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Objective(s): We aimed to develop and characterize a 3D culture platform combining methylcellulose 
(MC) with decellularized testicular extracellular matrix (ECM) and Sertoli cell co-culture to support 
human spermatogonial stem cell (SSC) survival and differentiation.
Materials and Methods: Human testicular cells were isolated and characterized by immunofluorescence 
and flow cytometry. Sheep testicular tissue was decellularized using detergents and characterized by 
several histology techniques. ECM was solubilized and mixed with MC at various ratios to make 
hybrid hydrogels. Hydrogels were characterized for pore size, porosity, mechanical properties, 
gelation kinetics, and degradation kinetics using scanning electron microscopy, rheological analysis, 
turbidity analysis, and mass loss assays. Human SSCs and Sertoli cells were cultured in 3D hydrogels 
for four weeks under differentiation conditions. Cell viability was assessed using the MTT assay, and 
gene expression of SSC, meiotic, post-meiotic, and apoptotic markers was evaluated by RT-PCR.
Results: After four weeks of proliferation, PLZF-positive cells increased from 19% to 73%. 
Decellularization reduced DNA content by 96% while preserving key matrix components. Hybrid 
hydrogels displayed interconnected porous structures with pore sizes of about 65–181 µm. All 
functional hydrogels supported cell viability; however, ECM-rich hydrogels significantly up-regulated 
PRM2 compared to 2D controls, indicating enhanced post-meiotic differentiation. MC-only scaffolds 
displayed elevated pro-apoptotic BAX expression compared to ECM-rich matrices, suggesting that 
bioactive ECM ligands confer cytoprotection.
Conclusion: The modular MC/ECM hybrid hydrogel provides a tunable, physiologically relevant 
3D culture system that is superior to conventional approaches in supporting SSC maintenance and 
differentiation, offering promise for fertility preservation strategies.
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In recent decades, due to the enhanced prevalence 
of cancers in human societies and the increasing use of 

treatment methods such as radiotherapy and chemotherapy, 
the population of patients suffering from complex 
reproductive disorders has increased (1). The sensitivity 
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of spermatogonial stem cells (SSCs) to cytotoxic drugs has 
been confirmed (2). The toxic effects of cancer treatments 
on reproductive function and infertility are among the 
most critical challenges and concerns for reproductive 
medicine and researchers in this field (1). Given that 
azoospermia occurs in adulthood in approximately 30% 
of boys treated for malignant diseases, bone marrow 
transplantation, oncological treatments, and anticancer 
drugs (2), researchers have sought to establish an in vitro 
spermatogenesis system (3), i.e., the differentiation of sperm 
from SSC during puberty, using frozen testicular tissues 
in vitro (4, 5). Several studies have been performed using 
2D and 3D cultures, which have shown diverse results for 
spermatogenesis from SSCs to spermatozoa (6, 7). In this 
regard, 2D cultures, which have shown low efficiency in in 
vitro spermatogenesis, have provided valuable information 
on the key requirements for spermatogenesis, the main 
aspects controlling the differentiation and proliferation of 
SSCs, the factors influencing the differentiation of SSCs into 
spermatozoa, and the key components of spermatogenesis. 
However, most of these cultures neither complete 
spermatogenesis nor provide the same optimal conditions as 
the SSC niche offers to complete spermatogenesis and form 
sperm (8). Recent progress in tissue culture has established 
that in vitro spermatogenesis requires the maintenance of 
native 3D architecture and cellular organization found in 
seminiferous tubules.

In recent years, the limitations of traditional 2D culture 
have driven the development of various 3D hydrogel-based 
platforms designed to recapitulate the seminiferous tubule 
microenvironment that 2D systems cannot achieve (7, 9, 
10). Early approaches utilizing synthetic scaffolds or simple 
hydrogels, such as alginate, agarose, or methylcellulose 
(MC), established the feasibility of long-term 3D culture 
for SSC maintenance. Nevertheless, these hydrogels suffer 
from lack of ligands and cell surface interactions and 
being biologically inactive (11, 12). In comparison to 2D 
cultures that used culture dishes covered with a slim layer 
of gelatin, collagen, Matrigel, or other extracellular matrix 
components, in 3D cultures with the soft agar culture 
system (SACS) (13) or MC (14), cells are embedded in a 
thick layer of gel, which provides the required conditions 
for the process of spermatogenesis and the production of 
morphological sperm (6). Abofoul-Azab et al., using the MC 
culture system, observed sperm-like cells in testicular cell 
cultures from immature boys during chemotherapy (15). On 
the other hand, natural protein-based hydrogels are highly 
supported through interaction with cell surface receptors, 
leading to biological instruction for differentiation; however, 
they do not have long-term efficacy in in vitro conditions 
due to enzymatic digestion over time (16). Subsequently, the 
field has shifted toward the use of decellularized testicular 
matrix (DTM) scaffolds, which better mimic the native 
architecture and provide essential biomechanical and 
biochemical cues for germ cell attachment, proliferation, 
and spermatogenic progression (17-19). Recent studies have 
further demonstrated that hybrid hydrogels, which combine 
the mechanical stability of synthetic polymers with the 
bioactive ligands present in tissue-specific ECM, represent a 
superior strategy for creating stable, physiologically relevant 
niches that support efficient in vitro spermatogenesis. To 
optimize MC for cell culture applications, it can be mixed 
with ECM (20-22). The ECM includes molecules such 
as collagen, elastin, proteoglycans, glycoproteins, and 

glycosaminoglycans, cytokines, and various enzymes that 
are crucial for intracellular communication, cell growth, and 
stem cell fate by producing signals that affect morphogenesis 
(23, 24). MC hydrogel exhibits a remarkable change in water 
affinity with varying temperatures, enhancing its appeal as 
an ideal substrate for innovative applications in cell sheet 
engineering (25, 26). 

In addition, Sertoli cells have FSH and testosterone 
receptors. They are the only somatic cells that have a close 
relationship with germ cells and are vital for their survival 
and proliferation by secreting factors such as actin, stem 
cell factor (SCF), insulin-like growth factor-1 (IGF-1), 
transforming growth factor-beta, and leukemia inhibitory 
factor (LIF) (27, 28).  Another critical factor secreted by 
these cells is glial cell-derived neurotrophic factor (GDNF), 
which, when bound to its receptor on the surface of 
spermatogonial cells, is crucial for coordinating the self-
renewal process and growth of spermatogonial cells (29, 
30). In the present study, we aimed to develop a modular 
3D culture platform by combining MC with decellularized 
testicular ECM and Sertoli cell co-culture to better mimic 
the native SSC niche. The novelty of this work lies in the 
systematic design and characterization of hybrid MC/
ECM hydrogels with different ratios, allowing us to balance 
mechanical stability, gelation behavior, and tissue-specific 
bioactivity. To our knowledge, this is among the first studies 
to comprehensively evaluate the structural, rheological, and 
biological performance of a hybrid testis-specific hydrogel 
system to support human SSC survival and differentiation.

Materials and Methods
Collection of human testicular tissues

Human testes were collected from six brain-dead donors 
aged 15-50 years from Sina University Hospital, affiliated 
with Tehran University of Medical Sciences (Tehran, Iran). 
Then, the tissues were transported on ice and held in the 
tissue bags containing phosphate-buffered saline (PBS; 
Biowest, France) and 100 U/ml pen/strep (Biowest, France). 
The patients’ families signed informed consent forms to 
donate testicular tissue for research. All methods were 
conducted in accordance with the guidelines of the Ethical 
Committee of the Tehran University of Medical Sciences 
(IR.TUMS.MediCINE.REC.1399.707).

Testicular cell isolation and culture
Based on our previously established protocol (31), human 

testicular cells were isolated using a two-step enzymatic 
digestion. The testes were washed with PBS containing 100 
U/ml pen/strep, and the testicular capsule was then detached. 
The tissues were treated with the first digestion solution, 
which was composed of DMEM containing antibiotics, 
1 mg/ ml collagenase type I (Gibco, Life Technologies, 
Grand Island, NY, USA), 1 mg/ml hyaluronidase (Sigma-
Aldrich, USA), 1 mg/ml trypsin (Sigma-Aldrich, USA), and 
0.05 mg/ml Dnase (Sigma-Aldrich, USA) for 10 min at 37 
°C in a shaker incubator. Then, the fragmented testicular 
tissues were centrifuged at 1100 rpm for 5 min. The second 
enzymatic digestion was performed similarly to the first 
step, after washing with DMEM. In the next step, the cell 
suspension was filtered through a 40 μm cell strainer and 
washed with PBS; the hemocytometer was then used to 
count cells. Cell viability was assessed using a 0.04% trypan 
blue solution (Sigma-Aldrich, USA). As Sertoli cells adhere 
to the culture plate more readily than SSCs, SSCs were 
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separated from somatic cells using the differential plating 
culture technique. Finally, after an overnight culture, the 
supernatant was collected and centrifuged at 1000 rpm for 
5 min to isolate the floating cells, and then plated in a new 
cell culture flask.

A proliferation medium consisting of DMEM/F-12 
supplemented with 5% fetal bovine serum (FBS; Biowest, 
France), 5% knockout serum substitute (KSR, Thermo 
Scientific, USA), 100 IU/ml pen/strep, 20 ng/ml glial-
derived nerve growth factor (GDNF; Sigma-Aldrich, USA), 
and 10 ng/ml leukemia inhibitory factor (LIF; Sigma-
Aldrich, USA) was used. The cells were then maintained for 
4 weeks at 35 °C in a humidified atmosphere of 5% CO2. 
The culture medium was changed every three days, and an 
inverted microscope (CKX41, Olympus, Japan) was used 
for evaluation.  

Identification of cultured cells using immunofluorescence
The expression of SSC and Sertoli-specific proteins was 

evaluated using immunofluorescence for GFRA1, PLZF 
(pre-meiotic), SCP3 (meiotic), PRM2 (post-meiotic), and 
Vimentin (Sertoli cells). After being washed twice with PBS, 
all samples were fixed with 4% paraformaldehyde (Merck 
KGaA, Darmstadt, Germany) at room temperature for 30 
min, then permeabilized with 0.5% Triton X-100 for 30 
min. After washing with PBS, 10% goat serum (Sigma-
Aldrich, USA) was used to prevent nonspecific binding 
sites. After that, primary antibodies, including anti-PLZF, 
anti-GFRA1, anti-SCP3, anti-PRM2, and anti-Vimentin 
(Abcam, Cambridge, MA, USA), were added to the 
testicular cells and incubated for an additional night at 4 
°C. Then, to detect the primary antibody binding sites, for 
two hr at room temperature, secondary antibodies labeled 
with FITC or PE (anti-mouse (PE), 1:200, Sigma Aldrich, St. 
Louis, MO, USA, and anti-rabbit (FITC), 1:200) were used. 
Primary antibodies were removed from the negative control 
sample. Following counterstaining with 4,6-diamidino-
2-phenylindole (DAPI; 1 μg/mL; Sigma-Aldrich, St. 
Louis, MO, USA), the cells were examined under a BX51 
fluorescence microscope (Olympus, Tokyo, Japan). 

Flow cytometry analysis 
The expression of PLZF marker was evaluated by 

flow cytometry after four weeks of 2D culture to evaluate 
the purity of SSCs after the enzymatic digestion of the 
testis. Permeabilization with 0.4% Triton X-100 (Sigma-
Aldrich, USA) was done after fixation of SSCs with 4% 
paraformaldehyde. Next, about 10 μl of primary antibody 
(anti-PLZF antibody, 1:100, Abcam, Cambridge, MA, USA) 
was added to the cell suspension and incubated for 1 hr at 
room temperature. After washing cells with PBS, about 10 
μl of secondary antibody (Abcam, Cambridge, MA, USA) 
conjugated with fluorescein isothiocyanate (FITC) was 
added for 1 hr at 4 °C. FITC-positive cells were assessed by 
flow cytometry (Beckman Coulter, Krefeld, Germany) and 
analyzed by Flowjo 7.6.1. software.

Decellularization of Sheep testicular tissue
Sheep testicular tissue was collected from a local 

slaughterhouse and transferred to the laboratory in PBS and 
antibiotics at 4 °C, then decapsulated and stored at -80 °C 
for 48 hr. The whole testes were cut into 1 mm diameter 
sections and decellularized in 0.3% (v/v) sodium dodecyl 
sulfate (SDS, Sigma-Aldrich, USA) in distilled water for 24 

hr with ten changes and then in 1% (v/v) Triton X-100 for 6 
hr with two changes on an orbital shaker (70 rpm) at room 
temperature. Afterward, the tissues were washed ten times 
for 24 hr with PBS on ice using an orbital shaker (100 rpm) 
to eliminate the detergents (32).

Characterization of decellularized ECM
The testicular tissues were fixed in 10% formalin solution 

for 24 hr and then processed and embedded in paraffin and 
sectioned at a thickness of five μm. Then, DAPI (Sigma-
Aldrich, USA) and hematoxylin-eosin (H&E) staining 
were used to evaluate the quality of the decellularization 
process and the residual cell nuclei. Masson trichrome, 
Orcein, and Alcian blue staining were used to verify the 
collagen, elastin, and glycosaminoglycan (GAGs) contents. 
Microscopic observation was performed using an Olympus 
BX51 microscope (Olympus BX51, equipped with a DP72 
digital camera, Japan). 

On the other hand, for the quantitative analysis of DNA 
content from dried native and decellularized ECM, a DNA 
extraction kit (General Biological Corporation) was used. 
The overall DNA concentration was determined using a 
NanoDrop spectrophotometer (Biochrom) at 260 nm.

Preparation of MC solution 
A 3.34% MC solution (Sigma, USA) was prepared 

according to the dispersion method, the hot-cold technique. 
Briefly, MC powder was gently stirred in hot deionized 
water (above 90 °C) to disperse gradually in 1/3 of the 
intended volume. Cold water was added for the remaining 
volume and stirred at 4 °C for 24 h. The solution was then 
autoclaved for 16 min and stored at -20 °C. Using this stock 
solution, a working concentration of MC was made, and 
10X PBS  or 10X DMEM/F12 was used for final adjustment 
of salt concentration.  

Preparation of hybrid hydrogels
To create a hydrogel from ECM, decellularized ECM 

was powdered in liquid nitrogen and solubilized in 0.1 M 
HCl containing pepsin (1 mg per 10 mg of ECM) for 48 
hr at 4 °C. For making the ECM pre-gel (10 mg/ml), the 
solubilized ECM was neutralized by NaOH (1 M, 1/10 
volume of solubilized ECM), and the salt concentration was 
adjusted by 10X PBS (1/9 volume of solubilized ECM), and 
the remaining volume was compensated by 1X PBS. For cell 
culture experiments, 10X PBS and 1X PBS were replaced by 
10X DMEM/F12 and DMEM/F12, respectively. Pre-gels of 
MC and ECM were mixed in different ratios for preparing 
hybrid hydrogels according to Table 1. Over-solubilized 
ECM hydrogel (SE) was prepared by solubilizing ECM with 
pepsin for 72 hr at RT. Then, the mixture was neutralized 
and freeze-dried. For the preparation of SE hydrogel, the 
solubilized ECM was dissolved in PBS or DMEM/F12. 

 
Physical and mechanical characterization of hydrogels
Scanning electron microscopy (SEM)

SEM was conducted to assess the structure of hydrogels. 
Hydrogels were freeze-dried for 24 hr and then covered 
with a gold-palladium coating. Then, micrographs were 
captured using SU3500 SEM (Hitachi, Japan). Pore size was 
determined from SEM micrographs using ImageJ software. 
All visible pores within each analyzed SEM field were 
automatically selected, their areas were measured, and the 
Feret diameter was used as the pore-size parameter.
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Hydrogels’ porosity 
A liquid displacement method was performed to analyze 

scaffold porosity (33). Each synthesized hydrogel was 
lyophilized and weighed (W0). The dried scaffolds were 
placed into absolute ethanol and then weighed (We). The 
scaffold porosity was calculated according to the following 
formula, where Vs is the volume of the freeze-dried sample, 
and  is the density of absolute ethanol.

Porosity (%) = (We-W0)/Vs× ρ ethanol ×100        Equation 1                              

Degradation test
To evaluate the degradation rate, hydrogels were first 

weighed (W0) and incubated in 10 ml PBS (pH 7.4) 
at 37 °C for up to 4 weeks. At the end of each week, the 
hydrogels were weighed after removal of excess water (Ws). 
Degradation rates were measured by calculating the mass 
loss using the following formula (34). This test was not 
applicable to MC and SE hydrogels. In addition, owing 
to the physical properties of the M2 hydrogel, it was not 
possible to continue testing beyond the first week. 

Mass loss (%) = (W0-Ws)/W0 ×100                      Equation 2                         

Turbidity measurement
The gelation kinetics of hydrogels were measured by 

evaluating turbidity (35). The hydrogels were prepared as 
previously described, and the absorbance at 405 nm was 
measured every 2 min for 90 min. The curves were plotted 
using MATLAB software, and an exponential model was 
used for curve fitting using the following equation: 

f(t) = a*exp(b*t) + c*exp(d*t)                                 Equation 3                      

Where a, b, c, and d are constant values that were 
achieved after curve fitting; t is time in minutes, and f(t) is 
absorbance. Finally, tlag, t1/2, t95, and S (slope) were calculated 
from the mathematical model. 

Rheological measurement
To assess the mechanical characteristics, gelation, and 

viscosity of the hydrogels, a temperature sweep test was 
conducted. The pre-gel samples were prepared at 4 °C as 
previously described. The temperature range for the test 
was set from 10 °C to 40 °C, with 300 measurement points. 
For MC, the temperature was increased to 60 °C to reach 
the gelation point. Approximately 2–3 ml of each pre-gel 
solution was placed on the parallel plates of a rheometer 
(Physica MCR 300, Anton Paar GmbH, Austria) with a 
plate diameter of 25 mm and a gap of 1 mm. Following a 
5-min equilibration period at the starting temperature, 
measurements were performed at a constant frequency of 

1 Hz and a strain amplitude of 4%. The thermal response 
of the hydrogels was then recorded as the temperature was 
gradually increased from 10 °C to 40 °C.

3D culture of testicular cells in hydrogels
After 2D culture, cells were utilized to assess 

differentiation and viability in six groups. Five groups of 
hydrogels were used for differentiation culture (M1, M3, M4, 
ECM, and SE) except for M2, which was not functional as 
a hybrid hydrogel. The culture of SSCs was performed with 
the density of 3×105 cells for each hydrogel (6×105 /ml) (10 
× 104 cells were cultured in M1 and SE groups, 2 × 105 /ml) 
in 24-well plates for 4 weeks. The differentiation medium 
was composed of DMEM/F12 medium supplemented with 
10-7 M testosterone (Sigma-Aldrich, USA), 10-6 M retinoic 
acid (R2625, Sigma-Aldrich, USA), 2.5 × 10-5 U follicle-
stimulating hormone (FSH, Gonal-F, Merck), 5% FBS, 5 % 
KSR, 100 IU/ml penicillin, and 100 μg/ml streptomycin. The 
media was refreshed every 3 days. For M1 and SE groups, 50 
µl of 10X media was added each week. A 2D culture of cells 
was used as the control group.

Viability of cells in different experimental groups 
Cell viability after 2 and 4 weeks of culture in 

different hydrogel groups was assessed using the 
methylthiazolyldiphenyltetrazolium bromide (MTT) assay 
(Sigma-Aldrich, St. Louis, MO, USA). The proliferation 
medium was used for the assay, and the density of cells 
was 2 × 104 per well. The cultured cells were treated with 5 
mg/ml of MTT solution and incubated in 5% CO₂ at 37 °C 
for four hr. To achieve cell lysis and dissolve the formazan 
crystals, 500 μl of dimethyl sulfoxide was added to each well 
and incubated for 30 min at 37 °C. Then, the optical density 
at 570 nm was measured using a microplate reader (HTX, 
BioTek, USA).

Real-time polymerase chain reaction
After 4 weeks of culture in different hydrogels with 

differentiation medium, the relative expression of GFRA1 and 
PLZF (SSC-specific markers), SCP3 (spermatocyte-specific 
marker), PRM2 (spermatid- and sperm-specific marker), 
Vimentin (Sertoli cell-specific marker), BAX, and BCL-2 
(apoptotic markers) was assessed by real-time PCR. The 
RNX-plus reagent (Sinaclon, Iran) was used to extract total 
RNA from cells, and DNase I treatment (Thermo Scientific, 
Waltham, MA, USA) was performed to remove genomic 
DNA. Next, the purity and concentration of extracted RNA 
were evaluated by a spectrophotometer (Biochrom). Then, 
according to the manufacturer’s instructions for the cDNA 
synthesis kit (Thermo Scientific, Waltham, MA, USA), the 
total RNA was converted into cDNA. The 2X RealQ Plus 
MasterMix Green (Ampliqon, Denmark) and Rotor-Gene 

 

Hydrogel code MC pre-gel (1.26%) MC pre-gel (1%) ECM pre-gel (10 mg/ml) S.ECM (25 mg/ml) Methylcellulose: ECM ratio 

M1 1000 - - - 100:0 

M2  - 750 250 - 75:25 

M3  - 500 500 - 50:50 

M4  - 250 750 - 25:75 

ECM - - 1000 - 0:100 

SE - - - 1000 0:100 

 

  

Table 1. Composition of hydrogels

MC: Methylcellulose; ECM: Extracellular matrix; SE: Over-solubilized ECM
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Q device (Qiagen, Germany) were used for real-time PCR 
in 35 cycles, employing the primers listed in Table 2. Relative 
expressions were normalized against the expression of 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as 
the housekeeping gene. The comparative CT (2−ΔCT) method 
was used to evaluate the relative gene expression. 

Statistical analysis
Data analysis was performed using Prism software 

(version 6.0). The Experiments were performed in triplicate 
or quadruplicate. The Kruskal-Wallis, Mann-Whitney 
U, and Wilcoxon tests were utilized for data analysis. The 
data are presented as mean±standard error mean (SEM). 
P-values<0.05 were considered statistically significant.

Results
Characteristics of isolated human testicular cells

During the first week of culture, after two-step isolation of 
testicular cells, SSC colonies emerged as a small population 
of slowly proliferating cells, while Sertoli cells showed a 
relatively fast growth rate (Figure 1A). By week 4 of culture, 
the number of colonies had obviously increased, and enlarged 
colonies were evident. In addition, Sertoli cells enclosed the 
colonies, performing a supporting role (Figure 1B). 

To evaluate the characteristics of isolated human testicular 
cells, immunofluorescence and flow cytometry were utilized 
to appraise the expression of specific markers. At the end of 
four weeks of proliferation co-culture, immunofluorescence 
findings indicated that PLZF and GFRA1 proteins were 
expressed clearly in most colonies (Figure 2); however, the 
expression of SCP3 and PRM2 proteins was not detected 

in SSC colonies (Figure 3). In addition, the expression of 
Vimentin in Sertoli cells was evident at the periphery of SSC 
colonies (Figure 2). 

The change in the population of SSCs during proliferation 
co-culture over 4 weeks was evaluated by monitoring 
PLZF expression by flow cytometry. The number of PLZF-
positive cells was about 18.95% ± 4.3 at the beginning of cell 
culture (day 0, after testicular tissue digestion) (Figure 4A); 
however, the number of PLZF-positive cells was intensely 

 

Gene  Forward 5'-3' Reverse 5'-3' 

BAX TGTCGCCCTTTTCTACTTTG GCCCATGATGGTTCTGATC 

BCL-2 TGGAGAGTGCTGAAGATTGATG AGTCTACTTCCTCTGTGATGTTG 

PLZF AATGGCTGTGGCAAGAAGTTC CGTTGTGCGTTCTCAGGTG 

GFRA1 CTGCCTCCTCGCCTACTC GGTCGTTCCCACTGTTGC 

SCP3 GAGAGCCTATGACTTTGAGACTG TAATGTCAACTCCAACTCCTTCC 

PRM2 CTGGAAGTTAAGAGAAAGTCACC GCTTGAGCATTTGATGTAGGG 

GAPDH GCCACATCGCTCAGACAC GCAACAATATCCACTTTACCAGAG 

 

  

Table 2.  Primer sequences for RT-PCR

Figure 2. Expression of PLZF, GFRA1, and Vimentin proteins in 2D co-
culture of human testicular cells after 4 weeks
Top row: Inverted microscope image of SSC colony with surrounding Sertoli cells. 
The second and third rows were stained with designated antibodies. Fourth row: 
counterstaining with DAPI. Lowest row: Merged images.  
DAPI: 4′,6-diamidino-2-phenylindole

Figure 1. Inverted microscope features of testicular cells in 2D culture. Colonies of SSCs during the first week of culture (A) and four weeks after culture 
surrounded by Sertoli cells (B). 
SSCs: Spermatogonial stem cells

RT-PCR: Reverse transcription polymerase chain reaction
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increased to 72.8±0.8 after 4 weeks of proliferation co-
culture (Figure 4B).

    
Evaluation of decellularized ECM 

To evaluate the efficiency of the decellularization method 
in removing nuclear components, the DNA content of 
native and decellularized sheep testis tissues was examined. 
Decellularized tissue was assessed regarding remnants 
of cells and key structural elements by different staining 
methods. H&E staining showed good structural integrity in 
decellularized ECM and confirmed the removal of cellular 
elements. The preservation of collagen, glycosaminoglycans, 
and elastin in decellularized ECM was confirmed by 
Masson’s trichrome, Alcian blue, and Orcein staining, 
respectively. Furthermore, DAPI staining demonstrated 

complete removal of nuclei (Figure 5A). The DNA content of 
native tissue (1283±32.3 ng/mg) was significantly decreased 
after decellularization (42.7±4.3 ng/mg) (P=0.028), which 
revealed about 96% decline in DNA content (Figure 5B). 

Physical and mechanical characterization of hydrogels
Scanning electron microscopy (SEM) and pore features 

SEM images revealed a highly interconnected porous 

Figure 3. Expression of PRM2 and SCP3 proteins in 2D co-culture of 
human testicular cells after 4 weeks
Top row: Inverted microscope image of an SSC colony with surrounding Sertoli cells. 
The second row was stained with designated antibodies. Third row: counterstaining 
with DAPI. Lowest row: merged images.
DAPI: 4′,6-diamidino-2-phenylindole

Figure 4. Flow cytometric analysis of PLZF marker expression during proliferation co-culture over 4 weeks
(A) Testicular cells after enzymatic digestion (day 0) and (B) after 4 weeks of culture.  

Figure 5. Evaluation of the sheep testis decellularization process
(A) Histological evaluation of native and decellularized tissues using H&E, Orcein 
(Elastin content), Alcian blue (GAGs content), Trichrome Massons (collagen 
content), and DAPI staining (nuclear components). (B) The DNA content in the 
native tissue and decellularized testis matrix (n = 4). *P=0.028
H&E: Hematoxylin and eosin; GAGs:  Glycosaminoglycans; DAPI: 4′,6-diamidino-
2-phenylindole
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structure in all hydrogel groups except for SE. SE hydrogel 
showed a lamellar structure with small pores (Figure 6). A 
gross association between morphological features (SEM 
images), pore size, and porosity of hydrogels was observed. 
ECM hydrogels showed the largest pores (181.6±13.3 µm), 
and this was significant compared to M1 (84.9±3.1 µm, 
P<0.0001), M2 (141.4±14.3 µm, P=0.005), M3 (85.08±4.7 
µm, P<0.0001), and M4 hydrogels (65.6±1.8 µm, P<0.0001). 
The average pore size of SE hydrogel was 167.6±15.4 µm. 
In addition, porosity analysis showed the highest percent 
of porosity in M2 hydrogel (92.01±2.1%) and the lowest 
in SE (33.85±0.69%). The only significant difference was 
observed between these two hydrogels (P=0.012). The 
porosity in other groups was as follows: M1= 69.03±6.1%, 
M3=76.65±3.4%, M4=52.28±3.6%, and ECM= 84.67± 2.2%. 

Degradation behavior of hydrogels
Based on our method for evaluating degradation, it was 

impossible to measure the degradation rate of M1, M2, and SE 
hydrogels. These hydrogels had a very loose structure, causing 
them to lose their integrity very quickly during the experiment. 
Therefore, it was impossible to weigh them precisely at 
experimental time points. In other groups, the highest rate 
of degradation was observed in M3 hydrogel (55.93±1.7%) at 
week 8 (Figure 7); however, ECM showed the lowest level of 
degradation (11.01±1.3%) at the end of the experiment. The 
degradation rate of M4 hydrogel (17.96±4.1%) was much lower 

than that of M3 and higher than that of ECM. The degradation 
rate of M3 hydrogel was significantly higher than that of ECM 
at all measured time points.  

 
Turbidity 

The gelation behavior of the hydrogels was examined 
by monitoring absorbance at 405 nm over time. All 
formulations exhibited the characteristic sigmoidal pattern 
of fibrillar network formation, comprising an initial lag 
phase, a rapid growth phase, and a final plateau. Despite 
these shared features, the timing and slope of the transitions 
varied among the groups.

Quantitative parameters extracted from the curves are 
summarized in Table 3. The ECM exhibited the shortest 
lag time (tlag= 13.55 min), indicating the earliest onset of 
fibrillogenesis. The addition of MC to ECM reduced tlag, with 
M2, M3, and M4 showing similar values (17.35, 17.75, and 
17.45 min, respectively). Half-gelation time (t₁/₂) followed 
a similar trend. ECM reached 50% gelation at 21.45 min, 
while the MC formulations showed slightly longer times, 
ranging from 23.74 to 23.94 min. The time required to reach 
near-complete gelation (t₉₅) again distinguished the groups. 
M2 required the longest duration (48.11 min), whereas 
ECM completed gelation faster (39.84 min). The M3 and 
M4 groups also approached complete gelation at times of 
41.75 and 40.07 min, respectively. The slope of the growth 
phase (S), which reflects the rate of network development 
once fibril formation begins, also differed among samples. 
M2 displayed the lowest value (0.0295), while the M3, 

Figure 6. Scanning electron micrographs of different hydrogels
Distinct 3D architectures and pore morphologies are evident. Highly interconnected porous networks are obvious in all hydrogels except for SE. ECM hydrogels showed the largest 
pore size (181.6±13.3 µm), and M2 hydrogels revealed the highest level of porosity (92.01±2.1%). 

Figure 7. In vitro degradation profiles of hydrogels over a 4-week period
Degradation ratios (%) of the three hydrogels were measured weekly, showing a 
higher degradation rate for M3 compared to M4 and ECM. M4 exhibited moderate 
degradation, while ECM showed the slowest and most stable degradation trend (n=4). 
Data are presented as mean±SEM. 

 

 t1/2 (min) t95 (min) S tlag (min) 

M2 23.94 48.11 0.0295 17.35 

M3 23.71 41.75 0.0625 17.75 

M4 23.74 40.07 0.0692 17.45 

ECM 21.45 39.84 0.0606 13.54 

 

 

 

 

 

Table 3. Evaluation of the turbidity in hydrogels with different 
concentrations of MC/ECM
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M4, and ECM groups showed moderately faster growth 
rates (0.0625, 0.0692, and 0.0606, respectively). The final 
absorbance values (Figure 8) differed markedly among 
the formulations, with higher ECM content yielding a 
greater turbidity plateau, indicating a denser and more 
fully developed fibrillar network than in blends containing 
higher proportions of MC.

Rheology
A parallel-plate rheometer was used to assess the 

rheological characteristics of hydrogels.
Elastic and viscous properties of hydrogels were evaluated 

by alteration in their storage modulus (G’) and loss modulus 
(G’’), respectively. All hydrogels exhibited a higher storage 
modulus, indicating the dominance of the solid structure 
over the viscous structure. The storage modulus increased 
rapidly above the gelation temperature. SE hydrogel 
showed a minimal increase in moduli, confirming its very 
low potential for gel formation (Figure 9). In addition, the 
temperature-dependent viscosity clearly demonstrated the 
gelation behavior of hydrogels. The viscosity of SE hydrogel 
did not indicate any response to temperature rise, showing a 
lack of solid gel formation (Figure 10). 

Viability of cells in hydrogels
Considering the culture methods for M2, M3, M4, 

and ECM hydrogels, and the very unstable nature of M2 
hydrogels, it was impossible to use M2 hydrogels for cell 
culture experiments. In all hydrogels, the viability of cultured 
cells was increased from week two to week four, except for 
the SE hydrogel, which showed a slight decline in the viability 
after four weeks (Figure 11). No significant changes in 
viability levels between different groups were noticed.  

Real-time PCR analysis
We used quantitative RT-PCR to assess the expression 

of genes after 3D culture of cells for four weeks compared 
to the control group. An elevated up-regulation of BAX 
(apoptotic) was observed in the M1 group compared to 
all other groups. However, the only significant change 
was noticed in the M1 group compared to the M4 group 
(P=0.042). Regarding BCL-2 (anti-apoptotic) expression, 

Figure 8. Gelation turbidity kinetics of ECM and MC-containing hydrogels
The sigmoidal curves illustrate the lag phase, rapid growth phase, and plateau of 
fibrillar network formation, with ECM showing the earliest onset of gelation and 
highest turbidity plateau, and increasing MC content (M2–M4) leading to delayed 
gelation and lower final absorbance (n = 4). 
MC: Methylcellulose

Figure 9. Temperature-dependent viscoelastic behavior of hydrogels
Storage modulus (G′) and loss modulus (G″) of M1, M2, M3, M4, ECM, 
and SE hydrogels were measured by temperature sweep using a parallel 
plate rheometer. Elastic responses dominated over viscous responses for all 
hydrogels, whereas the SE hydrogel exhibited only a slight increase in both 
moduli, indicating poor gel-forming ability (n=3). 

Figure 10. Temperature-dependent viscosity of hydrogels
The apparent viscosity of M1, M2, M3, M4, ECM, and SE hydrogels was monitored 
as a function of temperature. A sharp rise in viscosity with increasing temperature 
confirmed the thermoresponsive gelation of all hydrogels except for SE, whose 
viscosity remained nearly unchanged, indicating the absence of stable gel formation 
(n=3).

Figure 11. Viability of cells cultured in different hydrogels was assessed by 
comparing their metabolic activity over a 4-week period
Viability increased in all hydrogels, except for SE, after 4 weeks of culture compared 
with 2 weeks. No significant differences in viability levels between groups were 
observed (n=3). Data are presented as mean±SEM.
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an increase in M1, M3, ECM, and SE groups was observed, 
which did not reach the significance threshold. Although the 
expressions of GFRA1 and PLZF showed an increase in the 
M1 group compared to other groups, no significant pattern 
of expression change was noticed for these genes. ECM and 
SE groups showed a clear increase in PRM2 (post-meiotic) 
expression compared to other groups. This expression was 
significantly higher than the control group (P=0.02, P=0.04, 
respectively). SCP3 (meiotic) expression showed higher 
levels in the M1, M3, and SE groups; however, none of these 
differences were significant (Figure 12). 

Discussion
The present study introduces a 3D culture platform that 

combines MC-based hydrogels with testis-derived ECM 
and Sertoli cell co-culture to support survival, maintenance, 
and differentiation of human SSCs. This approach addresses 
important limitations of conventional 2D systems, which 
provide valuable mechanistic insights but fail to recapitulate 
the complex architecture and biochemical environment 
of the native SSC niche and hardly achieve complete 
spermatogenesis (6-8). By integrating MC with tissue-
specific ECM and a supportive somatic cell population, 
the current work contributes to the growing repertoire of 
3D models aimed at in vitro spermatogenesis and fertility 
preservation in patients at risk of treatmentinduced 
infertility.

The two-step culture method utilized here was critical 
for generating an enriched SSC population before 3D 

encapsulation. After four weeks of proliferation co‑culture, 
PLZF- and GFRA1-positive colonies were abundant, 
while meiotic (SCP3) and post-meiotic (PRM2) proteins 
remained undetectable, indicating that cells largely retained 
a pre-meiotic SSC character at this stage. This is required for 
controlled induction of differentiation in 3D, as premature 
or uncoordinated entry into meiosis can compromise 
the efficiency and fidelity of spermatogenesis (10). Flow 
cytometric analysis confirmed an increase in PLZF-positive 
cells from about 19% post-isolation to about 73% following 
expansion, reflecting the efficacy of differential plating and 
supplementation with GDNF and LIF, critical regulators of 
SSC self-renewal via GFRα1 receptor-mediated pathways 
(27-30). The presence of Vimentin-positive Sertoli cells at 
the periphery of SSC colonies further confirms maintenance 
of a functional somatic compartment during expansion, 
which is critical because Sertoli cells regulate SSC survival, 
self-renewal, and differentiation through structural support, 
metabolic coupling, and secretion of factors such as GDNF, 
SCF, IGF‑1, transforming growth factor-beta (TGF‑β), and 
LIF (27-30).

The decellularization protocol applied for sheep testis 
preserved key matrix elements while efficiently removing 
cellular materials, thereby generating a tissue-specific ECM 
suitable for hydrogel formulation. These features conformed 
to accepted criteria for decellularized scaffolds designed to 
minimize immunogenicity while maintaining biochemical 
and structural signals, such as integrin-mediated signaling, 
growth factor retention, and microarchitectural imitation, 

Figure 12. Relative gene expression profile of SSC- and apoptosis-related markers after 4 weeks of 3D culture in different hydrogels with differentiation induction
The mRNA levels were normalized to GAPDH. A significant increase in BAX expression was detected in the M1 group compared to the M4 group. PRM2 expression was 
significantly higher in ECM and SE hydrogels compared to the control group (n=4). Data are presented as mean±SEM; *P<0.05.
SSCs: Spermatogonial stem cells
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that control cell adhesion, migration, and fate (36, 37). 
Earlier studies have shown that human or porcine testis ECM 
supports human SSC survival, Sertoli cell attachment, and 
functionality better than non-specific matrices, highlighting 
the value of organ‑specific ECM in reproductive tissue 
engineering (24, 38). The use of sheep testis in the present 
work is practical in terms of availability and scalability, 
and existing evidence suggests that xenogeneic testis ECM 
can still provide a permissive environment for germ cells, 
although subtle species-specific compositional differences 
may modulate later differentiation stages (23, 24, 39).

A major novelty of our work is the creation and 
systematic characterization of MC/ECM hybrid hydrogels 
with different mixing ratios (M1, M2, M3, and M4). MC 
alone is mechanically stable and thermoresponsive but 
lacks cell‑binding ligands and is biologically inert, whereas 
protein‑based matrices such as ECM are highly bioactive 
but can degrade too rapidly and exhibit poor mechanical 
integrity under in vitro conditions (16, 25, 26). Combining 
these components aims to integrate the structural 
advantages of MC with the bioactivity of ECM into a single 
platform. SEM imaging showed that all hydrogels except 
SE formed highly interconnected porous architectures, 
with ECM hydrogels exhibiting the largest pore sizes and 
SE displaying lamellar structures with smaller pores. Such 
pore sizes (roughly 65–180 µm) and interconnectivity are 
compatible with diffusion of nutrients and metabolites and 
allow cell–cell and cell–matrix interactions that are essential 
for spermatogenesis (40-42). In the M1–ECM series, 
neither pore size nor porosity increased in a simple linear 
manner with increasing ECM fraction, despite the graded 
mixing ratios used in Table 1. This suggests that the scaffold 
microarchitecture was determined not only by composition 
but also by how MC and ECM co-assembled during gelation 
and subsequent freeze-drying. For example, M2 showed the 
highest porosity, whereas ECM had the largest pore size, 
indicating that intermediate MC/ECM ratios may favor a 
greater number of voids, while ECM-rich formulations may 
promote formation of fewer but larger pores. M3 and M4 
showed lower pore size and porosity than expected from a 
simple ratio-based trend, which may reflect denser packing 
or partial collapse of the fibrillar network. Therefore, the 
structural outcome of these hybrid hydrogels is nonlinear 
and depends on the balance among polymer dilution, 
matrix self-assembly, and drying-induced pore formation, 
rather than on ECM percentage alone (43, 44). 

Degradation analyses further explained the functional 
outlooks of these hydrogels. ECM alone exhibited the 
slowest degradation over eight weeks, whereas M3 and M4 
showed progressively higher mass loss, and M1, M2, and 
SE could not be reliably assessed due to their very loose 
or unstable structures under the chosen test conditions. 
This highlights the classic trade‑off between mechanical 
stability and degradability; excessively fragile scaffolds 
rapidly lose integrity, while persistent ones may impede 
necessary tissue remodeling and reorganization (45). The 
relatively low degradation rate of our ECM hydrogel should 
be interpreted in light of the assay design. In the present 
study, degradation was assessed using fresh hydrogels, 
whereas many previous reports lyophilize the scaffold 
before rehydration and degradation testing, potentially 
altering the fibrillar architecture and water-handling 
properties of ECM materials. Therefore, direct comparisons 
across studies should account for the physical state of the 

sample before testing. In addition, ECM degradation is 
highly concentration-dependent; denser ECM formulations 
form more stable fibrillar networks and exhibit slower 
mass loss, whereas lower-concentration hydrogels degrade 
more rapidly (46, 47). Our ECM hydrogel likely retained 
a compact collagen-rich architecture after gelation, which 
explains its relatively slow degradation compared with the 
MC-containing groups.

The rheological data revealed that all hydrogels except 
SE exhibited a storage modulus higher than the loss 
modulus, with a sharp increase in moduli and viscosity 
as temperature rose, confirming their thermoresponsive 
gelation and predominantly solid-like behavior. In SE, weak 
gel-forming ability and minimal change in viscosity indicate 
that extensive ECM solubilization and prolonged pepsin 
digestion can compromise network formation by degrading 
collagen fibers, thereby disrupting thermos-responsive 
fibrillogenesis (48). The turbidity analysis further clarifies 
how matrix composition governs fibrillogenesis dynamics in 
the MC/ECM system. ECM alone gelled fastest, as reflected 
by its shortest lag time and half-gelation time, indicating 
that native testicular matrix components efficiently nucleate 
and propagate fibril formation. Incorporation of MC 
modestly delayed gel onset and t₉₅ while preserving a steep 
growth slope in M3–M4, suggesting that appropriate MC 
fractions do not severely compromise network assembly 
but slightly slow it, likely by diluting fibril-forming proteins. 
The markedly lower slope and prolonged t₉₅ in M2, together 
with its reduced turbidity plateau, point to suboptimal 
network connectivity at high MC content (49). In contrast, 
the higher final absorbance of ECM-rich formulations 
indicates denser fibrillar architectures, consistent with their 
slower degradation and favorable support for post-meiotic 
differentiation, thereby linking gelation kinetics, matrix 
density, and biological performance in this platform.

MTT assays showed increased metabolic activity from 
week 2 to week 4 in all functional hydrogels (M1, M3, M4, 
ECM) and 2D control, with only a slight decrease in SE, 
and no significant differences in overall viability among 
groups. This indicates that under the applied hormonal and 
nutritional conditions, MC‑rich, ECM‑rich, and hybrid 
hydrogels are all permissive to cell viability for at least 4 
weeks. The reduced viability trend in SE may be explained 
by its low porosity, poor gel stability, and suboptimal 
microarchitecture, which together could hinder diffusion 
and cell–matrix anchorage, promoting stress and cell death.

Gene expression analysis provides more detailed insight 
into how each matrix composition influences apoptosis, 
SSC maintenance, and progression toward later stages of 
spermatogenesis. M1 (pure MC) showed the highest up-
regulation of the pro‑apoptotic gene BAX, with a significant 
increase compared to M4, whereas BCL‑2 (anti-apoptotic) 
showed non‑significant increases in several 3D groups. 
This pattern suggests that, despite maintaining viability at 
the population level, an MC-only scaffold creates a more 
pro‑apoptotic environment than ECM‑rich matrices, 
likely owing to the lack of integrin‑binding sites and other 
ligand-mediated signals that prevent anoikis and attenuate 
stress signaling (50). The lower BAX expression in M4 and 
ECM groups may imply that ECM incorporation exerts a 
cytoprotective effect, possibly via integrin engagement, 
sequestration, and presentation of growth factors, and a 
more physiological range of stiffness and viscoelasticity (16, 
40, 41).
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Considering germ cell markers, PLZF and GFRA1 were 
maintained across different hydrogels, with a trend toward 
higher expression in M1. It suggests that MC-only hydrogels 
may favor retention or expansion of undifferentiated 
SSCs rather than progression, especially in the presence 
of supportive Sertoli cells and exogenous GDNF and LIF 
(27, 30). This observation may be advantageous where the 
objective is long-term SSC maintenance and expansion 
rather than differentiation. In contrast, the ECM and SE 
groups revealed a significant increase in PRM2 expression 
compared to the 2D control, indicating that ECM-
dominated milieus are more conducive to the acquisition 
of post‑meiotic gene expression. Notably, PRM2 up-
regulation occurred despite suboptimal physical properties 
of SE, reinforcing the idea that biochemical cues embedded 
in ECM can, to some extent, outweigh mechanical and 
structural limitations in inducing late spermatogenic 
differentiation. On the other hand, SCP3, a meiotic 
marker, showed higher but non-significant expression in 
M1, M3, and SE, indicating some degree of meiotic entry 
in some hydrogels; although this study may not have had 
sufficient power or sensitivity (e.g., single‑cell resolution) 
to detect subtle differences in frequencies of meiotic cells 
between groups. The combination of significant PRM2 
increases without robust changes in SCP3 suggests either 
asynchronous or low‑frequency progression to post‑meiotic 
states or reflects the limitation of bulk qPCR, where small 
but biologically relevant subpopulations can be diluted by 
undifferentiated or somatic cells (51).

Compared with the evolving context of 3D in vitro 
spermatogenesis models, the present platform offers 
several distinctive advantages. Soft agar culture systems, 
organotypic testis tissue cultures, alginate‑based scaffolds, 
and hybrid agarose–laminin hydrogels have all been used 
to support meiotic and post‑meiotic differentiation of 
rodent and human germ cells (6, 7, 13-15). However, 
many of these models either rely on intact tissue fragments 
with limited control over composition and geometry, or 
utilize generic synthetic matrices that lack testis-specific 
biochemical signals. By contrast, MC/ECM hydrogels 
provide a modular platform where the MC fraction can 
tune mechanical properties and gelation kinetics, and the 
ECM fraction provides organ‑specific structural proteins 
and growth factors that more closely imitate the testicular 
niche. The ability to vary the MC:ECM ratio allows rational 
optimization for different goals such as  SSC expansion, 
meiotic induction, or post‑meiotic maturation, and could 
be further integrated with bioprinting or microfluidic 
technologies for spatially patterned “artificial testis” 
constructs (9). 

Despite these advantages, our study has some limitations 
that point the way to future work. Bulk analyses lack the 
resolution to map cellular heterogeneity or organization 
suggestive of native seminiferous tubules, necessitating 
incorporation of single-cell transcriptomics and advanced 
3D imaging in future work  (51). The xenogeneic origin of 
ECM, specifically sheep, raises concerns about translation 
of findings and suggests the need for human ECM sourcing 
or xenofree alternatives to mitigate immunogenicity and 
enhance clinical relevance. Moreover, the study excludes 
other critical testis niche cells such as peritubular myoid, 
Leydig, and vascular cells, which contribute to hormone 
production, ECM remodeling, and paracrine signaling, 
factors essential for complete spermatogenesis in vivo (4). 

Finally, translational considerations warrant careful 
attention. Any clinical use of in vitro–derived germ cells, 
particularly for prepubertal boys undergoing gonadotoxic 
therapy, will require rigorous demonstration of genetic and 
epigenetic stability, absence of malignant contamination, 
and long‑term safety in appropriate preclinical models. 
Ethical and regulatory frameworks must also be taken into 
account, especially when xenogeneic ECM is used or when 
germ cells are intended for reproduction purposes.

Conclusion
In this study, we successfully developed a 3D 

culture platform by combining methylcellulose-based 
hydrogels with decellularized testicular extracellular 
matrix and Sertoli cell co-culture to support human SSC 
survival and differentiation. Systematic characterization 
revealed that hybrid MC/ECM hydrogels provide 
tunable microarchitectures with suitable porosity and 
interconnectivity for cell–matrix interfaces. Gene 
expression analysis demonstrated that ECM incorporation 
confers cytoprotective effects and promotes post-meiotic 
differentiation (with significant PRM2 up-regulation), 
whereas MC-only scaffolds exhibited higher pro-apoptotic 
signaling. The modular design enables rational optimization 
of MC:ECM ratios for different biological objectives, 
offering a versatile platform that is superior to conventional 
2D systems and existing 3D models in recapitulating the 
testicular niche. 
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