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ABSTRACT

Background/Purpose:
Naturally derived collagen membranes have garnered significant attention in GBR. However, scarce knowledge exists about

the consequences of the usage of different tissue sources. The objective of this study was to explore tissue integration
patterns of xenogeneic collage membranes from different animal species and tissues.

Material and Methods:

The materials derived from Bovine Pericardium (BP) and Dermis (BD) were characterized and compared to the Porcine-
sourced Dermis membrane (PD). Histological, immunohistochemical and bone histomorphometrical methodologies were
conducted at six time points in a cranial bone defect model using SD rats.

Results:

Characteristics analysis revealed that all membranes had a bilayer structure, with the BP membranes exhibiting a highest degree
of purity in type I collagen. Histological results showed that both the BP and PD membranes initially displayed mild
inflammation and vascularization within the bed implantation. The BP membranes demonstrated partial degradation with a
stable rate over 16 weeks, whereas the PD membrane experienced nearly complete biodegradation. In term of bone
regeneration and soft tissue healing, the BP membranes yielded outcomes comparable to those of the PD membranes. In
contrast, the BD membranes provoked a strong foreign body reaction, which impeded tissue integration and osteogenic
performance, despite exhibiting a high vessel density.

Conclusions:

An exuberant vascularization may not contribute to its tissue regeneration function. The BP membrane demonstrated optimal
degradation behavior and superior barrier function, showing comparable results in both bone regeneration and soft tissue
healing when compared to the PD membrane, which may serve as an ideal GBR membrane.

Keywords: collagen membrane; guided bone regeneration; degradation; tissue source, bovine-sourced pericardium

INTRODUCTION significant interest [1, 3]. However, certain studies have reported
that the collagen membranes have unfavorable mechanical
properties, such as rapid degradation by collagenases, which
compromises their barrier function [4, 5]. Therefore, it is of great
importance to promote their degradation behavior while

Based on the application of a barrier membrane to cover an
osseous defect, Guided Bone Regeneration (GBR) has become a
widely used bone augmentation technique in oral and
maxillofacial surgery {1, 2] Naturally ~ collagen-derived preserving barrier functionality and promoting tissue integration
membranes, due to collagen being a principal component of [6].
connective tissue with excellent biocompatibility, have garnered
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Consolidation techniques, such as chemical cross-linking, have
been used to enhance the stability of collagen membranes.
However, these techniques have cytotoxicity and are associated
with poorer tissue integration and delayed vascular invasion [6].
Previous studies have demonstrated that the choice of donor
organisms (e.g., allogeneic or xenogeneic sources) and, more
importantly, the tissue sources (e.g., dermis, pericardium, or
tendon tissue) of collagen-based biomaterials significantly impact
their physicochemical properties, integration behavior, and
vascularization in a specific clinical context [7-9].

It is known that porcine dermis-derived collagen membranes are
most often prematurely resorbed in 4-8 weeks, but it has been
shown that they are “optimally” degraded via more or less
physiological processes providing a good biocompatibility [10].
However, some scholars suggest that ideal GBR membranes
should maintain its barrier function for 16-24 weeks to meet the
requirement of different bone augmentation methods [11].
Researches have shown that collagen membranes derived from
pericardium exhibited longer degradation time and enhanced
barrier properties compared to those derived from dermis [8,
12]. Natural porcine-based pericardium membranes typically
resorbed within 8 to 12 weeks in a dog model [12]. On the other
hand, pericardium membranes from bovine had a resorption
profile of 4 to 6 months [13]. However, bovine- based
pericardium membranes exhibited delayed vascular penetration,
which may impede bone regeneration [12, 14]. Nevertheless,
some studies have reported positive effects of bovine
pericardium bioavailability in enhancing bone reinforcement
[15, 16]. Moreover, bovine-derived membranes have lower
immunogenicity compared to porcine-derived collagen
membrane, with only 3% of the population being allergic [17].
Thus, understanding the differences in tissue reaction to these
materials can help in customizing composite materials for
various applications in hard and soft tissue regeneration, based
on clinical requirements such as fast vascularization and rapid
degradation versus slow vascularization and tissue integration
within the implantation bed [10].

However, for collagen-based membranes, only a few studies have
analyzed the differences in various xenogeneic sources, and
scarce knowledge exists about the consequences of the usage of
different animal sources [18, 19]. Most of the membranes used
in GBR procedures are based on porcine donor tissue. Fewer
barrier membranes are used that originated from other animals
or tissue origin [20]. To fill this knowledge gap, we applied three
xenogenic collagen materials made from Bovine Pericardium
(BP), from Bovine Dermis (BD) and from Porcine Dermis (PD)
in this study. These membranes were implanted over a period of
up to 16 weeks by means of an established cranial bone defect
model in SD rats. The collagen-induced tissue reactions as well
as their tissue integration patterns that involve cellular
infiltration, vascularization, degradation and bone regeneration
were investigated used by histological, immunohistochemical
and bone histomorphometrical analysis in vivo.
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MATERIALS AND METHODS

Material

This study utilized three representative commercial collagen
membranes: 1) Bovinesourced Pericardium membrane (BP,
Megreen®, Shaanxi Reshine Biotech Co., Ltd, China); 2)
Bovine-sourced Dermis membrane (BD, Heal-All®, Yantai
Zhenghai Biotechnology Co., Shandong, China); and 3) Porcine-
sourced Dermis membrane (PD, Bio-Gide®, Geistlich Pharma
AG, Wolhusen, Switzerland). All three collagen membranes
underwent similar preparation processes and were used as
received, without any further modifications.

Materials characterization

The microstructure of the three membranes was observed under
a Field-Emission Scanning Electron Microscope (FE-SEM,
SU8010, Hitachi, Japan). Optical images were visualized by a
stereo microscope (S9I, Leica, Germany) to show the surface
morphology of the three membranes. The surface roughness,
denoted as the arithmetic mean deviation of the profile (Ra),
was calculated using a whitelight interference microscope
(NT9100, Veeco, America) (n = 3). Infrared spectra were
collected using a Fourier Transform Infrared Spectroscopy
(FTIR, Nicolet iS50, Thermo Fisher Scientific, USA) from 400
to 4000 cm’!.

The water contact angle was measured at the moment a water
droplet made contact with the sample using a contact angle
goniometer (JC2000C, POWEREACH, China), and the average
value was recorded. And the duration for a sample to absorb
one droplet of water was recorded (n = 3).

The water absorption was determined by weighing the three
materials before (W) and after (W) immersion in Milli-Q
water for 5 seconds (n = 4). Water absorption rate = (Wi
Wi/ Wiy Wi is the weight of the wet sample, while
Wy is the weight of the dry sample preweighed prior to
immersion in Milli-Q water [21].

A hydroxyproline assay kit (A030-2-1, Nanjing Jiancheng
Bioengineering Institute, China) was used to quantify the
collagen content in the residual materials (n =3) after being
incubated for 0, 5, 10, 15 and 20 min. Degradation ratio was
calculated based on the OD values using the equation:
Degradation Rate=  (AgympleAblank)/ (AswndardAblank) “Cstandard *
Vhydrolysis” Wsample-

Where:

Agimple is the OD value of the sample's hydrolyzed
supernatant.

Aplank is the OD value of the blank's hydrolyzed supernatant.

Asundad 18 the OD value of the standard's hydrolyzed
supernatant.

Cstandard is the concentration of the standard (5 pg/ml).
Vhydrolysis is the total volume of the added hydrolysis solution.

Weample is the initial weight of the three membranes, which
generally ranged between 13 and 15 mg.
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Rat Cranial Defect Model

All experiments were conducted following the guidelines of

the Institutional Animal Care and Use Committee
(IACUQ), ZJCLA, Hangzhou, China (Approval No.
ZJCLA-TACUC-20030064). Male Sprague-Dawley

(SD)  rats (approximately 180-250 g) received intraperitoneal
injections of sodium pentobarbital (50 mg/kg) and local
surgery. After
disinfection of the surgery area, the top of the rat skull was

lidocaine injections before shaving and
exposed and received a circular incision just before the sagittal
suture on the left side. A cranial bone defect reaching the dura
mater was then established using a circular drill with a
diameter of 6 mm under continuous irrigation with
physiologic saline solution. Subsequently, defects were stuffed
(Shaanxi Reshine
Biotech Co., Ltd, China) pre-immersed in physiologic saline
solution and covered with the membranes of BP, BD, and PD,
respectively [Fig. 2A]. The PD membrane was as the control
group. (100,000 U/d)

was administered intramuscularly to prevent infection. Housing

with  Gegreen calcined bovine bone

Postoperatively, penicillin

and husbandry conditions were approved by IACUC.

A total of 93 SD rats participated in the experiment and then
randomly divided into three groups, with 5 rats per group
at each time point (except for the 8week time point, 6 rats
per group). SD Rats were included in the study if they were
healthy. At 16 weeks postimplantation, a total of 3 rats died
naturally, comprising 2 from the PD group and 1 from the BP
group. Rats were euthanized at designated time points for
tissue analysis. Tissue healing on the smooth surface of the
digital
Cranial bones with substitute materials were then removed,

membranes was photographed using a camera.

dissected, fixed in 10% buffered formaldehyde
and submitted to a 10% Ethylene Diamine Tetraacetic
Acid (EDTA, Servicebio, China) for 3 weeks. The

decalcified specimens were dehydrated in graded series of
ethanol, then embedded in paraffin. Sections of 3-5 pm
thick were cut for subsequent staining analysis.

Histological analysis

On week 1, 2, 4, 8, 12 and 16 after implantation, the specimens
of each material were sectioned to prepare decalcified
slices. Sections were used for histochemical staining, i.e.,
hematoxylin and eosin (H&E). All slices were analyzed by
using a light microscope (BX53, Olympus, Japan).

The histological analysis was carried out according to
study [22]. The included the
infiltrating inflammatory cells (i.e., monocyte/macrophages,
granulocytes, lymphocytes, Multinucleated  Giant  Cells
(MNGCs)), fibroblasts, osteoblasts and

invasion on the different surfaces of membrane, so as to

the previous parameters

connective tissue

assess its histocompatibility and barrier function.

Moreover, the membrane's thickness was measured with
Image] 1.53a software at the different time points. The
membrane thickness was measured 3 times at different spots for
each slide, using straight lines that were perpendicular to the
membrane. And the number of samples in each group is 5-6.
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Immunohistochemical analysis

In weeks 1, 2, and 4 after implantation, sections of each material
were subjected to immunohistochemical staining for the CD31
marker, which is widely recognized as a specific indicator of
endothelial cells. All slices were examined using a light
microscope (BX53, Olympus, Japan). The vessel counting
method was adapted from Said Alkildani [23], modifying the
field of view from per mm? to 100x magnification. The intra-
membrane vessel density (vessels per 100x) was quantified by
counting the number of vessels in two randomly selected fields
from each sample at 100x magnification, with five samples from
each group analyzed using Image] software. Single endothelial
cells or clusters of endothelial cells positive for CD31 was
considered as individual vessels. The cells poorly resolved or
stained were not counted.

DMicro-Computed tomography (Micro-CT analysis)

At the 8 and 12 weeks after surgery, the cranial bones were
harvested and fixed by 4% paraformaldehyde (n = 6). The
specimens were scanned using Micro-CT (U-CT- XUHR, Milabs,
Netherlands) at high resolution. Images were reconstructed into
a three-dimensional structure. New bone volume fraction (Bone
Volume/Total Volume, BV/TV) was calculated in the total
defect area (diameter of 6 mm, height of 2 mm) and the area
adjacent to the membrane (diameter of 6 mm, height of 0.5
mm), respectively. Further, the proportion of bone formation
adjacent to the membrane to the total bone formation in the
defect area was evaluated.

Data analysis

Quantitative results were presented as mean + standard
deviation. In SPSS 25.0 software, the data were checked for
normality (Shapiro-Wilk test) and homogeneity (Levene test). If
both matched, statistical significance was determined by one-way
analysis of variance (ANOVA) followed by LSD post-hoc
multiple tests. If the data do not conform to the normality or do
not conform to the homogeneity of variance, the nonparametric
test (Kruskal-Wallis test) was used, and the multiple tests were
corrected by Bonferroni to determine statistical significance.
Values of p < 0.05 were considered statistically significant. The
sample size per group at each time point in this study was similar
to those generally employed in the field [6, 24] and was not pre-
determined by a sample size calculation. Potential confounders
(e.g., animal/cage location) were not controlled.

Results

Physico-chemical characteristics

The crosssectional structure of the membranes was observed
using FE-SEM [Fig. 1A-a]. The results showed all membranes
had a bilayer structure with smooth surface on the top and
relative rough surface on the bottom. The cross-sectional
analysis of the PD membrane revealed a more pronounced
bilayer structure compared to the BP and BD membranes [Fig.
1A-a). The rough surfaces of all three groups displayed gross
undulations and a fibrous texture [Fig. 1A-c|, while the smooth
surfaces exhibited a less exaggerated topography [Fig. 1A-b]. It is
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noteworthy that the smooth surfaces of the BP and PD
membranes manifested a higher density in comparison to that of
the BD membrane, indicating a potentially superior barrier
function for the BP and PD membranes [Fig. 1A-b]. Optical
images and roughness measurements supported the FE-SEM
results, showing a lower Ra value for the smooth surfaces of the
BP and PD membranes in comparison to the BD membrane
[Fig. 1B, Table 1]. On the other hand, the PD membrane had
the highest Ra value on the rough surface, suggesting a more
spatially loose filamentous structure [Table 1].

Table 1: The roughness evaluation of three membranes by
white light interferometry

Group Roughness (Ra, pm)
Smooth surface Rough surface

PD 9.1+0.3 19.8 +4.2

BP 75+1.2 75+0.9

BD 9.0+ 1.3 104+ 1.1

Abbreviations: Ra, the arithmetic mean deviation of the profile.
Data were expressed as mean + standard deviations (n=3).

In Figure 1C, the BD membrane demonstrated a more rapid
degradation rate in vitro. After 5 minutes of enzymatic
digestion, the BD membrane became invisible, and was
completely degraded after 15 minutes, a timeline comparable to
that of the PD membrane. In comparison, the BP membrane
underwent a slower degradation process, showing ongoing
degradation even beyond the final time point [Fig. 1C].

FTIR was used to assess the integrity of the collagen triple
helical structure in all samples. The peaks corresponding
to amide A (3300 ecm?), I (1630 cm!), II (1545 cm!), and
I (1235 cm') remain unchanged, indicating that the
processing methods for all three membranes did not
compromise the collagen structure [Fig. 1D]. Additionally,
the typical amide B band of collagen of the BP and BD
membranes was observed at 2919 and 2939 cm’!, respectively.
Notably, the FTIR spectra obtained from the BD membrane
showed a distinct peak at a wavelength of 2116 cm'.

Contact angle measurements in Figure 1E-F showed that the BP
membrane exhibited the highest contact angle and required the
longest duration to absorb a water droplet compared to the PD
membrane, indicating diminished hydrophilicity. Despite this,
the PD and BP membranes had significantly higher water
absorption rates than the BD membrane, implying enhanced
water retention capabilities for the PD and BP membranes.

OPEN 8 ACCESS Freely available online
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Figure 1: Characterization of three membranes. (A) The
microstructures of three membranes on the (a) cross-section, (b)
smooth surfaces and (c) rough surfaces using FE-SEM. (B, up)
Morphological structures of the smooth and rough surfaces of
three membranes observed by optical microscopy. (B, down) The
topography of the smooth and rough surfaces of three
membranes examined by white light interferometry. (C)
Evaluation of the degradation performance of three membranes
through hydroxyproline assays (n=3). (D) Elemental composition
(including C, O, N, etc.) and organic functional groups on the
material surfaces detected by FTIR. (E) Contact angle (n=3), (F)
droplet absorption time measurements (n=3), and (G) water
absorption ratio (n=4) of three membranes.

Assessment of tissue responses and degradation towards
collagen membranes

We next evaluated the three membranes on the tissue responses
and degradation in the cranial bone defect of SD rats.
Macroscopic photographs (top-right inset) and histological HE-
stained tissue sections at low and high magnifications were
taken at 1 and 2 weeks postimplantation, as shown in Figure 2B
and 2C. The low magnification images in the top row of Figure
2B showed that all implanted membranes (labeled as “M”)
remained intact at 1 week postimplantation. The distinct
porous structure was visible in all three collagen membranes,
with only the PD membrane displaying an evident Janus
structure (dense layer facing up and porous layer facing down).
The high magnification images in the second row of Figure 2B
illustrated that fibroblast cells of the connective tissue were
observed to grow along the smooth surfaces (labeled as “SS”) of
PD and BP membranes, without penetrating the interior. In
contrast, the BD membrane showed infiltration of fibroblasts,
along with a significant presence of monocytes and MNGCs
within its interior. The images of the third row in the Figure 2B
displayed cellular ingrowth into rough surfaces (labeled as “RS”)
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of the three membranes, indicating that the porous structure
provided the necessary three- dimensional space for the inward
growth of cells or tissues. However, a significant presence of
MNGCs was observed at the interface of the BD membrane,
suggesting a strong foreign body reaction.

Macroscopic photographs of Figure 2C (topright inset in the
top row) revealed that after 2 weeks, the three membranes
remained relatively intact, and a complete layer of connective
tissue had formed on the smooth surfaces compared to the first
week. Consistently, the images in the second row illustrated that
the smooth surfaces of the three membranes gradually
developed a thin reactive tissue wall with multilayer fibroblasts.
Interestingly, the PD and BD membranes showed a higher
infiltration of immune cells and fibroblasts within the
membrane compared to the BP membrane, indicating that the
BP membrane may offer a superior physical barrier against
fibrous tissue penetration. The images of the rough surfaces in
the third row revealed that, in comparison to the first week, the
exudate at the interface between the PD and BP membranes
gradually subsided to form cell-active granulation tissue. In this
tissue, the PD membrane formed newly formed bone matrix
(labeled as “BM”), while BD still contained a significant amount
of exudate and lymphocytes.

1. Preparinga 2. Filing with bovine
circular incision _bone-derived mineral

3. Covering with collagen membrane

Figure 2: (A) Schematic illustration of the modeling process for
the rat cranial bone defect model. (B-C) Evaluation of early local
inflammatory responses to three membranes at 1 and 2 weeks
postimplantation. Optical images, H&E staining images with
different magnifications for the three membranes [Note: black
dotted line indicated the area of residual implanted materials,
labeled as "M"; SS, smooth surface; RS, rough surface; BM,
newly formed bone matrix within the membrane; CT,
connective tissue; black asterisk (*) marked membrane fragment;
red arrows marked fibroblast; green marked
multinucleated giant cells; blue arrows marked blood vessel].

arrows
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Figure 3A presented macroscopic photographs and histological
HE sections taken at 4 weeks postimplantation. Macroscopic
photographs (top-right inset) showed that after 4 weeks, the
relatively intact membrane material was still visible in the BP
and BD membranes, whereas only partial material could be
observed in the PD membrane. Additionally, vascular formation
was seen on the connective tissue of the smooth surface in the
PD and BP membranes. High-magnification HE images revealed
that the membranes in the three membranes underwent varying
degrees of degradation at 4 weeks post-implantation. The second
row of Figure 3A depicted the smooth surfaces of the PD and
BP membranes exhibiting partial degradation while retaining
their main structure to uphold their barrier function.
Corresponding with the macroscopic photographs, HE images
revealed numerous vessels on the smooth surfaces of the PD and
BP membranes. In contrast, the BD membranes exhibited a
distinct membrane interface with increased fibroblast invasion
in the membrane's interior, although immune cell infiltration
was reduced compared to 2 weeks postimplantation and no
significant vascularization was observed. The rough surfaces of
the three membranes exhibited notable degradation, as
illustrated in Figure 3A, the third row. Both the PD and BP
membranes displayed newly formed bone matrix within the
membrane. In contrast, the BD membrane did not show newly

formed bone matrix within the membrane, but instead
exhibited an
interface.

increase in vessels at the

2 weeks

40 P=0.034|  BP
ns [ BD
30,

3 55: :

1 week 2 weeks 4 weeks

Vessels density
inthe intra-membrane

Figure 3: (A)

three membranes at 4 weeks post implantation. Optical images,

Tissue responses and degradation to
H&E staining images with different magnifications for the
three membranes [Note: black dotted line indicated the
area of residual implanted materials, labeled as “M”; SS,
smooth surface; RS, rough surface; BM,

bone matrix within the membrane; CT, connective tissue;

newly formed

black asterisk (*) marked membrane fragment; red arrows

marked fibroblast; blue
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arrows marked blood vessel]. (B) The images and (C) the
number of stained vessels per 100x, i.e., the
density (vessels/per 100x) in the areas of intra-membrane at 1,
2 and 4 weeks post implantation. [Note: black arrows
marked blood vessel]. (CD31 immunostaining, n=>5).

vessel

After 8 weeks of implantation, significant degradation of the
three membranes was observed, leading to an incomplete
membrane structure as depicted in Figure 4A, the top
row. Material remnants were still visible in the BP membrane
up to 12 weeks, whereas the PD and BD membranes were no
longer visible at week 12 [Fig. 5A, topleft inset]. Following the
8-week mark [Fig. 4A, the second row], a multilayered loose
connective tissue resembling normal periosteal morphology [Fig.
5E] began to form gradually on the smooth surfaces of the
PD and BP groups. In contrast, dense fibrous connective
tissue persisted at the BD group interface until the 12-week
mark [Fig. 4A, the second row for 8 weeks and Fig. 5A, the
12 weeks]. After 12 weeks, significant
membrane degradation was observed on the rough surface of

second rtow for
the three membranes, and the formation of larger blocks of
newly formed bone matrix within the membranes was shown in
the PD and BP membranes when compared to the BD
membrane [Fig. 5A]. By 16 weeks, the three membranes had
integration [Fig. 5F]. Notably, no
inflammatory fibrous tissue encapsulation was
observed for any of the three membranes throughout the

achieved substantial

discernible

observation period, indicating histocompatibility.

The
condition was

BD and

in dry
[Fig. 1A]. The
similar  initial
thicknesses, 414-448  um,
while the thinnest at around
213 pm [Fig. 4E]. Following implantation in vivo for the

thickness of the three membranes
measured using FE-SEM
PD membranes  exhibited
ranging from approximately
BP membrane was the

initial

first 2 weeks, due to the infiltration of  blood,
exudate and  cells, all  three membranes showed
expansive structures, and subsequent decrease, with the

turning point at the second week for the PD and BD
membranes and the fourth week for the BP
membrane. The thickness gradually decreases due to the
recession of inflaimmatory tissue and the degradation of
the absorbable membrane over the next 14 weeks. In contrast to
the in vitro results, the PD membrane degraded most
rapidly in vivo, achieving almost complete degradation by 16
weeks. In comparison, the other two membranes showed
remnants of degradation, suggesting incomplete dissolution,
particularly for the BD membrane [Fig. 4E].
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Figure 4: (A) Tissue responses and degradation to three
membranes at 8 weeks post implantation. Optical images, H&E
staining images with different magnifications for the three
membranes [Note: black dotted line indicated the area of
residual implanted materials, labeled as "M"; SS, smooth surface;
RS, rough surface; BM, newly formed bone matrix within the
membrane; CT, connective tissue; black asterisk (*) marked
membrane fragment; red arrows marked fibroblast; blue arrows
marked blood vessel]. (B) Observation of bone formation in the
total defect area (Total, diameter of 6 mm, height of 2 mm) and
adjacent to the membrane (ROI, diameter of 6 mm, height of
0.5 mm) using Micro-CT at 8 weeks. (C) Bone volume/total
volume (BV/TV) values of Total and ROI at 8 weeks (n=6). (D)
Contribution ratio of ROI bone formation to the total bone
formation in the defect area at 8 weeks (n=6). Comparison of (E)
membrane thickness changes and (F) the proportion of bone
formation within the membrane after implantation for the three
membranes.

Vascularization of collagen membranes

The vascularization of the three membranes was compared at 1,
2, and 4 weeks postimplantation. In Figure 3B, vessels ingrowth
into the PD and BD membranes was primarily concentrated in
the rough layer at 1 week postimplantation, with faster collagen
membrane decomposition correlating with higher
ingrowth levels. Conversely, only a few vessels were present in
the BP membrane at the same time point. By 2 weeks post-
implantation, vessels in the PD and BD membranes continued
to be predominantly located in the rough layer before gradually
penetrating towards the middle of the membrane, accompanied
by an increase in vessel diameter compared to the first week,
particularly in the BD membrane. However, angiogenesis in the
BP membrane remained below that of the other two
membranes. At 4 weeks post- implantation, as the PD
membrane integrated further, more vessels were concentrated at

vessel
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the edge. The number of vessels in the BP membrane showed
gradual increase compared to previous time points.

In Figure 3C, the quantitative
vascularization indicated that, over the observation period, the

results of membrane
vessel density of the BD membrane was superior than that of the
other two membranes. Conversely, the vessel density in the BP
membrane was the lowest, particularly at 2 weeks post
implantation, where it was significantly lower than that of both

the BD and PD membranes.

Osteogenic effects of collagen membranes

Membrane ossification was distinctly observed in both PD and
BP membranes by 4 weeks, whereas in the BD membranes, this
phenomenon occurred later and was not detected until 8 weeks
[Fig. 4F]. Prior to 8 weeks, the PD membrane exhibited a higher
percentage of ossification compared to the BP membrane, with
both membranes achieving similar levels after 12 weeks. In
contrast, the ossification percentage of the BD membrane
consistently remained lower than that of the other two
membranes [Fig. 4F].

No significant differences in osteogenic effect, as measured by
bone volume fraction (BV/TV), was observed among the three
membranes at 8 and 12 weeks in both the total defect area
[diameter of 6 mm, height of 2 mm] and the area adjacent to the
membrane [diameter of 6 mm, height of 0.5 mm] [8 weeks, Fig.
4B-C; 12 weeks, Fig. 5B-C|. This lack of variation may be
attributed to the primary osteogenic effect within the defect area
being associated with the bone substitute materials, thus
maintaining consistency across all three membranes.
Interestingly, when examining the proportion of bone formation
adjacent to the membrane to the total bone formation in the
defect area, the BP membrane showed the highest proportion of
membrane-adjacent bone formation at 8 weeks, surpassing that
of the BD membrane [Fig. 4D)]. By 12 weeks, the PD membrane

exhibited the highest proportion of adjacent bone formation,

notably higher than the BD membrane [Fig. 5D].

12 weeks

o=
D Total ROl - pp
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Figure 5: (A) Tissue responses and degradation to three
membranes at 12 weeks post implantation. Optical images,
H&E staining images with different magnifications for the
different membranes [Note: black dotted line indicated the area
of residual implanted materials, M; SS, smooth surface; RS,
rough surface; BM, newly formed bone matrix within the
membrane; CT, connective tissue; black asterisk (*) marked
membrane fragment; green asterisk (*) marked calcined bovine
bone remnants; blue arrows marked blood vessel]l. (B)
Observation of bone formation in the total defect area (Total,
diameter of 6 mm, height of 2 mm) and adjacent to the
membrane (ROI, diameter of 6 mm, height of 0.5 mm) using
Micro-CT at 12 weeks. (C) Bone volume/total volume (BV/TV)
values of total and ROI at 12 weeks (n=5). (D) Contribution
ratio of ROI bone formation to the Total bone formation in the
defect area at 12 weeks (n=5). (E) The HE histological images
showing normal periosteal morphology. (F) The HE staining
images for the different membranes for 16 weeks post
implantation.

DISCUSSION

This study compared the properties of collagen membranes
sourced from Bovine Pericardium (BP) and Bovine Dermis (BD)
with Porcine-Derived dermis membranes (PD). The aim was to
investigate how the source of collagen influences tissue
reactions. The cranial bone defect model of SD rats was
employed to assess the effectiveness of the membranes as
barriers, as well as their roles in bone regeneration and
degradation processes. Results indicated that compared to the
porcine-derived dermis collagen membrane, the bovine-derived
pericardium collagen membrane had an optimal degradation
behavior as well as a superior barrier function, and showed
comparable results in terms of bone regeneration and soft
healing.

In this study, all the three membranes had a bilayer structure
composed of one smooth surface and one rough surface.
Differences were present in the morphology among the three
membranes, especially for the smooth surface. The smooth
surfaces of the BP and PD membranes manifested a higher
density in comparison to that of the BD membrane, suggesting
that the BP and PD membranes may have a better barrier
function. Interestingly, the FTIR spectra taken from the BP and
BD membranes showed amide A, amide B, amide I, amide II,
and amide III, the typical bands for collagen type I [25].
However, the BD membrane showed a poorly defined band with
impurities (2116 cm-1) [25], which may be the reason for the
strong foreign body reaction in vivo. And the FTIR spectra
taken from the PD membrane was lacking in the typical amide B
band. These results illustrated that although the integrity of the
collagen triple helical structure was present in all membranes,
the BP membrane had the well-defined and expected type I
collagen with higher degree of purity. The membranes described
above differ not only with respect to their architecture but also
in relation to initial thickness, which may influence their
mechanical and space maintaining properties during
implantation [20, 26]. The membranes of the BD and PD
membranes presented a relatively robust initial thickness at
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approximately 414-448 pm, while the membranes of the BP
group measured approximately 213 pm, as the thinnest one.

After immediately implanting, the body triggers a series of
including the blood-material
interaction, the formation of a provisional matrix, acute

reactions to the injury,
inflammation, development of granulation tissue and foreign
body reactions [27]. These events involve the activation and
differentiation of various cells, such as polymorphonuclear
leukocytes, monocytes/macrophages, MNGCs, lymphocytes and
even fibroblasts. By virtue of their early recruitment to the site
of healing and their wide secretory profile, monocytes/
macrophages have been suggested as a potent moderator of the
healing events [28]. From the histological results in this study,
the PD and BP groups induced mainly monocytes/macrophages
in the early postimplantation period and these cells started to
penetrate into the central region of the material from both
surfaces. However, the BD membrane induced monocytes/
macrophages and together with some MNGC:s in the early post-
imiplantation period. The presentation of MNGCs might mean
a higher or more pro-inflammatory alignment of the material-
associated tissue reaction, leading to poor tissue regeneration
[29]. AlMaawi et al. has found that the biomaterial-induced
MNGCs showed common characteristics with pathological
MNGCs (Langerhans’ giant cells) that exist in sarcoidosis and
tuberculosis [30]. And it has been revealed that the presence of
more phagocyting cells, such as macrophages and MNGCs,
might correlate with fast membrane degradation and a higher
transmembraneous vascularization [8, 10, 31].

In the context of GBR procedures, especially implanted-bed
vascularization via angiogenesis has been recognized as a basic
factor for successful bone regeneration [14, 32]. The
transmembraneous vascularization mainly refers to the vessel
formation within a membrane to bridge especially longer
distances, as in the case of thicker barrier membranes [33].
Nevertheless, previous studies have shown that naturally
collagen- derived membranes from porcine or bovine dermis do
not require transmembranous vascularization for successful
bone integration6, [10, 34, 35]. The central portions of these
materials can be supplied with nutritive elements by processes
such as diffusion, which are present in well-vascularized tissues,
such as the oral cavity [10]. In this study, vessels were unable to
completely penetrate the membranes and formed a vascular
network between the collagen fibers during the observation
period [Fig. 3B]. Interestingly, the results in the Figure 3C
reflected another issue that an exuberant vascularization may
not contribute to its tissue regeneration function. The BD
membrane had a high vessel density, but it had a poor tissue
integration and osteogenic performance. The
vascularization of the BD membrane may be related to the
formation of MNGCs, which provide the source of angiogenic
molecules, such as the Vascular Endothelial Growth Factor
(VEGF), not contributing to its tissue regeneration function
[36-37]. As described in the previous study [38], the changes in
the cellular reaction and wvascularization within the BD

increased

membrane were related typical indications of a foreign body
reaction. Unlike the BD membrane, the BP and PD membranes
did not induce a well-vascularized granulation tissue, especially
for the BP membrane. It appeared as if the host inflammatory
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response complex recognized the membrane of the BP
membrane as an endogenous collagen and did not treat it as a
foreign body. It is known that microvessels can supply tissues
with oxygen for distances of between 100 and 200 pm [39]. Due
to the relatively thin thickness (<400 um) of the BP membrane
throughout the observation period, mild vascularization might
provide nutrients that help to generate an appropriate niche
environment for osteoprogenitors and improve bone repair,
which is attributable to its tissue source [18, 35, 40].

Recent experimental researches have shown that collagen
membranes’ degradation can commence 4 to 28 days after
implantation [5, 41]. In GBR, a minimum period of 3 to 4
weeks is required to ensure the cells’ repopulation and
maturation that form the bone matrix. Some scholars also
suggest that ideal GBR membranes should maintain its barrier
function for 16-24 weeks to meet the requirement of different
bone augmentation methods [11]. The histological results in this
study revealed that these three membranes could serve as a
stable material during the first 2-4 weeks after implantation, and
without any signs of membrane fragmentation up to the end of
the observation period. The PD membrane underwent a nearly
complete biodegradation and integration between week 8 and
week 16 after implantation, while the other groups still had
remnants at week 16, indicative of a longer degradation period.
What's more, the degradation rate of the BP membrane was the
most stable among the three membranes in vitro and in vivo,
suggesting that it is more in line with the requirement of ideal
GBR membrane and has the advantage of lowering the risk of
soft tissue dehiscence [42]. This could be attributed to the
higher content of type I collagen in the BP membrane, which is
known to be more resistant to degradation compared to type 111
collagen [35]. Interestingly, these three membranes in this study
disintegrated into smaller subunits that were further surrounded
by a cellrich tissue. This mode of degradation uses the material
as a porous guide for the surrounding connective tissue, and
persisted within the implantation bed with integration.

Reaching the balance between the material degradation and the
tissue healing process is a serious challenge for absorbable
membrane. The compatibility of the barrier membrane needs to
allow osteogenic cells to grow from the edge of the existing bone
to form new bone tissue structure and achieve bone
regenerationl. According to the histological results in this study,
at the early stage (before week 4), bone formed predominantly in
the bottom and peripheral regions of the defect, whereas the top
regions (within and underneath the membrane) gained a
significant amount of bone in the late phase (after week 8).
These results may be attributed to the special degradation mode
of these three membranes, especially on the rough surfaces,
gradually generating a porous guide for the surrounding
connective tissue over time, and promoting the material-induced
infiltration of immune cells (e.g., monocytes/macrophages) and
histiocytes (osteoblasts or mesenchymal stem cells) [8, 43]. And
the environment created by the membranes could be conducive
to the formation and reconstruction of the molecular
mechanism of coupled bone in the submembrane defect [44].
Membrane ossification was observed in both PD and BP
membranes by 4 weeks, whereas the manifestation of this
phenomenon in the BD membrane occurred later (at 8 weeks).
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It was speculated that the microenvironment created directly
under the membranes of the BP and PD membranes provided
osteoinductive signals that rapidly promoted newly formed bone
matrix in the top regions [43]. And this preferential effect of the
membrane- induced microenvironment on bone regeneration in
the top regions extended to the late stage for the BP and PD
membranes. Although the primary osteogenic effect within the
defect area is correlated with the bone substitute materials, we
found that the BP and PD membranes contributed a higher
proportion of membrane-adjacent bone formation compared to
the BD membrane at 8 and 12 weeks.

Moreover, GBR surgery requires good soft tissue sealing and
longterm wound stability to protect the regenerative process
[45]. A distinguishing factor of absorbable
compared to non-absorbable PTFE, is having not only a barrier

membranes

function but also soft tissue integration that can potentially
enhance the wound healing and bone regeneration [44]. In this
study, we observed that the smooth surfaces on the PD and BP
membranes formed a single layer of fibroblast cells at 1 week,
then developing to a thin reactive tissue wall with multilayer
fibroblasts at 2 weeks and performing multi-layered loose
connective tissue similar to the normal periosteal morphology
until 8 weeks. Therein, for the BP membrane, fibroblast cells of
connective tissue only grew along the membrane’s smooth
surfaces without penetrating the membrane’s interior, which
was related to its lower roughness on the smooth surfaces, as a
denser structure to prevent fibrous tissue invasion. In contrast,
an infiltration of fibroblasts as well as a large number of
monocytes and MNGCs was seen with the BD membrane’s
interior at the early stage, and multi-layered loose connective
tissue similar to the normal periosteal morphology was just
performed until 12 weeks. These results suggest that the
membranes of the BP membrane are superior to those of the PD
and BD membranes as a barrier to prevent fibrous tissue
invasion.

study has potential limitations. One

major limitation was the unclear mechanism by which

However, this

collagen fibers from bovinesourced pericardium collagen
Further
analysis at the cellular and molecular levels is necessary.

membrane promoted osteogenic  differentiation.
Another limitation was the small number of animals, which is
driven by a desire to minimize the burden of experimental
animals. Our following research will use more animals and

large mammals to obtain more reliable and predictable data.

CONCLUSION

Three xenogeneic collagen membranes from different animal
species and tissues were analyzed in this study to determine the
most suitable source of natural collagen for GBR. The BP
membranes exhibited optimal degradation behavior, superior
barrier function, and bone regeneration potential, making it a
promising candidate for ideal GBR membranes. The anisotropic
Janus microstructure of BP membrane effectively fulfilled both
functions, with its smooth surface acting as a barrier against
fibrous tissue invasion and promoting soft tissue healing, while
the rough surface supported bone regeneration. The findings
shed light on the diverse responses of hosts to collagen

OPEN 8 ACCESS Freely available online

membranes from different sources, allowing for tailored
composites that can address specific clinical needs in both hard
and soft tissue regeneration scenarios.
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