the growth of SSCs and differentiation are promoted. The pres-

entwork opens up a promising chapter in the study of in vitro spermato-

genesis using antioxidants like naringenin in 3D scaffold, guiding the

stem cell differentiation toward spermatid in the near future.
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