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Abstract: Animal-derived xenogeneic biomaterials utilized in different surgeries are promising for
various applications in tissue engineering. However, tissue decellularization is necessary to attain
a bioactive extracellular matrix (ECM) that can be safely transplanted. The main objective of the
present study is to assess the structural integrity, biocompatibility, and potential use of various
acellular biomaterials for tissue engineering applications. Hence, a bovine pericardium (BP), porcine
pericardium (PP), and porcine tunica vaginalis (PTV) were decellularized using a Trypsin, Triton X
(TX), and sodium dodecyl sulfate (SDS) (Trypsin + TX + SDS) protocol. The results reveal effective
elimination of the cellular antigens with preservation of the ECM integrity confirmed via staining and
electron microscopy. The elasticity of the decellularized PP (DPP) was markedly (p < 0.0001) increased.
The tensile strength of DBP, and DPP was not affected after decellularization. All decellularized
tissues were biocompatible with persistent growth of the adipose stem cells over 30 days. The staining
confirmed cell adherence either to the peripheries of the materials or within their matrices. Moreover,
the in vivo investigation confirmed the biocompatibility and degradability of the decellularized
scaffolds. Conclusively, Trypsin + TX + SDS is a successful new protocol for tissue decellularization.
Moreover, decellularized pericardia and tunica vaginalis are promising scaffolds for the engineering
of different tissues with higher potential for the use of DPP in cardiovascular applications and DBP
and DPTV in the reconstruction of higher-stress-bearing abdominal walls.
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1. Introduction

The current scarcity of human organs and tissues appropriate for life-saving trans-
plants is expected to persist in the future despite the great endeavors to close the donation
gap [1–6]. Hence, it is highly crucial to introduce efficient alternatives to avoid the high
incidence of deaths among patients that occur due to the long waiting lists for donor
organs/tissues or due to receiving suboptimal treatments [7–11]. Animal-originated or-
gans/tissues (xenotransplants) have been recently introduced as efficient and potential
alternatives to solve this problem. Moreover, a significant advancement has been made in
this active field of research [12–15]. Animal organs and tissues have been employed for
decades in the regeneration and engineering of different body tissues [16].

Decellularization is a tissue engineering approach that involves the elimination of cellular
and nuclear components while maintaining the extracellular matrix’s (ECM) composition,
biological activity, and mechanical integrity [17,18]. This entails increasing cellular material
clearance while minimizing ECM loss. Employment of the ECM generated from decellularized
tissues is a leading strategy in regenerative medicine [19]. It affects cellular differentiation,
mitogenesis, chemotaxis, and tissue-remodeling responses [19–25]. Decellularization also
lessens antigenicity, especially in xenografts, which is a very important feature [26].

A variety of decellularization regimens have been investigated by employing var-
ious chemicals, concentrations, and exposure durations [27,28]. Tissue treatment using
glutaraldehyde (GA) is common post-decellularization. However, GA-fixed decellular-
ized scaffolds have been reported to provoke high immune and inflammatory reactions
and present lower regeneration and tissue engineering capacities. This was confirmed
by the high rate of proinflammatory cytokines release and the lower rate of wound-
healing-promoting cytokine IL-1Ra release in the GA-treated matrix compared to the
untreated control [29].

Decellularized animal tissues are extensively used as scaffolds to repair/regenerate
damaged tissues. Their natural collagen and elastin fibers can provide valuable mechani-
cal and non-thrombogenic properties. Bovine pericardium (BP) has been considered the
gold-standard source of material for cardiovascular uses [30]. Despite their availability
and biocompatibility, BP scaffolds are commonly cross-linked to increase their stability and
immune compatibility. However, tissue fixation treatments may increase calcification and
limit recipient cellular ingrowth [31,32]. Porcine pericardial (PP) tissue, which is structurally
more akin to human tissue, may be a better biomaterial for tissue engineering applications
than BP, which has been the subject of numerous studies [33]. For instance, both sources
of pericardium have the same collagen structure and organization [30]. However, the PP
is thinner, which elevates the effectiveness of the decellularization process in terms of the
removal of xenogeneic materials [34]. Tunica vaginalis is the serous tissue that covers the
testis and epididymis. It is produced from the peritoneum and mimics the characteristics
of the natural abdominal wall. Despite being a biowaste from the meat industry, decellu-
larized tunica vaginalis presented satisfactory physicochemical characteristics promising
for applications in tissue engineering [35]. Many pediatric urologists still prefer tunica
vaginalis as the substrate of choice for corporoplasty for treating ventral curvature due to
its simplicity in harvesting and the absence of donor site morbidity [36].

The ideal scaffold should present a network that enables functional cell–cell and/or
cell–ECM interactions. The right topography, microstructure, and mechanical properties
of the tissue are crucial for efficient regeneration in vivo [37]. Hence, it is still difficult to
develop an ECM that is less immunogenic, well maintained, and has the biological and
biomechanical capacity to promote cellular repopulation and enable tissue remodeling.
In addition, it is crucial to deeply understand the ECM niche’s ability to control cellular
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behavior in the scaffold of choice to master its grafting on the damaged site to renew the
tissue and restore its function [38]. In the present study, we aimed to develop biocompatible,
biodegradable, elastic, and mechanically strong biomaterials which are less immunogenic
and support healing processes to be employed for the engineering of various body tissues.
We assessed the effects of the decellularization process on the structure, biomechanics,
and biocompatibility of BP, porcine pericardium (PP), and porcine tunica vaginalis (PTV).
Moreover, we aimed to assess the potential of employing stem-cell-seeded scaffolds as a
new regenerative modality for engineering various body tissues.

2. Materials and Methods
2.1. Decellularization Protocol

The native tissues were collected from the local slaughterhouse in Tokyo, Japan, from
healthy animals. Bovine pericardium (BP) tissues were obtained from cows of both sexes
aged 18–32 months. Moreover, the porcine pericardium (PP) was collected from pigs of
both sexes and the porcine tunica vaginalis (PTV) was collected from boars. All pigs were
about 5–6 months of age at the time of slaughtering. All procedures from collection to
the end of decellularization are presented in Figure 1. Tissues were kept in phosphate-
buffered saline (PBS) and transferred to the laboratory in ice boxes. In the laboratory,
we removed the attached fat and excess connective tissues, washed them well with PBS,
and disinfected the tissues using sodium Braunol® (B. Braun) with shaking for 5 min.
After that, they were rinsed with PBS for 20 min before beginning the decellularization
procedures using the Trypsin (Trypsin/EDTA, T4049-100ML, Sigma Aldrich, St. Louis, MI,
USA), Triton X (TX-100, T8787-100ML, Sigma Aldrich, St. Louis, MI, USA), and sodium
dodecyl sulfate (SDS, L3771, Sigma Aldrich, St. Louis, MI, USA) (Trypsin + TX + SDS)
protocol described in [16]. Firstly, the tissues were incubated in 0.125% Trypsin−0.05%
EDTA for 90 min, followed by two cycles of incubation in 0.5% TX for 12 h each. After
that, two 12 h cycles of incubation in 0.5% SDS were achieved. Then, the tissues were
rinsed twice in water for 12 h/cycle. Eventually, fourteen 12 h cycles of rinsing in PBS
were accomplished. All incubation procedures were carried out at room temperature and
under 200 rpm shaking using an orbital shaker. The decellularized tissues were preserved
in PBS containing antibiotics (penicillin 1 mg/mL, streptomycin 1 mg/mL, amphotericin 1
mg/mL; 161-23181, Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) at 4 ◦C till the
time of use (Figure 1). All procedures were carried out following the Tokyo University of
Agriculture and Technology’s Institutional Animal Care and Use Committee’s assessment
and approval (Approval No. R05-90).

2.2. In Vitro Evaluation of the Decellularization Process
2.2.1. Histology

To assess the efficacy of the decellularization process, H & E staining procedures were
conducted to detect the nuclear materials as described by [39]. Briefly, the native and
decellularized tissues segments (n = 6/tissue) were fixed in 10% neutral buffered formalin
(Sigma-Aldrich, St. Louis, MO, USA) for 1 h, embedded in paraffin, cut into 5 µm sections,
and stained with hematoxylin and eosin (H & E, Sigma Aldrich, St. Louis, MO, USA).
The same procedures were adopted to check the biocompatibility of the decellularized
biomaterials seeded with r-AdMSCs on day 30 post-seeding.

2.2.2. Scanning Electron Microscope (SEM)

The morphology of the native and decellularized materials (n = 3) was assessed using
a scanning electron microscope (SEM) (JSM 6510 JEOL Ltd., Tokyo, Japan) [38,40]. Briefly,
the specimens were sliced into pieces of about 1 mm3, fixed with 2.5% glutaraldehyde, and
postfixed in 1% osmium tetroxide. Both were buffered using 0.1 mol/L sodium cacodylate
buffer pH 7.2. Then, the tissues were rinsed in the buffer and dehydrated in (15%, 30%,
50%, 70%, 90%, and 100%) serially increasing ethanol concentration for 10 min each before
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being dried with CO2 using the critical point drying technique. Ultimately, the sections
were coated with colloidal gold and examined using SEM at 10 KV acceleration voltage.
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Figure 1. Schematic illustration of the decellularization protocol employed in the present study.

2.2.3. Assessment of the Weight Loss

The initial (baseline) weight (W0) was measured after vacuum drying of the preserved
tissue samples to eliminate the water residues (pre-impregnation). Then, the samples
were immersed in PBS and incubated at 37 ◦C. The PBS solution was serially changed
every two days (impregnation). On day 7, the tissues were removed from the PBS, rinsed
using distilled water, and completely vacuum-dried (post-impregnation). We measured
the weights of these tissue samples again (W1). Subsequently, the following formula was
employed to estimate the rate of weight loss (%), where W0 and W1 are the pre- and
post-impregnation weights, respectively: weight loss (%) = [(W0 − W1)/W0] × 100 [41].

2.2.4. Biomechanics (Tensiometric Evaluation)

To study the biomechanics of different tested tissues, representative 25 × 5 mm2

(length × width) samples from the native and decellularized tissues (n = 6) were used. The
thickness of each sample was measured from its center using a digital caliper. For each
sample, the edge was clamped at both sides with custom grips and pulled to a length of
15 mm at a crosshead speed of 2 mm/min until the breakage point was attained, and the
data were analyzed. The measurements were conducted using a 100 N load cell on a tensile
testing machine (EZ-Test, Shimadzu, Kyoto, Japan). Stress–strain curves were gained
depending on the measured strength, length, and thickness of the sample. The ultimate
tensile strength (MPa), Young’s (elastic) modulus (MPa), and elongation at breakage (%)
were measured [42,43].

2.3. Isolation and Characterization of Rat-Adipose-Derived Mesenchymal Stem Cells (r-ADMSCs)

Inguinal adipose tissue was collected under strict sterile conditions. The isolation
of inguinal r-AdMSCs was cultured and characterized for pluripotency, stemness, and
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multilineage differentiation using flowcytometry, qPCR, and RT-PCR in our recently
published study [22].

2.4. In Vitro Assessment of the Cytocompatibility

The cytocompatibility of the decellularized BP, PP, and PTV tissues was assessed
in vitro according to a method modified after [38]. Briefly, 1 × 3 mm2 decellularized tissues
(n = 3/each tissue) were incubated for 24 h in an antibiotic mixture solution comprising
1 mg of penicillin + 1 mg of streptomycin + 0.5 mg of amphotericin dissolved in PBS. Then,
they were put in DMEM at 4 ◦C overnight. After that, they were cultured in Terasaki 3D
culture plate, cultivated with r-AdMSCs (n = 5 rats, 5 × 104 cells/decellularized tissue
sample), and incubated in DMEM for 24 h at 37 ◦C and 5% CO2. The tissue specimens
were then placed in a nonadherent 6-well plate, supplemented with DMEM, and incubated
again. The medium was replaced every 2–3 days. The tissues were extracted on days 1,
7, 14, and 30 of the culturing and fixed using 4% PFA for 10 min. Samples embedded in
paraffin were stained using hematoxylin and eosin (H & E).

2.5. In Vivo Assessment of Biocompatibility

The in vivo evaluation was performed via subcutaneous implantation of different
biomaterials in a rat model. The tissue specimens were cut into 10 × 10 mm2 pieces. Thirty
healthy male SD rats (2 months of age, and 250–300 g weight) were assigned into six differ-
ent groups (NBP, NPP, NPTV, DBP, DPP, DPTV; 5 rats/group). Animals were anesthetized
using an MMB intraperitoneal injection protocol (medetomidine 0.15 mg/kg, midazolam
2 mg/kg, butorphanol 2.5 mg/kg). Following shaving of the hair and sterilization of
the skin, a roughly 2 cm skin incision was performed in each group for the implantation
of the biomaterials subcutaneously at the back region. Then, the incisions were sutured
using 3.0 silk suture material [44]. To prevent infection after the closure of the skin inci-
sion, gentamicin was injected intraperitoneally for 3 successive days. Moreover, carprofen
(5 mg/kg subcutaneous) was administered pre-surgery and post-surgery for 2 days to
prevent animal pain after surgery. After awakening. Rats were placed in a recovery cage
with the temperature maintained at 37 ◦C overnight and then housed in cages in a room at
20–25 ◦C and 40–60% humidity, with a 12 h light–dark cycle. One month after implantation,
animals were euthanized using an overdose of isoflurane inhalation according to [45]. Then,
the collected implants were assessed using H & E stain. Infiltrated cells and newly formed
vessels were quantified for each sample in five microscopic fields at 400X magnification
power [44]. All procedures were carried out following the Tokyo University of Agriculture
and Technology’s Institutional Animal Care and Use Committee’s assessment and approval
(Approval No. R05-90).

2.6. Statistical Analysis

Comparison between various tissues was accomplished via one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test. GraphPad Prism software ver-
sion 9 (GraphPad Software, Inc., La Jolla, CA, USA) was used. Data were expressed as
mean ± standard deviation (SD). p < 0.05 was labeled as statistically significant.

3. Results
3.1. Histological Assessment

The H & E-stained tissues revealed the presence of many nuclei in the native pericardia
and tunica vaginalis tissues. The decellularization process could efficiently remove the
cellular part of the decellularized tissues with the preservation of intact ECMs. The wavy
appearance of the collagen bundles characteristic of the native tissues, NBP, NPP, and
NPTV, was observed in the decellularized tissues, DBP, DPP, and DPTV (Figure 2).
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3.2. Scanning Electron Microscopy

To visualize more structural details, SEM was performed. The serous side was
smoother, with better-arranged collagen fibers. The serous surface of the native BP, PP, and
PTV appeared more regular due to the presence of the mesothelial cell layer, which was
removed in the decellularized BP, PP, and PTV. Hence, the serous side in the decellularized
biomaterials appeared wavier due to the sub-mesothelial collagen tissue (Figure 3). On the
fibrous side, the collagen bundles appeared more organized in the native tissues. After
decellularization, the collagen fibers appeared looser and wider on the fibrous surface of
the decellularized tissues. Moreover, they were looser in the NBP and DBP tissues than in
the other tissues (Figure 3).

3.3. Weight Loss (%)

The findings of the in vitro weight loss reveal that there was no significant change
in the weight loss either between the different native tissues (6.21 ± 1.99, 8.65 ± 2.12,
and 8.54 ± 2.45 for NBP, NPP, and NPTV; respectively) or between the decellularized
tissues (8.36 ± 1.86, 8.27 ± 1.86, and 8.58 ± 2.29 for DBP, DPP, and DPTV; respectively
(Figure 4). In addition, the comparison of the weight loss of each material before and after
the decellularization showed no marked alterations (Figure 4).

3.4. Biomechanical Characters

The thickness of different tissues in this study is shown in Figure 5. The thickness
of NBP and NPTV was significantly (p < 0.001) higher than that of the NPP. Additionally,
the thickness of DBP and DPTV was markedly (p < 0.001) elevated compared to that of
the DPP (Figure 5). On the contrary, a comparison between the scaffolds revealed that
there was no significant change in the thickness of various biomaterials before and after the
decellularization (0.61 ± 0.07, 0.56 ± 0.07, 0.34 ± 0.09, 0.35 ± 0.05, 0.64 ± 0.12, 0.56 ± 0.9 for
NBP, DBP, NPP, DPP, NPTV, and DPTV; respectively) (Figure 5). A biomechanics evaluation
revealed that for the ultimate tensile strength, there was no significant change between the
native tissues and the decellularized tissues (Figure 6A). Moreover, the decellularization
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did not affect the tensile strength of the materials except in the tunica vaginalis, where
there was a significant (p < 0.05) decrease in the UTS of the DPTV compared to the NPTV
(Figure 6A). The breakage strain was significantly higher in the NBP versus the NPP
(p < 0.05), DBP versus DPTV (p < 0.0001) and DPP versus DPTV (p < 0.0001) (Figure 6 B).
The decellularization significantly affected the breakage strain of the porcine pericardium
as there was a marked (p < 0.0001) increase in the strain (%) of the DPP compared to the
NPP (Figure 6B). The Young’s modulus was significantly (p < 0.05) elevated in the NPP
compared to the NBP (Figure 6C). The Young’s modulus of the bovine pericardium and
porcine tunica vaginalis did not change significantly after the decellularization. However,
it was significantly (p < 0.0001) reduced in the DPP compared to the NPP (Figure 6C).
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3.5. In Vitro Cytocompatibility

To assess the biocompatibility of the various tested decellularized biomaterials, we
cultured the scaffolds with r-AdMSCs for 30 days. The cultured cells presented obvious
growth over time (Figure 7). The DBP and DPP showed higher cell proliferation compared
to the DPTV. On day 30, the cells harvested on the DPP exhibited superior growth. To
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confirm the cell adherence to the surface of the decellularized biomaterials, H & E staining
was performed, which revealed the presence of the AdMSCs on the peripheries of the
decellularized matrices as well as inside their matrices. These findings were more obvious
in DBP and DPP scaffolds and less obvious in DPTV. This indicates that both DBP and DPP
have higher biocompatibility than DPTV (Figure 8).
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3.6. In Vivo Assessment of Biocompatibility

Overall, the explanted subcutaneous materials showed no evidence of infection or
necrosis. There was an exudate fluid observed in the area of the native materials, which also
shrank. Histopathology revealed inflammatory cell infiltration into the implanted materials
(Figure 9). The inflammatory cell infiltration was significantly lower in the decellularized
matrices compared with the native ones (Figure 9A,B). Lymphocytes, plasma cells, and
macrophages were profusely observed in the native tissue implants. Fibroblasts could be
clearly observed in the decellularized matrices. However, the newly formed blood vessels
could only be detected in the decellularized material implants (Figure 9A,B).
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Figure 9. In vivo assessment of the biocompatibility of different tissues in the present study. Histolog-
ical assessment of different implanted materials (A). Quantification of the infiltrating inflammatory
cells and the newly formed blood vessels (B). Red arrow heads, macrophages; black arrow heads,
lymphocytes; yellow arrow heads, plasma cells; green arrow heads, fibroblasts; and black asterisk,
blood vessels. Scale bar: 200 µm. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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4. Discussion

The utilization of biomimetic materials, such as autologous and allogeneic pericardia,
appears to be an appropriate response to the clinical need for functional bio-replacements,
which is rising quickly. The ECM structure that makes up pericardial tissues ensures plia-
bility, conformability, and resistance to compression and promotes healing by repopulating
cells. Moreover, they are not instantly resorbable [42]. Thus, they are ideal biological
membranes for directed tissue regeneration. Patients’ comorbidities and the lack of donors
represent important restrictions from an auto- or allotransplantation therapeutic perspec-
tive. Xenogeneic decellularized pericardia of animal origin have been shown to have
characteristics that are comparable to those of human pericardia [31,46].

In the present study, a new approach to decellularizing xenogenic BP, PP, and PTV was
introduced to develop biologically active and biocompatible biomaterials for applications in
tissue engineering. The protocol merges the use of a biological enzymatic method (Trypsin)
and a chemical method using non-ionic detergent (TX) and ionic detergent (SDS) (Trypsin
+ TX + SDS). Over the years, several decellularization approaches, including physical,
chemical, and biological methods, have been employed to prepare decellularized ECMs for
tissue engineering applications. The physical methods of decellularization comprise high
hydrostatic pressure, freeze–thaw cycles, and superficial CO2 treatment [47]. The chemical
protocols imply the use of ionic detergents such as sodium dodecyl sulfate (SDS) or non-
ionic detergents such as Triton X-100 (TX) to destroy the cell membranes and separate
their interior assembly. In addition to totally solubilizing cell and nucleic membranes
and denaturing proteins, SDS is good at removing nuclear remnants. Meanwhile, TX,
the detergent most often used in decellularization procedures, aims to break down lipid–
lipid and lipid–protein associations while maintaining the integrity of protein–protein
interaction [48–50]. Biological decellularization strategies usually utilize enzymes including
Trypsin, dispase, and phospholipase A2. Furthermore, nucleases like DNAse are employed
to encourage the fragmentation of leftover DNA into tiny pieces to maximize cell clearance
and reduce immunological reactions [48].

In reconstructive or substitutive surgery, it has been shown that decellularized xeno-
geneic pericardia from other species [51,52], primarily bovine, provide comparable benefits
and bypass the limitations of human heterologous tissues [38,53–55]. However, the number
of comparative studies that have examined the impact of decellularization on various tis-
sues from various species in depth is still limited. According to our knowledge, this work is
the first to compare the effect of the Trypsin + TX + SDS protocol on the pericardia of bovine
and porcine animals and porcine tunica vaginalis. This study reveals that the Trypsin + TX
+ SDS protocol is efficient at removing cells from pig pericardium and tunica vaginalis as
well as bovine pericardium while having no negative effects on the ECMs of either species.
The two species’ original discrepancy in tissue thickness still exists. This was confirmed
by our findings from H & E staining and scanning electron microscopy. This is in line
with [38,52]. In our study, decellularized bovine and porcine pericardia appeared to have
the same capacity to tolerate tensile pressure as their native counterparts, which are distinct
from porcine tunica vaginalis. A similar finding regarding bovine pericardium has been
reported before [38,52]. However, the tensile strength of porcine pericardia was reported
to decrease after TRICOL decellularization [52]. This finding confirms the subtle effect
of the decellularization strategy adopted in the current investigation on the tensiometric
properties of decellularized scaffolds. Moreover, these abilities appear to be inextricably
linked to a species-specific biomechanical response of the tissues under study [52].

The eventual realization of the biological patches’ activities critically depends on their
performance characteristics during the biodegradation process [56]. Since the degrada-
tion of biomaterials relies on the collagenase enzyme [57], in the present work, native
and decellularized materials were stable in PBS. This confirmed the safety of preserving
decellularized tissues in PBS for a long time till the time of utilization [16]. Any scaffold
aiming to be a living substitute with the capacity for self-repair must offer a cell-friendly
environment that is repopulation-permissive once implanted. Implanted scaffolds will
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frequently come into contact with mesenchymal cells in clinical settings, whether they
are migrating from anastomotic tissues or being mobilized from the bone marrow (hBM-
MSCs) [46,51,58]. DBP and DPP produce a high level of proliferation. This discovery holds
promise for the maintenance of the key signals involved in the pericardium’s bioactivity
and, consequently, for the ability to forecast the repopulation of decellularized scaffolds
and the successful completion of a clinical application. It has been previously reported that
despite several washing steps, it is not possible to eliminate traces of the surfactant from the
treated material [59]. However, in our study, decellularized materials exhibited promising
cytocompatibility. This is consistent with previous research on the tissue cytotoxicity of
porcine pericardium decellularized with 0.1% SDS, which showed no cytotoxic effect on
fibroblasts from human skin [60]. Likewise, in another study, bovine pericardia decellular-
ized with low concentrations of SDS presented a low cytotoxic effect on hASCs [38]. On the
other hand, in another investigation, SDS-treated tissues still exhibited a cytotoxic impact
even after washing them for seven days, which was attributable to the significant anionic
detergent potential [61]. Excessive detergent residue levels have been linked to decreased
tensile strength and increased elastin fiber proteolysis, both of which may cause structural
degeneration later on [62], which was not recorded in our study. The ultimate goal of tissue
engineering is the creation of biological replacements that maintain, improve, or restore
tissue function. In this field of research, growth factors, cells, and/or scaffolds are used
to offer structural support and the potential for tissues to form following transplantation
in the patient’s body. Despite the availability of a wide range of materials, there is rising
interest in the necessity of biological tissue ECMs since they can transmit important cell
signals during interactions with the host tissue [63]. Hence, via cultivation with r-AdMSCs,
decellularized materials’ cytocompatibility was evaluated. Research has revealed that cell
culture on the pericardium and tunica vaginalis can be problematic since the tissue may
have small pores and insufficient area for cell growth [64,65]. On the other hand, our
findings show that the decellularized BP, PP, and PTV could still maintain the cells after
30 days of culture. Also, we found cells deep within the tissue, indicating migration
through the ECM of the tissue, which is consistent with previous studies [38,66].

In the present study, the biocompatibility and biodegradability of the materials were
assessed after subcutaneous implantation using H & E staining. Our findings reveal that
the inflammatory cell infiltration was severe in the native tissues. On the other hand, decel-
lularized materials did not induce potent inflammation. Similar findings were reported
by [44], who attributed this to the faint amount of residual DNA after decellularization.
Fibroblasts and newly formed blood vessels could be clearly detected in the DBP, DPP,
and DPTV implants in our experiment. These results confirm the biocompatibility of
these materials. Moreover, the decellularization protocol increases the pore size of tis-
sues [44]. The presence of a few macrophages in decellularized matrices implies their
biodegradability [67]. Ideal biomedical materials for implantation surgeries should ex-
hibit properties like strength, biocompatibility, biodegradability, availability of sterile
conditions, affordability, and sustainability [46,51]. All these characteristics are present
in Trypsin + TX + SDS-decellularized bovine pericardia and porcine pericardia and tunica
vaginalis, which are produced using an affordable decellularization method. They can
also be given to or provided by tissue banks in the best possible sterilized and conserved
condition for their off-the-shelf dispersion in clinical procedures [68,69]. Regarding surgical
applications, the decellularized porcine pericardium’s inferior thickness is particularly
desirable for cardiovascular applications like the engineering of cardiac tissue and the
construction of percutaneous devices, such as transcatheter heart valve replacements [42].
On the other hand, decellularized bovine pericardia and porcine tunica vaginalis might be
expected to show satisfactory tensile strength, failure strain, and thickness for applications
such as gastrointestinal reconstructive settings like repairing abdominal wall defects.
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5. Limitations of the Present Study

Despite the findings of in vitro cytocompatibility, corresponding H & E staining,
and in vivo S/C implantation, confirming the biocompatibility of different decellularized
biomaterials, in the present study, the proliferation assay is essential to precisely quantify
the degree of proliferation among these different materials. Moreover, the implementation
of bioinformatic techniques like proteomics in future experiments could be helpful to
elaborate in more detail on the influence of the decellularization protocol on the fine
structure of decellularized matrices and confirm the complete removal of any antigenic
components that may induce the immune system.

6. Conclusions

In conclusion, Trypsin + TX + SDS is a promising novel protocol for the successful
preparation of efficient decellularized extracellular matrices with high potential for tis-
sue engineering applications. Acellular pericardia and tunica vaginalis scaffolds offered
comparable profiles in terms of structural, biomechanical, and bioactivity properties af-
ter investigation. They may potentially be considered auspicious, bioactive materials for
reconstruction and replacement purposes. Also, the comparison provided here showed
that the less clinically employed acellular porcine pericardium could be a biomaterial of
interest for use in surgical reconstruction or replacement. On the other hand, decellularized
bovine pericardia and porcine tunica vaginalis are more appropriate for reconstruction of
tension-bearing organs.
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