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Abstract
Introduction: Human endometrial 
mesenchymal stem cells (hEnMSCs) 
are a rich source of mesenchymal 
stem cells (MSCs) with multi-lineage 
differentiation potential, making them 
an intriguing tool in regenerative 
medicine, particularly for the treatment 
of reproductive and infertility issues. 
The specific process of germline cell-
derived stem cell differentiation remains 
unknown, the aim is to study novel ways 
to achieve an effective differentiation method that produces adequate and functioning human 
gamete cells. 
Methods: We adjusted the optimum retinoic acid (RA) concentration for enhancement of germ 
cell-derived hEnSCs generation in 2D cell culture after 7 days in this study. Subsequently, we 
developed a suitable oocyte-like cell induction media including RA and bone morphogenetic 
protein 4 (BMP4), and studied their effects on oocyte-like cell differentiation in 2D and 3D cell 
culture media utilizing cells encapsulated in alginate hydrogel. 
Results: Our results from microscopy analysis, real-time PCR, and immunofluorescence tests 
revealed that 10 µM RA concentration was the optimal dose for inducing germ-like cells after 
7 days.  We examined the alginate hydrogel structural characteristics and integrity by rheology 
analysis and SEM microscope. We also demonstrated encapsulated cell viability and adhesion in 
the manufactured hydrogel. We propose that in 3D cell cultures in alginate hydrogel, an induction 
medium containing 10 µM RA and 50 ng/mL BMP4 can enhance hEnSC differentiation into 
oocyte-like cells. 
Conclusion: The production of oocyte-like cells using 3D alginate hydrogel may be viable in vitro 
approach for replacing gonad tissues and cells.
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embryogenesis that begins after implantation, but study 
into it is too complicated. As a result, germline cells, 
particularly oocyte development from human stem 
cells, provide an experimental platform for studying the 
mechanisms of gametogenesis, oocyte cells, and oocyte-
like cell creation.3,18 Previously published research has 
reported that germline cells could be produced from 
different stem cells.19-21 We previously demonstrated that 
hEnSCs can differentiate to germ cells in the presence of 
RA and identified 10M concentration as the optimum 
dosage.3 This study looked at the role of RA and BMP4 
therapies on cell and tissue growth and development in 
both 2D and 3D cell culture systems. 

In this study, we optimized the dosage of RA for hEnSCs 
differentiation to oocyte-like cells. Before and after 
incorporation into alginate hydrogel, the expression levels 
of SCP3, GDF9, and GDF9B markers associated with 
oocyte-like cell development were evaluated in both 2D 
and 3D cell culture systems.

Materials and Methods
hEnSCs isolation and characterization 
Separation and characterization of hEnSCs were 
performed using previously reported methods.22,23 
Biopsies of endometrial tissue were isolated either 
after hysterectomy or by biopsy from healthy women's 
endometrium in Imam Khomeini hospital in Tehran. 
The endometrial tissue specimens were washed with pre-
warmed (37°C) phosphate-buffered saline (PBS) (Sigma, 
USA) containing 2-3% (v/v) Pen/Strep (Sigma, USA) 
and amphotericin B. Subsequently, tissue digestion was 
carried out by collagenase type 1 (1 mg/mL; Sigma, USA) 
in Dulbecco's Modified Eagle Medium/Nutrient Mixture 
F-12 (DMEM/F12) for 60 min at 37°C, and 5% CO2. To 
neutralize the enzymatic digestion reaction, we used an 
equal volume of complete culture media (DMEM-F12, 
15% FBS, 1% Pen/Strep) and in the next step, the cells 
suspension was passed through 70- and 40-μm cell 
strainer to remove undigested tissues and centrifuged at 
1200 rpm 5 min. Ultimately, the cells pellet was dispersed 
in pre-warmed (37°C) culture media (DMEM-F12, 15% 
FBS, 1% Pen/Strep) and transferred to T25 culture flasks 
then incubated at 37°C in a humidified incubator (5% 
CO2).

Immunophenotyping analyses of hEnSCs by flow 
cytometry 
The immunophenotype characterization of 1×106 isolated 
cells at passage 3 was performed using specific monoclonal 
antibodies labeled with Fluorescein isothiocyanate and 
directed against MSC CD markers (CD105, CD90, CD146, 
CD73), and as well as endothelial stem cell CD marker 
(CD31) for 1 hour at room temperature. Afterward, 
the stained hEnSCs were rinsed with PBS (pH: 7.4) and 
fixed with a formaldehyde solution. Finally, the cells were 
studied by BD FACSCalibur™ (BD bioscience San Jose, 

Introduction
Infertility as a failure to conceive after 12 months of 
frequent intercourses,1 affected 7.4% of married women.2 
Currently, health care systems utilize different strategies 
for female infertility treatment with special challenges 
such as breast cancer.3,4 The most exciting method of 
restoring fertility is stem cell-based therapy. These 
potentially curative cells are undifferentiated cells with 
long-term self-renewal and differentiation abilities, as well 
as the capacity to generate a wide range of specialized cell 
types.5,6 

Some in vitro studies have demonstrated that germ cells 
may be successfully produced from induced pluripotent 
stem cells or embryonic stem cells (iPSCs/ESCs) and 
can develop into spermatocytes in vivo.7 In contrast to 
spermatocytes, oocyte induction from human germ cells 
has not been fully developed and the scientists were unable 
to differentiate mouse iPSCs/ESCs to oocytes in vitro.8,9 
Consequently, there is a growing interest in mesenchymal 
stem cells (MSCs) due to their acceptable safety without 
causing teratomas and ethical concerns in therapeutic 
applications. MSCs may be extracted from different 
tissues as human endometrium. 10 Human endometrial 
stem cells (hEnSCs) display MSC-specific markers and 
may differentiate in vitro to a variety of germ cells.11-13 
hEnSCs show favorable in vivo regenerative effects in 
restoring tissue or cell function in injured tissues.4,14

The use of signaling molecules, growth factors, 
and/or hydrogels are efficient approaches in stem cell 
differentiation. It has been shown that retinoic acid (RA- a 
vitamin A metabolite) binding to its nuclear receptor in 
the central area of the mesonephros induces meiosis in 
genital crest cells.4 Meiosis division, as a critical process in 
the reproduction system, creates new haploid gamete cells 
and enhances genetic diversity. It is believed that studying 
germ cell sexual differentiation pathways can help us 
learn more about reproduction diseases and therapies.6 
Furthermore, several studies have demonstrated that 
RA promotes embryonic stem cell proliferation and 
differentiation into germ cells.5 

Bone morphogenetic protein 4 (BMP4), is thought to 
be a crucial signaling mechanism in epiblast primordial 
germ cell (PGC) formation, survival, and migration to 
the genital ridge.5,9 Several studies have found that the 
knocking down of the BMP4 gene resulted in a lack of PGC 
development. Many experimental studies have examined 
the role of RA and BMP4 in germ cell and gamete cell 
regeneration via stem cell differentiation.10,15,16 

Hydrogel offers major benefits in the generation, 
cryopreservation, and conserving of stem cell-derived 
germ cells due to its unique biocompatible, three-
dimensional network architecture, transparency, and 
ability to maintain cell viability effect. It offers as a 
viable 3D scaffold for different applications in the tissue 
engineering era.17 

Human germ cell development is the first stage of 
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CA), and acquired data were evaluated by FlowJo version 
7 software.

In vitro evaluation of multilineage differentiation ability 
of hEnSCs 
To investigate the potential differentiation of harvested 
cells into the osteogenic lineage, 2 × 105 hEnSCs at passage 
3 were seeded in a 24-well cell culture plate with osteogenic 
media containing 0.1 µM dexamethasone (Sigma-Aldrich, 
St Louis, MO), 10 mM β-glycerol phosphate (Sigma-
Aldrich), and 0.2 mM ascorbic acid (ASA; Sigma-Aldrich, 
St Louis, MO). The medium was changed every 3-4 days. 
To visualize the mineralized matrix in differentiated 
cells, the fixed cells were stained with 1% alizarin red S 
(Sigma-Aldrich, St Louis, MO) solution for 15 minutes. 
Besides, the adipogenic differentiation capacity of hEnSCs 
was explored for 21 days in an adipogenic medium that 
contained Dulbecco's Modified Eagle Medium (DMEM) 
with 0.5 mM 3-isobutyl-1- methylxanthine (IBMX; 
Sigma-Aldrich), 1 µM hydrocortisone (Sigma-Aldrich, St 
Louis, MO) and 0.1 mM indomethacin (Sigma-Aldrich, St 
Louis, MO). The cell culture medium was changed in 3–4-
day intervals. The oil-red O staining was used to evaluate 
the lipid droplets in differentiated cells' cytoplasm. After 
staining, both samples were examined under a LABOMED 
TCM 400 microscope.

Differentiation of hEnSCs-derived germ cells into oocyte-
like cells
In this study, we established a two-step differentiation 
method. In the first stage, hEnSCs were cultured and 
differentiated into germ cells in the third passage, and the 
germ cells were subsequently transformed into oocyte-
like cells by encapsulation in alginate hydrogel in 2D 
and 3D cell culture systems. To reach the germ cell, the 
differentiation of hEnSCs was studied in a 24-well cell 
culture plate. For this purpose, 2×105 hEnSCs at passage 
3 were seeded utilizing a complete medium for 24 hours 
at 37°C and 5% CO2. For each group, we considered three 
wells. To differentiate hEnSCs into germ cells in vitro, 
they were treated with differentiating medium (DMEM/
F12+ 10%FBS+ 1%pen/strep+ 10µM RA (Sigma, USA)) 
for 5 days. The wells that were not exposed to RA were 
considered a negative control. Analysis and quantification 
of a specific marker of germ cells including DDX4 and 
DAZL  with respect to each control (undifferentiated 
hEnSCs)/ and treated group (10µM RA) were studied 
using immunofluorescence and Quantitative/Real-Time 
PCR analyses. In the next step for hEnSCs derived oocyte-
like cells, the 2×105 hEnSCs were cultured in a 24-well 
cell culture plate for 5 days at 37°C and 5% CO2 to form 
germ cells, as previously described. Then, to differentiate 
hEnSCs-derived germ cells into oocyte-like cells in vitro, 
they were treated complete medium (DMEM/F12+10% 
FBS+1% pen/strep) with different concentration of BMP4 
(30, 50, 100 ng/mL) (Sigma, USA) plus 10µM RA at day5. 

The well that was not treated with RA was considered as a 
negative control and the undifferentiated hEnSCs served as 
control. Based on the results, the 50ng/mL concentration 
group was chosen as a suitable concentration. Finally, 
the various cell groups were investigated using 
immunofluorescence and quantitative/real-time PCR 
under the LABOMED TCM 400 microscope.

Immunofluorescence staining
We used 4% paraformaldehyde/PBS at room temperature 
for 45 minutes to fix cells and permeabilization of cells 
was done by 0.2% Triton X-100 in PBS. The cells were 
blocked overnight with a blocking solution (5% milk 
and 0.05% Tween-20 in PBS) and then incubated with 
primary antibodies by using 1:100 dilution of monoclonal 
anti-DDX4 (ab13840, Abcam, USA), monoclonal anti-
DAZL (ab34139, Abcam, USA), as a germ cell markers 
and monoclonal anti-SCP3 (ab15093, Abcam, Cambridge, 
UK), monoclonal anti-GDF9(ab93892, Abcam, USA) and 
monoclonal anti-GDF9B (ab108413, Abcam, Cambridge, 
UK) as oocyte like cells markers for 2.5 hrs. Afterward, 
cells were washed in PBS/Tween 20 (0.1%) (Sigma) 
three times and incubated with Alexa fluor 488 and 594 
secondary antibodies (Sigma, USA) for 1hrs in a dark 
place at room temperature. Cells were again washed with 
PBS/Tween 20 (0.1%) three times. Finally, the cell nuclei 
were stained with 4′,6-diamidino-2-phenylindole (DAPI; 
Sigma-Aldrich, D8417) and studied by Olympus DP73 
digital camera associated with a fluorescence microscopy 
IX81 (U-MW-IB3). ImageJ software was used to assess the 
proportion of DDX4, DAZL, SCP3, GDF9, and GDF9B 
proteins in the resultant microphotographs.

Quantitative/real-time PCR
RNA extraction of different groups of hEnSCs was 
harvested by using RiboExTM LS total RNA solution 
(GeneAll Biotechnology, Seoul, Korea) according to the 
instructions of the supplier. By using a PrimeScript ™ RT 
reagent Kit (Takara, Tokyo, Japan), cDNA synthesis of each 
sample was performed. The qPCR assessment was done 
to quantify the expression levels of the following genes: 
DDX4, DAZL, SCP3, GDF9, and GDF9B. The NCBI data 
set was used to determine the complete sequence of the 
indicated genes, and Primer3 online software was used to 
help us design the appropriate primers. The primer blast 
was carried out to detect the homology percent. Table 1 
presents the characteristics of primers of germ cells and 
oocyte-like cell genes. RealQ Plus 2x Master Mix Green 
(Ampliqon, Herlev, Denmark) was applied to detect the 
gene expression levels in control and differentiated cells 
by rotor gene 6000 Corbett real-time PCR System. The 
housekeeping glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) gene expression was used as a normalizer. The 
relative expression of specific genes related to germ cells 
(DDX4 and DAZL) and oocyte-like cells (SCP3, GDF9, 
and GDF9B) were measured by qRT-PCR.
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Alginate hydrogel preparation 
We prepared alginate hydrogel based on our previous 
studies. Alginate hydrogel used in this study was prepared 
by dropping aqueous alginate into a calcium chloride 
solution.24,25 In brief, we utilized sodium alginate with a 
high guluronic acid concentration and a molecular weight 
of 50 000 (60% in guluronic acid residues, Sigma-Aldrich). 
In the first step, 200 μL of sterilized sodium-Alginate 2.5% 
(w/v) dissolved in buffer and containing 2 × 105 cells/mL 
of differentiated germ-like cells or hEnSCs were dissolved 
in HEPES buffered solution (pH 7.4). The solution was 
dropped into the crosslinking solution (as described 
above) containing a 1% solution of calcium chloride 
(CaCl2) (w/v). The final Alginate hydrogel concentration 
was 3% (w/v). 

Subsequently, the acquired hydrogel containing 
encapsulated differentiated germ-like cells were washed 
with sterile PBS (Sigma-Aldrich) and then rinsed 
in holding media kept in a sealed 24-well plate with 
parafilm in a cooled incubator set. Following 72 hours of 
hypothermic storage, the gelled beads were immediately 
used for characterization assays, degradation tests, and 
cell culture studies. Before proceeding, the gelled beads 
containing cells were left at room temperature for 15 
minutes. Wells containing just gel was exposed to the 
same cell growth conditions as previously described and 
served as controls (i.e., no cells).

Alginate hydrogel identification
The in vitro degradation rate of the alginate hydrogel was 
measured by checking the changes in scaffold weight in 
PBS (pH 7.4) at 37ºC. PBS solutions were changed every 
3 days. The alginate hydrogel was incubated at 37ºC 
for 1 hour with fully swollen 3 percent (w/v) alginate 
hydrogel in 10 mL PBS for gelation and formation of a 
3D network structure. The hydrogel was taken out and 
weighted at predefined time intervals. The degradation 
was characterized by hydrogel fraction based on the 
initial weight of the totally swollen hydrogel. At each time 
point (days 1, 2, 3, 4, 6, 8, 11, and 14), three samples were 
taken out from their molds and their weight changes were 

measured to evaluate degradation. The percentage of 
degradation was calculated as the following: 
Degradation (%) = [(W0- Wt)/W0] ×100

Where W0 and Wt denote the weights of hydrogel before 
and after soaking in PBS, respectively. The rheological 
properties of alginate gel, which is a viscoelastic polymer, 
were characterized using a programmable rheometer 
(Anton-Paar RheoCompass, Ashland, USA) operating 
at a constant stress mode. The alginate gel directly was 
placed onto the parallel plate. Following that, rheological 
measurements were performed at 37°C for 1 hour at 
frequencies ranging from 0.1 to 10 Hz. Finally, the storage 
(G′) and loss (Gʺ) moduli of the hydrogel were measured. 
In addition, after 3 days of incubation at 37°C and 5% 
CO2, we studied and observed the cell encapsulated 
morphology by SEM examination. The alginate hydrogel 
was washed with PBS and fixed in 2.5% glutaraldehyde 
solution at 48ºC. Following a one-hour incubation period, 
the fixed hydrogel samples were washed twice in PBS, 
followed by dehydration (with 75% ethanol) and drying 
procedures. The samples were then placed in a freeze-
dryer device for 2 hours. Finally, the samples were coated 
with a thin coating of gold and examined using an SEM 
(QUANTA SEM system; FEI Company, Hillsboro, OR, 
USA) at a voltage of 15 kV.

Cell viability assessment by MTT analysis
The encapsulated differentiated germ-like cell viability 
was studied in both 2D and 3D media. The vitality of the 
cells was determined by 3-[4, 5-dimethyl-2-thiazolyl]-2, 
5-diphenyl-2H-tetrazolium bromide (MTT) at 1, 3, and 5 
days after seeding. This was done to investigate the effect 
of alginate hydrogel as a 3D scaffold on differentiated cells. 
In each 96-well plate, 1 × 104 cells were encapsulated in 
formed hydrogel and then cultured in 100 μL of complete 
medium. Cells were cultured in triplicate wells for each 
group. After each time point, the cell culture medium was 
eliminated and cells were washed with PBS. Subsequently, 
the cells were incubated for 4 hours with 10 µL/well 
3-(4, 5-dimethylthiazolyl-2)-2, 5 diphenyltetrazolium 
bromide (5 mg/mL MTT in PBS, Sigma, USA). The 
produced formazan crystals were dissolved in 200 µL of 
DMSO solution after 30 minutes of incubation at room 
temperature on a shaker. Their optical density was 
estimated by an ELISA reader (Expert 96, Asys Hitch, Ec 
Austria) at 570 nm. The control group consisted of wells 
containing cells that were not encapsulated in alginate 
hydrogel. 

Statistical analysis
Each experimental condition was performed more than 
three times. The results were shown as mean ± SD. A 
statistical software tool was used to analyze our data 
(SPSS 19, IBM). To determine the statistical significance 
between our control group (undifferentiated hEnSCs) and 
all experimental groups, one-way ANOVA analysis was 

Table 1. Specific forward and reverse genes primers for RT-PCR analysis 

Gene Primer sequence Tm

DAZL FAAATGGCCCACAAAAGAAATCTG
RAAGTGATGCACTCTTTTATCCTTGAAG

60
60

DDX4 FAATTCTGCGAAACATAGGGGATG
RGTTCCCGATCACCATGAATACTTG

60
60

GDF9 FTGGAGACCAGGTAACAGGAATCC
RAGTTGTTGATATTGTACAGCAAGACTGAC

60
59.5

GDF9B FCTCACAGAGGTACCTGGCATATACAG
RAGATTGAAGCGAGTTAGTTAGTTGGAGATG

59.5
60

SCP3 FAGCAGTTCATAAAGAGTATGGAAGAGTTG
RTTGCTATCTCTTGCTGCTGAGTTTC

60
60

GAPDH FAGCATTCCGTATTTCCAGCAG
RGCCAGTTGGGGTCTCATACAAA

58
60
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used. Meanwhile, the P value less than 0.5 were considered 
significant. 

Results 
Characterization of harvested hEnSCs 
Morphology of passage 3 harvested hEnSCs in normal 
cell culture condition was spindle-shaped fibroblast-like 
cells. After 21 days, the hEnSCs morphology in osteogenic 
media resulted in hydroxyapatite crystals formation 
that was verified by alizarin red staining (Fig. 1). The 
morphological alterations of stem cells and the intracellular 
presence of neutral lipid vacuoles (by oil-red staining) of 
hEnMSCs cultivated in adipogenic inducers for 21 days 
validated our adipogenic differentiation accuracy (Fig. 
1). The immunophenotyping characterization of isolated 
hEnMSCs was performed by flow cytometric analysis for 
CD markers including CD105, CD90, CD146, CD73, and 
CD31. As demonstrated in Fig. 1, the cells harvested using 
the specified technique were negative for the endothelial 
cell marker CD31. hEnSCs expressed MSC markers 
(CD105 (89%), CD90 (93%), CD73 (95%)). Ninety-
two percent of hEnSCs expressed CD146 as a specific 
marker of endometrial stem cells. These findings showed 
that the cells obtained were endometrial MSCs, with no 
contamination of endothelial cells.

Immunofluorescence staining analysis for germ cell 
differentiated cells from EnSCs
To induce hEnSCs into germ cells, at passage 3, the hEnSCs 
were treated with 10μM RA concentration in a complete 
cell culture medium, and cell morphology was investigated 
every day under a phase contrast microscope. After 7 days 
of induction, the resulting cells typically seemed to be 
long spindles cells that formed adequate interaction with 
each other with proper growth and proliferation capacity, 

while the control group of untreated hEnSCs with flat 
morphology were 100% confluent on day 7 (Fig. 2A). To 
characterize and establish germ-like cell differentiation, 
we utilized immunofluorescence (IF) staining to study the 
protein expression of germ cells marker and real-time RT-
PCR for molecular analysis in our experimental groups 
(control group cells and treated cells with RA). DAZL 
and DDX4-positive cells were used to determine the rate 
of differentiation as a percentage of the total number of 
DAPI-stained cells in one experimental group, but there 
was no expression in the control group (undifferentiated 
hEnSCs). The acquired images showed a high expression 
of these markers in the treated cells with RA (Fig. 2B, 2C, 
Table 1).

Molecular analysis by real-time-PCR assay for germ cells 
derived from EnSCs
After induction of germ-like cells, their molecular gene 
expression profile for DAZL and DDX4 were examined 
by real-time PCR for 7 days in 2D cell culture conditions. 
The GAPDH gene was considered the housekeeping gene 
control. As demonstrated in Fig. 2D, the expression of 
DAZL and DDX4 markers increased significantly in germ-
like cells (P < 0.05), with DAZL being more expressed 
than the DDX4 gene (Table 1).

Analysis of hEnSCs-derived germ-like cells differentiation 
into oocyte-like cells
HEnSCs were cultured in oocyte-like cells induction 
medium supplemented with RA and different 
concentrations of BMP4 in both 2D and 3D cell culture 
conditions. These cells were kept in cell culture condition 
for 1 week and they were studied at three different time 
points under a phase contrast microscope. As shown 
in Fig. 3, hEnSCs were first observed as fibroblast-like 

Fig. 1. Harvested hEnSCs characterization. Microphotographs of isolated hEnSCs after 21 days culture in osteogenic and adipogenic induction media 
stained with alizarin red and oil red o staining, respectively. Flow cytometric analysis exhibited positive expression of CD105, CD90, CD73, CD146 
(mesenchymal cell markers) and negative expression of CD31 (endothelial cell markers) in cultured hEnSCs. The scale bar is 50 µm.
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cells in 2D cell culture conditions, and after 5 days, the 
hEnSCs spontaneously produced small round cells in 
complete cell culture media supplemented with 10µM RA, 
which was then cultured in induction media containing 
different concentrations of BMP4 (30, 50 and 100 ng/
mL) for further maturation. According to the microscopy 
results, differentiation of hEnSCs into oocyte-like cells 
after 3 days of BMP4 treatment was insufficient, but 
hEnSCs-derived oocyte-like cells began to modify their 
differentiated morphology after 7 days of induction. The 
findings indicate that proper development and ordered 
morphology of hEnSCs-driven oocyte-like cells occurred 
after 5 days of induction media treatment. We showed that 
after 7 days of post-induction with RA10+BMP4 100ng/
mL, the cells has died and this concentration of BMP4 was 
not used for this study. 

Measurement of SCP3, GDF9B, and GDF9 protein 
expression in encapsulated cells 
We probed the RA and BMP4 (30, 50, and 100ng/mL) on 
the expression of meiotic (SCP3) and post-meiotic (GDF9, 
GDF9B) specific proteins in oocyte-like cells derived from 
hEnSCs after 5 days of induction. immunofluorescence 

study of encapsulated cells in alginate hydrogel using 
immunofluorescence staining revealed that hEnSCs 
exposed to RA and BMP4 exhibited the SCP3, GDF9, 
and GDF9B markers on differentiated cells (female germ 
cells). As shown in Fig. 4A, we detected that the protein 
expression level of meiotic and post-meiotic related 
markers increased after treatment with an induction 
medium, and changes in protein expression were observed 
differently. At 5 days, hEnSCs cultivated in RA+ 50 ng/mL 
BMP4 expressed more SCP3, GDF9, and GDF9B proteins 
than the cultured control group in RA+ BMP4. We 
examined the expression of these markers associated with 
oocyte-like cell differentiation between treatment groups 
and found that they were most abundant in hEnSCs-
derived oocyte-like cells treated with 50 ng/mL BMP4 on 
day 5 of induction.
The expression profile of female germ cell-specific genes in 
differentiated hEnSCs-derived germ cells
Real-time PCR was used on day 5 of treatment in both cell 
culture conditions, including monolayer cell culture and 
encapsulated in alginate hydrogel, to examine the relative 
expression profile of the genes during the differentiation 
of hEnSC germ cells (Fig. 5). SCP3 is a frequent meiotic 

Fig. 2. Differentiation analysis of isolated hEnSCs into germ cell-like cells treated with 10μM RA in 2D cell culture. A: Microphotographs of hEnSCs 
derived germ cell-like cells after 7 days/RA 10μM and untreated hEnSCs cells after 7 days/ without RA. B and C: Immunofluorescence staining of hEnSCs 
derived germ cell-like cells with anti-DAZL and DDX4 with DAPI fluorophore on day 7 post-differentiation. D) DAZL and DDX4 gene expression levels in 
hEnSCs-derived germ cell-like cells treated with 10μM RA and non-treated cells. GAPDH was considered as housekeeping gene control. The scale bar is 
50 µm.
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marker that has been shown to be expressed in oocyte-
like cells in vitro. In addition, the post-meiotic GDF9 
and GDF9B markers participated in the primary follicle 
development from the primordial follicle cells. Expression 
of these genes increased in the 30 and 50ng/mL BMP4 
groups in 3D group in comparison with the 30 and 50 ng/
mL BMP4 concentrations in 2D cell culture groups. The 
expression of these genes in RA+BMP4 100 ng/mL was 
not high and this difference was not statistically significant 
between 2D and 3D groups. On the other hand, the gene 
expression profile of these oocyte differentiation markers 
showed the highest expression level of SCP3, GDF9, and 
GDF9B genes in 50 ng/mL BMP4 group on day 5. The 
outcomes of the study indicated a synergistic relationship 
between RA and 50 ng/mL BMP4 in increasing genes 
associated with oocyte development. The qPCR and 
immunofluorescence results established an increase in the 
expression of SCP3, GDF9, and GDF9B at day 5 in RA 
plus 50 ng/mL BMP4 group (Fig. 4B).

Alginate hydrogel features
The degradation rate is an important metric for 
biomaterial scaffold applications in tissue engineering. 

Biocompatible biodegradable hydrogels will disintegrate 
at the same rates as cell proliferation and extracellular 
matrix synthesis in injured tissues. We measured the 
Alginate hydrogel degradation rate after 22 days of 
soaking in a cell culture medium, as shown in figure 
6A. After 24 hours of incubation, the alginate hydrogel 
degradation rate profile showed gradual degradation, 
which occurred at a faster rate as incubation time 
increased. This finding revealed that alginate hydrogel 
may provide a reliable, long-lasting biodegradable scaffold 
for a variety of tissue engineering applications. The result 
of SEM images showed the existence of encapsulated cells 
in alginate hydrogel (Fig. 6B). Furthermore, cell culture 
assays were carried out to study the biocompatibility of 
alginate-hydrogel on encapsulation of hEnSCs-derived 
germ-cell-like cells into the hydrogel. The figure shows 
the form and morphology of alginate hydrogel with or 
without seed cells during a 5-day period. On the other 
hand, the viability and proliferation rate of encapsulated 
cells were detected via the MTT test (Fig. 6C). In fact, cell 
viability in 3D alginate hydrogel was investigated after 1, 
3 and 5 days of 3D and 2D cell culture by MTT assay. The 
most interesting feature of the findings in figure 6C is a 

Fig. 4. Differentiation of encapsulated hEnSCs into oocyte-like cells in 3D alginate hydrogel. Immunofluorescence staining microphotographs of 
hEnSCs derived oocyte-like cells with anti GDF9, GDF9B and SCP3 with DAPI fluorophore on day 5 post-differentiation in 3D alginate hydrogel. The scale 
bar is 20 µm. 

Fig. 3. Evaluation of hEnSCs-derived germ cells-like differentiation into oocyte-like cells in 2D culture. Light microscope images of hEnSCs treated 
with 10μM RA differentiation into oocyte-like cells in four different concentrations of BMP4 (30, 50,100 ng/mL) after 5 days. 
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steady increase in hEnSC-derived germ-like cell viability 
under 2D and 3D cell culture conditions. Although, the 
viability of cultured cells in 3D condition was higher than 
that of a 2D culture. Furthermore, detailed rheological 
measurements were tested for the mechanical properties 
of the alginate hydrogel. Fig. 6D shows the storage (G′) 
and loss (Gʺ) moduli of the hydrogel, which indicate their 
elastic and viscous properties, respectively. According to 
Fig. 6D, the G′ and Gʺ curves of alginate hydrogel first 
increased. Based on the results, G′ levels of hydrogel were 
higher than Gʺ values, indicating the dominant elastic 
properties of this hydrogel and showing improved alginate 
gel stiffness. 

Discussion
Our study showed that, after 5 days of encapsulation in 
alginate hydrogel, hEnSCs were shown to be capable of 
differentiating to oocyte-like cells at an adjusted dose of 
10µM RA and 50 ng/mL BMP4. The biocompatibility and 
safety of the produced alginate hydrogel on differentiated 
cells were validated by our research. For the first time, we 
developed a 3D scaffold made of alginate composite to 
enhance hEnSC development in oocyte-like cells.

Infertility is a frequent problem in the lives of couples, 
with psychological, social, economic, and medical 
consequences.26 While the rate of infertility remains 
steady, there has recently been an increase in demand 
for infertility therapies.27,28 This necessitated a more 
sophisticated approach to the diagnosis and treatment 
of reproductive capacity disorders. Recently, the area of 
tissue engineering has emerged as a novel field of medical 
research for the treatment of infertility by three main 
components, including different forms of stem cells, 
biodegradable scaffolding, and growth factors. 

Because of the infinite differentiation in regenerative 
medicine, stem cell research has recently become a popular 
area of research in medical research.29,30 Previous research 
has shown that stem cell-based treatment employing 
embryonic stem cells, induced pluripotent stem cells 31 
and multipotent stem cells28 can restore germ line cells in 
in vitro and in vivo studies. Although stem cell technology 
is well established and quickly expanding in infertility 

treatment research, there are numerous problems in 
medical applications, including differentiation capacity 
limitation, tumor development, and difficulty to produce 
in vitro gametes.7,32 As a result, numerous types of research 
have indicated that hEnSCs would be an attractive 
alternative source of germ cell generation in in vitro 
investigations due to their pluripotent characteristics. In 
2D and 3D culture conditions, our group differentiated 
hEnSCs into germ-like cells for the first time.3 

In this study, we presented a novel approach for hEnSCs 
encapsulated into alginate hydrogel differentiation to 
oocyte-like cells in vitro by utilizing RA and BMP4. A naïve 
microenvironment is crucial for stem cells to differentiate 
into oocytes. There are only a few growth factors and 
regulators known to promote germ cell differentiation 
and gamete maturation, including BMP4 and RA.33 In 
vitro mammalian gamete differentiation relies on these 
recognized factors as key regulators. BMP4 plays a critical 
role in mitosis triggering and oocyte differentiation.7 

In addition to controlling the sex-specific timing of 
meiosis entry, RA induces meiosis-specific markers, 
including Stra8, synaptonemal complex proteins (SCP), 
Dmc1, and Rec8. Studies have shown that RA plays 
an integral role in determining the fate of male and 
female embryonic gonads by regulating migration and 
postmigration of germ cells.34

Other investigations discovered a cocktail of soluble 
growth factors, including RA, KL, LIF, BMP4, SDF-1, and 
bFGF, as well as chemicals, are able to sustain the survival 
and self-renewal of mouse germ cells in the absence of 
somatic cell support.35 Growth factors and compounds 
were able to prevent significant levels of apoptosis in 
germ cells, stimulate their proliferation, and allow them to 
progress through meiotic prophase I after adhering to an 
acellular substrate.36,37

Furthermore, RA is known to promote the development 
of germ cells and it was used to direct functional 
gametogenesis in vitro.38

RA makes the meiosis of ovary PGCs about 13.5 days 
post coitum (dpc) while at the same time in testis, RA 
reduces and inhibits PGCs' meiosis entry. RA was displayed 
as the stimulator of differentiation and proliferation of 

Fig. 5. Real-time PCR analysis for the expression level of oocyte-like cells makers. The expression of GDF9, SCP3, and GDF9B genes in oocyte-like 
cells in 3D scaffold compared to 2D cell culture. The expression of all genes was significantly decreased compared with undifferentiated cells as a control (P< 
0.001). GAPDH was considered as housekeeping gene control. Error bars show ± SD, n =3 samples.

(A) (B) (C)
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Fig. 6. Fabricated Alginate hydrogel analysis. A: In vitro degradability of 3D alginate hydrogel. B: SEM analysis of 3D alginate hydrogel without and 
with hEnSCs cultured for 5 days within the 3D alginate hydrogel. C: Cell viability of hEnSCs cultured in alginate hydrogel, alginate hydrogel with RA and 
polystyrene plate after 1, 3 and 5 days. D: Rheological examination with frequency sweep between 0.1 and 10 Hz.

different types of MSCs to germ cell induction. Also, it 
can control the induction of meiosis cell cycle entry and 
the prevention of apoptosis in the first step of germ cell 
development.34 

The active derivative of vitamin A, RA, influences the 
differentiation of germ cells and is required to transition 
into meiosis in both male and female germ cells. In 
addition to Sertoli cells, germ cells express RA receptors, 
which are stimulated by RA. Researchers observed 
differentiation of human umbilical cord Wharton's jelly-
derived MSCs into germ-like cells in vitro after treating 
ESCs and bone marrow cells with RA.39

As indicated in Fig. 1, isolated hEnSCs exhibited 
MSC markers such as CD105, CD90, CD44, and Oct4 
as a pluripotency marker, as well as CD146. These 
harvested hEnSCs were negative for hematopoietic cells 
and endothelial cell markers expression such as markers 
CD45, CD34, CD133, and CD31. The multi-lineage 
differentiation assays demonstrated the adipogenic and 
osteogenic capacity of hEnSCs expression (Fig. 1B, 1C). 
Then we differentiated hEnSCs to germ-like cells with 
induction media supplemented with 10 µM RA. As 
shown in Figs. 2A and 2C, morphological inspection, 
immunofluorescence and real-time PCR assays verified 
that hEnSCs characterized a more prominent germ-like cell 
marker (DAZL and DDX4) compared to undifferentiated 
hEnSCs for 7 days with induction media. 

Recently, tissue engineering applied a powerful tool to 
regenerate injured tissues by 3D cell culture technique, 
which mimics the cell-cell contacts and the robust 
microenvironment. The first pioneering investigation 
explored the 3D scaffold effects on mouse follicle growth 
improvement and in vitro spermatogenesis in the murine 
model.40 In the current study, we assessed whether BMP4 
and RA cooperatively promote the differentiation of the 

oocyte-like cells from hEnSCs encapsulated into alginate 
hydrogel in in vitro study. 

We prepared Alginate hydrogel through the ionic 
crosslinking mechanism. The alginate-based hydrogel 
could form a three-dimensional network via anionic 
crosslinking reactions with divalent cations, such as Ca2+, 
as well as chemical crosslinking, comprising enzymatic 
or photo-initiation.25 The Alginate hydrogel is regarded 
as a suitable functional biomaterial in regenerative 
medicine and one of the most widely used biomaterials 
for microencapsulation, due to several advantages such as 
high biocompatibility, proper stability, easy entrapment of 
live cell, high affinity to water, facilitates the transport of 
nutrients and waste products through the gel and ability 
to form hydrogels under very mild conditions. Results 
showed that this hydrogel applied had enough properties 
as a relevant and useful 3D hydrogel for in vitro and in vivo 
biomedical applications.41-43

The structure and architecture of the fabricated scaffold 
and cell attachments were observed by SEM analysis. SEM 
assessment revealed high porosity of the scaffold as well 
as perfect spreading and attachment of encapsulated cells. 
The morphology and size of hEnSCs derived germ-like cells 
were the same as the germ cells. Moreover, the resulting 
images showed a fine cell structure, integrity and right 
interaction with other cells and the alginate scaffold. The 
SEM results demonstrated that the alginate scaffold had 
no effect on cell structure or morphology (Fig. 6B). SEM 
analysis revealed a porous 3D network structure allowing 
cells to penetrate and diffuse nutrients for survival.43 
Fine cell distribution and cell-cell contact inside alginate 
hydrogel were observed without any side effects on cell 
microstructural morphology. Pores were interconnected 
and almost spherical in shape. An interconnected porous 
appearance might facilitate cell attachment, proliferation, 
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and migration in tissue engineering. The porous structure 
of fabricated scaffolds may also facilitate the delivery of 
oxygen, nutrients, and metabolites throughout the system. 
The lack of cell adhesion moieties in produced hydrogels 
might explain why cells stuck to the surface of hydrogels 
and displayed a good spheroid shape. The cells were 
physically entrapped on hydrogel scaffolds rather than 
biochemically.25

SEM assay illustrated a proper porous 3D network 
structure for allowing cell penetration and diffusion of 
nutrient substances for cell survival. It revealed the fine 
cell distribution and cell-cell contact inside alginate 
hydrogel without any side effects on cell microstructural 
morphology. MTT analysis results were also satisfactory 
for hEnSC-derived germ-like cells and confirmed higher 
cell viability within 5 days of differentiation in 3D cell 
culture compared to 2D cell culture. 

Following that, we examined the impact of combining 
RA with different concentrations of BMP4 (30, 50, and 
100 ng/mL) on the ability of hEnSCs to differentiate into 
oocyte-like cells in 2D and 3D culture systems after 3, 5, 
and 7 days of incubation. Ultimately, immunofluorescence 
and gene expression profiling methods were used to 
determine the expression level of meiotic (SCP3) and 
post-meiotic (GDF9, GDF9B) specific oocyte-like cell 
markers in differentiated and undifferentiated cells. The 
resulting data from immunofluorescence and real-time 
PCR analysis indicated that hEnSCs derived oocyte-like 
cells kept their nature and showed more expression of 
specific proteins related to oocyte-like cells after 5 days 
in 3D cell culture with culture media supplemented with 
10µM RA and 50 ng/mL BMP4. For the first time, we 
demonstrated the generation of oocyte-like cells from 
hEnSCs encapsulated in a 3D alginate hydrogel with the 
incorporation of key inductive factors, such as RA and 
BMP4, in culture media.

Recently, studies described the role of RA and BMP4 
as key regulators of the meiosis cell cycle and germ cell 
induction. Previous investigations have shown that oocyte-
like cell generation was induced with the incorporation 
of RA and BMP4 in a culture medium in 2D and 3D in 
vitro conditions. Moreover, based on our acquired results, 
Alginate hydrogel containing hEnSCs with RA and BMP4 
substances considerably improved the proliferation and 
differentiation of hEnSCs to oocyte-like cells.10,33

Conclusion
Our findings showed that after 5 days of encapsulation in 
alginate hydrogel, hEnSCs may develop into oocyte-like 
cells at an adjusted dose of 10µM RA and 50 ng/mL BMP4. 
Our results confirmed the suitable biocompatibility and 
safety of fabricated Alginate hydrogel on the differentiated 
cells. Furthermore, we established for the first time a 
3D scaffold by alginate composite for improvement of 
hEnSCs differentiation to oocyte-like cells. Also, hEnSCs 
differentiation accuracy into oocyte-like cells was proved 

What is the current knowledge?
√ RA and BMP4 can differentiate endometrial stem cells into 
oocyte cells oocyte-like cells derived EnSCs express GDF9.

What is new here?
√ Promoted oocyte-like cell differentiation of EnSCs as a 
promising source of stem cells, in a hydrogel scaffold and 
three-dimensional cell culture.
√ After 5 days of encapsulation in alginate hydrogel, hEnSC 
was shown to be capable of differentiating to oocyte-like cells 
at an adjusted dose of 10µM RA and 50 ng/mL BMP4.

Research Highlights

by analysis of specific meiotic and post-meiotic oocyte-
like cell proteins utilizing immunofluorescence staining 
and real-time PCR for SCP3, GDF9 and GDF9B. 
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