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Introduction
Releasing scaffold-based tissue engineering has emerged 
as a promising approach for regenerating damaged or lost 
tissues by providing a suitable environment for cell growth, 
differentiation, and proliferation. Simultaneously, it also 
delivers one or more specific molecules at a desired rate, 
facilitating functional tissue formation.1,2 A key challenge 
in engineering releasing scaffolds is designing structures 
that mimic the target tissue's native extracellular matrix 
(ECM) while controlling molecule delivery.3

ECM scaffolds made of decellularized tissues are 
attractive for tissue engineering. The ECM is a complex 
network of proteins and carbohydrates that provides 
structural support, biochemical cues, and mechanical 
properties to cells and tissues. ECM scaffolds can be 
created by removing all cellular materials from natural 
tissues, maintaining their 3D structure and biological 
activity.4 In this context, a decellularized testes matrix 
provides a natural ECM-like structure supporting cell 
adhesion, migration, and differentiation. Therefore, it 
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Abstract
Introduction: The use of releasing 
scaffolds is promising for testes tissue 
engineering. Chitosan (CS) is a natural 
biopolymer extensively used as a 
delivery system. The decellularized 
testis provides a structure resembling 
natural extracellular matrix (ECM). 
All-trans retinoic acid (atRA) is an 
important factor for spermatogonia 
differentiation, meiosis completion, 
and mature sperm release. In this study, 
thermosensitive CS/βGP hydrogel was 
served as a novel atRA-releasing support 
for testis decellular plates (TDPs).
Methods: The CS/βGP hydrogel was evaluated for gelation time, morphology, wettability, 
cytocompatibility, and atRA-releasing behavior. Mouse testes were treated with 1% SDS and 
evaluated for decellularization efficacy through morphological assessments, DNA content assays, 
and DAPI staining. TDPs were obtained from the decellularized testes and placed on an atRA-
releasing CS/βGP hydrogel support.
Results: The CS/βGP hydrogels were prepared with different formulations. It was found that 
increasing the βGP concentration significantly decreased the gelation time. The addition of atRA 
did not considerably affect the hydrophilicity of hydrogel. The in vitro release studies showed a 
sustained atRA release behavior, although an initial low burst release was recorded. Also, increasing 
the amount of atRA led to a decrease in the rate of drug release. The decellularization procedure 
successfully removed cells while preserving the ECM. The atRA-releasing CS-TDP scaffold was 
found to be non-toxic with good biocompatibility.
Conclusion: Results showed that the novel atRA-releasing CS-TDP scaffold can sustainably deliver 
atRA to the culture system and create a cytocompatible environment for testicular cells. Therefore, 
this scaffold may be useful in developing new tissue engineering approaches for various types of 
male infertility diseases.
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can be useful for in vitro spermatogenesis or testis-tissue 
engineering studies.5 Baert et al introduced a method 
to prepare thin discs from a decellularized testes matrix 
to improve the accessibility of cells to the seminiferous 
tubules.6 Later, Hashemi et al prepared thin plates from 
human decellularized testes and used them for in vitro 
spermatogenesis in a dynamic culture system.7

Chitosan (CS) is a natural biopolymer extensively used 
as a drug delivery system regarding its biocompatibility, 
biodegradability, antimicrobial, and mechanical 
properties.8 Numerous CS formulations have been 
developed for the controlled release of both hydrophilic 
and hydrophobic molecules such as amoxicillin,9 
theophylline,10 insulin,11 fibroblast growth factor-2 
(FGF-2),12 dopamine,13 venlafaxine,14 and retinoic acid.15 
Recently, in-situ-forming thermosensitive hydrogels 
have garnered much attention for their potential 
applications in biomedicine, including drug delivery, 
tissue engineering, and enzyme or protein modifications.2 
Chenit et al introduced a remarkable injectable in situ gel-
forming system based on a neutral solution of CS/beta-
glycerophosphate disodium salt (βGP) combinations. 
This solution can remain in a liquid state at room 
temperature but transforms into a gel when heated to the 
body’s physiological temperature (37 ℃).16

All-trans retinoic acid (atRA) is a potent metabolite 
of vitamin A and a hydrophobic molecule that regulates 
various cellular processes. It is widely recognized that 
atRA plays a crucial role in spermatogenesis by aiding 
in the formation of the blood-testis barrier, promoting 
differentiation of spermatogonia, facilitating the release of 
mature sperm, and supporting the completion of meiosis.17 
However, the clinical use of atRA is limited due to its 
poor solubility, instability, and rapid metabolism.18 To 
overcome these limitations, various drug delivery systems 
have been developed, including microspheres, liposomes, 
and hydrogels. In this respect, atRA-releasing CS systems 
were used in numerous studies. The carboxylate group in 
atRA has the potential to interact with the amino group 
in CS.19 Mazini et al investigated the effect of atRA-
loaded CS nanoparticles on spermatogenesis in mice 
subjected to scrotal hyperthermia. The findings reveal a 
notable enhancement in testicular health, testosterone 
levels, and sperm quality.20 O’Leary et al designed a 
nanofibrous scaffold made of polycaprolactone and CS 
loaded with atRA, aiming for precise delivery in tracheal 
tissue regeneration.21 Another research developed atRA-
releasing nanoparticles using CS and tripolyphosphate 
lipid, intended for oral administration.22 

The complexity of tissues and their functions requires 
more advanced and complex scaffolds that can mimic 
the native tissue’s properties.23 Therefore, the present 
research offers a novel scaffold comprising atRA-
releasing CS/βGP hydrogel that serves as the support for 
the TDPs. One of the advantages of using thermosensitive 

CS is the possibility of adding the drug to the liquid state 
of the hydrogel at neutral pH, thereby preventing the 
degradation of sensitive drugs like atRA. Furthermore, 
using CS hydrogel could be a strategy to overcome the 
need for high drug doses for in vivo applications, as 
hydrophobic drugs such as atRA are quickly absorbed 
by the lymphatic system. Therefore, they require higher 
doses that can lead to side effects.24

Regarding the importance of atRA in spermatogenesis 
and limitations in ex vivo sperm production, such atRA-
releasing CS-TDP scaffold may be promising for testis 
tissue engineering applications. This approach holds 
potential for male infertility therapies, particularly in 
prepubertal boys who need gonadotoxic treatments. 
Moreover, based on recent research, the incorporation 
of atRA into the scaffold can further enhance tissue 
regeneration by promoting cell proliferation and 
differentiation.25  

This study aims to investigate the cytocompatibility 
of atRA-releasing CS-TDP scaffold and the impact of 
incorporating atRA on the characteristics of the CS/βGP 
hydrogel. Additionally, it is aimed to analyze the release 
patterns of atRA from the CS/βGP hydrogel.

Materials and Methods
Materials
Medium molecular weight CS (75-85% degree of 
deacetylation (DDA)), All-trans Retinoic acid (atRA), and 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) were obtained from Sigma Aldrich 
(St. Louis, MO). β-glycerophosphate disodium salt-
pentahydrate (βGP, C3H7Na2O6P.5H2O) and glacial acetic 
acid were purchased from Merck (Germany). Dimethyl 
sulphoxide (C2H6OS, DMSO) and Sodium lauryl sulphate 
(C12H25NaO4S, SDS) were purchased from Carl Roth 
(Germany). Phosphate-Buffered Saline (PBS) tablets, 
MEM Alpha Medium (Minimum Essential Medium), 
fetal bovine serum (FBS), and antibiotics (penicillin, 
streptomycin) were purchased from Gibco (UK). 
Cryostat embedding medium (OCT) was obtained from 
Bio-Optica (Italy).

Preparation of decellular testes
The testes were isolated from male mice using standard 
dissection techniques. After sacrificing mice with 
chloroform, the scrotum was opened. Next, the testes were 
carefully removed and placed in a petri dish containing 
1x PBS and 1% Pen/Strep. The isolated testes were then 
washed in 1x PBS to remove any blood and residual tissue 
debris. Afterward, the testes were transferred to a 50 mL 
conical tube containing 1% SDS solution and incubated 
in an orbital shaker (50 rpm) at room temperature for 
24 h. The detergents were removed by washing the testes 
with 1x PBS for 24 h, and the PBS solution was changed 
every 6 h. Then, for disinfection, the decellular testes were 
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exposed to 4% ethanol with 0.1% peracetic acid for 2 h 
and washed again with 1x PBS for 3 h.26

Assessment of the decellularization procedure
Histological assessment
The decellularized testes were processed for histology 
using standard techniques. Briefly, the testes were fixed 
in 4% paraformaldehyde, dehydrated in a graded series 
of ethanol, and embedded in paraffin. Tissue sections 
(5 µm) were cut using a microtome and stained with 
H&E, Alcian Blue and Masson’s Trichrome were used 
to analyze cellular and ECM components. Sections were 
evaluated and photographed with light microscopy (Zeiss 
AxioPhot).
Scanning electron microscopy 
Scanning electron microscopy (SEM) was performed to 
assess the 3D structures of the decellularized and normal 
testes. The samples were fixed in 2.5% glutaraldehyde for 
24 hours at 4 ℃ and then dehydrated in a graded series of 
alcohols. After embedding in paraffin, 5 µm sections were 
made, coated with gold, and imaged using an SEM device 
(TESCAN, Czechia).
DNA content assay
DNA was extracted from both normal and decellularized 
testes using the QIAamp DNA Mini Kit (Qiagen, 
Germany). The concentration of DNA was determined by 
measuring the absorbance at 260 nm using a NanoDrop 
2000 C UV-Vis spectrophotometer (Thermo Scientific, 
Venlo, Netherlands). Each experiment was performed in 
quintuplicate to ensure accuracy and reproducibility.
DAPI staining
For nuclear staining, we used 4′,6-diamidino-2-
phenylindole solution (DAPI, Sigma, USA). The samples 
were fixed in 4% paraformaldehyde and permeabilized 
with 0.1% Triton X-100 (Sigma, USA). Next, they were 
incubated with DAPI solution at a concentration of 1 µg/
mL for 5-10 min in the dark. After staining, the samples 
were washed with PBS to remove any unbound DAPI. The 
stained samples were then visualized using a fluorescence 
microscope.

Preparation of testis decellular plates 
Preparation of testis decellular plates (TDPs) from 
the decellularized testes were prepared according to 
the procedure described by Baert et al, with minor 
modifications.6 Briefly, the decellularized testes were 
embedded in the OCT compound and allowed to freeze 

completely. The OCT-embedded testes were then cut into 
250-350 µm thick sections using a cryostat microtome 
(Leica CM1850, Leica Biosystems, Germany). Finally, the 
TDPs were transferred into the dishes containing sterile 
PBS for washing the OCT compound remnants.

Preparation of atRA-loaded thermosensitive CS/βGP 
hydrogel
A clear solution was created by dissolving CS (200 mg) in 
6 mL of aqueous glacial acetic acid (0.1 M) and sterilized 
by autoclaving at 120℃ for 10 min. Varying amounts 
of βGP (400 mg and 700 mg) were dissolved in distilled 
water (2 mL) and filtered through a 0.22-µm syringe 
filter. The CS solution was cooled in an ice-water bath 
at 4 ℃, followed by adding βGP solution dropwise while 
stirring. Afterward, a stock solution of atRA was prepared 
by dissolving 1.5 mg atRA in 1 mL PBS/DMSO (250 µL 
DMSO and 750 µL PBS). Amounts of 160 and 320 µL 
of atRA stock solution were diluted in distilled water 
to a final volume of 2 mL and were added slowly to the 
CS/βGP solution under continuous stirring. The final 
solution, with a total volume of 10 mL, was divided into 
4 formulations (Table 1). Each formulation contained 
2% (w/v) CS and either 4% or 7% (w/v) βGP, with or 
without atRA at concentrations of 80 or 160 µM. The 
concentration of DMSO was adjusted such that its final 
concentration in the culture condition did not exceed 
0.5%. The solution was kept at 4 ℃ for further studies. 
Evaluation of gelation time
The gelation time of the formulations was determined 
using the inverted tube test as outlined by Zhou et al.27 
For this purpose, 2 mL of hydrogel solutions were 
incubated in 5 mL vials with an inner diameter of 10 mm 
at 4 ℃ for 12 h to remove air bubbles. The vials were 
then transferred to a temperature-controlled bath at 34 
℃, and the sol-gel transition was monitored by inverting 
the vials horizontally every minute. The gelation time was 
recorded when the gel ceased to flow. All measurements 
were performed in triplicate, and the data are expressed 
as means ± SD.
In vitro atRA stability
The in vitro stability of atRA was evaluated by 
preparing multiple microtubes containing a solution of 
a predetermined concentration of atRA in a mixture of 
PBS and DMSO. The microtubes were then incubated 
at 34 ℃ (since the spermatogenesis studies are done at 
this temperature) for up to 14 days. The absorbance 

Table 1. Characteristics of CS/βGp Hydrogels with different formulations

Formulation Chitosan (%w/v) βGP (%w/v) atRA Concentration (µM) Gelation timea (min)

F1 2% 4% 0 20 ± 3 min

F2 2% 7% 0 9 ± 1 min

F3 2% 7% 80 7 ± 0.5 min

F4 2% 7% 160 6 ± 1.5 min

a All measurements were performed in triplicate; data are reported as means ± SD.
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of the samples was measured at 350 nm using a UV 
spectrophotometer (Cary WinUV, Varian, Inc., Palo 
Alto, CA) at specific time points, and the decrease in 
absorbance over time was analyzed.28 Each measurement 
was performed in triplicate, and the data were reported as 
means ± SD.
In vitro atRA release study
The atRA release profile was studied using formulations 
of CS (2% w/v) and βGp (7% w/v), containing atRA at 
concentrations of 80 and 160 µM (F3 and F4). The release 
test was conducted by adding 0.5 mL of the hydrogels 
into 2 mL microtubes. Once the gels had formed, 1 mL 
of phosphate buffer with a pH of 7.4 was added to each 
tube and incubated at 34℃. At specific time intervals (0, 
5, 10, 24, 48, 120, and 168 h), 0.5 mL of phosphate buffer 
was collected and replaced with 0.5 mL of fresh buffer. 
After filtering the buffer, the amount of atRA release from 
scaffolds was determined using a UV spectrophotometer 
(Cary WinUV, Varian, Inc., Palo Alto, CA) at 350 nm. 
The absorption was compared with a calibration curve. 
Finally, the atRA release percentage was calculated 
according to the following formula29:
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which Cn = percentage atRA release at time (n); 
C(n-1) = percentage atRA release at time (n-1); Each 
determination was performed in triplicate.

Morphological evaluation of hydrogels by SEM
For the morphological evaluation of the hydrogels, samples 
with and without atRA (F2 and F4) were lyophilized for 24 
h using a freeze-drier (Alpha 2-4 LDplus, Martin Christ, 
Germany) and then sectioned, gold coated, and scanned 
using SEM (TESCAN, Czechia). The resulting images 
were analyzed to determine the porosity and morphology 
of the hydrogels.
Wettability evaluation of hydrogels by WCA
The hydrogels’ water contact angle (WCA) with and 
without atRA was measured using a Jikan CAG-20 device 
(Iran). To this end, the samples were placed on a slide, and 
a droplet of distilled water (10 μL) was gently placed onto 
the hydrogel surface using a microsyringe. The contact 
angle was measured immediately with a high-speed 
camera and analyzed. The measurements were repeated 
three times for each sample.

The cytocompatibility of atRA-releasing CS-TDP
To prepare the CS-TDP scaffold, the cryosectioned TDPs 
were placed and allowed to adhere to the atRA-releasing 
CS/βGP hydrogel support in a 96-well plate. MTT assay 
was used to assess the impact of atRA-releasing CS-TDP 
scaffold on mouse testicular cells in terms of viability, 
proliferation, and toxicity. To carry out the assay, the 
testicular cells were isolated from 6-day-old mice, seeded at 

a density of 2 × 104 in 96-well plates, and co-cultured with 
or without atRA-releasing CS-TDP scaffold. Following 
24-, 48- and 72-hour incubation periods, the supernatant 
was removed, and the cells were treated with 0.5 mg/mL of 
MTT (Roth-Germany Carl) and incubated for four hours. 
The metabolized MTT (formazan) was then extracted by 
adding DMSO, followed by a 20-min incubation period. 
Lastly, the relative absorption of the eluted formazan was 
measured at 570 nm using a spectrophotometer.

Results and Discussion
Characterization of testicular decellular plates 
Macroscopically, the color change from opaque to 
translucent white in the decellularized testes reflects 
successful cell removal. Histological evaluation 
through H&E, Trichrome Massone, and Alcian blue 
staining showed the effective removal of cellular 
materials, while ECM materials (i.e., collagen fibers and 
glycosaminoglycans) were retained (Fig. 1). 

SEM images confirmed that the 3D structure of the 
seminiferous tubules was also preserved despite the 
removal of cellular parts (Figs. 2A-2D).

Further evaluation using DNA content assay and 
DAPI staining demonstrated an approximately 97.5% 
rate of DNA elimination and no detectable nuclei in the 
decellularized tissues (Fig. 3).

Researchers have previously prepared decellularized 
ECM from testes using various methods. Topraggaleh et 
al30 and Majidi et al31 used a mix of SDS and Triton X-100 
over different time periods. Also, Baert et al found that 
using only 1% SDS resulted in efficient cell removal and 
improved ECM preservation.5 Additionally, Hashemi et 
al suggested using SDS alone for decellularizing testes.7 
In conclusion, our findings suggest that decellularization 
efficiently removes cells while preserving the ECM.

Baert et al prepared thin discs from the decellularized 
testicular matrix to improve access to the acellular 
interstitial space and seminiferous tubules.6 In the 
present study, we sterilized 250-350-µm thick slices of 
decellularized testes and placed them on top of the CS 
hydrogel. The resulting atRA-releasing CS-TDP scaffold 
was used for subsequent culture, as shown in Figs. 2E and 
2F.

Characterization of atRA-releasing CS/βGP hydrogel
We prepared the CS/βGP hydrogels with different 
formulations (Table 1). The acidic CS solutions were 
neutralized by adding βGP salt dropwise without 
immediate gel formation. CS is a type of biopolymer 
carrying a positive charge and is not generally soluble 
in water. However, it can be dissolved in acidic aqueous 
solutions by protonating its amine groups. Once dissolved, 
CS can remain in the solution until the pH exceeds 6.2.11 
When CS solution is neutralized with a strong base up to 
pH 6.2, a hydrated gel-like precipitate is formed due to 
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Fig. 1. Histologic and morphologic evaluation of decellularized mouse testis using SDS 1% for 24 h: A) H&E staining of normal testis showed seminiferous 
tubules; B) H&E staining of the decellular testis showed the elimination of the cells, and the remaining ECM; C) Masson’s trichrome staining of the normal 
testis; D) Masson’s trichrome staining of the decellular testis showed the retention of collagen fibers; E) Alcian blue staining of the normal testis; F) Alcian blue 
staining of the decellular testis showed retention of glycosaminoglycans (scale bars: 200 µm); G) Opaque color of normal testis; H) Translucent white color 
of the decellularized testis (scale bars: 5 mm)

Fig. 2. SEM assessment of the Normal and Decellular testes plates: A) A seminiferous tubule of the normal testis with 500X magnification; B) Empty tubules 
of the decellular testis with 500X magnification showing the removal of cells; C) Seminiferous tubule-base of the normal testis with 3000X magnification; D) 
Seminiferous tubule wall of the decellular testis with 8000X magnification showed preservation of ECM; E) Morphology of TDPs with 250-350 µm thick; F) 
atRA-releasing CS-TDP scaffold used for subsequent culture.
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the elimination of repulsion between the positive charges 
of the CS amine groups. As a result, CS-CS hydrogen 
bonds form via various chemical groups, explained in 
previous studies.32 Interestingly, an acidic CS solution can 
be neutralized up to a physiologic pH of 7.2 using βGP 
salt without immediate gel formation. βGP is a mono-
headed salt with a counter-ionic polyol that acts as a base 
by neutralizing the acidic effect of the phosphate groups.
The gelation times of obtained CS/βGP hydrogels 
were investigated with the inverted test tube method 
at 34 °C. Although the acidic CS solution does not 
have thermosensitivity, subsequent heating of the CS/
βGP solution leads to hydrogel formation. The sol/gel 
transition mechanism of the CS/βGP solution has been 
previously documented in studies by Cho et al and Li et 
al.33,34 Basically, the mechanism involves the electrostatic 
attraction between the positively charged ammonium 
groups of CS and negatively charged phosphate moieties 
of βGP salt, which enables attractive hydrophobic and 
hydrogen bonding between CS chains.

The gelation time of CS solution with 4% βGP (F1) was 
obtained 20 min ( ± 3 min). It was found that increasing the 
βGP to 7% (F2) decreased gelation time up to 9 min ( ± 1 
min). Therefore, it could be concluded that increasing the 
βGP concentration significantly decreased the gelation 
time (P = 0.019). This result is consistent with the findings 
of Khodaverdi et al and Kempe’s team.8,35 Moreover, it 
was found that adding atRA decreased the gelation time, 
but not significantly (F3 and F4; P = 0.32). These results 
indicate that increasing the βGP or atRA concentration 
could shorten the gelation time of CS hydrogels (Table 1). 

F2 was chosen for drug loading and further steps due to 
its shorter gelation time, which is beneficial for in vivo 
applications.
 
In vitro stability of atRA
UV-spectroscopy tracked the changes in atRA 
absorbance over 14 days in vitro. Fig. 4 illustrated that 
atRA maintained over 90% absorbance after 14 days at 
34℃ culture conditions, with no significant reduction 
(P > 0.05).

In vitro release of atRA
previous studies demonstrated that the chemical reaction 
between atRA and CS was accomplished by coupling 
the carboxyl group of atRA with the amino groups of 
CS.15 In this study, CS/βGp hydrogels were loaded with 
two different concentrations of atRA (F3 and F4), and 
its cumulative release behavior was investigated in vitro 
for each formulation. As shown in Fig. 5, increasing the 
amount of atRA led to a decrease in the rate of drug 
release, which is consistent with the observations made by 
Ghasemi et al 11 and Kim et al.15

The results suggest the slow release of the hydrophobic 
drug (like atRA as an insoluble compound in water) 
from CS/βGP hydrogel. Notably, atRA can form crystals 
when loaded at higher levels. Due to its hydrophobic 
nature, the crystallized drug can dissolve and/or release 
at a slower pace.36 The early burst release of the atRA was 
not noteworthy, with only 33.3% and 9.3% of the atRA 
being released from samples F3 and F4, respectively, 
within a 24-h period. Following the initial burst release, 

Fig. 3. Cell nuclei assessment by DAPI staining: A) DAPI staining showed the presence of cells in the normal testis; B) Phase contrast image of the normal 
testis; C) DAPI staining of the decellular testis showed no detectable nuclei, suggesting cell elimination; D) Phase contrast image of decellular testis (all scale 
bars: 1000 µm); E) DNA content assay showed 97.5% DNA elimination in the decellular testis group (P < 0.05).
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Fig. 4. The in vitro stability of atRA over 14 days was not significantly 
reduced, as measured by UV-Spectrophotometry (P > 0.05). Data are 
reported as means ± SD (n = 3).

Fig. 5. The cumulative release profiles of two concentrations of atRA from 
CS/βGP hydrogels (F3 and F4); The initial release of atRA from F3 and 
F4 was not remarkable, with just 33.3% and 9.3% of atRA being released 
within the first 24 hours. After that, both formulations showed a more 
sustainable release behavior. The data are expressed as mean ± SD (n = 3).

encapsulated atRA within the CS/βGp hydrogels was 
gradually released at a slower rate. As time progressed, 
the release rates of two samples decreased, which could 
be explained by the drug crystallization, declining 
amount of drug within the CS matrix, and a reduction 
in the concentration gradient of the drug.37 This result is 
consistent with those of Hameed et al, who investigated 
cumulative release profile of ciprofloxacin from the CS 
hydrogel.38

Since spermatogenesis requires a low concentration of 
atRA,39,40 formulation 4 was chosen for further steps and 
evaluations due to its desirable sustained release behavior 
and slower release rate.

Fig. 6 displays SEM images of a 6-μm thick section 
of F2 and F4 samples for evaluating the impact of atRA 
on the ultrastructure of the CS hydrogel. Both samples 
exhibit interconnecting highly porous structures, and the 
presence of atRA precipitation on the CS chains is clearly 
visible (Fig. 6B). Hydrophobic atRA seems crystalized on 
the hydrogel network. There are no obvious changes in 

the hydrogel structure and porosity. Consequently, it can 
be inferred that the addition of atRA does not significantly 
affect the porosity of the hydrogel.

The water contact angle was measured to determine the 
wettability of samples F2 and F4. Fig. 7 shows that the CS/
βGP hydrogel has an average WCA of 24.5 ± 2.3°, while 
the atRA-releasing CS/βGP hydrogel has an average WCA 
of 31.3 ± 2.7°. The difference was significant (P < 0.05), 
but both are in the range of hydrophilicity. The findings 
suggest that adding a hydrophobic compound like atRA 
to CS hydrogel does not impact its hydrophilicity, which 
is crucial for cell-scaffold interactions, attachment, and 
proliferation.41

In vitro cytocompatibility of atRA-releasing CS-TDP
MTT assay was conducted to evaluate the biocompatibility 
of the atRA-releasing CS-TDP scaffold. MTT results 
represented that there was no significant difference 
between the viability of mouse testicular cells co-
culturing with or without scaffolds after 24, 48, and 72 

Fig. 6. SEM photographs of A) F2 and B) F4 samples; The atRA with its carboxylate group could interact with the amino group of CS and precipitate on the 
CS chains, which is visible in sample F4 (2000X magnification, scale bars: 20 µm).
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What is the current knowledge?
√ atRA is an important factor for spermatogenesis that should 
be considered in testes tissue engineering applications.
√ Decellularized tissues, which can be created by removing 
all cellular materials from natural tissues, are attractive for 
tissue engineering.
√ Chitosan (CS) is a natural biopolymer extensively used as a 
scaffold and a controlled delivery system.

What is new here?
√ The atRA-releasing CS/βGP hydrogel can be used as a 
sustainable drug delivery system.
√ The CS-TDP scaffold, prepared by using the atRA-releasing 
CS/βGP hydrogel as a support for TDP, could provide a 
cytocompatible environment for testicular cells without 
toxicity.

Research Highlights

Fig. 7. WCA measurement for samples F2 and F4; A) CS/βGP hydrogel (F2) has 24.5 ± 2.3 WCA°, indicating its hydrophilicity. B) atRA-releasing CS/βGP 
hydrogel (F4) has 31.3 ± 2.7 WCA°, which is also in the range of hydrophilicity. Despite the significant difference, the addition of atRA did not affect the 
hydrogel’s wettability. Data are reported as means ± SD (n = 3).

Fig. 8. Cytocompatibility assay of atRA-releasing CS-TDP scaffold by 
MTT test; The difference between the control and scaffold groups was 
not significant (P > 0.05), suggesting that the scaffold is not toxic and is 
cytocompatible. Data are reported as means ± SD (n = 3).

h of incubation (P > 0.05) (Fig. 8). Even cell proliferation 
seems to increase gradually over time in scaffold groups 
(not significant), suggesting that the scaffolds are non-
toxic and have good biocompatibility.

Scaffolds provide a 3D environment that allows cells 
to attach, migrate, and proliferate in a manner that more 
closely mimics their natural environment in vivo. This 3D 
structure provides a larger surface area for cell attachment 
and growth and more space for the cells to interact with 
each other and the surrounding extracellular matrix. As 
a result, cells in a scaffold-based 3D culture system can 
often grow and multiply more effectively than in a simple 
2D culture.42,43

Conclusion
The results of this study demonstrate the potential of 
the decellularization protocol to eliminate the cellular 
materials from mouse testicular tissue while the resulting 
TDP maintained the native three-dimensional structure 
as well as important ECM components. The atRA-
releasing CS-TDP scaffold can provide a cytocompatibe 
environment for mouse testicular cells. Also, it may 
enhance tissue regeneration by mimicking the native 
ECM and promoting the effects of atRA. The use of atRA-
releasing CS/βGP hydrogel, compared to the manual 
addition of atRA, requires less drug and can deliver the 
drug to the system continuously with a low concentration. 
Also, atRA-releasing CS/βGP hydrogel could avoid 
the need for high doses of hydrophobic drugs for in 
vivo applications. These findings may have important 
implications for developing new therapies for various 
tissue injuries and diseases, including male infertility 
conditions.
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