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Abstract: The study investigates the biocompatibility of porcine acellular dermal matrix (PADM) as
a tissue substitute in periodontal applications. Given the limitations associated with subepithelial
connective tissue grafts (SCTG), PADM emerges as a promising alternative for tissue integration and
wound healing. The research employed histological analyses in a rat model to evaluate PADM’s
integration over 7, 14, 21, and 28 days. The surgical procedure involved subcutaneous implantation,
followed by histomorphometrical analysis of fibrous capsule thickness, cell ingrowth, collagen fiber
density, and foreign body reaction. Results showed progressive cell infiltration, vascularization, and
collagen remodeling, suggesting PADM supports tissue regeneration. Inflammatory response
increased early but declined over time, while foreign body giant cells facilitated matrix degradation
and new collagen deposition. The findings align with prior research indicating that a controlled
foreign body reaction contributes to biomaterial integration. Despite the study’s limited evaluation
period, the results confirm PADM'’s biocompatibility and its potential as a viable SCTG substitute.
Future research should focus on long-term integration and functional outcomes to further
substantiate its clinical applicability.

Keywords: porcine acellular dermal matrix; soft tissue substitute

1. Introduction

Tissue engineering has contributed to the advancement of research in dentistry. One of the main
objectives of this continuous search in dentistry is the identification of a “biocompatible” tissue
substitute that does not contain any toxic species, damaging to host tissue or promoting inflammation
[1], but does promote integration and regeneration of host tissues through cellular migration,
vascularization, and restoration of normal gingival tissues [2]. Biocompatible biomaterials should
help, not interfere, in the surgical wound healing process, and achieve satisfactory aesthetic outcomes
at least equivalent to autogenous grafts [3].

In periodontal surgeries, the subepithelial connective tissue graft (SCTG) is described in the
literature as the gold standard [4], but this term implies a well-defined, consistent standard for the
harvesting procedure. Yet, harvesting SCTG is associated with the risk of postoperative
complications at the donor site such as pain, palatal bleeding, and gingival necrosis [5]. Additionally,
the amount and quality of the graft are patient dependent and could be limited. [6]

To avoid these limitations, numerous matrices are available on the market intended to replace
or complement SCTG. The acellular dermal matrix (ADM) has been used for many decades not only
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in periodontal procedure, but to treat burn wounds, facial and breast reconstructions [7]. ADM is
routinely used for root coverage procedures and soft tissue augmentation at teeth or implant sites [8—
14]. Human tissue samples taken after the ADM grafting at regular time intervals, demonstrated
normal wound healing with complete integration of the graft by the host gingival tissue without
adverse complications [14].

As an alternative to ADM, porcine acellular dermal matrices (PADM) are developed using
proprietary manufacturing processes that do not damage the elastin nor the extracellular collagen of
the matrix, providing a suitable density for cells, micro vessels, and soft-tissue growth. Although the
rapid degradation by the enzymatic action of collagenase has been described as the greatest demerit
of native collagen [15,16], a in vivo study reported that cross-linking of the collagen fibers can extend
the resorption time of biomaterials with substantial differences regarding biodegradation,
biocompatibility and angiogenesis [17]. To clarify, a biomechanical study [18] described the PADM
as a densely packed type I collagen fibers in great abundance, with a higher tensile strength compared
to autogenous grafts. These findings suggest a long-term resistance of the substitute during the
healing process, which conflicts with the general idea about the demerit of soft tissue substitutes.

One of the aspects described in the literature about PADM is the effects of foreign body reaction
(FBR) during integration with the surrounding tissues. FBR is an unavoidable process which takes
place whenever a material is implanted into the body and its stages represent significant challenges
to a material integrity and its therapeutic function [19]. It is therefore crucial to understand and
deepen the experimental studies related to this process to elucidate the stages and processes of the
incorporation of different matrices created and introduced to the market, and the consequences of
their use in clinical practice in a safe and predictable way.

Therefore, the aim of this study is to verify, through histological analyses, the biocompatibility
of PADM through tissue reaction resulting from subcutaneous implantation in rats over time.

2. Materials and Methods

2.1. Sample Size Calculation

Animal selection, management, and surgery protocol of this quasi-experiment were approved
by the Ethics Committee on Animal Experimentation at the School of Dentistry of Ribeirdao Preto,
University of Sdo Paulo, FORP/USP (process no. 2019.1.664.58.8). The ARRIVE (Animal Research:
Reporting of In vivo Experiments) guidelines were followed by the authors [20]. The animals were
divided into four groups (7, 14, 21 and 28 days), including six rats in each. The sample size was based
on previous studies with similar methodology [17,21]. Twenty-four male Wistar rats (Rattus
norvegicus albinus) weighing 350 g (Central Animal Facility, FORP/USP) were fed a selected solid
diet and received water ad libitum over a 12-h light/dark cycle at temperatures between 22 and 24°C.

2.2. Surgical Procedure

After the first 2 weeks of acclimatization, the animals were anesthetized by intraperitoneal
injection of 9 mg/kg ketamine 10% and 5 mg/kg xylazine 2%. The back of each rat was depilated using
an electric shaver. Following disinfection with polyvidone iodine, a skin incision of 8 mm was made
right paramedian along the vertebral column followed by the separation of two subcutaneous
pouches. One porcine acellular dermal matrix (NovoMatrix — BioHorizons - Ontdrio, Canada)
(5mmx5mm size and 1.5mm height) was implanted subcutaneously on the right and left sides along
the dorsal midline of each mouse. The membranes were allocated in the resulting 12 pouches.
Primary wound closure was achieved using 4 simple sutures with 5-0 nylon material (Figure 1).
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Figure 1. (A) Disinfection with polyvidone iodine. (B) A skin incision of 8 mm was made along the right
paramedian of the vertebral column. (C) Two subcutaneous pouches were created with a round scissor. (D) One
porcine acellular dermal matrix (NovoMatrix — BioHorizons - Ontario, Canada) (5Smmx5mm size and 1.5mm
height) was implanted subcutaneously in each of the right and left sides along the dorsal midline of each mouse.
(E) Primary wound closure was achieved using 4 simple sutures with 5-0 nylon material.

2.3. Postoperative Healing

Postoperative healing occurred with one intercurrence, in which one animal from group 7days
and another from group 21days had wound dehiscence. No other complications, including infection,
bleeding, or allergic reactions, were observed.

2.4. Tissue Sampling and Histology

At 7,14, 21 and 28 days after matrix grafting, the animals were anesthetized and euthanized in
a carbon dioxide chamber. The specimens were removed with the surrounding connective tissue and
fixed in 10% buffered formalin. From each specimen, five histological slides were obtained from 4 em
longitudinal sections. The slides were stained with Hematoxylin and Eosin (H&E) to evaluate the
fibrous capsule thickness, cell ingrowth, cell ingrowth density and giant cells count. Picrosirius stain
was performed to evaluate collagen fiber density [22]. Tartrate-resistant acid phosphatase (TRAP)
stain was performed for macrophages identification [23] and immunohistochemical vimentin
staining for the detection of connective tissue cells, particularly fibroblasts and giant cells [24,25].
Longitudinal histological sections from each animal were analyzed on a Leica DM LB2 microscope
outfitted with a Leica DFC310FX digital camera (Leica Microsystems, Wetzlar, Germany). One single
examiner (M.B.L.R.) with no knowledge of the experimental groups analyzed all the images through
the LAS v. 4.1 in a x20 magnification lens.

Linear measurements were performed for fibrous capsule thickness and cell ingrowth, which
was determined by the distance between the innermost cell and the outermost collagen fiber of the
matrix. Macrophages and giant cells were counted along a 0.4 mm section of the matrix-host tissue
interface and were confirmed by TRAP or vimentin-stained sections. (Figure 2).
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Figure 2. Print screen from the LAS program screen. The H&E sections were analyzed, and linear measurements
were performed. (A) Fibrous capsule thickness (mm). (B) Three measurements were taken for linear cell
ingrowth through the graft (mm) and the mean value was recorded. (C) Macrophages and giant cells were
counted within a 0.4 mm section and confirmed by TRAP and vimentin-stained sections. (20x magnification).

Cell ingrowth density measurements were performed in region of interest (ROI), in which a
square was positioned tangentially to the graft-capsule interface. Cell invasion density was measured
within the graft in a 0.Imm?2 area (Figure 3).

Figure 3. Print screen from the LAS program screen. The H&E sections were analyzed, and cell ingrowth density

was measured within the graft (*) in a 0.Imm?2 area. (x20 magnification).

Collagen fiber density was measured by polarized light microscopy on slides stained with
Picrosirius. Two ROI areas of 0.6 mm?2 each were positioned tangentially to the graft-capsule interface
to measure the density of the fibers in the graft and in the fibrous capsule of the host (Figure 4). The
ratio (graft/host) between the means of these measurements was used for statistical analysis.
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Figure 4. Collagen fiber density measurements were performed in the region of interest (ROI), which is a
rectangle of 0.6 mm2 area. The ROI area (red rectangle) was positioned tangentially to the graft and capsule

intersection to measure both the graft* (A) and the host tissue(B). (Picrosirius stain - 20x magnification).

2.5. Statistical Analyses

Statistical analyses for mean, median and standard deviation values were calculated for all the
parameters evaluated. Kruskal-Wallis and post hoc Dunn's multiple comparisons testing were used
for comparisons within groups. A confidence level of 95% was adopted. Prism 8 for macOS, version
8.2.1(279) (GraphPad Software, Inc., San Diego, CA, USA) was the statistical software used for the
analyses. Results were considered statistically significant at p < 0.05.

3. Results

3.1. Descriptive Histological Analysis

A non-implanted porcine acellular dermal matrix was processed to evaluate the matrix structure
prior to the implantation in vivo and revealed a dense network of collagen fibers showing diverse
orientations, and no signs of remaining cells (Figure 5).
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Figure 5. Light microscopy of histological sections of porcine acellular dermal matrix graft with Hematoxylin
and Eosin staining. (A) Longitudinal slice of the porcine acellular dermal matrix graft showing the matrix size
(5x5 mm) x1.6. (B) The densely packed collagen fibers structure under x40 magnification. (C) The transversal
slice of the porcine acellular dermal matrix graft revealing a thickness of 1.5 mm. (D) A x40 magnification from

the same slice showing groups of dense collagen fibers in different orientations.

e One-week specimens

In the period of seven days following implantation, the matrix did not present any difference
regarding its structure and, thus, the collagen fibers remained unaltered at this time (Figure 6A,B).
Vimentin-positive mononucleated cells were intermingled with some collagen fibers in the outermost
part of the matrix (Figure 7A). A fibrous capsule formation was observed adjacently to the outer
surface of the graft, showing collagen fibers from the host running parallel to the graft surface and a
weak inflammatory reaction, characterized by neutrophils, lymphocytes, and macrophages.
o Two-week specimens

At 14 days post-grafting (Figure 6C), it is possible to visualize an enhanced cell infiltration into
the matrix (Figure 7B-D) and the formation of few new vessels on its periphery, where
multinucleated giant cells — vimentin-positive and TRAP-stained — attached directly to the collagen
fibers of the matrix (Figure 7C,D). At least part of the vimentin-positive mononucleated cells were
also stained for TRAP (Figure 7D). The boundaries of the matrix begin to be intermingled with tissue
elements of the adjacent host tissue, in the context of a stronger inflammatory infiltrate (Figures 6B
and 7D).
o Three-week specimens

At 21 days post-grafting (Figure 6E), the enhancement of the cell infiltration is clear, and the
multinucleated giant cells are located in areas of concave contour of the graft-host tissue interface
(Figure 6F and 7E). The boundaries of the graft are no longer well defined due to a more intense
inflammatory response and an initial collagen deposition on the partially resorbed graft collagen
fibers, which integrate host tissue and graft. Blood vessels ingrowth from the surrounding connective
tissues can also be occasionally detected.
e Four-week specimens

At 28 days post-grafting (Figure 6G), there is still volume preservation of the matrix, cellular
invasion to its innermost part, and the formation of new vessels on its outermost part (Figure 7F).
The graft-host tissue interface is now less clear due to the deposition of new collagen fibers in direct
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contact with graft collagen fibers and predominantly perpendicular to the fibrous capsule. In
addition, the inflammatory process is minimal, and multinucleated giant cells are only occasionally
observed (Figure 6H and 7F).

Figure 6. Light microscopy of histological sections of subcutaneous porcine acellular dermal matrix grafts of rats
at 7 (A,B), 14 (C,D), 21 (E,F) and 28 (G,H) days of repair. In (B,D,F,H), the asterisks (*) are over the area of the
porcine acellular dermal matrix. In (D,F), the arrows point to multinucleated foreign body giant cells adhered to
bundles of collagen fibers of the matrix. Whereas at 7 days (B) the transition between the porcine acellular dermal

matrix and the connective tissue of the host is abrupt even with the onset of an inflammatory infiltrate, at 28
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days (H) the contiguity of collagen fibers, the reduction of the inflammatory infiltrate, and the invasion of cells
in the periphery of the acellular dermal matrix make it difficult to accurately identify its boundaries. Scale bar:
in (G), repeats in (A,C,E) = 1,2 mm; in (H), and (B,D,F) = 100 pm. (Hematoxylin and Eosin Staining).

Figure 7. Light microscopy of histological sections of subcutaneous porcine acellular dermal matrix grafts of rats
at 7 (A), 14 (B-D), 21 (E), and 28 (F) days of repair. Vimentin labeling (A—C,E,F) and TRAP staining (D). The
asterisks (*) are over the area of the porcine acellular dermal matrix. The arrows in B-E indicate multinucleated
foreign body giant cells (FBGC) adherent to bundles of collagen fibers of the matrix. In (C) the vimentin labeling
is denser in the cytoplasm of FBGC in the close vicinity to the fibers to which it is adherent. A blood vessel
(arrowheads) is observed intermingling with the fibrous capsule in (D) and with the collagen bundles of the
matrix in (F). Scale bars in (A,B,D-F) =50 pm; in C =20 pm.

3.2. Histomorphometrical Analysis

For the histomorphometrical analysis, the histological sections were evaluated over time in
terms of fibrous capsule thickness, cell ingrowth, cell ingrowth density and giant cells count. Linear
measurements were performed for fibrous capsule thickness and cell ingrowth. Giant cells were
counted in an extension of 0.4 mm and confirmed by subsequently TRAP and vimentin-stained
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sections. All the parameter data are represented in boxplots due to their non-parametric
characteristics (Figures 8-11).

Cell ingrowth Cell ingrowth density (ROI=0.1mm?)
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Figure 8. Boxplots representing linear cell ingrowth over time in (A) and the area percent of cell ingrowth density
in a ROI of 0.1mm? over time in (B). The asterisks inside the box represent statistical differences between all the
groups (Kruskal-Wallis test *** p <0.0001). The other asterisks represent statistical differences within periods of
time (* p = 0.0234; ** p = 0.0002; **** p < 0.0001) for Dunn’s multiple comparisons test.

Fibrous Capsule Length
0.207

0.15-

0.10+

Linear length (mm)

0.05+

T T T T
7 days 14 days 21 days 28 days

Figure 9. Boxplots representing fibrous capsule length over time. No statistical differences between values were
detected (p > 0.05).
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Figure 10. (A) Boxplots representing the collagen fiber density in percent area (%) for the graft and host tissue
evaluated at 7, 14, 21 and 28 days (ROI = 0.6mm?). The asterisks represent statistical differences within each time
point (Kruskal-Wallis and Dunn’s test for multiple comparisons, ** p = 0.0087; *** p = 0.0006). (B) Boxplot
representing the ratio between the collagen fiber density of the graft and the host. The asterisk represents

statistical differences within each time point (Kruskal-Wallis and Dunn’s test for multiple comparisons, * p <

0.01).
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Figure 11. Boxplots representing the number of FBGC in 0.4 mm length. A significant statistical difference was
noted among the time points (** p = 0.0038). Statistical differences between groups were observed when

comparing 7 and 14 days (* p = 0.024) and 7 and 21 days (** p = 0.0042) (Kruskal-Wallis and Dunn’s multiple
comparison test).

For the cell ingrowth evaluation, there was an increase in cellular ingrowth inside the graft over
time. Statistical differences were noted when comparing cell ingrowth length among time points,
specifically between 7 and 14 days, 7 and 21 days, and 7 and 28 days (Figure 8A).
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For the cell ingrowth density in a ROI of 0.1mm? from the outermost part of the graft, there was
a statistically different increase in cell ingrowth density over time, with statistical differences between
7 and 21 days, 7 and 28 days, and 14 and 21 days (Figure 8B).

Regarding the fibrous capsule length, there were no statistical differences among time points
(Figure 9). However, the collagen fiber density of the graft (Figure 10A) changed over time,
particularly between 7 and 21 days. For the host, statistical differences over time are also observed,
particularly between 7 and 21 days, and 7 and 28 days. The ratio graft/host values also changed over
time (p < 0.001), particularly between 7 and 28 days, and 14 and 28 days (Figure 10B).

The number of FBGC increased over time until the 21 days (Figure 11). A statistically significant
difference is observed among time points, specifically between 7 and 14 days, and 7 and 21 days; cell
number decreased at 28 days.

4. Discussion

In the present animal study, we examined biocompatibility, foreign body reaction and tissue
integration of a porcine acellular dermal matrix evaluated in a subcutaneous rat model. The
histological aspects observed in this study describe a process of host tissue integration of the matrix.
The fibrous capsule thickness, cell ingrowth, cell density ingrowth, foreign body giant cells count and
collagen fiber density over time were analyzed at 7, 14, 21 and 28 days after the subcutaneous matrix
implantation. These analyses take part in a natural, healthy, and expected process of wound healing.
Phases belonging to the wound healing process include vascular response, inflammatory response,
proliferation and maturation or remodeling, with a considerable overlap between these phases [26].

Although the quantification of vessels was not performed in this study, it was possible to
observe and describe the presence of blood vessels in the fibrous capsule/periphery of the matrix at
14 days, and at the 28th day, in which vessels were already visible intermingled with the collagen
fibers of the matrix. This finding suggests that an angiogenesis process occurs inside the matrix over
time, which makes the matrix integration process favorable. In line with our work, Wong et al. [27]
evaluated the revascularization of human ADM in a rat model and observed that after 7 days CD31+
endothelial cells have infiltrated the matrix. In the same study, at 14 days mature CD31+ microvessels
were present throughout the matrix. Vascularization 2 weeks following implantation was
demonstrated in similar collagen I/IIl materials by Schwarz et al. [28]. Conversely, in a minipig study,
a subcutaneous implantation of another ADM was performed, and the authors observed mature
microvessels in the periphery of the implanted graft at 1 month evaluation [29]. As described by
Gaahnati et al. [30], the studied matrix did not become vascularized until some point between days
30 and 60.

The inflammatory response is a complex and essential homeostatic process to extrinsic and
intrinsic tissue damage. Immune cells are recruited to vascularized tissues to eliminate the source of
cell injury and prepare for tissue regeneration [2]. With the performed cell ingrowth and cell ingrowth
density analysis within a ROI, we can observe that the matrix allows cell ingrowth over time. The
presence of the inflammatory process characterized by neutrophils, lymphocytes, and macrophages
in the capsule at 7 days and decreasing at 14 and 21 days, contributes to the matrix integration
process. However, over time, it was possible to observe the advance of cells -not necessarily
inflammatory- permeated by collagen fibers inside the graft. The cell ingrowth density analysis that
shows an increase in density over time characterizes the following proliferation and maturation
phase. Despite several methodological differences and distinct methods for data interpretation, many
studies associate cell ingrowth with the safety of the matrix in vivo, and density of collagen fibers,
matrix surface and porosity with the speed of the integration process [3,14,17,18,21,30,31]

The transition from the inflammatory to the proliferative phase has a major player which is the
macrophages. Moreover, depletion studies demonstrated that the absence of macrophages in the
inflammatory or proliferation phase of wound healing resulted in decreased tissue formation or even
hemorrhage [26]. Multi-nucleated giant cells are cell-type derived from the fusion of
monocytes/macrophages [19] and many biological aspects of their behavior have been discovered
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from biomaterials implanted in soft tissues including specific intercellular and intracellular signaling
pathways, such as inducing fibroblasts proliferation [32]. The FBGC were counted in this study and
confirmed by subsequent vimentin labeling and TRAP staining sections. In the macrophage, TRAP
is essential for the normal production and processing of collagen (type I) [22,23] and vimentin is
secreted in response to pro-inflammatory signaling pathways and it is probably involved in immune
function [24] which suggests the reason why the vimentin-positive FBGC is observed adherent to the
collagen fibers at 14 and 21 days. Also, the decrease in the acute inflammatory process in this study
is concomitant with a drop in FBGC count. According to Chamberlain et al. [33], all macrophages,
regardless of cell origin or culture surface, shift toward the M2 phenotype, a pro-healing type of
macrophage, similar to their known shift to an M2 polarization in vivo during the foreign-body
response. This description corroborates the rationality of this work, which is based on the
contribution of the foreign body reaction process to the integration of the matrix to the host tissue, as
found in other studies that addressed different methodologies, but with the interpretation adjusted
to each of them [17,21,34,35].

An adequate host tissue integration is mandatory for the long-term success of graft implantation
procedures. A higher collagen density can be a reason for slower biodegradation and cell ingrowth
[21]. Although the studied matrix has a densely packed collagen structure as observed in the collagen
density analysis, the delay in the process of cell ingrowth may have allowed for the remodeling of
the collagen fibers over time. As shown in this work, the density in the collagen fiber of the graft
decreases particularly between 7 and 21 days, when the inflammatory process is still in high activity.
In the host, where the fibrous capsule was clearly delimited and less dense at 7 days, it was possible
to observe an increase in density without clear delimitation of the beginning and end of the graft
versus the capsule. These findings suggest that the degradation process happened over time and new
collagen and elastin fibers were deposited as described in other studies with the same matrix [18,31],
and with human ADM [3,14,29].

Therefore, different studies have been published over the years to better understand the process
of integration of collagen matrices to replace connective tissues. Methodologies do not always report
different analyses performed at varying experimental times in diverse animal or human models [14].
These methodological discrepancies make it difficult to compare results, but it elucidates the
integration process in each of them. In this work, for example, we understand the limitation of the
experimental time evaluated, as well as the analyses performed. It is possible that in longer follow-
up periods we could observe the process of full integration of the matrix into the tissues as previously
described in the literature, and the failures thereof. Also, characterization of cell invasion, as the shift
from the inflammatory to remodeling phase are important subjects to study further in this
experimental model.

For an implanted material to be considered biocompatible, in vivo analyses must fulfill two
requirements described by Crawford et al. [2]: 1) little or no biological reaction from extractable
components and 2) a thin, fibrous capsule (typically in the range 50-200 microns in thickness) with
little evidence of acute on-going inflammatory reaction after one month of implantation in soft tissue.
Thus, it is reasonable to assume that the porcine acellular dermal matrix was proven to be
biocompatible tissue substitute in rats.

5. Conclusions

Within their limits, the findings of this study support the biocompatibility of porcine acellular
dermal matrix as tissue substitute, allowing tissue integration through cell ingrowth and
proliferation, degradation of the collagen matrix through FBGC activity and deposition of new
collagen over the time.
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