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A B S T R A C T

The increasing economic burden of wound healing in healthcare systems requires the development of functional
therapies. Xenografts with preserved extracellular matrix (ECM) structure and biofunctional components over-
come major limitations of autografts and allografts (e.g. availability) and artificial biomaterials (e.g. foreign body
response). Although porcine mesothelium is extensively used in clinical practice, it is under-investigated for
wound healing applications. Herein, we compared the biochemical and biological properties of the only two
commercially available porcine mesothelium grafts (Meso Biomatrix® and Puracol® Ultra ECM) to traditionally
used wound healing grafts (Endoform™, ovine forestomach and MatriStem®, porcine urinary bladder) and
biomaterials (Promogran™, collagen/oxidized regenerated cellulose). The Endoform™ and the Puracol® Ultra
ECM showed the highest (p<0.05) soluble collagen and elastin content. The MatriStem® had the highest (p<0.05)
basic fibroblast growth factor (FGFb) content, whereas the Meso Biomatrix® had the highest (p<0.05) trans-
forming growth factor beta-1 (TGF-β1) and vascular endothelial growth factor (VEGF) content. All materials
showed tissue-specific structure and composition. The Endoform™ and the Meso Biomatrix® had some nuclei
residual matter. All tissue grafts showed similar (p>0.05) response to enzymatic degradation, whereas the Pro-
mogran™ was not completely degraded by matrix metalloproteinase (MMP)-8 and was completely degraded by
elastase. The Promogran™ showed the highest (p<0.05) permeability to bacterial infiltration. The Promogran™
showed by far the lowest dermal fibroblast and THP-1 attachment and growth. All tested materials showed
significantly lower (p<0.05) tumor necrosis factor-alpha (TNF-α) expression than the lipopolysaccharides group.
The MatriStem® and the Puracol® Ultra ECM promoted the highest (p<0.05) number of micro-vessel formation,
whereas the Promogran™ the lowest (p<0.05). Collectively, these data confer that porcine mesothelium has the
potential to be used as a wound healing material, considering its composition, resistance to enzymatic degra-
dation, cytocompatibility, and angiogenic potential.
1. Introduction

Wound healing represents a substantial financial burden in current
healthcare systems with estimated annual healthcare expenditure in
excess of $50 billion in the United States alone [1]. The estimated global
prevalence is over 3.5 per 100,000 people, which continuously raises, as
life expectancy and disease associated non-healing conditions (e.g. dia-
betes) increase [2,3]. It is thus urgent and imperative to develop func-
tional therapies for wound healing applications.

Decellularized xenografts have shown promise in wound healing
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evier Ltd. This is an open access
management [4–8], overcoming disadvantages of human grafts (e.g. low
availability, donor site morbidity) and synthetic biomaterials (e.g.
foreign body response). Yet again, there is no consensus on the ideal
xenograft, considering the scattered therapeutic efficacy and efficiency
(e.g. the porcine dermal matrix Permacol™ in hernia [9,10] repair, the
porcine small intestine submucosa CorMatrix® in pediatric cardiovas-
cular surgery [11,12] and the porcine dermal matrix Strattice® in breast
reconstruction [13,14] have shown both positive and negative results).

Porcine mesothelium is a tissue rich in connective tissue (CT, e.g.
collagens types I and III, elastin, fibronectin) and basement membrane
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(BM, e.g. collagen type IV and laminin) proteins and growth factors (e.g.
FGF-2, TGF-β, VEGF) [15–17]. These extracellular matrix (ECM) com-
ponents present recognition motifs that promote the attachment and
proliferation of cells [18–20], contributing to the high cytocompatibility
and low immunogenicity in vitro of porcine mesothelium [21,22] and
allowing re-epithelialization in vitro, promoted by its BM components
[22,23]. Furthermore, growth factors retained within the porcine
mesothelium matrix promote wound healing events, such as cell prolif-
eration and angiogenesis in vivo [22,24,25]. Such features clearly illus-
trate their potential in the wound healing scenario, where cell
proliferation, re-epithelialization, and angiogenesis are desirable events
to be promoted. Despite all these advantages, commercially available
porcine mesothelium grafts have only been used in breast [13], cartilage
[26], and nasal [27] reconstruction and as a tendon protector sheet [21].

Herein, we compared the biochemical and biological properties of the
only two commercially available porcine mesothelium grafts [Meso
Biomatrix® and Puracol® Ultra ECM (PM-MB and PM-PC)] to tradi-
tionally used wound healing grafts [ovine forestomach—Endoform™
(OF-EF) [28] and porcine urinary bladder—MatriStem® (PUB-MS) [29,
30]] and biomaterials [collagen/oxidized regenerated cellulose—Pro-
mogran™ (CORC-PG) [31–34]] that have also shown efficiency and ef-
ficacy in wound healing clinical trials.

2. Materials and methods

The products assessed in this study are provided in Table 1. All
chemicals and consumables were purchased from Sigma-Aldrich
(Ireland), unless otherwise stated.

2.1. Sodium dodecyl sulphate–polyacrylamide gel electrophoresis

The presence of soluble collagen type I was assessed with sodium
dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) [35].
Briefly, small pieces of eachmaterial were cut, weighed, and incubated in
1 mg/mL pepsin (P6687, Sigma-Aldrich, Ireland) in 0.5M acetic acid
overnight at 4 �C under continuous agitation (1 mg of material per 1 mL
of pepsin/acetic acid solution). Solutions were then centrifuged (Heraeus
Fresco 17 Centrifuge, Thermo Fisher, Ireland) at 13,000 rpm and 4 �C for
15 min, supernatants were recovered and loaded onto a Mini-Protean 3
SDS-PAGE unit (Bio-Rad Laboratories, UK). Three percent stacking and
5% separation gels were used. Purified collagen type I (CBP2US, Syma-
tese, France) was used as standard. Gels were stained using the Silver-
Quest™ Silver Staining kit, as per manufacturer's protocol (Thermo
Fisher, Ireland).

2.2. Elastin and collagen quantification

Elastin content was quantified using the Fastin™ Elastin Kit (Bio-
color, UK), as per manufacturer's protocol. The total amount of collagen
in each material was analyzed by hydroxyproline assay [35]. Briefly,
5 mg of each sample were hydrolyzed in 6MHCl at 110 �C overnight. The
hydrolysates were then centrifuged (Heraeus Pico 17 Centrifuge, Thermo
Fisher, Ireland) at 15,000 g and room temperature for 10 min and 10�,
50�, and 100� dilutions of the supernatants were prepared. One hun-
dred ten microliters of these dilutions were transferred to a micro-
centrifuge tube and 176 μl of chloramine-T reagent were added. The
Table 1
Commercially available products that were assessed in this study.

Product description & name

Collagen/Oxidized regenerated cellulose—Promogran™ (CORC-PG), Acelity™, USA
Ovine forestomach—Endoform™ (OF-EF), Hollister Wound Care, USA
Porcine urinary bladder—MatriStem® (PUB-MS), ACell®, USA
Porcine mesothelium—Meso Biomatrix® (PM-MB), DSM Biomedical, Netherlands
Porcine mesothelium—Puracol® Ultra ECM (PM-PC), Medline Industries, USA
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samples were then mixed and incubated for 10 min at room temperature.
After incubation, 460 μl of Ehrlich's reagent were added, the samples
were vortexed (Fisherbrand™ Classic Vortex Mixer, Thermo Fisher,
Ireland) for 30 s and incubated at 70 �C for 10 min. Then, 200 μl of each
sample were transferred to a well of a 96-well plate and absorbance
(Varioskan Flash Spectral Scanning Multimode Reader, Thermo Fisher,
Ireland) was measured at 555 nm. The hydroxyproline corresponding to
the elastin (1% wt/wt) was subtracted from the total hydroxyproline
content. The remaining hydroxyproline amount was used to calculate the
collagen content by dividing by 0.135 (13.5% wt/wt) [35].

2.3. Growth factor quantification

The content of growth factors was assessed using ELISA [22]. Briefly,
samples were weighed and proteins were extracted using a radio-
immunoprecipitation assay extraction buffer (R0278, Sigma-Aldrich,
Ireland) with a protease inhibitor cocktail (P9599, Sigma-Aldrich,
Ireland). To each sample, 1 mL of extraction buffer was added and
samples were incubated in a tissue homogenizer (TissueLyser LT, Qiagen,
UK) overnight at 50 rpm and 4 �C. Samples were then centrifuged
(Heraeus Fresco 17 Centrifuge, Thermo Fisher, Ireland) at 13,000 rpm
and 4 �C for 15 min. Supernatants were then concentrated using Pierce™
3K Concentrators (Thermo Fisher, Ireland), and basic fibroblast growth
factor (FGF-basic), vascular endothelial growth factor (VEGF), and
transforming growth factor beta-1 (TGF-β1) content was measured using
ELISA DuoSet® kits (DY233, DY293B and DY240, respectively; R&D
Systems, UK), as per manufacturer's protocols.

2.4. Histology and immunohistochemistry analysis

For further compositional analysis, samples were cut into 1 cm2

pieces, hydrated for 2 h in phosphate-buffered saline (PBS) at room
temperature and then stored at �80 �C in Tissue Freezing Medium®
(Leica Biosystems, Ireland). Transverse cryosections of 5 μm thickness
were obtained using a CM1850 Cryostat (Leica Biosystems, Ireland)
operating at �20 �C. The cryo-sections were subsequently stained with
hematoxylin/eosin, Picrosirius red and Masson's trichrome using DPX
mountant (06522, Sigma-Aldrich, Ireland) [36].

Immunohistochemistry analysis was carried out for collagen type I
(ab90395, Abcam, USA), collagen type III (ab7778, Abcam, USA),
collagen type IV (ab6586, Abcam, USA), elastin (ab21610, Abcam, USA),
laminin (L939, Sigma-Aldrich, Ireland), and fibronectin (F7387, Sigma-
Aldrich, Ireland) [36]. Cryosections were blocked at room temperature
with 5% normal goat serum and 0.1% Triton X-100 in PBS for 1 h. The
sections were then incubated with the primary antibodies diluted in
blocking buffer overnight at 4 �C, followed by three washes in PBS at
room temperature. Subsequently, secondary antibodies at 1:500 in
blocking buffer were added (Alexa Fluor 488 goat anti rabbit and Alexa
Fluor 555 goat anti mouse, Life Technologies, Ireland) for 1 h at room
temperature, followed by three washes in PBS at room temperature. To
assess whether any cellular remnants had remained, sections were
stained with Hoechst (H1399, Invitrogen, Ireland) at 1:5,000 in PBS for
5 min at room temperature. Sections were then mounted with Fluo-
romount™ Aqueous Mounting Medium (F4680, Sigma-Aldrich, Ireland),
left for 2 h at room temperature and then stored at 4 �C. Images were
taken with an inverted fluorescence microscope (IX81, Olympus, UK).

2.5. Enzymatic degradation

Resistance to collagenase [35] and elastase [37] degradation was also
assessed. Briefly, 5 mg pieces of each material were cut and placed into
Eppendorf tubes. One milliliter of Tris–HCl buffer pH 7.40 containing 50
U/mL of matrix metalloproteinase (MMP)-8 (17101015, Gibco®,
Ireland) or Tris buffer pH 8.5 containing 0.1 U/mL of elastase (E7885,
Sigma-Aldrich, Ireland) was added. The samples were then incubated at
37 �C under agitation in an orbital shaker (MaxQ 4000, Thermo Fisher,
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Ireland) at 150 rpm for 2, 4, 8, 12, and 24 h. The solubilized portion was
discarded after centrifugation (Heraeus Pico 17 Centrifuge, Thermo
Fisher, Ireland) at 13,000 rpm and room temperature for 10 min and the
remaining pellets where weighed after overnight freeze drying (FreeZone
Plus 4.5, Labconco, Thermo Fisher, Ireland). The percentage of weight
loss over timewas subsequently calculated for eachmaterial and enzyme.

2.6. Swelling ratio analysis

Pieces from all the materials were cut with an 8-mm-diameter biopsy
punch and were weighed with a laboratory scale (MH-124, Fisherbrand,
UK). The materials were then incubated in PBS overnight at room tem-
perature. After blotting excess PBS with Whatman filter paper, their
weight was recorded. Swelling (%) was calculated as (wet weight – dry
weigh)/dry weight %.

2.7. Bacterial penetration assay

Microbial analysis was conducted using Escherichia coli [E. coli,
BL21(DE3), Invitrogen, Ireland] [38,39]. To assess the effect of the
different materials on bacterial growth, bacteria were seeded on lyso-
genic broth (LB) agar petri dishes at 1010 CFU/mL and allowed to dry for
10 min at room temperature. Then, 6 mm discs of each material were
soaked in sterile PBS for 20 min, placed on the agar plates, incubated at
37 �C for 24 h and the inhibition growth area was measured using ImageJ
(NIH, USA). Filter paper discs loaded with 50 μg of ampicillin sodium salt
(A9518, Sigma-Aldrich, Ireland) were used as control. To assess the
penetration of bacteria in the materials, trans-well constructs attached to
a silicone sheet were used. The silicone sheet between the inner and outer
layers was perforated with a 6 mm biopsy punch, and 13 mm discs of
each materials were fixed on the silicone sheet using glue. The hole was
covered and the materials formed the only barrier between the chambers;
care was taken so the glue was not deposited in the hole/material area.
The constructs were sterilized under UV for 1 h and 70% ethanol for
30 min, followed by three washes of PBS. A single colony of E. coli from
an agar plate was used to inoculate 50 mL LB and grown with continuous
agitation at 37 �C until the culture reached an optical density (OD)600 of
0.7–0.8. The culture was centrifuged (Heraeus Pico 17 Centrifuge,
Thermo Fisher, Ireland) at 6,000 rpm for 5 min at room temperature, the
pellet was resuspended in sterile PBS, and 0.5 mL of the suspension
containing 1010 CFU/mL E. coli was added to the inner chamber of the
trans-well. In the outer chamber, 1 mL of sterile PBS was placed, and
aliquots of 50 μl were taken after incubation for 1, 2, and 4 h at 37 �C
with mild agitation. Aliquots were then serially diluted and plated on LB
agar plates at 10�1, 10�5, and 10�8 dilutions and the number of CFU
were counted after incubation at 37 �C for 24 h. In a pilot study, it was
confirmed that the industrial glue and system used did not affect the
viability of the bacteria or the ability of the unperforated silicone sheet
without perforation to contain the microorganisms. After 24 h incuba-
tion, the materials were fixed in 4% paraformaldehyde (PFA, 158127,
Sigma-Aldrich, Ireland) and cryosections were prepared as described in
Section 2.4. Cryosections were stained with 40,6-dia-
midino-2-phenylindole (DAPI) to qualitatively assess the localization of
the bacteria within the material.

2.8. Dermal fibroblast response analysis

Cytocompatibility was assessed using primary adult dermal fibro-
blasts (PCS-201-012, ATCC®, UK). CORC-PG, OF-EF, PUB-MS, PM-MB,
and PM-PC were cut into 1 cm2 pieces, placed at the bottom of 24-
wellplates and fixed with a silicone O-ring (Z504165, Sigma-Aldrich,
Ireland). Then, they were sterilized with 70% ethanol for 30 min at
room temperature andwashed three times with PBS. Dulbecco's modified
eagle medium (DMEM) supplemented with 10% of foetal bovine serum
(FBS) and 1% penicillin/streptomycin (P/S) containing 15,000 cells/mL
was gently poured on top of the CORC-PG, both sides of the OF-EF [serosa
3

(SR) and papillae (PL)] and both sides of the PUB-MS, PM-MB, and PM-
PC (CT and BM), and incubated at 37 �C and 5% CO2 for 3, 7, and 14
days. Media were changed every three days. Cell morphology was eval-
uated after fixation with 4% PFA for 15 min at room temperature and
rhodamine/phalloidin (R415, Life Technologies, Ireland) and Hoechst
(62249, Thermo Fisher, Ireland) staining. Images were taken with an
inverted fluorescence microscope (IX81, Olympus, UK). Nuclei counting
was used to assess cell proliferation. Cell metabolic activity and viability
were evaluated at each time point with alamarBlue® (Thermo Fisher,
Ireland) and LIVE/DEAD® (Thermo Fisher, Ireland) assays, respectively.
Metabolic activity was first normalized to cell number and then
expressed relatively to the control tissue culture plate (TCP). Cell pro-
liferation was expressed relatively to the control TCP.

2.9. Monocyte response analysis

Immune response was assessed using monocyte-like cells (THP-1,
TIB-202, ATCC®, UK) [21]. Briefly, cells were expanded in suspension in
RPMI-1640 medium with 10% FBS and 1% PS (Sigma-Aldrich, Ireland).
Then, THP-1 cells were seeded on the materials at 25,000 cells/cm2. To
induce macrophage phenotype, cells were treated with phorbol 12-myr-
istate 13-acetate (P8139, Sigma-Aldrich, Ireland) at 100 ng/mL for
24 h at 37 �C and 5% CO2. Non-attached cells were washed with PBS and
seeded cells were incubated with complete RPMI-1640 medium. As
positive inflammatory control, cells were treated with lipopolysaccha-
rides (LPS) from E. Coli (L2637, Sigma-Aldrich, Ireland) at 100 ng/mL.
All conditions were in culture for 1 and 2 days. Cell metabolic activity,
viability, proliferation, and morphology of cells were assessed, as
described in Section 2.7. Released tumor necrosis factor-alpha (TNF-α) in
the medium was quantified using an ELISA assay (DY210, R&D Systems,
UK). Same experiments were also performed on THP-1 attached to TCP
and then treated with conditioned media, which were prepared by
incubating media with each material for 48 h at 37 �C under continuous
agitation, and subsequent filtering with a 0.2 μm Millipore filter.

2.10. Scratch assay

The in vitro angiogenic potential of all materials was assessed using
the scratch assay [40]. Human umbilical vein endothelial cells (HUVECs,
C2517A, Lonza, UK) were expanded in specific medium (EGM™-2,
Lonza, Ireland). When they reached 85–90% confluence, they were
seeded in 48-wellplates and incubated at 37 �C and 5% CO2 until
confluent (2 days). Using a sterile pipette tip, 1 mmwide gap was created
at the cell monolayer. The cells were then washed three times with PBS to
remove cellular debris and treated with medium conditioned with each
material. Conditioned media was created by incubating supplemented
with 2% FBS and 1% P/S DMEM with each of the materials at 20 mg/mL
overnight at 37 �C under continuous agitation in an incubated orbital
shaker (MaxQ 4000, Thermo Fisher, Ireland) at 150 rpm. These mixtures
were then sterile filtered and poured on the cell monolayer with the gap.
DMEM with 2% FBS and 1% P/S and endothelial growth medium
(EGM™-2, Lonza, Ireland) were used as negative and positive controls,
respectively. Images were taken at 4, 8, 12, and 24 h and the area fold
change in the monolayer moving into the scratch zone with respect to the
area at time 0 was calculated for each material.

2.11. Rat aortic ring assay

The aortic ring assay was carried out to compare the impact on
angiogenesis of the different materials in an ex vivo model [40]. The
preclinical work was conducted as per NUI Galway's rules and regula-
tions governing preclinical assessment, following the internationally
established 3Rs principles. Animals were used from the study with
approval number 17Apr01 (Animal Care Research Ethics Committee,
NUI Galway). Briefly, three adult (12 weeks) female Sprague Dawley rats
were housed with water and food ad libitum. The rats were euthanized by
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isoflurane overdose and decapitation. The aortas were dissected, cleaned,
and sectioned into 2-mm-thick sections. Remaining biological waste was
frozen, sterilized, and disposed according to NUI Galway’s biological
waste management policies. Five hundred microliters of the different
conditioned media (see Section 2.9), containing fibrinogen (F4883,
Sigma-Aldrich, Ireland) at 3 mg/mL, were used to cover the aortic rings
in a 24-well plate. Then, thrombin (T1063, Sigma-Aldrich, Ireland) at 1
U/mLwas added to form a hydrogel. Gels were set overnight at 37 �C and
5% CO2 and then 500 μL of the correspondent conditioned media was
gently poured over the gels. DMEM supplemented with 2% FBS and 1%
P/S was used as negative control, whereas DMEM supplemented with
100 ng/mL of VEGF (AF-100-20, PeproTech, UK) was used as positive
control. The aorta rings in the gels were then incubated at 37 �C and 5%
CO2, and images were taken at 4�magnification after 3 and 5 days using
an inverted microscope (EVOS® Image System, Thermo Fisher, Ireland).
ImageJ (NIH, USA) was used to measure the megapixels of the new
micro-vessels formed by creating masks.
2.12. Statistical analysis

Data were analyzed using the IBM SPSS Statistics software (IBM An-
alytics, USA). Student's t-test and one-way analysis of variance followed
by Fisher's post-hoc test were used after confirming normal distribution
of the populations (Kolmogorov–Smirnov) and the equality of variances
(Levine's test for homogeneity of variance). For non-normal distributions
or different variances, Mann–Whitney U test and Kruskal–Wallis test
were used to assess significant differences. Statistical significance was
accepted at p<0.05.

3. Results

3.1. SDS-PAGE, content of collagen, elastin, and growth factors

SDS-PAGE analysis (Fig. 1A) revealed the presence of soluble collagen
in OF-EF, PM-MB (highest amount), and PM-PC after acetic acid and
pepsin extraction, whereas no soluble collagen was observed in any
extraction of the CORC-PG and PUB-MS. Hydroxyproline assay (Fig. 1B)
showed OF-EF, PUB-MS, and PM-PC to contain similar levels between
them (p>0.05) and all of them showed significantly higher levels
(p<0.01) than CORC-PG and PM-MB of collagen. OF-EF and PM-PC
showed significantly higher (p<0.05) elastin content than PUB-MS and
PM-MB, whereas no elastin was detected at the CORC-PG (Fig. 1C). PUB-
4

MS exhibited the highest (p<0.001) amounts of FGF-basic (Fig. 1D). PM-
MB had the highest (p<0.001) amounts of TGF-β1 (Fig. 1E) and VEGF
(Fig. 1F). No growth factors were detected at the CORC-PG (Fig. 1D–F).
3.2. Histology and immunohistochemistry

Histological analysis (Fig. 2) revealed a loose structure for the CORC-
PG product (Fig. 2A–C), whereas all tissue grafts products exhibited a
denser, tissue-like structure (Fig. 2D–O). Among the tissue grafts, the
PUB-MS showed the least dense structure (Fig. 2G–I), whereas the OF-EF
showed the highest preservation of tissue architecture (Fig. 2D–F). In PM-
MB (Fig. 2J–L) and PM-PC (Fig. 2M–O), some cavities were observed,
probably related to processing. Picrosirius red staining confirmed a dense
collagenous network in all tissue grafts, especially in OF-EF (Fig. 2E), PM-
MB (Fig. 2K), and PM-PC (Fig. 2N) products. Masson's trichrome staining
revealed a red staining in OF-EF (Fig. 2F) and PUB-MS (Fig. 2I), which
could correspond to residual cellular material or fibronectin.

Immunohistochemistry analysis (Fig. 3) revealed the presence of
collagen types I, III and fibronectin in all the tissue grafts products;
collagen type IV was detected in OF-EF (Fig. 3B3), PUB-MS (Fig. 3C3),
and PM-PC (Fig. 3E3); laminin was detected in PUB-MS (Fig. 3C5) and
PM-PC (Fig. 3E5); and elastin was detected in PM-PC (Fig. 3E6), PM-MS
(Fig. 3D6), and OF-EF (Fig. 3B6). DAPI-stained residual cellular material
in OF-EF (Fig. 3B7), particularly in the SR side, in PM-MB (Fig. 3D7), and
in some samples of PUB-MS, and PM-PC. CORC-PG showed very slight
signals of collagen types I (Fig. 3A1) and III (Fig. 3A2) only.
3.3. Enzymatic degradation

The CORC-PG showed the highest resistance to collagenase degra-
dation (p<0.05), whereas the PUB-MS, PM-MB, and PM-PC showed in-
termediate resistance and the OF-EF showed the lowest resistance to
collagenase digestion (Fig. 4A). The CORC-PG showed the lowest resis-
tance to elastase (p<0.05), whereas the OF-EF, PUB-MS, PM-MB, and
PM-PC showed similar high resistance to elastase degradation (Fig. 4B).
3.4. Swelling analysis

Among the materials analyzed, the CORC-PG exhibited the highest
(p<0.01) swelling capacity and the PM-MB showed the lowest (p<0.05)
swelling capacity (Fig. 4C).
Fig. 1. SDS-PAGE analysis of acetic acid
(A) and acetic acid/pepsin (P) showed
soluble collagen in OF-EF, PUB-MS, PM-
MB, and PM-PC (A). Hydroxyproline
assay revealed that the OF-EF, PUB-MS,
and PM-PC had the highest (**) collagen
content (B). OF-EF and PM-PC showed
the highest (**) elastin content (C). The
PUB-MS had the highest (**) FGF-
basic content (D). The PM-MB had the
highest (**) TGF-β1 (E) and VEGF (F)
content. Data expressed as
average � standard deviation (n ¼ 3).
**Indicates statistically higher (p<0.01)
groups.



Fig. 2. Histology analysis with hematoxylin/eosin, picrosirius red and Masson's trichrome of CORC-PG, OF-EF, PUB-MS, PM-MB, and PM-PC revealed a loose structure
for the CORC-PG and a dense structure for the tissue graft materials. Scale bars 200 μm.
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3.5. Bacterial penetration assay

Bacterial penetration was studied using an in-house developed trans-
well system (Fig. 5A). From all products tested, only the positive anti-
biotic control and the CORC-PG showed bacteria growth inhibition
(Fig. 5B). The CORC-PG showed the highest (p<0.05) CFU number at all
times and the lowest (p<0.05) CFU number was detected for the OF-EF
and PM-PC after 1 h, the PM-PC after 2 h, and PUB-MS and PM-PC
after 4 h (Fig. 5C). Immunohistochemistry of transverse sections of the
materials after 24 h of bacterial incubation showed accumulation of
bacteria only at the interface with the PM-MB and PM-PC, whereas
bacterial colonization at the inner layers of CORC-PG, OF-EF, and PUB-
MS products was observed (Fig. 5D).

3.6. Dermal fibroblast response analysis

In comparison to the control TCP, the lowest (p<0.05) dermal
fibroblast proliferation (Fig. 6A and Supplementary Fig. S1) was detected
5

for the CORC-PG, both sides of OF-EF and PUB-MS, CT side of PM-MB,
and both sides of PM-PC at day 3; the CORC-PG, SR side of OF-EF, and CT
side of PUB-MS at day 7; and the CORC-PG, SR side of OF-EF, and CT side
of PM-PC at day 14. The highest (p<0.05) dermal fibroblast proliferation
(Fig. 6A) was detected for the BM side of the PUB-MS at day 7 and the BM
sides of the PUB-MS and PM-MB at day 14.

In comparison to the control TCP, the highest (p<0.05) dermal
fibroblast metabolic activity (Fig. 6B) was detected for the CORC-PG at
days 3 and 7, and the CORC-PG, PL side of OF-EF, and both sides of PM-
PC at day 14.

In comparison to the control TCP, the lowest (p<0.05) dermal
fibroblast viability (Fig. 6C and Supplementary Fig. S2) was detected for
the CORC-PG, SR side of OF-EF, and BM side of PM-PC at day 3 and for
the SR side of OF-EF, BM side of PUB-MS, and BM side of PM-MB at day
14.



Fig. 3. Immunohistochemistry analysis made apparent the presence of collagen type I, collagen type III, and fibronectin in all tissue grafts; collagen type IV in OF-EF,
PUB-MS, and PM-PC; laminin in PUB-MS and PM-PC; and elastin in OF-EF, PM-MB, and PM-PC. Remaining cellular material was found in OF-EF and PM-MB. Scale
bars 100 μm.

Fig. 4. The CORC-PG showed the highest resistance to collagenase digestion (A) and the lowest resistance to elastase digestion (B). Among the tissue grafts, the PM-
MB showed the highest resistance to collagenase (A) and elastase (B) digestion. The CORC-PG exhibited the highest PM-MB and the lowest swelling capacity (C). Data
expressed as average � standard deviation (n ¼ 3). **Indicates statistically higher (p<0.01) groups and *Indicates statistically lower (p<0.05) groups.
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3.7. Monocyte response analysis

In comparison to the control, the lowest (p<0.05) monocyte prolif-
eration (Fig. 7A) was detected for the CORC-PG at days 1 and 2, PL side of
the OF-EF at days 1 and 2, the BM side of PM-MB at days 1 and 2, and the
BM side of PM-PC at day 2.

In comparison to the control, the highest (p<0.05) monocyte meta-
bolic activity (Fig. 7B) was detected for the CORC-PG at days 1 and 2, the
PL side of the OF-EF at days 1 and 2, and the BM side of PM-MB at day 1.
In comparison to the control, the lowest (p<0.05) monocyte viability
(Fig. 7C and Supplementary Fig. S3) was detected for the BM side of PM-
MB at day 1. In comparison to the control, the highest (p<0.01) TNF-α
production (Fig. 7D) was observed for the LPS group at days 1 and 2.
Furthermore, in comparison to the control, the lowest (p<0.05) TNF-α
production (Fig. 7D) was detected for the CT side of PUB-MS at day 2;
whereas the highest (p<0.05) TNF-α production (Fig. 7D) was observed
for the CORC-PG at day 1, the PL side of the OF-EF at day 1, the BM side
of the PUB-MS at day 1, the BM side of the PM-MB at day 1, and the BM
side of PM-PC at day 1.

When THP-1 were treated with the materials' conditioned media, in
comparison to the control, the highest (p<0.05) proliferation at day 1
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was detected for the CORC-PG, OF-EF, PM-MB, and PM-PC, and no dif-
ferences were observed between the groups at day 2 (Supplementary
Fig. S4A). In comparison to the control, the lowest (p<0.05) THP-1
metabolic activity was found when they were treated with conditioned
media of CORC-PG at day 1 and with conditioned media of PUB-MS, PM-
MB, and PM-PC at day 2 (Supplementary Fig. S4B). In comparison to the
control, the conditioned media of all materials induced significantly
lower (p<0.05) THP-1 viability at day 2 (Supplementary Fig. S4C). TNF-α
production by LPS was the highest (p<0.01) at days 1 and 2, and no
significant differences (p>0.05) were observed between the control and
THP-1 cells treated with any of the materials’ conditioned media (Sup-
plementary Fig. S4D).

Immunocytochemistry analysis of the cytoskeleton revealed that all
treatments resulted in rounded cell morphology, although some elon-
gated cells were detected in the LPS (days 1 and 2), SR side of OF-EF at
day 2, BM side of PUB-MS at day 1, CT side of PM-PC at days 1 and 2, and
BM side of PM-PC at day 1. Some cell clusters (>5 cells) were also
observed in the LPS (days 1 and 2), SR side of OF-EF at day 2, BM side of
PUB-MS at day 1, CT and BM sides at day 2 of PUB-MS, CT and BM sides
of PM-PC at day 1, and BM side of PM-PC at day 2 (Fig. 8).



Fig. 5. Bacterial penetration assay was carried out using an in-house trans-well system (A). Among the groups, only the CORC-PG showed bacteria growth inhibition
(B). The CORC-PG showed the highest CFU number at all time points (C). Immunohistochemistry analysis of transverse sections after 24 h of bacterial incubation
revealed bacterial colonization at the inner layers of the CORC-PG, OF-EF, and PUB-MS products (D). Area, thickness, and density data are expressed as
average � standard deviation (n ¼ 4 for growth inhibition assay, n ¼ 3 for thickness and density). Manual count of CFUs is represented with the value of each
replicate; ‘-’ indicates the absence of colonies. Scale bars 50 μm.
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3.8. Scratch and rat aortic ring assays

In comparison to DMEM control, the EGM2 was significantly higher
(p<0.01) in monolayer area fold change at all time points (Fig. 9A,
Supplementary Fig. S5). Furthermore, in comparison to the DMEM con-
trol, the highest (p<0.05) monolayer area fold change was observed for
the CORC-PG, OF-EF, and PM-PC groups at 4 h, the OF-EF and PM-PC
groups at 8 h, the CORC-PG, OF-EF, and PM-PC groups at 12 h, and all
the groups at 24 h (Fig. 9A, Supplementary Fig. S5).

Microscopy analysis of sectioned aorta rings revealed that only the
CORC-PG group was not able to produce micro-vessels and also resulted
in media discoloration, indicative of low pH (Fig. 9B).

Micro-vessel quantification (Fig. 9C) revealed that, in comparison to
DMEM control, VEGF micro-vessel area was significantly higher
(p<0.05) at days 3 and 5. Furthermore, in comparison to DMEM control,
the lowest (p<0.05) micro-vessel area was found in CORC-PG at day 5,
whereas the highest (p<0.05) micro-vessel area was observed in PUB-MS
and PM-PC groups at day 5.

4. Discussion

Although porcine mesothelium has structural, compositional, and
biological properties potentially beneficial for wound healing applica-
tions [15–17,21,22], to-date, it has been used only for breast [13],
cartilage [26], and nasal [27] reconstruction and as tendon protector
sheet [21]. To assess whether porcine mesothelium grafts are indeed
good candidates for wound healing applications, herein, we compared
the properties of the only two commercially available decellularized
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porcine mesothelium xenografts (PM-MB and PM-PC) to traditionally
used wound healing xenografts (OF-EF and PUB-MS) and biomaterials
(CORC-PG). In addition to the different tissue sources, the tissue grafts
used herein were also processed differently, which also impacts on their
features and biological response. For instance, OF-EF and PM-PC are
processed with detergents and osmotic solutions and are sterilized with
ethylene oxide and gamma irradiation, respectively. The PUB-MS is
processed with peracetic acid and ethanol and sterilized with electron
beam irradiation. The PM-MS is processed using the OPTRIX™ Tissue
Process protocol, which gently disinfects tissues, inactivates viruses,
removes cells, and retains native tissue composition. However, the details
of the individual processing conditions remain confidential/trade secret
and as such their correlation to their final characteristics is elusive.

SDS-PAGE of acid/pepsin treated materials revealed soluble collagen
only in PM-MB, PM-PC, and OF-EF materials, whereas hydroxyproline
assay revealed that all materials were comprised of collagen. Elastin
quantification revealed no elastin in CORC-PG biomaterial, which is not
surprising considering that it is produced from extracted collagen, and
among the tissue grafts, the OF-EF and the PM-PC had the highest elastin
content. The observed differences among the various grafts can be
attributed to the different processing [41–43] and cross-linking density,
which is species, age, and tissue dependent [20,44–49].

Growth factors such as FGF-basic, VEGF, and TGF-β1 can be retained
in the ECM after decellularization [19,50–52] and are known to promote
key events in would healing, such as cell proliferation and migration and
angiogenesis [24,53]. In this study, all three growth factors were detec-
ted in the porcine grafts, as has been reported previously [22,54]. OF-EF
also preserved VEGF and TGF-β1, but to a lower extent than the porcine



Fig. 6. By day 14, the lowest (*p<0.05) dermal fibroblast proliferation was detected for the CORC-PG, SR side of the OF-EF, and the CT side of the PM-PC, whereas
the highest (**p<0.05) dermal fibroblast proliferation was detected for the BM sides of the PUB-MS and PM-MB (A). By day 14, the CORC-PG, the PL side of the OF-
EF, and both sides of PM-PC exhibited the highest (**p<0.05) dermal fibroblast metabolic activity (B). By day 14, the SR side of the OF-EF, the BM side of the PUB-MS,
and the MB side of the PM-MB showed the lowest (*p<0.05) dermal fibroblast viability, although all groups exhibited viability higher than 75% (C). Data expressed as
average � standard deviation (n ¼ 3). Samples were compared to the control TCP at a given time point.

Fig. 7. THP-1 response in vitro assessment revealed the lowest (*p<0.05) proliferation on CORC-PG, PL side of OF-EF, and BM side of PM-MB at both time points (A).
The highest (**p<0.05) THP-1 metabolic activity was observed for the CORC-PG and the PL side of OF-EF at both time points (B). All groups exhibited similar
(p>0.05) THP-1 viability at day 2 (C). Pro-inflammatory cytokine TNF-α analysis showed the highest (**p<0.01) production by THP-1 cells in the LPS group (D).
Among the test groups, higher TNF-α production (**p<0.05) was observed on CORC-PG, PL side of OF-EF, and BM sides of PUB-PM, PM-MB, and PM-PC at day 1,
although far from LPS levels (D). Data expressed as average � standard deviation (n ¼ 3). Samples were compared to the monocytes cultured on TCP with normal
medium at a given time point.
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Fig. 8. Immunocytochemistry (red: cytoskeleton; blue: nuclei) analysis of THP-1 revealed the presence of elongated cells (white arrows; LPS at days 1 and 2, SR side of
OF-EF at day 2, BM side of PUB-MS at day 1, CT side of PM-PC at days 1 and 2, and BM side of PM-PC at day 1) and cell clusters (yellow arrows; LPS at days 1 and 2, SR
side of OF-EF at day 2, BM side of PUB-MS at day 1 and both sides at day 2, both sides of PM-PC at day 1, and BM side of PM-PC at day 2). Scale bars 100 μm.

Fig. 9. HUVECs scratch assay analysis revealed that after 24 h, all groups demonstrated significantly higher (**) monolayer area fold change (A). Representative
images and binary masks of aortic rings at day 5 showed formation of micro-vessels in all conditions except CORC-PG (B). At day 5, the VEGF, PUB-MS, and PM-PC
showed the highest (**) and the CORC-PG the lowest (*) micro-vessels area quantification (C). Scale bars 50 μm. Data are expressed as average � standard deviation
(n ¼ 5 for scratch assay, n ¼ 3 for aortic ring assay). Statistically significant: p<0.05.
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materials. Previous work has shown OF-EF to contain FGF-basic, but in
amounts below the background detection of this study [55]. On the other
hand, PM-MB contained higher amounts of TGF-β1 and VEGF than the
rest of the materials tested, which could enhance wound healing events in
vivo. However, high levels TGF-β1 could also trigger fibrosis events [56].
Such differences in growth factor content among the products may be
attributed to their diverse range of tissue and/or processing. As expected,
growth factors were undetected in CORC-PG biomaterial.

Histology and immunohistochemistry analyses confirmed the
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maintenance of tissue structure and presence of fundamental components
(e.g. collagen types I and III, fibronectin) in the ECM products, as it has
been reported previously [16,17,22,55,57]. The CORC-PG biomaterial
exhibited a loose, sponge-like structure, as it has been described before
[58], largely attributed to its lyophilization manufacturing process. Tis-
sue grafts presented a laminar and fibrous structure, closely imitating the
native (pre-processing) tissue structure. Decellularization protocols and
further processing can affect the structure, integrity, and composition of
tissue grafts [22,59], which explains the observed differences in tissue
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preservation, as revealed by histology and immunohistochemistry
analyses among the different tissue graft products. The presence of
elastin was much more intense in the PM-PC compared to PM-MB and
PUB-MS, matching the colorimetric quantification results, conversely to
OF-EF, which staining was expected to be more intense. Such differences
could be due to the specificity of the immunohistochemistry antibody
between species, considering that the presence of elastin in OF-EF has
been previously documented [55]. DAPI staining revealed residual
cellular material in OF-EF and PM-MB products, which has been related
to immune reactions in vivo [60].

MMPs play a crucial role in the wound healing [61] and their mod-
ulation is a desirable and characteristic feature of collagen-based bio-
materials [62]. CORC-PG showed the highest resistance to MMP-8
degradation; however, the collagen component of this material (55%)
was completely degraded within the first 4 h, indicating that the cellulose
component (45%) was responsible for the resistance to enzymatic
degradation and that collagen acted as a sacrificial substrate [63], which
would decrease the activity of MMPs in the wound environment [64].
The resistance to porcine pancreatic elastase, which keeps similar sub-
strate specificity with human neutrophil elastase [65], was also assessed.
The CORC-PG biomaterial was completely degraded in 2 h, as has been
observed in previous studies [63], where CORC-PG acted as substrate for
neutrophil elastase, thereby reducing its activity in wound fluid. The
tissue grafts showed a proportional resistance to enzymatic degradation;
less than 20% remained after 24 h of MMP-8 incubation and more than
60% remained after 24 h elastase incubation, both of which can be
explained considering their compositional analysis. Observed differences
among them could be attributed to their heterogeneous composition,
donor variability, and processing. In any case, their higher resistance to
proteolytic degradation than collagen-based biomaterials could translate
to a slower resorption rate and the need of fewer applications, which
would ultimately reduce healthcare costs [3].

Exudates uptake from the wound and maintenance of the appropriate
moisture is a desirable characteristic of a wound dressing [66]. The
CORC-PG biomaterials swelled the most because of its rather ‘simple’ (in
comparison to the tissue grafts) composition and highly-porous structure
(in comparison to the laminar, fibrous, and less porous structure of the
tissue grafts), as observed in this study by histological analysis and in
previous studies with scanning electron microscopy analysis of CORC-PG
[58], OF-EF [55], PUB-MS [59,67], PM-MB [68], and PM-PC [21].
PM-MB exhibited the lowest swelling, probably due to differences in
structure, processing, and/or crosslinking density [69].

Infection is a major complication in wound healing [70], where ECM
products have been shown to be an effective alternative to synthetic
materials [10,71]. In a wound healing scenario, tissue grafts and bio-
materials applied on the wound become the only barrier to pathogen
penetration into the wound when it is exposed (e.g. during
re-application) [72]. We therefore used a model to evaluate the potential
of these materials as microbial barrier, based on previous studies [38,39].
It is worth noting that although this in vitro model does not recapitulate
the in vivo bacterial penetration in a wound setting (i.e. higher pathogen
concentration, longer exposure time), it can act as an effective screening
tool for material selection/screening to proceed to preclinical assess-
ment. As per previous reports [73,74], in the absence of any antibiotic,
none of the tissue grafts inhibited bacterial growth, considering that
collagen type IV, fibronectin, and laminin have been shown to bind and
aggregate bacteria [75]. The CORC-PG presented a slight bacterial in-
hibition, which has been previously attributed to the oxidized regener-
ated cellulose component [76]; however, its porous structure allowed
immediate bacterial invasion. Among the tissue grafts, the PM-PC
showed the lowest bacteria colonization/penetration capacity, possibly
attributed to its denser structure. This is in accordance with previous
publications where lower porosity and/or BM preservation have been
shown to inhibit bacterial colonization/penetration [39,77].

Cytocompatibility analysis with dermal fibroblasts showed that all
tissue grafts were capable of supporting cell growth, as has been observed
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in previous studies [21–23]. Although some statistically significant dif-
ferences were observed between the groups, all exhibited >75% dermal
fibroblast viability, which, in general, is not considered as biologically
significant. The PL and the BM sides of the grafts showed higher cell
growth than the SR and the connective sides, respectively, largely
attributed to higher amounts of collagen type IV, laminin, and/or fibro-
nectin that have been shown to promote cellular growth [78–80], albeit
with variable degree of cell specificity [81] and attachment and
spreading [82]. Cells on CORC-PG showed the lowest proliferation and
the highest metabolic activity among the tested samples, which could be
due to the fast loss of the collagen and lower cytocompatibility of the
oxidized regenerated cellulose. In fact, CORC-PG has previously been
shown to support the attachment of 3T3 fibroblasts, but with limited
growth [58].

The CORC-PG, the PL side of OF-EF, and the BM side of the PM-MB
and PM-PC showed the lowest proliferation and the CORC-PG and PL
side of OF-EF showed the highest metabolic activity at both time points
when seeded with THP-1, which could be related to an inflammatory
response [21]. However, for all materials, the production of TNF-α was
far lower from the levels observed in LPS group, which matches previous
studies with cellulose scaffolds [83], urinary bladder matrix [57,84], and
porcine mesothelium [21]. Although some elongated cells and cell
clusters were observed in some conditions, we cannot conclusively cor-
elate these observations with THP-1 polarization, as cell morphology of
differentiated THP-1 can be influenced by the surface (e.g. topographical
features) and bulk (e.g. substrate elasticity) properties of the under
investigation scaffolds [85,86]. However, TNF-α analysis indicatedM2 or
combined M1/M2 polarization, as per previous studies of decellularized
grafts [57,84], which could promote remodeling in vivo. The higher
TNF-α production in the BM side, as opposed to the CT side, of the
porcine grafts may be related to their higher laminin and fibronectin
content [15,87–91]. When cells were treated with materials' conditioned
media, no particular differences were observed, indicating that the ef-
fects observed in direct contact are not related to materials’ soluble
factors and degradation products.

In the scratch test, all materials promoted higher migration than the
negative control after 24 h. In the case of CORC-PG, this phenomenon
may be due to the solubilization of the collagenous fraction, which has
been shown to promote cell migration of endothelial cells [92,93]. The
observed high migration of the tissue grafts may be attributed to the
release of soluble factors that promote angiogenesis, such as FGF-basic,
TGF-β1, and VEGF [24,53]. The aortic ring assay showed only the
PUB-MS and PM-PC products to promote micro-vessel formation when
compared to DMEM control, whereas the CORC-PG did not allow the
formation of micro-vessels. This is in contrast to previous studies, where
OF-EF showed an angiogenic effect on rat aorta rings [40], which may
account for batch-to-batch variability or differences in the protocol,
because in this study, the FBS may have masked the effect on the
angiogenesis of OF-EF [94]. Also, despite the higher presence of VEGF
and TGF-β1 in PM-MB, the higher total amount and combination of
growth factors in PUB-MS and PM-PC could have triggered a higher
synergistic effect on the angiogenesis [95]. Nonetheless, these results
provide evidence for the angiogenic effect of porcine mesothelium tissues
similarly to the porcine urinary bladder that its angiogenic effect has
been reported previously [96].

5. Conclusion

Xenografts are extensively used in biomedicine because of their
abundant availability, structural features, biochemical composition, and
biological properties. Herein, we demonstrated that porcine mesothe-
lium grafts (e.g. PM-MB and PM-PC), although previously not designed
for wound healing applications, they have similar or even superior
properties to traditionally used wound healing xenografts (e.g. Endo-
form™ and MatriStem®) and biomaterials (e.g. Promogran™). Consid-
ering that there is no widely accepted tissue graft or biomaterial therapy
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for wound healing applications, this study paves the way for diversifi-
cation of already clinically available materials, thus reducing the time-
frame to bedside.
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