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Abstract: Collagen matrices have become a great alternative to the use of connective tissue grafts
for soft tissue augmentation procedures. One of the main problems with these matrices is their
volume instability and rapid degradation. This study has been designed with the objective of
examining the degradation of three matrices over time. For this purpose, pieces of 10 x 10 mm?
of Fibro-Gide, Mucograft and Mucoderm were submitted to three different degradation tests—
(1) hydrolytic degradation in phosphate buffer solution (PBS); (2) enzyme resistance, using a 0.25%
porcine trypsin solution; and (3) bacterial collagenase resistance (Clostridium histolyticum)—over
different immersion periods of up to 50 days. Weight measurements were performed with an analytic
microbalance. Thickness was measured with a digital caliper. A stereomicroscope was used to obtain
the matrices” images. ANOVA and Student-Newman-Keuls tests were used for mean comparisons
(p < 0.05), except when analyzing differences between time-points within the same matrix and
solution, where pair-wise comparisons were applied (p < 0.001). Fibro-Gide attained the highest
resistance to all degradation challenges. The bacterial collagenase solution was shown to constitute
the most aggressive test as all matrices presented 100% degradation before 14 days of storage.

Keywords: keratinized tissue; mucosal thickness; soft tissue graft; collagen matrices

1. Introduction

The oral mucosa comprises both masticatory and alveolar mucosa. The nonattached
alveolar mucosa is thin and is mostly composed of loosely affiliated collagen fibers while
the attached mucosa is fixed, thick, keratinized, and is composed of well-organized, dense,
collagen fibers [1]. An adequate amount of attached keratinized mucosa is essential for the
maintenance of teeth and dental implants [1,2].

Notwithstanding the recognized value of a sufficient amount of keratinized mucosa,
scientific evidence reports controversial data about the thickness and amount required.
Previous findings have stated that a keratinized mucosa width of less than 2 mm more
frequently exhibits clinical signs of inflammation, whereas sites showing >2 mm of ker-
atinized mucosa remained healthy [3,4]. It was established that an adequate width of
keratinized mucosa (>2 mm) may be necessary in order to maintain periodontal health.
These findings were later challenged by other authors who demonstrated that clinical signs
of inflammation can be detected regardless of keratinized mucosa width [5,6]. As with
teeth, the effect of an adequate width of a keratinized mucosa around dental implants
on the stability of peri-implant tissues is still a matter of debate. However, it is clear
that the lack of keratinized mucosa is not always associated with increased bone loss or
peri-implant disease, but an adequate amount of it may be more favorable for the long-term
maintenance of dental implants [1,7]. The presence of keratinized mucosa helps to preserve
soft and hard tissues, favoring oral hygiene and preventing recession over time [1,7]. In
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addition, the absence of a sufficient width and thickness of periodontal or peri-implant soft
tissues can compromise the aesthetics or function [8,9].

Soft tissue augmentation procedures have been proposed to treat mucogingival de-
formities and achieve both aesthetic and functional results, increasing the survival rates
of teeth and dental implants [10]. Many surgical techniques have been performed to aug-
ment gingival tissue dimension. These procedures are categorized into two main groups:
methods involved in keratinized mucosa generation and/or widening, and those causing
increases in the volume/thickness of soft tissue [11]. Regardless of the technique used,
autogenous connective tissue grafts are currently the gold standard [7]. This autogenous
graft requires a donor area, increasing morbidity in terms of post-operative discomfort
and procedure time [12]. Taking an autograft harvested from the palatal implies possi-
ble complications such as bleeding due to damage of the branches of the palatine artery,
necrosis of the mucosa and hypo- or anaesthesia [13]. In order to avoid these complications
related to the second surgical site, biomaterials are being used as replacements. Such
alternative products can be broadly divided into different groups according to their origin:
allogeneic, xenogeneic, and synthetic (alloplastic) materials [1]. Acellular dermal matrix
allograft obtained from human cadaveric skin may be associated with ethical concerns and
potential risk of disease transmission [14]. Xenogeneic porcine collagen matrices, processed
to remove antigenic cellular components, have been described as an unlimited alternative
to acellular dermal matrix and connective tissue grafts, with comparable results to autoge-
nous soft tissue constructs [15,16]. These substitute biomaterials act as a three-dimensional
scaffold to allow, at the same time, continuous production of new connective tissue and
degradation of the original matrix [13,15]. The process causes the material to gradually be
replaced by host tissues.

Unlike the membranes for Guided Bone Regeneration whose function is occlusive and
space maintenance [17], for the purpose of soft tissue augmentation, a suitable material
needs to fulfill two main criteria—stability of volume over time and favorable biolog-
ical behavior—allowing modeling and remodeling processes [12]. Biodegradation and
subsequent reorganization of the collagen matrix has important implications in terms
of cell proliferation and organization with the creation of a suitable functioning tissue
structure [18]. The rapid biodegradation by the enzymatic activity of periodontopathic
bacteria, macrophages and polymorphonuclear leucocytes of native collagen is still a con-
cern [13,19]. Furthermore, the degradation of collagen-based biomaterials is accentuated
when the substitute is exposed to the oral environment [20]. The fiber strength and degra-
dation rate can be influenced by combining collagen with other materials, by synthetically
induced crosslinking, or by adding more thickness of collagen [21]. Various studies have
been carried out to investigate the influence of membrane thickness on durability with
the addition of a second membrane layer [21,22]. Although the rate of collagen degra-
dation is similar in both configurations, the application of an additional layer results in
a significantly higher amount of residual collagen [21]. This suggests that matrices with
a higher collagen content and thickness should degrade more slowly. In addition, in or-
der to decelerate resorption and, thus, prolong the barrier function of collagen matrices,
several cross-linking methods, such as ultraviolet radiation, glutaraldehyde, diphenyl-
phosphorylazide or hexamethylenediisocyanate, have been used [21,23]. It is commonly
known that these processes increase the number of links between collagen molecules [24,25].
This procedure induces the formation of stable intra- or intermolecular chemical bonds,
strengthens collagen matrices, and slows down enzymatic degradation [24]. The rein-
forcement of matrix materials through the cross-linking of collagen treated by different
physical/chemical methods has been previously demonstrated [26-28]. However, these
cross-linked collagen matrices are not usually employed clinically, because it has been
shown that cross-linking using glutaraldehyde decreased biocompatibility, whereas en-
zymatic cross-linking reduced the tissue integration and biodegradation pattern [23]. In
addition, increased cross-linking diminishes water absorption and increases membrane
stiffness, which may affect clinical manageability [21].
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Membranes that are commercially available for soft tissue augmentation have been
clinically shown to report favorable results, including the recent stable volume collagen
matrix with cross-linked collagen [7,29,30]. However, due to the frequency of exposure of
the membranes to the oral environment during the healing period, it would be interesting
to observe the behavior of these matrices against media that represent similar conditions as
exposure to the oral environment. Collagen matrices with different cross-linked structures
exhibit significant differences in biodegradation pattern, resorption time, and extent of
inflammatory cell invasion [31]. Therefore, it can be assumed that the reaction behavior
of matrices with and without collagen cross-linking to immersion media will be different.
The exposed matrices are expected to be submitted to more aggressive environments than
those in submerged healing. Several studies have assessed the degradation of guided bone
regeneration membranes [23]; however there is no research that elucidates the potential
in vitro degradability associated with the collagen matrix for soft tissue augmentation
procedures. The aim of the present study was to evaluate the biodegradation pattern
of three commercially available collagen matrices, one of them cross-linked and two
without any cross-linking process, over different immersion periods up to 50 d. Qualitative
and quantitative analyses of the collagen matrix degradation were performed. It was
hypothesized that: (i) the three matrices for soft tissue augmentation do not show the same
degradation kinetics over time; and (ii) the three matrices do not resist, in a similar manner,
the different degradation tests (hydrolytic, bacterial collagenase and trypsin).

2. Materials and Methods
2.1. Matrices Description

Three experimental porcine collagen matrices, developed for soft tissue augmentation
procedures, were tested. The matrices are commercially available and CE-certified for
oral applications and are based on the same native dermal Type I and III collagen tissue.
The evaluated matrices were: (i) Geistlich Fibro-Gide (Geistlich Pharma AG, Wolhusen,
Switzerland); (ii) Geistlich Mucograft (Geistlich Pharma AG, Wolhusen, Switzerland);
(iif) Mucoderm (Botiss biomaterials GmbH, Zossen, Germany). According to the man-
ufacturer, Geistlich Fibro-Gide is a porous, resorbable and volume-stable matrix, made
of reconstituted collagen, which undergoes smart chemical cross-linking. The matrix is
provided in 6 mm thickness, and it can be applied in either a dry or wet state according to
individual preference, but swelling upon wetting must be taken into account when deter-
mining final dimensions, as the matrix will gain approximately 25% in volume. Geistlich
Mucograft is a fully resorbable collagen matrix made of porcine collagen without fur-
ther cross-linking. As indicated by the provider, Geistlich Mucograft is approximately
2.5-5.0 mm thick with two structures: a compact collagen structure with a smooth texture
that provides appropriate elastic properties, and a second structure consisting of a thick,
porous collagen spongious scaffold. No prior hydration is required. Finally, Mucoderm
is a resorbable matrix of 1.2 to 1.7 mm thickness, which is made of pure porcine collagen
without any artificial /chemical cross-linking. The elastic properties of the matrix change
with hydration, and the flexibility of the Mucoderm graft increases with hydration time, so
a sufficiently long hydration, 5 to 20 min, is required before application.

Fibro-Gide has only one porous layer consisting of 60-96% (w/w) porcine collagen
and 4-40% (w/w) elastin [32]. The biomaterial has 93% volume porosity, and cross-linked
collagen displays a trabecular structure that forms large honeycomb-like interconnected
pores, consisting of an amorphous, sheet-like matrix [30]. A study concluded that the sheet-
like matrix was collagen, and the small fibers were elastin [33]. Mucograft is composed of a
porcine collagen bilayer structure that presents two surfaces. The compact layer consists of
condensed collagen fibers with occlusive cellular properties, allowing tissue adherence as a
prerequisite for favorable wound healing. This layer is expected to protect against bacterial
infiltration during open healing conditions and offers elastic properties to accommodate
suturing. The second layer consists of a thick, porous, spongy collagen structure, which is
placed next to the host tissues to facilitate organization of the blood clot, promoting both
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neoangiogenesis and tissue integration [5,34]. Mucoderm is a 3D collagen tissue matrix
derived from porcine dermis containing collagen and elastin [35]. The collagen fibers are
disposed as a loose mesh, forming an open-porous collagen structure that guides soft
tissue cells and blood vessels [36]. The main characteristics of the matrices used in this
biodegradation study are listed in Table 1.

Table 1. Main characteristics of collagen-based matrices included in the study.

Matrix Collagen Origin Cross-Link Structure Thickness Exposefi to the
(mm) Oral Environment
. . . . No
Fibro-Gide Type I and III Porcine Yes 3D matrix 6 Submerged healing
2 layers: compact and No/Yes
Mucograft Type I and III Porcine No yers: p 2.5-5.0 Submerged healing
spongious scaffold
recommended
Yes
Mucoderm  TypeIand III Porcine No 1 layer 1.2-1.7 Open healing is feasible in

the case of a vestibuloplasty.

2.2. Degradation Assays

The matrices were cut into pieces of the same size to obtain equal 10 x 10 mm? samples
from each matrix. Three specimens of each matrix type were employed for each test, and
weight and thickness measurements were acquired for each specimen. An analytic scale
(A&D-Instruments, Frankfurt, Germany) mounted on an anti-vibratory table was used for
weight (W) measurements, with an accuracy of 0.0001 g. Thickness (Th) was measured
at three random positions by means of a digital caliper (Mitutoyo 293-561, Tokyo, Japan).
Three different degradation tests were performed:

(1) Hydrolytic degradation test: immersion of specimens in phosphate buffer solution
(PBS) at 37 °C [37].

(2) Enzyme resistance test: samples were immersed in a 0.25% porcine trypsin solution
(Sigma-Aldrich, St. Louis, MO, USA) at 37 °C [31].

(3) Bacterial collagenase resistance test: collagenase solution from Clostridium histolyticum
bacteria Type V (Sigma-Aldrich, St Louis, MO, USA) was used. This solution con-
tained a mixture of several different enzymes including collagenase, which act to-
gether to break down tissue. This preparation contains collagenase, non-specific
proteases, clostripain, neutral protease, and aminopeptidase activities. Specific ac-
tivity is >125 CDU/mg solid. A collagenase concentration of 2 IU/mL in 50 mM
Tris HC1 (pH = 7.4), containing 10 mM CaCl,, was used [19,24]. After each 48 h,
degradation solutions were carefully removed through suction and renewed [38].

2.3. Statistical Analysis

Normal distribution of data was probed using the Kolmogorov-Smirnov (KS) test
(p > 0.05) Multiple ANOVA models were used to assess the influence of the independent
variables (degradation solution, type of matrix and immersion time) on the dependent
variables (weight and thickness). Analyses of interactions were also performed. ANOVA
and Student-Newman-Keuls post-hoc comparisons were performed to determine differ-
ences between materials and degradation solutions. To permit for these comparisons, the
weight and thickness variables were converted to percentages of variation with respect to
the initial measurement, using the following Equation (1):

Percentage of loss = [(Xo — Xt)/Xp] x 100, (1)

where X is the initial weight or thickness of specimens, and X; is the specimen’s weight or
thickness at each time point (t).
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Pairwise comparisons were performed to ascertain the differences between immersion
time-points within the same matrix and solution experimental group. Statistical significance
was always considered at p < 0.05 except for pairwise comparisons, where a Bonferroni’s
correction was applied and p < 0.001 was set. Statistical analysis was performed using the
SPSS 25.0 (SPSS Inc., Chicago, IL, USA) software package.

2.4. Light Microscopy Analysis

Before starting the matrices” immersion and at the end of the storage period 7 d,
specimens were observed under an Olympus SZ-60 stereomicroscope (Olympus, Tokyo,
Japan) for microstructural analysis. Images were taken at 60 x and 120 x magnifications.

3. Results

The thickness (Th) values in mm of the three matrices studied (Fibro-Gide, Mucograft
and Mucoderm), subjected to different solutions (PBS, trypsin and C. histolyticum collage-
nase) during different submersion time periods (1 h, 6 h,24h,48h,7d, 14 d, 28 d, 50 d), are
shown in Table 2. The thickness (Th) loss values of the matrices, expressed in percentage,
across different degradation tests and times, are represented in Figure 1.

Table 2. (a) Thickness values (mm) of the three experimental matrices (Fibro-Gide, Mucograft and Mucoderm) after different

immersion periods ranging from 1 h to 50 days in the degradation tests; PBS (hydrolytic degradation test), C. histolyticum

collagenase (bacterial collagenase resistance test) and trypsin (enzyme resistance test). Values are presented as means

and standard deviations. (b) p values obtained after pairwise comparisons between matrices’ thicknesses after different

immersion times and the initial thickness (thickness at t0: ThO). Statistical significance was considered at p < 0.001.

(@
Fibro-Gide Mucograft Mucoderm
Trypsin  C. histolyticum  PBS  Trypsin  C. histolyticum  PBS  Trypsin C. histolyticum  PBS
{0 5.78 6.32 5.68 3.93 3.55 4.12 1.39 1.28 1.22
(0.19) (0.12) (0.22)  (1.58) (0.74) (0.43)  (0.08) (0.18) (0.16)
1h 3.84 1.92 3.91 1.58 0.18 0.49 1.15 0.84 0.88
(0.59) (0.35) 0.17)  (1.99) (0.01) (0.12)  (0.23) (0.12) 0.1)
6h 248 0.74 3.34 0.93 0.13 0.29 0.81 0.75 0.67
(0.07) (0.18) (0.48) (1.19) (0.07) (0.059)  (0.07) (0.05) (0.19)
24h 2.6 0.39 1.77 0.86 0.12 0.17 0.65 0.4 0.62
(0.16) (0.19) (0.35) (1.15) (0.08) (0.07) (0.05) (0.02) (0.06)
48h 2.51 0.063 1.52 0.81 0 0.16 0.42 0 0.49
(0.22) (0.095) (0.39) (1.08) (0) (0.02) (0.05) (0) (0.05)
7d 1.48 0.043 1.18 0.55 0 0.099 0.17 0 0.16
(0.12) (0.065) (0.56) (0.69) (0) (0.027)  (0.02) (0) (0.06)
144 0.37 0 0.47 0.11 0 0.09 0.02 0 0
(0.19) (0) (0.27) (0.09) 0) (0.008)  (0.01) (0) 0)
284 0.21 0 0.36 0.053 0 0 0.01 0 0
(0.06) (0) (0.18) (0.08) (0) (0) (0.02) 0) (0)
504 0.12 0 0.35 0.016 0 0 0.01 0 0
(0.08) (0) 0.2) (0.02) (0) (0) (0.02) 0) 0)
(b)
Tho-Thyp <0.001 <0.001 <0.001  <0.001 <0.001 <0.001  0.006 0.002 0.002
Tho-Thgpn <0.001 <0.001 <0.001 <0.001 <0.001 <0.001  <0.001 <0.001 <0.001
Tho-Thyy,  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001
Tho-Thygn <0.001 <0.001 <0.001  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001
Thy-Thy4 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001  <0.001 <0.001 <0.001
Tho-Thy4q <0.001 <0.001 <0.001  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001
Thy-Thygq <0.001 <0.001 <0.001 <0.001 <0.001 <0.001  <0.001 <0.001 <0.001
Thy-Thspq <0.001 <0.001 <0.001 <0.001 <0.001 <0.001  <0.001 <0.001 <0.001
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Figure 1. Percentage of thickness loss of the three matrices studied after immersion periods of
up to 50 days in: (a) PBS, (b) trypsin and (c) C. histolyticum collagenase. Values shown are mean
and standard deviation. Statistical significance is indicated with lower-case letters for differences
between matrices over the same degradation test and with capital letters for differences between
degradation tests within the same membrane. Student-Newman-Keuls tests were performed for
multiple comparisons (p < 0.05).
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3.1. Thickness Evaluation after PBS Degradation Assay

At the 1 h time-point, Mucograft attained higher loss of thickness, close to 90%, while
Fibro-Gide and Mucoderm performed similarly with losses of Th of approximately 30%
(Figure 1a). After 24 h of storage, Mucograft reached the highest and Mucoderm the
lowest Th percentage values; the trend was as follows: Mucograft > Fibro-Gide > Mu-
coderm (Figure 1a). After 7 d of immersion, Fibro-Gide had the lowest and Mucograft
the highest loss of Th, and Mucoderm reached intermediate performance between both.
After 14 d of storage, the highest loss of Th was attained by Mucoderm, which totally
degraded. Fibro-Gide showed the lowest loss of Th values. The trend was as follows: Mu-
coderm > Mucograft > Fibro-Gide (Figure 1a). At 28 and 50 d, only Fibro-Gide remained,
and Mucograft did not exceed 28 days of immersion.

In general terms, the three matrices had significant ascending loss of thickness accord-
ing to the different time-points of the study when compared to the initial values, except for
Mucoderm, which attained significant differences after 6 h of storage (Table 2). Mucoderm
was completely degraded after the 14 d immersion period (Figure 1a). Mucograft was fully
degraded during a period of 28 d of immersion, and Fibro-Gide, with very low values of
thickness, overcame 50 d of storage (Figure 1a).

3.2. Thickness Evaluation after Trypsin Degradation Assay

After 1 h of storage, Mucograft suffered the greatest loss of Th percentage followed
by Fibro-Gide and finally Mucoderm. At the 6 h time-point, the matrices reduced their
percentage Th as follows: Mucograft > Fibro-Gide > Mucoderm (Figure 1b). After 24 h of
storage, Mucoderm and Fibro-Gide performed similarly with lower losses of thickness than
Mucograft. After 14 d, the trend changed as follows: Mucoderm > Mucograft > Fibro-Gide.
After 50 d of immersion, all matrices remained, although with high losses of Th percentage
following this trend: Fibro-Gide > Mucograft > Mucoderm (Figure 1b).

In general terms, within this degradation test, all matrices experienced significant
changes in their thickness throughout the different time-points, except for Mucoderm,
which attained significant differences after 6 h of storage (Table 2). Although no matrix
was completely degraded after 50 days of storage, the degradation values were high, and
the percentage of thickness loss was above 95% (Figure 1b).

3.3. Thickness Evaluation after C. histolyticum Collagenase Degradation Assay

At the 1 h time-point, the three matrices suffered a marked loss of their thickness,
which was greater in Mucograft and lower in Mucoderm (Figure 1c). After 24 h of storage,
Fibro-Gide attained the highest loss of Th percentage values, and the trend was as follows:
Fibro-Gide > Mucograft > Mucoderm (Figure 1c). At the 48 h time-point, Mucograft
and Mucoderm completely degraded; the loss of Th was complete, and only Fibro-Gide
exceeded this period, totally degrading after 7 days.

In general terms, the C. histolyticum collagenase degradation assay was the most
aggressive with the matrices studied (Table 2). All matrices experienced a significant
reduction in their thickness values over time, when all time-points were compared with the
initial time, except Mucoderm, which attained significant differences after 6 h of storage
(Table 2). None of them completed all study periods. Mucograft and Mucoderm were
completely degraded during 48 h of immersion, and Fibro-Gide managed to exceed 7 days
but did not reach 14 days (Figure 1c).

The weight (W) values in g of the three matrices studied (Fibro-Gide, Mucograft and
Mucoderm) subjected to different solutions (PBS, trypsin and C. histolyticum collagenase)
during different submersion time periods are presented in Table 3. The weight (W) loss
values, expressed in percentage, over different degradation tests and times, are shown
in Figure 2.
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Figure 2. Percentage of weight loss in the three tested matrices after the different immersion periods
of up to 50 days in: (a) PBS, (b) trypsin and (c) C. histolyticum collagenase. Values are shown as
mean and standard deviation. Statistical significance is shown with lower-case letters for differences
between matrices over the same degradation test, and with capital letters for differences between
degradation tests within the same membrane. Student-Newman-Keuls tests were performed for
multiple comparisons (p < 0.05).
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Table 3. (a) Weight values (ug) of the three experimental matrices (Fibro-Gide, Mucograft and Mucoderm) after different

immersion periods ranging from 1 h to 50 days in the different degradation tests; PBS (hydrolytic degradation test),

C. histolyticum collagenase (resistance test to bacterial collagenase) and trypsin (Enzyme resistance test). Values are presented

as means and standard deviations. (b) p values obtained after pairwise comparisons between matrices’ thicknesses after

different immersion time-points and the initial weight (weight at t0: W0). Statistical significance was considered at p < 0.001.

(a)
Fibro-Gide Mucograft Mucoderm
Trypsin  C. histolyticum  PBS Trypsin  C. histolyticum  PBS Trypsin  C. histolyticum  PBS
0 43.5 49.54 45.55 31.94 26.97 31.68 56.34 57.4 41.63
(1.38) (1.97) (2.79) (9.63) (5.33) (5.02) (2.13) (3.8) (1.67)
1h 4411 60.62 53.31 26.63 12.64 28.53 55.09 58.51 421
(1.77) (2.93) (3.62) (14.24) (4.42) (5.28) (2.09) (3.77) (1.59)
6h 39.15 41.31 48.99 19.32 3 19.49 54.09 48.16 39.95
(2.28) (2.48) (1.78) (16.18) (1.78) (3.08) (2.53) (3.75) (1.86)
2h 27.78 17.61 37 13.59 0.57 12.07 43.51 22.8 37.23
(1.26) (0.86) (2.51) (11.84) (0.86) (7.67) (1.7) (2.75) (1.36)
48h 20.35 1.49 24.03 8.9 0 7.46 30.64 0 29.14
(1.06) (2.24) (1.24) (8.5) 0) 4.77) (2.36) 0) (2.63)
74 11.61 0.35 18.64 5.14 0 3.91 10.07 0 6.48
(0.56) (0.53) (1.41) (5.38) (0) (2.45) (1.19) (0) (5.77)
144d 3.8 0 14.39 1.47 0 1.97 0.21 0 0
(0.39) 0) (2.41) (1.75) 0) (1.09) (0.16) 0) 0)
284 1.85 0 10.31 0.52 0 0 0.08 0 0
(0.32) (0) (1.71) 0.77) (0) (0) (0.13) (0) (0)
50d 0.99 0 7.62 0.26 0 0 0.16 0 0
(0.3) 0) (1.06) (0.39) 0) 0) (0.25) (0) (0)
(b)
Wo-Wip, 0.002 <0.001 <0.001 0.009 <0.001 <0.001  <0.001 <0.001 <0.001
Wo-Wen <0.001 <0.001 0.001 <0.001 0.001 <0.001  <0.001 <0.001 <0.001
Wo-Wyy,  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001
Wo-Wagn  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001
Wo-Wyq <0.001 <0.001 <0.001  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001
Wo-Wipq  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001
Wo-Wygq  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001
Wo-Wsoq  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001

3.4. Weight Evaluation after PBS Degradation Assay

At the 1 h time-point, Fibro-Gide achieved a weight gain of almost 20%, while
Mucograft attained the highest loss of W values. Mucoderm did not suffer any change
in its weight (Figure 2a). The weight gain values that were revealed were due to water
absorption that likely occurred during the first matrix immersion. After 24 h of storage, the
three matrices experienced loss of weight, and the trend was as follows: Mucograft > Fibro-
Gide > Mucoderm. After 7 d of immersion, Mucoderm showed a marked change in
percentage W values, which were similar to those of Mucograft. Fibro-Gide attained the
lowest loss of weight (Figure 2a). At the 28 d time-point, Mucograft and Mucoderm were
completely degraded as the loss of W was complete for both of them. Fibro-Gide exceeded
50 d of storage with a weight loss of 70% (Figure 2a).

In general terms, the three matrices underwent significant changes in their weight
when compared with the initial weight; these changes were progressive for Fibro-Gide
and Mucograft, while Mucoderm suffered a gradual reduction in weight until 7 days, in
which the degradation became marked and almost complete (Table 3). Mucograft totally
degraded at 28 d of immersion and Fibro-Gide exceeded the 50 d time-point (Figure 2a).
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3.5. Weight Evaluation after Trypsin Degradation Assay

At the 1 h time-point, Mucograft attained the highest loss of W, and Fibro-Gide
and Mucoderm hardly experienced changes (Figure 2b). After 14 h of storage, Mucograft
showed the highest and Mucoderm the lowest loss of percentage weight, with the following
trend: Mucograft > Fibro-Gide > Mucoderm. After 7 d of immersion, this trend changed as
follows: Mucograft > Mucoderm > Fibro-Gide (Figure 2b). From 14 d to 50 d of storage,
Fibro-Gide showed the lowest loss of percentage W values, and both Mucograft and
Mucoderm performed similarly (Figure 2b).

In general terms, after completing the different study periods, the three matrices
suffered significant weight loss over time in this degradation assay (Table 3). After 50 days,
the highest weight values were for Fibro-Gide and the lowest for Mucoderm. The final
trend was Fibro-Gide > Mucograft > Mucoderm (Figure 1b).

3.6. Weight Evaluation after C. histolyticum Collagenase Degradation Assay

At 1 h time-point, Mucograft was the only matrix that experienced loss of W (Figure 2c).
After 6 h of storage, Mucograft attained the highest loss weight. Mucoderm and Fibro-Gide
suffered similar losses of W, which were close to 15%. At the 48 h time-point, both the
Mucograft and Mucoderm matrices completely degraded. At the 7 d time-point, a complete
degradation was attained for all of them (Figure 2c).

In general terms, this solution aggressively affects matrices, obtaining the lowest
weight values over periods studied (Table 3). None of them overcame 50 d of storage.
Mucograft and Mucoderm exceeded up to 24 h of immersion, degrading completely during
48 h in the presence of this test solution (Figure 1c). Fibro-Gide was partially degraded
after 7 d and disappeared after 14 d of immersion.

3.7. Matrices Morphological Analysis

Figure 3 displays light micrographs taken from the three matrices before they were
submitted to immersion into the degradation solutions. Fibro-Gide showed a rough surface
(Figure 3a,b), with exposed collagen shaping different sized pores, ranging from 100 to
250 pm. Mucograft had two differentiated surfaces; the outer substrate was smooth, ho-
mogeneous and non-permeable (Figure 3c,d), while the inner one displayed numerous
pores (Figure 3e,f). Lastly, Mucoderm (Figure 3g,h) exhibited a porous surface with no-
ticeable parallel collagen fibrils. The pores of this membrane were more homogeneous
in shape and size, between 80 um and 100 pm. Figures 4 and 5 show light micrographs
taken from the matrices after 7 days of storage in the degradation tests, PBS (Figure 4)
and Trypsin (Figure 5). Due to the severe resorption of the matrices, at this time-point in
the C. histolyticum collagenase degradation assay, no images of microstructural alteration
could be obtained with this solution for any matrix. The reaction of Mucoderm to the PBS
degradation assay after 72 h could also not be evaluated with light micrographs.

Figure 4 shows how the PBS immersion test altered the structure of the matrices with
an irregular exposure of the different layers of collagen. The breakdown of collagen at
the Fibro-Gide membrane made it impossible to distinguish the initially described pores
(Figure 4a). Some mineral deposits could be seen on the matrices” surface (Figure 4a).
After 7 days in PBS, different Mucograft surfaces turned out to be indistinguishable. The
previously described porous structure also disappeared, and both surfaces were equally
smooth (Figure 4b,d). Some collagen fibrils remained intact; however, there were some
points in which lack of integrity of the matrices could be noticed (Figure 4d).

After trypsin immersion, the three matrices showed a disorganized fiber structure,
caused by the partial collagen degradation generated by the peptidase. The most affected
membrane was Mucoderm, which showed rippled collagen fibrils with disorganized
and variable orientation (Figure 5e,f). This disorganized collagen fibrils could also be
observed, but to a lesser degree, in Mucograft (Figure 5¢,d). From a microscopic point of
view, Fibro-Gide was the matrix that remained less disrupted after the trypsin challenge
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(Figure 5a,b). It had lost its initial clear porous structure, although it still exhibited a
structured collagen net.

Figure 3. Light micrographs taken from matrices before immersion. (a) Fibro-Gide surface at 60 x
magnification. (b) Fibro-Gide at 120 x magnification. (c) Compact layer Mucograft surface at 60x
magnification. (d) Compact layer Mucograft surface at 120 x magnification. (e) Spongious layer
Mucograft surface at 60 x magnification. (f) Spongious layer Mucograft surface at 120 x magnification.
() Mucoderm surface at 60 x magnification. (h) Mucoderm surface at 120 x magnification. Scale bar
is 500 pm in (a,c,e,g), and 100 um in (b,d,f,h). Pointers indicated the presence of different sized pores.
Arrows show collagen fibers distributed over matrices’ surfaces.
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Figure 4. Light micrographs taken from matrices after PBS degradation assay after 7 days of storage. (a) Fibro-Gide surface
at 60x magnification. (b) Mucograft surface at 60x magnification. (c) Fibro-Gide at 120 x magnification. (d) Mucograft at
120x magnification. Scale bar is 500 um in (a,c); and 100 um in (b,d). Different layers of collagen fibers (arrows) caused by
degradation with some mineral deposits (arrow heads) on its surface. The lack of integrity of the matrices corresponds with

structural defects (asterisks).

Figure 5. Light micrographs taken from matrices after Trypsin degradation assay after 7 days of storage. (a) Fibro-Gide
surface at 60 x magnification. (b) Fibro-Gide surface at 120 x magnification. (c) Mucograft surface at 60 x magnification.
(d) Mucograft surface at 120 x magnification. (e) Mucoderm surface at 60 x magnification. (f) Mucoderm surface at 120 x
magnification. Scale bar is 500 um in (a—c), and 100 um in (d-f). Disorganized fiber structure caused by partial degradation
with rippled collagen fibrils (arrows) is observed.
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4. Discussion

The obtained data showed that the three matrices were progressively degraded
throughout the immersion periods and did not resist the degradation tests equally. Fibro-
Gide has been the matrix that better resisted degradation tests measured in terms of weight
and thickness (Figures 1 and 2).

The greater resistance to degradation presented by Fibro-Gide could be explained
by the difference in the composition with respect to the other tested matrices. Although
Mucograft, Mucoderm and Fibro-Gide largely consist of the same material, native porcine
collagen type I and III, Fibro-Gide is smart-linked, a unique form of cross-linking, which pro-
vides elasticity, strength and volume stability. Cross-linking of collagen fibers by physical,
thermal or chemical methods has demonstrated to increase resistance to degradation [13]
if compared to the native state of collagen. In this study, Fibro-Gide reached the highest
values of weight and thickness in the final stages (Figures 1 and 2), showing better resis-
tance than the native type I and III collagen matrices, Mucograft and Mucoderm, to any
degradation medium. This may be due to the cross-linking of Fibro-Gide. It was the only
matrix that after 7 days of trypsin challenge preserved a structured collagen network, when
analyzed by light micrographs (Figure 5). In the trypsin test, Fibro-Gide reached a degra-
dation close to 98% of its weight and thickness at 50 days, while Mucograft and Mucoderm
degradation reached 98% at only 7 days of storage (Figures 1 and 2). In the PBS test, only
Fibro-Gide exceeded 50 days of immersion with a degradation of 94%, while Mucograft was
totally degraded at 28 days and Mucoderm at 14 days of storage (Figures 1 and 2). After the
bacterial collagenase resistance test, all matrices suffered an accelerated degradation, which
was from 1 h to 14 days for Fibro-Gide, from 1 h to 48 h for Mucograft, and from 1 to 24 h
for Mucoderm (Figures 1 and 2). These differences in the degradation resistance between
matrices with cross-linked and non-cross-linked collagen fibers were also found by other
authors. Rothamel et al. [13] evaluated the implantation of different types of matrices in
subcutaneous rat models to observe biodegradation, vascularization and tissue integration.
As in the present study, the aforementioned research found a more accelerated degradation
of the non-cross-linked matrix compared to those that presented collagen cross-linking.
However, its results are only attributable to submerged healing, while in our study, dif-
ferent media of immersion represented different degradation scenarios. This allows us to
affirm that differences between matrices with cross-linked and non-cross-linked collagen
were maintained regardless of the exposure medium. Sela et al. [19] also attributed a
greater resistance to degradation with the use of cross-linked membranes. They compared
Biomend, a cross-linked membrane, with Biogide, a non-cross-linked membrane, in the
presence of different oral pathogens, but only for 16 h, which is insufficient to determine
membranes” long-term degradation behavior. In general terms, it can be confirmed that
the presence of cross-linked collagen fibers in the composition of a matrix causes greater
stability and resistance against degradation tests [13,24,39].

Predicting matrices’ behavior and their degradation in different scenarios is essential
for the collagen matrices used in soft tissue augmentation. It is indispensable that the
collagen matrices to be incorporated and accepted in the recipient tissue, and present
adequate volumetric stability, in order to allow enough time for cell and blood vessel
infiltration [40]. Migration, activation and proliferation of endothelial cells from exist-
ing vessels is required [40]. Eppley et al. [41] demonstrated in an in vivo animal model
that a single-layer acellular human dermis membrane was revascularized quickly, with
this process being completed by the second postoperative week. It was considered that
14 days was sulfficient time for the cell invasion and revascularization. However, it has been
demonstrated that the integration of collagen membranes of human and porcine origin
is different, despite the similarity in morphology and behavior of porcine and human
skin [40,42]. In the case of porcine collagen matrices, it has been shown that this time
is significantly longer, and the vascularization of the central zone of the matrix occurs
between 30 days and 60 days [34,43,44]. This is the reason why the matrix must remain
intact for at least 4 weeks in order to allow the incorporation and regeneration of oral
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tissues [24]. Rothamel et al. [13] stated that, after four weeks of implantation, matrices were
vascularized and the degradation was practically completed. The studied matrices, includ-
ing Mucoderm, were organized in new connective tissue at 4 weeks and they also found
remains of matrices even after 12 weeks [13]. The three matrices were able to overcome
the submersion in trypsin after 28 days of storage, demonstrating survival in the enzyme
resistance test. Only Fibro-Gide was able to withstand 28 days of storage in PBS, but none
of the three matrices exceeded this experimental period in C. histolyticum. From 0 h to
1 h of immersion, the weight values increased for Fibro-Gide. This could be explained
in terms of water absorption that likely occurs during the first immersion. Although the
adsorbed water is probed to be similar for the wetting and drying processes, indicating
that the collagen is at a close equilibrium of water adsorption/desorption [45], the initial
water absorption is integrated into collagen by different states, i.e., bound and free water.
Bound water, where water molecules form bridges between neighboring polypeptide
chains, acts as a receptor for CH-O hydrogen bonds [46]. Free water is water that is fixed
by one hydrogen bond between polypeptide chains or fixed in the hole zones at the end of
the polypeptide chain [47]. Bound water needs specific methods to be removed from the
collagen once it has been incorporated. Therefore, thicker matrices with higher collagen
content absorb more water from the medium, with a part of it being incorporated into their
structure as bound water [43]. In conclusion, our results show that not all matrices resisted
28 days of storage in all immersion media. In contrast, Owens and Yukna [48], who studied
the animal implantation of collagen membranes for guide bone regeneration, established
that the degradation was moderate to severe between 4 and 8 weeks; it should be stressed
that membranes are still present after 8 weeks. The higher permanence of the membranes
in the aforementioned studies [13,48] may be due, not only to the different compositions,
but also to the fact that, in both cases, the membranes are placed at subcutaneous pockets.
In our study, three in vitro tests have been used and probably represented more aggres-
sive conditions than submerged healing. C. histolyticum has been the most aggressive
test against matrices. The degradation by bacterial collagenase in vitro could predict the
behavior of the matrix within the worst scenario in the case of wound dehiscence [23]. In
addition, the enzyme resistance test with trypsin and the hydrolytic degradation test with
PBS also served to evaluate the matrices’ behavior when faced with medium oral exposure.
Differently from Fibro-Gide, Mucograft and Mucoderm could be exposed to the oral cavity
(Table 1). Therefore, a greater resistance to degradation than Fibro-Gide was expected.
Mucograft, a bilayered collagen matrix, presents two layers: a smooth, occlusive and
compact layer of dense collagen that allows possible open healing [49], and another porous
layer to promote cell adhesion. Exposure of Mucoderm, according to recommendations,
should always be avoided when used for recession coverage, and open healing is feasible
only in the case of a vestibuloplasty [50].

Several studies have demonstrated the affinity and adhesion of bacteria to
collagen [51-53]. Bacterial adhesion to collagen plays critical roles in the pathogenesis
and persistence of infections caused by numerous bacteria [52]. Each collagen molecule
is formed through the interactions of three protein polypeptides known as x-strands and
recognized as a triple helix structure [51]. Many bacteria have evolved to produce collagen
adhesins to interact with this group of proteins [52], which favor the binding to collagen.
This suggests that in the presence of bacteria, such as those of the genera Staphylococcus,
Streptococcus, Enterococcus, and Bacillus, an immediate contamination of the collagen matrix
would occur, which implies its rapid degradation, as shown with the C. histolyticum test.
Collagen cross-linking has been shown to strengthen the matrices against collagenase
degradation for up to 7 days. However, this time is considered insufficient to achieve a
complete conversion and regeneration of the soft oral tissue [24]. Therefore, doping of the
matrices with an antibacterial agent should be considered in order to partially overcome
the problem of rapid degradation, which is caused by bacterial contamination in those
cases in which membrane exposure may occur.
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This study suggests that the presence of cross-linked collagen fibers in the matrix
represents the most important aspect in terms of increasing resistance to degradation. At
this point, a balance needs to be achieved between the increasing of resistance to degrada-
tion and the avoidance of the drawbacks of many of the usually employed crosslinking
methods, which are frequently related to severe inflammatory responses [13,49]. The ob-
served morphological changes of collagen matrixes after degradation mainly include the
disarrangement of the collagen web and the widening of the interfibrillar spaces, which are
consistent with previously described alterations found after scanning and transmission elec-
tron microscopy analyses of water degradation of human collagen [54]. Further research is
planned in order to ascertain whether these changes in collagen fibrils” nanostructure are
related to the mechanical properties of collagen membranes during the degradation process.
The great contribution of bacterial collagenase in membranes’ degradation has also been
shown, even for matrices composed of cross-linked collagen fibers. However, it should
be considered that in vitro results can only be extrapolated to the clinical the scenario
with certain limitations. The outcomes of this study support future research related to the
addition of antibacterial agents to the matrices, with the aim of protecting them against
bacterial colonization.

5. Conclusions

After the in vitro evaluation of the three porcine collagen matrices, it can be stated that
the matrices do not have similar resistance in the different degradation tests. Fibro-Gide, a
cross-linked collagen matrix, has shown the highest resistance to the tested degradation
challenges, under in vitro conditions, demonstrating the efficacy of the cross-linking meth-
ods. The bacterial collagenase solution constituted the most aggressive test, as all matrices
presented 100% degradation before 14 d. Pores larger than 100 um appeared during the
degradation processes of all tested membranes.

Author Contributions: Conceptualization, C.V.,, M.T. and R.O.; Formal analysis, M.T., M.T.-O., C.V,,
M.V.-R. and R.O.; Funding acquisition, M. T. and R.O.; Investigation, M.T.,, M.T.-O., M.V.-R., C.V.
and R.O.; Methodology, M.T.-O., C.V,, M.V.-R. and R.O.; Project administration, M.T. and R.O.;
Supervision, M.T., R.O. and M.T.-O.; Validation, M.T., M.T.-O. and R.O.; Visualization; M.T., M.T.-O.
and R.O.; Writing—original draft, C.V., M.T.-O. and M.V.-R.; Writing—review and editing, C.V.,
M.T-O., M.V-R,, M.T. and R.O. All authors have read, critically reviewed and agreed to the published
version of the manuscript.

Funding: This work was supported by: (1) the Ministry of Economy and Competitiveness and the
European Regional Development Fund (Project PID2020-114694RB-100 MINECO/AEI/FEDER/UE),
(2) the University of Granada/Regional Government of Andalusia Research Fund from Spain, and
the European Regional Development Fund (A-BIO-157-UGR-18/FEDER). This research is part of
C.V.’s PhD research study.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors report no conflict of interest related to this in vitro study.

1. Wolff, J.; Farré-Guasch, E.; Sandor, G.K.; Gibbs, S.; Jager, D.J.; Forouzanfar, T. Soft Tissue Augmentation Techniques and Materials
Used in the Oral Cavity: An Overview. Implant Dent. 2016, 25, 427-434. [CrossRef]

2. Giannobile, W.V,; Jung, R.E.; Schwarz, F; Groups of the 2nd Osteology Foundation Consensus Meeting. Evidence-Based
Knowledge on the Aesthetics and Maintenance of Peri-Implant Soft Tissues: Osteology Foundation Consensus Report Part
1-Effects of Soft Tissue Augmentation Procedures on the Maintenance of Peri-Implant Soft Tissue Health. Clin. Oral Implant. Res.
2018, 29 (Suppl. S15), 7-10. [CrossRef]

3. Bassetti, R.G.; Stahli, A.; Bassetti, M.A.; Sculean, A. Soft Tissue Augmentation around Osseointegrated and Uncovered Dental
Implants: A Systematic Review. Clin. Oral Investig. 2017, 21, 53-70. [CrossRef] [PubMed]


http://doi.org/10.1097/ID.0000000000000385
http://doi.org/10.1111/clr.13110
http://doi.org/10.1007/s00784-016-2007-9
http://www.ncbi.nlm.nih.gov/pubmed/27873018

Polymers 2021, 13, 2633 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Lang, N.P,; Loe, H. The Relationship between the Width of Keratinized Gingiva and Gingival Health. ]. Periodontol. 1972, 43,
623-627. [CrossRef]

Sanz, M.; Lorenzo, R.; Aranda, J.J.; Martin, C.; Orsini, M. Clinical Evaluation of a New Collagen Matrix (Mucograft Prototype) to
Enhance the Width of Keratinized Tissue in Patients with Fixed Prosthetic Restorations: A Randomized Prospective Clinical Trial.
J. Clin. Periodontol. 2009, 36, 868-876. [CrossRef] [PubMed]

Miyasato, M.; Crigger, M.; Egelberg, J. Gingival Condition in Areas of Minimal and Appreciable Width of Keratinized Gingiva.
J. Clin. Periodontol. 1977, 4, 200-209. [CrossRef] [PubMed]

Schmitt, C.M.; Matta, R.E.; Moest, T.; Humann, J.; Gammel, L.; Neukam, EW.; Schlegel, K.A. Soft Tissue Volume Alterations after
Connective Tissue Grafting at Teeth: The Subepithelial Autologous Connective Tissue Graft versus a Porcine Collagen Matrix-A
Pre-Clinical Volumetric Analysis. J. Clin. Periodontol. 2016, 43, 609-617. [CrossRef] [PubMed]

Zucchelli, G.; Mounssif, I. Periodontal Plastic Surgery. Periodontology 2015, 68, 333-368. [CrossRef]

Bassetti, M.; Kaufmann, R.; Salvi, G.E.; Sculean, A.; Bassetti, R. Soft Tissue Grafting to Improve the Attached Mucosa at Dental
Implants: A Review of the Literature and Proposal of a Decision Tree. Quintessence Int. Berl. Ger. 1985 2015, 46, 499-510. [CrossRef]
Definition and Objectives of Periodontal Plastic Surgery-Practical Periodontal Plastic Surgery-Wiley Online Library. Available
online: https:/ /onlinelibrary.wiley.com/doi/abs/10.1002/9781119014775.ch1 (accessed on 27 December 2020).

Toledano, M.; Toledano-Osorio, M.; Carrasco-Carmona, A.; Vallecillo, C.; Lynch, C.D.; Osorio, M.T.; Osorio, R. State of the Art
on Biomaterials for Soft Tissue Augmentation in the Oral Cavity. Part I: Natural Polymers-Based Biomaterials. Polymers 2020,
12, 1850. [CrossRef]

Thoma, D.S.; Zeltner, M.; Hilbe, M.; Himmerle, C.H.E; Hiisler, J.; Jung, R.E. Randomized Controlled Clinical Study Evaluating
Effectiveness and Safety of a Volume-Stable Collagen Matrix Compared to Autogenous Connective Tissue Grafts for Soft Tissue
Augmentation at Implant Sites. J. Clin. Periodontol. 2016, 43, 874-885. [CrossRef]

Rothamel, D.; Benner, M.; Fienitz, T.; Happe, A.; Kreppel, M.; Nickenig, H.-].; Z6ller, J.E. Biodegradation Pattern and Tissue
Integration of Native and Cross-Linked Porcine Collagen Soft Tissue Augmentation Matrices-an Experimental Study in the Rat.
Head Face Med. 2014, 10, 10. [CrossRef]

Pabst, A.M.; Lehmann, K.-M.; Walter, C.; Krtiger, M.; Stratul, S.-I.; Kasaj, A. Influence of Porcine-Derived Collagen Matrix on
Endothelial Progenitor Cells: An in Vitro Study. Odontology 2016, 104, 19-26. [CrossRef]

Herford, A.S.; Akin, L.; Cicciu, M.; Maiorana, C.; Boyne, PJ. Use of a Porcine Collagen Matrix as an Alternative to Autogenous
Tissue for Grafting Oral Soft Tissue Defects. J. Oral Maxillofac. Surg. 2010, 68, 1463-1470. [CrossRef]

Vallecillo, C.; Toledano-Osorio, M.; Vallecillo-Rivas, M.; Toledano, M.; Rodriguez-Archilla, A.; Osorio, R. Collagen Matrix vs.
Autogenous Connective Tissue Graft for Soft Tissue Augmentation: A Systematic Review and Meta-Analysis. Polymers 2021,
13,1810. [CrossRef]

Omar, O,; Elgali, I; Dahlin, C.; Thomsen, P. Barrier Membranes: More than the Barrier Effect? J. Clin. Periodontol. 2019, 46
(Suppl. S21), 103-123. [CrossRef] [PubMed]

Jarman-Smith, M.L.; Bodamyali, T.; Stevens, C.; Howell, J.A.; Horrocks, M.; Chaudhuri, J.B. Porcine Collagen Crosslinking,
Degradation and Its Capability for Fibroblast Adhesion and Proliferation. J. Mater. Sci. Mater. Med. 2004, 15, 925-932. [CrossRef]
[PubMed]

Sela, M.N.; Kohavi, D.; Krausz, E.; Steinberg, D.; Rosen, G. Enzymatic Degradation of Collagen-Guided Tissue Regeneration
Membranes by Periodontal Bacteria. Clin. Oral Implant. Res. 2003, 14, 263-268. [CrossRef] [PubMed]

Calciolari, E.; Ravanetti, F.,; Strange, A.; Mardas, N.; Bozec, L.; Cacchioli, A.; Kostomitsopoulos, N.; Donos, N. Degradation
Pattern of a Porcine Collagen Membrane in an in Vivo Model of Guided Bone Regeneration. J. Periodontal. Res. 2018, 53, 430-439.
[CrossRef]

Kozlovsky, A.; Aboodi, G.; Moses, O.; Tal, H.; Artzi, Z.; Weinreb, M.; Nemcovsky, C.E. Bio-Degradation of a Resorbable Collagen
Membrane (Bio-Gide) Applied in a Double-Layer Technique in Rats. Clin. Oral Implant. Res. 2009, 20, 1116-1123. [CrossRef]
von Arx, T.; Buser, D. Horizontal Ridge Augmentation Using Autogenous Block Grafts and the Guided Bone Regeneration
Technique with Collagen Membranes: A Clinical Study with 42 Patients. Clin. Oral Implant. Res. 2006, 17, 359-366. [CrossRef]
[PubMed]

Toledano, M.; Asady, S.; Toledano-Osorio, M.; Garcia-Godoy, E; Serrera-Figallo, M.-A.; Benitez-Garcia, ].A.; Osorio, R. Differential
Biodegradation Kinetics of Collagen Membranes for Bone Regeneration. Polymers 2020, 12, 1290. [CrossRef] [PubMed]

Bozkurt, A.; Apel, C.; Sellhaus, B.; van Neerven, S.; Wessing, B.; Hilgers, R.-D.; Pallua, N. Differences in Degradation Behavior of
Two Non-Cross-Linked Collagen Barrier Membranes: An in Vitro and in Vivo Study. Clin. Oral Implant. Res. 2014, 25, 1403-1411.
[CrossRef] [PubMed]

Adamiak, K.; Sionkowska, A. Current Methods of Collagen Cross-Linking: Review. Int. J. Biol. Macromol. 2020, 161, 550-560.
[CrossRef]

Lai, ].-Y. Photo-Cross-Linking of Amniotic Membranes for Limbal Epithelial Cell Cultivation. Mater. Sci. Eng. C 2014, 45, 313-319.
[CrossRef]

Lai, ].-Y. Interrelationship between Cross-Linking Structure, Molecular Stability, and Cytocompatibility of Amniotic Membranes
Cross-Linked with Glutaraldehyde of Varying Concentrations. RSC Adv. 2014, 4, 18871-18880. [CrossRef]

Ma, D.H.-K,; Lai, ].-Y.; Cheng, H.-Y,; Tsai, C.-C.; Yeh, L.-K. Carbodiimide Cross-Linked Amniotic Membranes for Cultivation of
Limbal Epithelial Cells. Biomaterials 2010, 31, 6647—-6658. [CrossRef]


http://doi.org/10.1902/jop.1972.43.10.623
http://doi.org/10.1111/j.1600-051X.2009.01460.x
http://www.ncbi.nlm.nih.gov/pubmed/19678861
http://doi.org/10.1111/j.1600-051X.1977.tb02273.x
http://www.ncbi.nlm.nih.gov/pubmed/330574
http://doi.org/10.1111/jcpe.12547
http://www.ncbi.nlm.nih.gov/pubmed/26990041
http://doi.org/10.1111/prd.12059
http://doi.org/10.3290/j.qi.a33688
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781119014775.ch1
http://doi.org/10.3390/polym12081850
http://doi.org/10.1111/jcpe.12588
http://doi.org/10.1186/1746-160X-10-10
http://doi.org/10.1007/s10266-014-0186-x
http://doi.org/10.1016/j.joms.2010.02.054
http://doi.org/10.3390/polym13111810
http://doi.org/10.1111/jcpe.13068
http://www.ncbi.nlm.nih.gov/pubmed/30667525
http://doi.org/10.1023/B:JMSM.0000036281.47596.cc
http://www.ncbi.nlm.nih.gov/pubmed/15477745
http://doi.org/10.1034/j.1600-0501.2003.140302.x
http://www.ncbi.nlm.nih.gov/pubmed/12755775
http://doi.org/10.1111/jre.12530
http://doi.org/10.1111/j.1600-0501.2009.01740.x
http://doi.org/10.1111/j.1600-0501.2005.01234.x
http://www.ncbi.nlm.nih.gov/pubmed/16907765
http://doi.org/10.3390/polym12061290
http://www.ncbi.nlm.nih.gov/pubmed/32512861
http://doi.org/10.1111/clr.12284
http://www.ncbi.nlm.nih.gov/pubmed/25539007
http://doi.org/10.1016/j.ijbiomac.2020.06.075
http://doi.org/10.1016/j.msec.2014.09.001
http://doi.org/10.1039/C4RA01930J
http://doi.org/10.1016/j.biomaterials.2010.05.034

Polymers 2021, 13, 2633 17 of 18

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Maiorana, C.; Pivetti, L.; Signorino, F.; Grossi, G.B.; Herford, A.S.; Beretta, M. The Efficacy of a Porcine Collagen Matrix in
Keratinized Tissue Augmentation: A 5-Year Follow-up Study. Int. |. Implant Dent. 2018, 4, 1. [CrossRef]

Caballé-Serrano, J.; Zhang, S.; Ferrantino, L.; Simion, M.; Chappuis, V.; Bosshardt, D.D. Tissue Response to a Porous Collagen
Matrix Used for Soft Tissue Augmentation. Mater. Basel Switz. 2019, 12, 3721. [CrossRef]

An, Y.Z.; Kim, YK, Lim, S.M.; Heo, YK.; Kwon, M.K,; Cha, ] K,; Lee, ].S.; Jung, U.W.; Choi, S.H. Physiochemical Properties
and Resorption Progress of Porcine Skin-Derived Collagen Membranes: In Vitro and in Vivo Analysis. Dent. Mater. |. 2018, 37,
332-340. [CrossRef]

Tavelli, L.; McGuire, M.K.; Zucchelli, G.; Rasperini, G.; Feinberg, S.E.; Wang, H.-L.; Giannobile, W.V. Extracellular Matrix-Based
Scaffolding Technologies for Periodontal and Peri-Implant Soft Tissue Regeneration. . Periodontol. 2020, 91, 17-25. [CrossRef]
Ferrantino, L.; Bosshardt, D.; Nevins, M.; Santoro, G.; Simion, M.; Kim, D. Tissue Integration of a Volume-Stable Collagen Matrix
in an Experimental Soft Tissue Augmentation Model. Int. J. Periodontics Restor. Dent. 2016, 36, 807-815. [CrossRef]

Ghanaati, S.; Schlee, M.; Webber, M.].; Willershausen, I.; Barbeck, M.; Balic, E.; Gorlach, C.; Stupp, S.I; Sader, R.A.; Kirkpatrick, C.J.
Evaluation of the Tissue Reaction to a New Bilayered Collagen Matrix in Vivo and Its Translation to the Clinic. Biomed. Mater.
2011, 6, 015010. [CrossRef]

Kasaj, A.; Levin, L.; Stratul, S.-1.; Gotz, H.; Schlee, M.; Riitters, C.B.; Konerding, M.A.; Ackermann, M.; Willershausen, B.;
Pabst, A.M. The Influence of Various Rehydration Protocols on Biomechanical Properties of Different Acellular Tissue Matrices.
Clin. Oral Investig. 2016, 20, 1303-1315. [CrossRef]

Nocini, PF; Castellani, R.; Zanotti, G.; Gelpi, F.; Covani, U.; Marconcini, S.; de Santis, D. Extensive Keratinized Tissue Augmenta-
tion during Implant Rehabilitation after Le Fort I Osteotomy: Using a New Porcine Collagen Membrane (Mucoderm). J. Craniofac.
Surg. 2014, 25, 799-803. [CrossRef]

Sunandhakumari, VJ.; Vidhyadharan, A.K.; Alim, A.; Kumar, D.; Ravindran, J.; Krishna, A.; Prasad, M. Fabrication and In Vitro
Characterization of Bioactive Glass/Nano Hydroxyapatite Reinforced Electrospun Poly(e-Caprolactone) Composite Membranes
for Guided Tissue Regeneration. Bioeng. Basel Switz. 2018, 5, 54. [CrossRef]

Wong, C.; Yoganarasimha, S.; Carrico, C.; Madurantakam, P. Incorporation of Fibrin Matrix into Electrospun Membranes for
Periodontal Wound Healing. Bioengineering 2019, 6, 57. [CrossRef] [PubMed]

Miles, C.A.; Avery, N.C.; Rodin, V.V,; Bailey, A.]J. The Increase in Denaturation Temperature Following Cross-Linking of Collagen
Is Caused by Dehydration of the Fibres. J. Mol. Biol. 2005, 346, 551-556. [CrossRef] [PubMed]

Pabst, A.M.; Happe, A.; Callaway, A.; Ziebart, T.; Stratul, S.I.; Ackermann, M.; Konerding, M.A.; Willershausen, B.; Kasaj, A. In
Vitro and in Vivo Characterization of Porcine Acellular Dermal Matrix for Gingival Augmentation Procedures. J. Periodontal. Res.
2014, 49, 371-381. [CrossRef]

Eppley, B.L. Experimental Assessment of the Revascularization of Acellular Human Dermis for Soft-Tissue Augmentation. Plast.
Reconstr. Surg. 2001, 107, 757-762. [CrossRef] [PubMed]

Hoyama, E.; Schellini, S.A.; Marques, M.E.A_; Rossa, R.; Padovani, C.R. A Comparison of Human and Porcine Acellular Dermal
Tissues in the Subcutaneous Space of a Rat Model. Orbit 2005, 24, 249-255. [CrossRef]

Richter, G.T.; Smith, ].E.; Spencer, H.].; Fan, C.Y.; Vural, E. Histological Comparison of Implanted Cadaveric and Porcine Dermal
Matrix Grafts. Otolaryngol. Head Neck Surg. Off. |. Am. Acad. Otolaryngol. Head Neck Surg. 2007, 137, 239-242. [CrossRef]
Al-Maawi, S.; Herrera-Vizcaino, C.; Orlowska, A.; Willershausen, I.; Sader, R.; Miron, R.J.; Choukroun, J.; Ghanaati, S. Biol-
ogization of Collagen-Based Biomaterials Using Liquid-Platelet-Rich Fibrin: New Insights into Clinically Applicable Tissue
Engineering. Materials 2019, 12, 3993. [CrossRef] [PubMed]

Kudo, S.; Ogawa, H.; Yamakita, E.; Watanabe, S.; Suzuki, T.; Nakashima, S. Adsorption of Water to Collagen as Studied Using
Infrared (IR) Microspectroscopy Combined with Relative Humidity Control System and Quartz Crystal Microbalance. Appl.
Spectrosc. 2017, 71, 1621-1632. [CrossRef]

Lai, J.-Y.; Li, Y.-T. Functional Assessment of Cross-Linked Porous Gelatin Hydrogels for Bioengineered Cell Sheet Carriers.
Biomacromolecules 2010, 11, 1387-1397. [CrossRef] [PubMed]

Gonzalez, L.G.; Wess, T.]. The Effects of Hydration on the Collagen and Gelatine Phases within Parchment Artefacts. Herit Sci.
2013, 1, 1-8. [CrossRef]

Owens, K.W.; Yukna, R.A. Collagen Membrane Resorption in Dogs: A Comparative Study. Implant Dent. 2001, 10, 49-58.
[CrossRef] [PubMed]

Rothamel, D.; Schwarz, F.; Sager, M.; Herten, M.; Sculean, A.; Becker, J. Biodegradation of Differently Cross-Linked Collagen
Membranes: An Experimental Study in the Rat. Clin. Oral Implant. Res. 2005, 16, 369-378. [CrossRef] [PubMed]

Preidl, R.H.M.; Reichert, S.; Coronel, T.V.; Kesting, M.; Wehrhan, F; Schmitt, C.M. Free Gingival Graft and Collagen Matrix
Revascularization in an Enoral Open Wound Situation. J. Oral Maxillofac. Surg. Off. . Am. Assoc. Oral Maxillofac. Surg. 2021, 79,
1027-1037. [CrossRef]

Arora, S.; Gordon, J.; Hook, M. Collagen Binding Proteins of Gram-Positive Pathogens. Front. Microbiol. 2021, 12, 628798.
[CrossRef]

Madani, A.; Garakani, K.; Mofrad, M.R K. Molecular Mechanics of Staphylococcus Aureus Adhesin, CNA, and the Inhibition of
Bacterial Adhesion by Stretching Collagen. PLoS ONE 2017, 12, e0179601. [CrossRef] [PubMed]


http://doi.org/10.1186/s40729-017-0113-3
http://doi.org/10.3390/ma12223721
http://doi.org/10.4012/dmj.2017-065
http://doi.org/10.1002/JPER.19-0351
http://doi.org/10.11607/prd.3066
http://doi.org/10.1088/1748-6041/6/1/015010
http://doi.org/10.1007/s00784-015-1614-1
http://doi.org/10.1097/SCS.0000000000000524
http://doi.org/10.3390/bioengineering5030054
http://doi.org/10.3390/bioengineering6030057
http://www.ncbi.nlm.nih.gov/pubmed/31262021
http://doi.org/10.1016/j.jmb.2004.12.001
http://www.ncbi.nlm.nih.gov/pubmed/15670603
http://doi.org/10.1111/jre.12115
http://doi.org/10.1097/00006534-200103000-00016
http://www.ncbi.nlm.nih.gov/pubmed/11304602
http://doi.org/10.1080/01676830590930724
http://doi.org/10.1016/j.otohns.2007.04.015
http://doi.org/10.3390/ma12233993
http://www.ncbi.nlm.nih.gov/pubmed/31810182
http://doi.org/10.1177/0003702817693855
http://doi.org/10.1021/bm100213f
http://www.ncbi.nlm.nih.gov/pubmed/20355704
http://doi.org/10.1186/2050-7445-1-14
http://doi.org/10.1097/00008505-200101000-00016
http://www.ncbi.nlm.nih.gov/pubmed/11307648
http://doi.org/10.1111/j.1600-0501.2005.01108.x
http://www.ncbi.nlm.nih.gov/pubmed/15877758
http://doi.org/10.1016/j.joms.2020.12.019
http://doi.org/10.3389/fmicb.2021.628798
http://doi.org/10.1371/journal.pone.0179601
http://www.ncbi.nlm.nih.gov/pubmed/28665944

Polymers 2021, 13, 2633 18 of 18

53. Holderbaum, D.; Hall, G.S.; Ehrhart, L.A. Collagen Binding to Staphylococcus Aureus. Infect. Immun. 1986, 54, 359-364.
[CrossRef]

54. Hashimoto, M.; Tay, EC.M.; Ohno, H.; Sano, H.; Kaga, M.; Yiu, C.; Kumagai, H.; Kudou, Y.; Kubota, M.; Oguchi, H. SEM and
TEM Analysis of Water Degradation of Human Dentinal Collagen. |. Biomed. Mater. Res. Part B Appl. Biomater. 2003, 66, 287-298.
[CrossRef] [PubMed]


http://doi.org/10.1128/iai.54.2.359-364.1986
http://doi.org/10.1002/jbm.b.10560
http://www.ncbi.nlm.nih.gov/pubmed/12808586

	Introduction 
	Materials and Methods 
	Matrices Description 
	Degradation Assays 
	Statistical Analysis 
	Light Microscopy Analysis 

	Results 
	Thickness Evaluation after PBS Degradation Assay 
	Thickness Evaluation after Trypsin Degradation Assay 
	Thickness Evaluation after C. histolyticum Collagenase Degradation Assay 
	Weight Evaluation after PBS Degradation Assay 
	Weight Evaluation after Trypsin Degradation Assay 
	Weight Evaluation after C. histolyticum Collagenase Degradation Assay 
	Matrices Morphological Analysis 

	Discussion 
	Conclusions 
	References

