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Accelerating the genetic selection to obtain animals more resilient to climate
changes, and with a lower environmental impact, would greatly benefit by a
substantial shortening of the generation interval. One way to achieve this goal is
to generate male gametes directly from embryos. However, spermatogenesis is a
complex biological process that, at present, can be partially reproduced in vitro
only in the mouse. The development of reliable 3D in vitro models able to mimic
the architecture and the physiological microenvironment of the testis, represents
a possible strategy to facilitate ex vivo haploid male gamete generation in
domestic species. Here we describe the creation of bovine testicular bio-
scaffolds and their successful repopulation in vitro with bovine testicular cells.
In particular, bovine testes are subjected to three different decellularization
protocols. Cellular compartment removal and extracellular matrix preservation
are evaluated. The generated bio-scaffolds are then repopulated with bovine
testicular fibroblasts. The results obtained demonstrate that the decellularization
protocol involving the use of 0.3% sodiumdodecyl sulfate (SDS) for 12 h efficiently
eliminates native cells, while preserving intact ECM composition and
microstructure. Its subsequent repopulation with bovine fibroblasts
demonstrates successful cell homing, colonization and growth, consistent
with the scaffold ability to sustain cell adherence and proliferation. Overall,
the generated 3D bio-scaffolds may constitute a suitable artificial niche for ex
vivo culture of testicular cells and may represent a possible strategy to reproduce
spermatogenesis in vitro.
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1 Introduction

The obtainment of animals more resilient to climate changes, and with a lower
environmental impact, would be greatly desirable. Based on this, during the last years,
particular attention has been dedicated to the development and further improvement of a
sustainable animal agriculture with positive socioeconomic and environmental impacts. In
this perspective, new biotechnological approaches, such as assisted reproductive
technologies (ART) and genetic selection (GS), were introduced and used
simultaneously in livestock breeding programs, including in the bovine species (Mueller
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and Van Eenennaam, 2022). Nevertheless, the possibility of these
techniques to improve genetic gain is limited by the average age of an
animal when replacement offspring are born (Kasinathan et al.,
2015). It is therefore clear that the greatest improvement in
accelerating the genetic selection can be achieved by shortening
the generation interval (Cenariu et al., 2012; Pasquariello et al.,
2024). To this aim, different strategies have been proposed in both
male and female domestic ruminants, however, a substantial
shortening of the interval is still far away.

In the male, one promising approach is represented by the
in vitro propagation and differentiation of spermatogonia into
mature sperm or even in vitro recreation of whole
spermatogenesis from embryonic stem cells. To date, a variety of
culture systems as well as different medium compositions to
enhance spermatogonial stem cell (SSC) viability, proliferation
(Fath-Bayati et al., 2023; van Maaren et al., 2023) and
differentiation in vitro (Cho and Easley, 2023; Kulibin and
Malolina, 2023; Salem et al., 2023; Damyanova et al., 2024) have
been developed. However, the complete spermatogenesis ex vivo has
been obtained only in the murine species (Perrard et al., 2016),
while, in cattle and in other domestic species, it is possible only to
propagate spermatogonia without inducing an effective meiotic
division. This is mainly due to the complexity of the process,
during which male germ cells differentiate into mature
spermatozoa, thank to well-orchestrated interactions among
hormones, growth factors, cytokines, and extracellular matrix
(ECM)-derived bio-mechanical and bio-chemical cues. In
addition, the lack of knowledge on niche microenvironment,
nutritional requirements, as well as on the multiple regulatory
machinery driving self-renewal, proliferation, and differentiation,
in ruminates, has significantly hindered progresses in this field. It is
therefore desirable to developed reliable 3D in vitro models able to
faithfully mimic the architecture and the physiological
microenvironment of the native testicular tissue, bridging the gap
between the in vivo complexity and the over-simplified conventional
two-dimension (2D) in vitro cultures.

To date, several 3D platforms for testicular bioengineering,
including testicular organoids (Richer et al., 2020), hydrogel
bioreactors (Perrard et al., 2016), and synthetic, natural or
decellularized scaffolds (Horvath-Pereira et al., 2023) have been
developed in human, mouse and rat. In contrast, to our knowledge,
no cell engrafted 3D scaffolds have been developed in the bovine
species and only one study reported the differentiation of gonocytes
into presumptive spermatids through the use the alginate
encapsulation technique (Lee et al., 2001). In this scenario, the
generation of a bovine decellularized testicular 3D scaffold
represents a promising option, since it accurately replicates the in
vivo topography and the complex milieu of the native tissue, thus
promoting the necessary interactions between cells and their
surrounding microenvironment. In addition, the preserved
extracellular matrix (ECM), obtained through the
decellularization process, provides essential biomechanical and
biochemical cues that encourage the correct cell growth,
differentiation, and function.

In the present study, we generate bovine testicular bio-scaffolds
for the creation of reliable 3D artificial models. In particular, we test
three different decellularization protocols and identify the protocol
that better preserves intact ECM composition and microstructure,

while efficiently eliminating cells. We then repopulate the generated
testicular bio-scaffolds with fibroblasts isolated from bovine testes
and monitor the scaffold ability to sustain cell adherence and
proliferation.

2 Materials and methods

All reagents were purchased from Thermo Fisher Scientific
unless otherwise indicated.

2.1 Ethic statement

Bovine testes were collected at the local abattoir from adult
animals. Organs were isolated from animals destined to human
consumption and, therefore, were not considered as animal
experimentation under Directive 2010/63/EU of the European
Parliament. All experiments were performed in accordance with
the approved guidelines.

2.2 Testis collection

Organs were collected from four 2 years-old bulls at the local
slaughterhouse and transported to the laboratory in cold sterile
saline solution (NaCl 0.9%) within 1 hour. Testes were washed in
phosphate-buffered saline (PBS), decapsulated and cut in small
pieces of 0.5 × 0.5 × 0.5 cm³. Fragments were randomly allocated
to four experimental groups: untreated tissue, control group, (CTR;
n = 4), decellularization protocol A (Decell-A; n = 52);
decellularization protocol B (Decell-B; n = 52), decellularization
protocol C (Decell-C; n = 52). Untreated tissue samples, used ad
control group (CTR), were immediately fixed in 10% buffered
formalin (Bio-Optica) for histological evaluations. The other
groups were subjected to the three different decellularization
processes as described below.

2.3 Decellularization protocols

Testicular fragments belonging the experimental groups
Decell-A, Decell-B, and Decell-C were frozen at −80°C for at
least 24 h, thawed at 37°C in a water bath for 30 min, and
decellularized in:

A. 0.3% (v/v) sodium dodecyl sulfate (SDS; Bio-Rad) in deionized
water (DI-H2O) for 6 h and then in 1% (v/v) Triton X-100 in
DI-H2O for 6 h;

B. 0.3% (v/v) sodium dodecyl sulfate (SDS; Bio-Rad) in DI-H2O
for 12 h and then in 1% (v/v) Triton X-100 in DI-H2O for 6 h;

C. 0.3% (v/v) sodium dodecyl sulfate (SDS; Bio-Rad) DI-H2O for
24 h and then in 1% (v/v) Triton X-100 in DI-H2O for 6 h.

At the end of the decellularization protocols, testes were washed
in DI-H2O for 6 h with changes every 2 h. All steps were carried out
using an orbital shaker at 150 rpm at room temperature. At the end
of the procedures, from each experimental group, samples were fixed
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for histology and stained with hematoxylin and eosin (H&E, Bio-
Optica), Crossmon Trichrome (Bio-optica), Alcian blue (pH 1; Bio-
optica) Orcein and 4,6-diamidino-2-phenylindole (DAPI), or used
for in vitro re-seeding studies. Cell density analysis and stereological
evaluations were then performed at least in triplicates.

2.4 Histological evaluations

Samples were fixed in 10% buffered formalin for 24 h at room
temperature, dehydrated in graded alcohols, cleared with xylene,
embedded in paraffin, and cut in serial microtome sections (5 μm
thick). The latters were dewaxed, re-hydrated and stained with H&E
(Bio-Optica), Crossmon Trichrome (Bio-optica), Alcian blue (pH 1;
Bio-optica) and Orcein, in agreement with previously published
studies (Verdile et al., 2022; Khazaei et al., 2023). Samples were
analyzed under an Eclipse E600 microscope (Nikon) equipped with
a digital camera (Nikon). Pictures were acquired with NIS-Elements
Software (Version 4.6; Nikon). Untreated testicles were used as
the control.

2.5 Cell density

Cell density analyses were carried out as previously described
(Pennarossa et al., 2020). More in detail, serial microtome sections
(5 μm thick) were cut, dewaxed, re-hydrated and stained with DAPI.
Cell number was quantified in 5 tissue sections obtained from each
testis (n = 4) subjected to the three different decellularization
protocol (A, B, and C) and from 4 CTR testis. Within each
section, 5 randomly selected fields at ×100 total magnifications
were analyzed. Samples were analyzed under an Eclipse
E600 microscope (Nikon) equipped with a digital camera
(Nikon). Images were captured with NIS-Elements Software
(Version 4.6; Nikon) and analyzed, using the Cell Counter plugin
of the image analysis software ImageJ, following the instructions.
Briefly, 8-bit grayscale images were generated applying threshold
adjustments and segmented using a thresholding algorithm to
highlight the areas occupied by the nuclei and remove the
background. The data obtained were transformed into binary
format. Size and circularity parameters were defined, and the
nuclei were automatically enumerated. Untreated testicles were
used as the control.

2.6 Stereological analyses

Collagen, elastin, and GAG volume density (Vv) evaluations
were performed on sections stained with Crossmon Trichrome,
Orcein and Alcian blue, respectively. As described by Albl et al.
(2016), the Delesse principle was used, and the proportional volume
of each specific area was calculated as the fraction of the structure of
interest (e.g., collagen) relative to the total area of the reference
compartment (e.g., whole section). Images were randomly taken,
overlaid with a point-count stereological grid containing evenly
spaced test points and the relative volume of each region of interest
was calculated by dividing the number of points striking the
structure of interest by the number of points hitting the reference

compartment. Vv was expressed as percentages using the
following formula:

Vv analyzed compartment,reference compartment( )
� ∑P analyzed compartment( )/∑P reference compartment( )[ ] × 100

∑P (analyzed compartment): the number of points hitting the compartment
under study;
∑P (reference compartment): the number of points hitting the relevant
structure.

2.7 Bovine testicular fibroblast isolation

Adult bovine fibroblasts were isolated from fresh testicular
tissues obtained from 3 individuals (Albrecht et al., 2006). Testes
were decapsulated and cut into small fragments of ~ 2 mm³.
These were placed into 35 mm2 Petri dishes (Sarstedt) previously
coated with 0.1% gelatin (Sigma-Aldrich). Droplets of
Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 20% FBS, 2 mM glutamine (Sigma-Aldrich), and 2%
antibiotic/antimycotic solution (Sigma-Aldrich) were added
onto each fragment. Culture dishes were incubated in 5%
CO2 at 37°C in humidified chambers. After 4 days of culture,
bovine testicular fibroblasts started to grow out of the original
explants, and the latter were carefully removed. Fibroblasts were
cultured using the medium described above, grown in 5% CO2 at
37°C, and passaged twice a week at a 1:3 ratio. The three bovine
primary cell lines were used in triplicate in 3 independent
experiments.

2.8 Bio-scaffold repopulation with bovine
testicular fibroblasts

Testicular bio-scaffolds obtained from Decell-A, Decell-B, and
Decell-C groups were sterilized with 70% ethanol and 2% Penicillin/
Streptomycin/Amphotericin B solution in sterile H2O for 30 min,
extensively washed in sterile PBS and equilibrated in DMEM for 1 h
at 37°C. Scaffolds of 0.5 × 0.5 cm2 and 1 mm thick were obtained
using sharp scalpel and placed into a 4-well multidishes (1 fragment
per well; Nunc). 0.5 × 10⁶ of bovine testicular fibroblasts were
resuspended in 100 μL of DMEM supplemented with 10% fetal
bovine serum (FBS), 2 mM glutamine (Sigma-Aldrich), and 1%
antibiotic/antimycotic solution (Sigma-Aldrich), seeded onto each
scaffold and co-cultured at 37°C incubator with 5% CO2. Re-seeding
density was selected based on our previous studies (Pennarossa et al.,
2020; Pennarossa et al., 2021b; Arcuri et al., 2024). Half medium
volume was changed every 2 days. Cultures were arrested for
histological evaluations at days 1, 3 and 7. All experiments were
performed in triplicates.

2.9 Statistical analysis

Statistical analysis was performed using ANOVA with Tukey’s
post hoc (SPSS 19.1; IBM). At least three experiments were carried
out for all analyses. Data were reported as mean ± standard error of
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the mean (SEM). Differences of p ≤ 0.05 were considered
significant.

3 Results

3.1 Testicular bio-scaffold evaluation

3.1.1 Macroscopic assessments
Macroscopic observations revealed that, during the

decellularization process, the color of the testicular fragments
gradually turned from red to white, regardless to the

decellularization protocol used (Decell-A, Decell-B, and Decell-
C, Figure 1A).

3.1.2 Histological analysis of cell nuclei and tissue
after the different decellularization protocols

Histological assessments demonstrated that all the three
decellularization protocols tested removed cells (Figure 1B). In
particular, H&E staining showed the decrement of basophilic
staining in Decell-A, Decell-B, and Decell-C (Figure 1B), while
both the basophilic and eosinophilic staining were visible in the
untreated tissue (CTR, Figure 1B). DAPI staining and cell density
analysis confirmed these observations, indicating a significantly

FIGURE 1
Macro/microscopic evaluations of decellularized testes. (A) Three-step macroscopic images illustrating the color of samples that turns from red to
white, regardless of the decellularization protocol used. (B) H&E staining shows the presence of both basophilic (cell nuclei) and eosinophilic (cell
cytoplasm and ECM) staining in untreated tissue (CTR) and their absence in decellularized testes. DAPI staining displaying the presence of nuclei in CTR
samples and their disappearance after the decellularization processes. (C) Cell density analysis demonstrates a significantly lower number of nuclei
in all decellularized tissues compared with the untreated one (CTR). Data are expressed as the mean ± standard error of the mean (SEM). A, b, c Different
superscripts indicate p < 0.05.
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lower number of nuclei in all the obtained bio-scaffolds, when
compared with the untreated tissues (Figures 1B, C). However,
cell density analysis demonstrated that Decell-B and Decell-C
protocol removed the cellular compartment more efficiently than
Decell-A (Figure 1C).

Orcein staining (Figure 2A) showed the preservation of intact
elastic fibers after Decell-A and Decell-B, with a comparable
distribution of elastin among Decell-A, Decell-B, and CTR
samples. In contrast, a reduction was detected in Decell-C at the
end of the process. These morphological observations were consistent
with elastin stereological quantifications, which indicated a significant
elastin decrement in the Decell-C group (Figure 2B). Similarly, Alcian
Blue staining showed glycosaminoglycan (GAG) retention in Decell-
A and Decell-B, which exhibited a GAG distribution comparable to
that of the untreated tissue (CTR, Figure 2A). In contrast, a decrease

was observed in Decell-C. Consistent with this, stereological analysis
displayed statistically significant changes in total GAG content in
Decell-C compared to the tissue of origin (Figure 2C). Crossmon
trichrome staining demonstrated the persistence of collagen fibers in
Decell-A and Decell-B samples, while a reduction was detected in
Decell-C (Figure 2A). In agreement with these observations,
stereological studies showed a statistically significant decrement of
collagen fibers inDecell-C group when compared to CTR (Figure 2D).

3.2 Repopulation of the generated bio-
scaffolds with bovine testicular fibroblasts

Bovine testicular fibroblasts rapidly adhered and colonized
Decell-A, Decell-B, and Decell-C within 24 h of co-culture

FIGURE 2
ECM microarchitecture and composition in untreated (CTR) and decellularized testes. (A) Orcein, alcian blue and Crossmon’s trichrome staining
indicate the preservation of elastic fibers, GAGs, and collagen, respectively, in Decell-A and Decell-B, while a reduction for all the ECM components is
visible in Decell-C. (B) Elastic fiber stereological quantification shows comparable amount of the protein in untreated tissue (CTR), Decell-A andDecell-B,
while a significant decrement is detected in Decell-C. Data are expressed as the mean ± standard error of the mean (SEM) (*p > 0.05). (C) GAG
stereological analysis displays a significant reduction in Decell-C compared to Decell-A, Decell-B and CTR. Data are expressed as the mean ± standard
error of the mean (SEM) (*p > 0.05). (D)Collagen content quantification demonstrates comparable amount of the fibers in untreated tissue (CTR), Decell-
A and Decell-B, while a significant decrement is detected in Decell-C. Data are expressed as the mean ± standard error of the mean (SEM) (*p > 0.05).
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(Figure 3A). H&E and DAPI staining showed an increasing
number of cells during the following days for Decell-A and
Decell-B, while no increment was visible in the Decell-C group
(Figure 3A). These observations were further supported by cell
density analysis that indicated the presence of cells into the bio-
scaffolds 24 h after seeding (Day 1, Figures 3B–D) and a
statistically significant cell number increment in Decell-A
and Decell-B during the subsequent days of culture (Day
3 and Day 7, Figures 3B, C). No cell number increase was
detected in the Decell-C during the 7-day culture
period (Figure 3D).

4 Discussions

In the present manuscript, we generate a testicular bio-scaffold,
able replicate the in vivo topography and the bio-mechanical and
bio-chemical stimuli derived from the native ECM. The
decellularized bio-scaffold successfully encourages cell homing,
colonization and growth, demonstrating its ability to sustain
testicular cell adherence and proliferation.

At the end of the three-step decellularization process,macroscopic
evaluations revealed a color change from red to white in all the
obtained bio-scaffolds, regardless of the protocol used. This suggests

FIGURE 3
Re-seeding of decellularized testicular tissue. (A) H&E and DAPI staining demonstrate the presence of cells into the bio-scaffolds after 24 h from
seeding (Day 1) in all the experimental groups. An increment during the following days (Day 3 and Day 7) is visible in Decell-A and Decell-B. (B–D) Cell
density analyses confirm bio-scaffold re-population after 24 h (Day 1), with a significantly higher cell number at Day 3 and Day 7 in Decell-A and Decell-B.
Decell-C shows comparable values at each time point considered. Data are expressed as the mean ± standard error of the mean (SEM). A, b, c,
Different superscripts denote significant differences (p < 0.05).
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the occurrence of a significant reduction in the cellular components.
Indeed, similar color variations were previously reported by other
Authors, which applied decellularization protocols to different tissue,
including heart (Rajabi-Zeleti et al., 2014), lung (Lecht et al., 2014),
liver (Ghiringhelli et al., 2021; Lee et al., 2017), kidney (Yu et al., 2014),
muscle (Aulino et al., 2015), trachea (Baiguera et al., 2014; Pennarossa
et al., 2021b), esophagus (Sjöqvist et al., 2014), urinary tissue (Singh
et al., 2018), arteries (Kajbafzadeh et al., 2017), derma (Gilpin and
Yang, 2017), intestine (Arcuri et al., 2024), ovary (Laronda et al., 2015;
Laronda, 2020; Pennarossa et al., 2020; Pennarossa et al., 2022) and
vagina (Zhang et al., 2017), and that resulted in a significant decrease
in cell content. This was confirmed by our H&E staining that
demonstrated a decrease of basophilic color in all the three
experimental groups and by DAPI staining, showing a significant
decrement in cell nuclei in Decell-A, Decell-B, and Decell-C samples.
All these morphological observations were further corroborated by
cell density analysis experiments that indicated a statistically
significant cell number reduction in all experimental groups, when
compared with the untreated tissues (CTR). However, while the
cellular compartment was reduced in all three groups, it is
interesting to note that Decell-B and Decell-C protocols allowed a
more efficient and significant reduction in cell number, compared to
Decell-A. Altogether, these results demonstrate that the correct
combination of a freeze-thaw cycle, with sequential incubations
with SDS and Triton X-100, allows for an efficient cell removal
only when the native tissue is exposed to SDS for at least 12 h, as
in the protocols Decell-B and Decell-C. This is in agreement with
previous studies which demonstrated SDS ability to successfully
eliminate the cellular compartment from the native tissues (Scarrit
et al., 2015; Singh et al., 2023), selecting in a tissue-specific manner the
appropriate concentration and time of exposure (Gilpin and
Yang, 2017).

It is however important to note that a fundamental aspect in the
decellularization process is also the maintenance of the original ECM
microstructures, including fibers and macromolecules. The
histochemical analysis carried out in our study, demonstrated the
preservation of intact elastic fibers, GAGs and collagen in Decell-A
and Decell-B. This is in agreement with Kiani et al. (2021) and Khazaei
et al. (2023) that described the generation of rat and calf testis scaffolds,
respectively, and demonstrated the persistence of the major ECM
proteins at the end of the decellularization process. In contrast,
elastic and collagen fibers, as well as GAGs appeared to be
significantly reduced when SDS exposure is prolonged (Decell-C).
All these morphological observations were also confirmed by
stereological analysis, which revealed no significant changes for
collagen, elastin, and GAG content among the untreated tissue,
Decell-A and Decell-B groups. In contrast, Decell-C showed a
statistically significant decrement in the ECM components when
compared to the CTR. Although several different explanations can
be hypothesized, we suggest that the prolonged exposure to SDS used in
the Decell-C protocol, while ensuring an efficient removal of the cellular
compartment, may exert a detrimental effect and cause damages to
structural proteins, such as collagen fibers and GAGs. This is in line
with previous observations that described SDS disruptive side effects on
collagen fibers in porcine urinary bladder (Faulk et al., 2014), caprine
pancreas (Singh et al., 2023) and many other tissues (Crapo et al., 2011;
Keane et al., 2015). It is also in agreement with Kasturi and Vasanthan
and Moffat et al. that reported SDS ability to damage GAGs during the

decellularization processes of different organs, including liver,
pericardium, articular cartilage, heart, and kidney (Moffat et al.,
2022; Kasturi and Vasanthan, 2023). All these observations clearly
point to the need of a strategy that sets a fine tuning of the SDS
conditions to ensure, in a species-specific and organ-specific way, the
efficient removal of cells, while preserving an intact ECM structure.

A crucial point for the use of a bio-scaffold in tissue engineering is
its ability to encourage cell adhesion, homing, and growth (Chan and
Leong, 2008; Lynch et al., 2021; Pennarossa et al., 2021a). To address
this point, we isolated fibroblasts from bovine testis and used them to
repopulate the generated decellularized bio-scaffolds. The results
obtained demonstrated a rapid engrafting process with cells that
adhered and colonized the matrix within 24 h from seeding. In
addition, H&E, DAPI staining and cell density analysis showed a
linear increment in cell number and a homogenous and steady
distribution of the cell population onto Decell-A and Decell-B
scaffolds for as long as 7 days, when culture was arrested. It is also
interesting to note that, although the number of cells identified in
Decell-A should be affected by cellular residues present at the end of the
decellularization process, the increasing number observed during the
culture period demonstrates the presence of proliferating cells which
derive from reseeding process. Altogether, these results indicate the bio-
scaffold ability to host cells and to encourage their proliferation possibly
via bio-mechanical and bio-chemical stimuli. They also exclude the
persistence of toxic carry-overs from the decellularization processes,
may impair the subsequent recellularization and biocompatibility, both
in vitro and in vivo (Morris et al., 2017).

Overall, the results obtained suggest the potential of the bio-
scaffold here described to sustain cell adherence and proliferation. In
particular, the cell type selected for repopulation experiments well
fits with the possible use of iPS-derived or chemically reprogrammed
cells, for regenerative experiments of the testicular tissues. Although,
these results are still preliminary, they pave the way toward the use of
decellularized testicular bio-scaffolds in the field of reproductive
biology and biotechnology as suitable artificial niches for ex vivo
culture of testicular cells and to reproduce spermatogenesis in vitro.
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