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Abstract.
BACKGROUND: The necessity to manufacture scaffolds with superior capabilities of biocompatibility and biodegradability
has led to the production of extracellular matrix (ECM) scaffolds. Among their advantages, they allow better cell colonization,
which enables its successful integration into the hosted tissue, surrounding the area to be repaired and their formulations
facilitate placing it into irregular shapes. The ECM from porcine urinary bladder (pUBM) comprises proteins, proteoglycans
and glycosaminoglycans which provide support and enable signals to the cells. These properties make it an excellent option to
produce hydrogels that can be used in regenerative medicine.
OBJECTIVE: The goal of this study was to assess the biocompatibility of an ECM hydrogel derived from the porcine urinary
bladder (pUBMh) in vitro using fibroblasts, macrophages, and adipose-derived mesenchymal stem cells (AD-MCSs), as well as
biocompatibility in vivo using Wistar rats.
METHODS: Effects upon cells proliferation/viability was measured using MTT assay, cytotoxic effects were analyzed by
quantifying lactate dehydrogenase release and the Live/Dead Cell Imaging assay. Macrophage activation was assessed by
quantification of IL-6, IL-10, IL-12p70, MCP-1, and TNF-α using a microsphere-based cytometric bead array. For in vivo
analysis, Wistar rats were inoculated into the dorsal sub-dermis with pUBMh. The specimens were sacrificed at 24 h after
inoculation for histological study.
RESULTS: The pUBMh obtained showed good consistency and absence of cell debris. The biocompatibility tests in vitro
revealed that the pUBMh promoted cell proliferation and it is not cytotoxic on the three tested cell lines and induces the
production of pro-inflammatory cytokines on macrophages, mainly TNF-α and MCP-1. In vivo, pUBMh exhibited fibroblast-like
cell recruitment, without tissue damage or inflammation.
CONCLUSION: The results show that pUBMh allows cell proliferation without cytotoxic effects and can be considered an
excellent biomaterial for tissue engineering.
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1. Introduction

The need to manufacture biomaterials with superior biocompatibility and biodegradability capacities
for tissue regeneration is increasing [1]. Damaged tissue requires three factors to achieve regeneration,
cells, scaffolds, and biosignals [2]. The scaffolds based on natural extracellular matrix (ECM) confer
mechanical properties, stimulates the migration of cell populations, regulate biosignals that enhances
cell growth and differentiation of mesenchymal stem cells (MSCs) [3–5], achieving synergy capable of
restoring the functions of the affected or diseased tissues and organs [6–10]. The specific elements of ECM
consist of collagens, elastins (primary structural elements, the most abundant), and noncollagenous pro-
teins such as fibronectin, vitronectin, osteopontin, glycosaminoglycans (GAGs), and growth factors [11].
GAGs (heparans, dermatans, chondroitins, and hyaluronans) act as crosslinkers and can store growth
factors, and cytokines/chemokines due to their negative charge and binding sites for specific proteins [11].

ECM scaffolds can be obtained from different tissues such as the pancreas, skin, bone, small intestine,
liver, and urinary bladder, among others [12]. In this context, ECM hydrogel scaffolds are considered
an alternative due to their ability to fill an irregularly shaped space and have the advantage of being
injectable, which facilitates access to areas with minimal surgical intervention [13]. Hydrogels can be
prepared from various sources of ECM through decellularized tissues, pepsin solubilization process, and
then polymerized under physiological conditions [14–16]. The solubilized or polymerized ECM has also
been evaluated with different cells, determining cell biocompatibility in vitro and showing various effects
on cell metabolism and macrophage stimulation [17,18]. It has also been reported that hydrogels can
improve the recruitment of inflammatory cells in injured areas and stimulate macrophages and fibroblasts
in the wound healing process [19,20]. On the other hand, the preparation of hydrogel scaffolds include the
exposure to trypsin or detergent are typical used for decellularization [13,21,22] and enzymatic digestion,
commonly with pepsin, is used for solubilization.

The hydrogel is physical and chemical cross-linked hydrophilic scaffold to which biological molecules
can be conjugated, creating a 3D environment almost identical to the native ECM [23]. Hydrogels are
defined as highly hydrated polymeric materials (>30% water by weight). ECM hydrogels expand their
use because due to their easy handling, they allow the infiltrated being to show great capacity to fill an
irregularly shaped space, preserving the bioactivity of the native matrix [18].

The ECM derived from the porcine urinary bladder (pUBM) enhances the migration of specific
progenitor cells, incorporates fully into wounds, and promotes the formation of site suitable tissue through
constructive modeling with a parallel anti-inflammatory response [24], making it a substrate for cell
attachment, differentiation, and proliferation [25]. Besides, pUBM, in the form of particulate or patches,
has been broadly investigated in preclinical studies about tissue remodeling for the urethra, larynx,
esophagus, and heart, and lately, it has been investigated in the form of a hydrogel. Nevertheless, given
the lack of standard protocol for the preparation of hydrogel scaffolds, this work aimed to evaluate the in
vitro and in vivo biocompatibility of a pUBM hydrogel (pUBMh).

2. Materials and methods

2.1. Preparation of pUBMh

Porcine urinary bladders were harvested from Chester White market pigs (Fapsa y Asociados, Sinaloa,
Mexico), quality certified ISO 9001–2008. Decellularization protocol was followed according to Silva
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et al., with some modifications [26]. The bladders were decontaminated by rinsing in 10% iodine solution
and transported in phosphate-buffered saline (PBS) with 100 IU/mL penicillin and 100 mg/mL strepto-
mycin. A sample of complete urinary bladder was taken as a control. First, the inner layer (submucosa) of
the tissue was separated from the muscle by mechanical delamination and then stirred in 0.25% trypsin
solution overnight. Histological analysis was developed to evaluate cell removal, finally, to prepare pUBM
pre-gel the remnants were frozen, lyophilized, and milled to create a powder and finally digested with
pepsin for solubilization. Then, the pUBM-hydrogel was obtained by mixing the pUBM pre-gel with PBS
1× and NaOH (1 M) allowing it to gel for 30 min at 37 °C, and then it was stored at −20 °C. To determine
cellular content, samples before and after trypsin digestion were fixed in 10% formalin, embedded in
paraffin, and cut into 7-μm sections. The slices were stained with H&E and images were taken at 10× and
40× using a TCS SP8 microscope system (Leica, Germany).

2.2. Cell culture conditions for biocompatibility assays

3 different cells lines were used to determine the biocompatibility of hydrogels in vitro, RAW 264.7
murine macrophage (TIB-71, ATCC), NIH/3T3 murine fibroblast (CCL-92, ATCC), and human Adipose-
Derived Mesenchymal Stem Cells (AD-MCSs, PCS-500-011, ATCC) were grown with Dulbecco’s
Modified Eagle’s Medium (DMEM, GIBCO, USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS, GIBCO) and Penicillin-Streptomycin (10,000 U/mL) (Gibco) at 37 °C with 5% CO2. Cells
of the third passage were used at 80% of cell confluence for experiments. Cells were harvested using
0.25% trypsin-EDTA (GIBCO).

2.3. pUBMh extracts preparation for biocompatibility assays

A conditioned medium for evaluation of cell biocompatibility in vitro was prepared from pUBMh.
First, 1 ml of hydrogel (20 mg/ml) and 9 ml of supplemented medium were placed with 0.05 mm glass
beads in a tissue disruptor for 1 min at maximum speed (Disruptor Genie, Scientific Industries, USA) and
incubated at 37 °C with constant shaking for 24 h. Finally, the conditioned medium was centrifuged at
13,000 rpm and the recovered supernatants were filtrated with a 0.22 μm membrane (Cytiva Whatman,
USA). This cultured medium was used for LDH, MTT, live/dead, and cytokine expression assays.

2.4. Cellular proliferation assay

Cell proliferation/viability was measured using the MTT assay (CellTiter 96 NON-Radioactive Cell
Proliferation Assay, PROMEGA, USA). The cells were cultured in 96-well plates with supplemented
medium DMEM placing 7.5 × 103 cells/well. At 24 h media were replaced and cells were exposed to the
conditioned medium during 24, 48, and 72 h, and after incubation measures were performed. Briefly,
in 100 μL of culture medium cells were incubated with 15 μl of tetrazolium salt solution for 2 h. The
violet formazan salts were then dissolved by adding 100 μl of stop solution. The optical density (OD) was
measured at 570 nm in a microplate reader.

2.5. Cytotoxicity of pUBMh assay

To evaluate the pUBMh cell lysis effect, cells were cultured in 96-well plates with supplemented
medium DMEM at a density of 15 × 103 cells/well. At 24 h media were replaced by conditioned
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medium and after 24 h cytotoxicity was measured by quantifying lactate dehydrogenase (LDH) release
in supernatants by colorimetric assay following the manufacturer’s instructions (LDH Cytotoxicity assay,
Sigma-Aldrich, USA). OD was measured at 490 nm in a microplate reader.

2.6. Live/dead assay

Live/Dead assay was performed to evaluate cell membrane integrity using thiazole orange and pro-
pidium iodide. Cells were seeded in 24-well plates with supplemented medium DMEM at a density of
10 × 104 cells/well. At 24 h media were replaced, and cells were exposed to conditioned medium for 24 h,
and then incubated with thiazole orange 84 nM (Sigma-Aldrich) and propidium iodide 4.3 μM (Sigma-
Aldrich) for 5 min at room temperature. The samples were then examined using a TCS SP8 microscope
system at 40×. Relative fluorescence units (RFU) were measured, and percentages for cell viability were
obtained.

2.7. Cytokine expression analysis

For evaluation of macrophage response to pUBMh, RAW 264.7 macrophages were cultured into a 24
well plate with supplemented medium DMEM placing 5 × 105 cells/well. At 24 h media were replaced
by conditioned medium and after 24 h cytokine expression was evaluated in supernatants by measuring
in supernatants concentrations of IL-6, IL-10, IL-12p70, MCP-1, and TNF-α, using a microsphere-based
(CBAs) according to manufacturer’s instructions (BD Bioscience, USA). Data were acquired using Accuri
C6 flow cytometer and quantification with FCAP Array software v3.0 (BD Bioscience). LPSs were used
to treat cells as a positive control.

2.8. In vivo biocompatibility

To determine in vivo biocompatibility of pUBMh a subcutaneous inoculation model was employed.
3-month-old Wistar rats (250–300 g) were anesthetized by placing 1 μL of sedative cocktail (70%
Ketamine, 15% Xylazine, 15% Injectable water) per mg of weight, intramuscularly. Briefly, the back
was shaved and disinfected with 70% alcohol, then 200 μl of pUBMh, positive control (chloroform) or
negative control (PBS 1X) were inoculated into the dorsal region, taking as reference the midline of the
back. The specimens were sacrificed at 24 h and immediately 2 in diameter of tissue were cut around the
inoculation area, the tissue was fixed with 1X Phosphate Buffered Saline (PBS) with 4% paraformaldehyde
and histological evaluations were carried out to observe the inflammatory reaction. Ethical issues use of
animals was approved according to the signed statement of the Animal Ethics Committee of the Faculty
of Biological and Chemical Sciences, University Autonomy of Sinaloa.

2.9. Histological section and H&E staining

The complete urinary bladder, pUBM, and the implants harvested were fixed in 10% formalin,
embedded in paraffin, and cut into 7-μm sections. The sample slices were stained with H&E. Images
were taken using a TCS SP8 microscope system.
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2.10. Statistical analysis

Experiments were performed three times by triplicate, and results were represented as mean ± SD.
ANOVA and Dunnet’s post hoc test were used for 3 or more parametric variables. p < 0.05 was considered
statistically significant.

3. Results and discussion

3.1. pUBMh obtained is a cell-free scaffold

ECM material in the form of hydrogel has broad potential in vitro and in vivo application. According
to Saldin et al., the prerequisites for preparing ECM hydrogel are that the tissues must be effectively
decellularized to retain the ECM scaffold and the resulting substratum should be able to be enzymatically
solubilized and neutralized into hydrogel form under appropriate physiological conditions [13]. Thus,
after performing the mechanical delamination of the urothelia, we continued with the enzymatic digestion
using trypsin/EDTA. We found through images and analysis of the section stained with H&E the removal
of cellular components (Fig. 1). Native bladder ECM free of trypsin treatment was used as control showing
cellular content with defined nuclei (Fig. 1A and B, black arrows). Besides, we corroborate that the
methodology by Silva et al., with some modifications [26], is sufficient to obtain a cell-free scaffold since
the absence of nuclei and the presence of acellular gaps after trypsin treatment (Fig. 1C and D, red arrows).

3.2. Cell biocompatibility with pUBMh extracts

The effects on cell proliferation of the ECM extracts were evaluated by an MTT assay that measures
the metabolic activity of the cells. All cell lines treated with pUBMh presented a higher metabolic
activity than the control group (DMEM) at 24, 48 and 72 h, showing greater cell viability (Fig. 2D, E
and F). Interestingly, all three cell lines showed increased proliferation at 48 h compared to the DMEM
control, and this behavior continued to increase up to 72 h. Proliferation in different cell lines has been
shown to be positively affected by the presence of demineralized and decellularized bone extracellular
matrix hydrogels [27,28]. pUBMh is manufactured as a cellular component-free scaffold facilitating rapid
degradation and prompt replacement with site-appropriate functional host tissue and cells. It has been
shown that the presence of cell debris has been related to inflammatory cells and macrophages with the
M1 polarization profile [29]. Decellularized ECM is also known to be source-dependent, as those derived
from skeletal muscle, dermis, colon, brain, and urinary bladder can reduce macrophage MTT metabolism
by up to 50%, whereas ECM from the submucosa of the small intestine, esophagus, and liver does
not affect cellular metabolism [17]. However, in this study, we found that pUBMh induced upregulated
metabolic activity of macrophages without promoting cell lysis or interfering with cell proliferation.
This could be due the polarization of macrophages from M1 to M2 that is induced by the pUBM as
it has been previously described by Page et al. [30]. Therapies promoting increased M2 or decreased M1
macrophage polarization in the later stages of wound healing are adequate at enhancing wound healing
even in diabetic patients [31,32]. Nevertheless, more studies need to be developed to demonstrate the
macrophages polarization in our model.
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Fig. 1. Porcine UBM decellularization. pUBM shows cellular content before treatment with trypsin/EDTA, at 10× (A) and 40×
(B) magnification (black arrows). Free-cell regions with the absence of nuclei and the presence of acellular lacunae (red arrows)
are evident in pUBM after trypsin/EDTA treatment, at 10× (C) and 40× (D) magnification (red arrows). Histological slides
(H&E), scale bar 100 μm.

Fibroblasts are cells regularly used for exploring biocompatibility on ECM-based material [33]. In our
case, a marked induction in proliferation was observed after 48 h, maintaining this behavior until 72 h,
which is the expected, since this behavior is key in this type of cell, as they are responsible for maintenance
of the stroma by synthesizing growth factors and cytokines responsible for cell recruitment, essential
for tissue regeneration [34]. Besides, recent cell therapies are based on the use of ECM, cryopreserved
placental tissue, and fibroblasts to induce tissue regeneration [35]. Regarding AD-MCSs cells, our results
showed a slightly higher behavior in proliferation after 48 h, becoming potentiated at 72 h. This delay
could be caused by culture conditions since this cells grow better in mesenchymal stem cell basal
medium (MSCBM) and supplemented with 2% FBS, 5 ng/mL rh FGF basic, 5 ng/mL rh FGF acidic,
5 ng/mL rh EGF, 2.4 mM L-Alanyl-L-Glutamine [36]. It has been shown that failure of tissue regeneration
can lead to fibrosis orchestrated by chronic inflammation, leading to nonfunctional tissue or damaged
neoformation [37] but, when MSCs cells are placed, they could greatly reduce inflammatory conditions,
since they synthesize anti-inflammatory cytokines and proangiogenic factors [38]. For instance, the
hepatocyte growth factor increases the expression of matrix metalloproteinases 1, 3 and 13, thus favoring
the remodeling of ECM, as well as the low expression of TGF-β1, COL-1 and COL-3 in hepatocytes [39].
In our study we evaluated these types of cells as they are closely linked in tissue regeneration processes.
The combination of all the elements creates an ideal niche, given their intimate interaction which
minimizes the undesired effects of healing damaged tissue, promoting optimal conditions [40].
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Fig. 2. To analyze proliferation induced by pUBMh extract, MTT assay was developed in macrophages (A), fibroblasts (B)
and AD-MCSs (C). All cell lines showed increased cell viability from 24 to 72 h with both, pUBMh and DMEM. To evaluate
cytotoxicity, a total of 4 mg/mL were incubated in contact with macrophages (D), fibroblasts (E) and AD-MCSs (F). Interestingly,
we found that LDH release patterns were similar among the different cell lines when compared to the DMEM group (pUBMh
versus DMEM) and statistical differences were only found when OD was compared to LDH release of control (lysed cell,
p < 0.0001).

When working with materials from decellularized scaffolds, the cytotoxicity should be studied given
their immunogenicity and the toxicity of the residual chemicals from the decellularization reagents [41].
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For this reason, the release of LDH from lysis was measured (Fig. 2A, B and C) Optical Densities
(OD) were higher in macrophages (0.135 ± 0.08 versus 0.102 ± 0.04 OD) compared to fibroblasts
(0.072 ± 0.03 versus 0.067 ± 0.02 OD) and MCS (0.048 ± 0.02 versus 0.062 ± 0.01 OD). Statistical
differences were only found when OD was compared with LDH release from the control (lysed cell,
p < 0.0001). Furthermore, the live/dead assay allowed to identify that there is no disruption in the
integrity of the cell membrane in any of the cells treated with pUBMh. Additionally, fibroblasts and
MSCs showed a typical cell morphology. The live cell percentages of macrophages (92.8% vs. 93.5%),
fibroblasts (93.1% versus 92.9%), and MSCs (96.4% versus 95.8%) revealed cells free of membrane
damage and the percentage of living cells was similar to that of the control group (Fig. 3A, B and C). In
addition, cell morphology was not compromised after exposure to the soluble extract (Fig. 3E, D, and F)
demonstrating that pUBMh is not cytotoxic to any of the cell lines, on the contrary, induced an upregulated
metabolic activity of fibroblasts, macrophages and MSCs without promoting cell lysis or interfere on cell
proliferation.

3.3. pUBMh stimulates IL-12, TNF-α and MCP-1 pro-inflammatory cytokines production in
macrophages

Evaluating the cytokine profile in macrophages is of great relevance to obtain information on the impact
of pUBMh on the processes of inflammation and cell recruitment. Our results showed that according
to the proinflammatory cytokine expression profile, pUBMh promotes polarization towards M1, since
after exposure to the hydrogel extract in macrophages, we found an increase in the proinflammatory
cytokine IL12 (31.18 ± 25.68 versus 14.10 ± 0.37 pg/mL) (Fig. 4C) and TNF-α (1357.99 ± 27.29 versus
247.37 ± 18.91 pg/mL) (Fig. 4B). The chemotactic cytokine MCP-1 was also increased (414.70 ± 16.38
versus 118.96 ± 6.40 pg/mL, p = 0.000) (Fig. 4D). On the other hand, the concentration of IL-6 (25.57
± 5.26 versus 16.07 ± 7.39 pg/mL) and the concentration of the anti-inflammatory cytokine, IL-10
(43.22 ± 2.76 versus 40.39 ± 4.55 pg/ml) (Fig. 4C and E) were not altered by exposure to pUBMh
hydrogel extract. Other authors have reported that urinary bladder matrix can promote the M2 phenotype,
expressing surface markers of Fizz1 and CD206 with low levels of M1-like iNOS expression [17].
Under normal physiological conditions, damage or injury promotes inflammation to increase blood flow
and extravasation, inducing accumulation of interstitial fluid, leukocytes, recruitment of inflammatory
mediators, and upregulation of proinflammatory cytokines, commonly IL-1β and TNF-α [42,43]. There
are reports focused on the regeneration of liver tissue where they observe a dose-dependent increase
in mitotic rates, when exposed to TNF-α [44,45]. It is also known that IL-6 increases in liver tissue
regeneration, since TNF-α orchestrates the synthesis of IL-6 [46], this suggests that the pUBMh hydrogel
promotes proinflammatory cytokines to initiate a regenerative process. On the other hand, it has been
shown that MCP-1 is a chemotactic cytokine that actively induces angiogenesis and vasculogenesis
process [47,48], by regulating VEGF and HIF-α through the activation of the transcription factor ETS-
1 [49]. Our results allow us to suggest that the stimulation of pUBMh promotes angiogenesis through
the activation of secondary factors due to the effect of MCP-1. Li et al. showed that IL-12 induces a
significantly faster onset and higher metabolic activity of the inflammatory response in wounded skin
during the early moments of wound healing [50]. Immediately after injury, the macrophage reaches the
injury site via diapedesis, aiding the IL-12-mediated T cell response [51]. This demonstrates that each of
the cytokines expressed in this study are involved in early stages of inflammation. which would induce an
adequate tissue regeneration pathway. However, more experiments are required to confirm these possible
mechanisms.
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Fig. 3. Cell viability of macrophages, fibroblasts and AD-MCSs in contact with pUBMh extract was evaluated using
LIFE/DEATH Cell Viability Assay by confocal microscopy. Cell viability did not show significant differences (pUBMh versus
DMEM) and differences were only found when compared to the positive control of dead (A, B and C) demonstrating that pUBMh
is biocompatible with multiple cell lines. Moreover, cellular morphology was not compromised after soluble extract exposure as
was confirmed by confocal microscopy (D, E, and F).

3.4. pUBMh acts as a scaffold allowing host fibroblastic-like cells colonization in vivo

For in vivo biocompatibility, a model of subcutaneous transplantation in mice was used to inves-
tigate their capability for cellularization, vascularization and immunoregulatory effect of pUBMh. It
was possible to observe that the pUBMh promotes the recruitment of cells, including macrophages,
lymphoblastic and fibroblastic-like cells with absence of inflammatory cells (Figures 5 B and C). This type
of behavior have been seen using hydrogel derived from the extracellular matrix of the human umbilical
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Fig. 4. Proinflammatory cytokine production in macrophages exposed to pUBMh extract. We found an increase in pro-
inflammatory cytokines TNF-α (B), IL-12 (C) and for chemotactic cytokine MCP-1(D). On the other hand, IL-6 and anti-
inflammatory cytokine IL-10 (A and E) concentrations were not altered by pUBMh extract exposure.

cord, observing an improvement in the colonization of host cells in the implantation zone [52]. Our
results are in agreement with Wue et al. and showed that hydrogels derived from natural ECM molecules
have numerous potential advantages for therapeutic applications including strong bioactive substances
to supply vital microenvironment, simple to deliver via injections to fill irregular and large defects, and
no risk of immunologic rejection when applied during allografting [53]. Besides, it has been shown that
porcine urinary bladder matrix preserve multiple intrinsic growth factors, including TGF-β, VEGF, PGF,
BMP4 and FGF, which directly impact wound healing [54]. Besides, antimicrobial properties of pUBM to
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Fig. 5. In vivo biocompatibility of pUBMh. 24 h after subcutaneous injection in the dorsal region of pUBMh (A, B and C) and
chloroform (D, E and F) as damage control, reaction tissue was observed. pUBMh remains stable in a well-defined area (black
circle), without any dermal abnormalities (A). At 10×, low cellularity was observed within the material (B). Higher magnification
(40×) (black box) showed the pUBMh fibrillar structure, with few polymorphonuclear and fibroblast-like cells present (C). In
contrast, the chloroform injection caused severe damage by inducing a hematoma (D). At 10× the severe inflammatory infiltrate
can be seen, as well as loss of dense connective tissue cohesion (E) and at 40× magnification the presence of epithelioid-type
macrophages interspersed with fibroblastoid-type cells (F). Scale bar 50 μm.

Staphylococcus aureus and Escherichia coli enhance healthy functional tissue regeneration with increased
chemotactic activity [55].
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4. Conclusions

We confirmed that the methodology designed to obtain pUBMh is highly reproducible and easy to
apply. This biomaterial, when implemented under in vitro conditions, induces proliferation in fibroblasts,
in macrophages the synthesis of proinflammatory cytokines such as MCP-1, TNF-α and IL-6 and is free
of cytotoxicity in MSCs. While when used in vivo studies, it was shown that it allows the recruitment of
polymorphonuclear and fibroblastoid cells from the host itself, which indicates that it could be an inducer
of true tissue regeneration, free from inflammation of the surrounding tissues. This indicates that pUBMh
is a scaffold that could be used free mixed with biomolecules or cells, inducing proliferation and allowing
the complete regeneration and reparation of different tissues, which makes it an outstanding candidate for
in vivo and preclinical studies.
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