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Abstract: Collagen-based resorbable barrier membranes have been increasingly utilized for Guided
Bone Regeneration (GBR), as an alternative to non-resorbable synthetic membranes that require a
second surgical intervention for removal. One of the most important characteristics of a resorbable
barrier membrane is its mechanical integrity that is required for space maintenance and its tissue
integration that plays a crucial role in wound healing and bone augmentation. This study com-
pares a commercially available porcine-derived sugar-crosslinked collagen membrane with two
non-crosslinked collagen barrier membranes. The material analysis provides an insight into the
influence of manufacturing on the microstructure. In vivo subcutaneous implantation model pro-
vides further information on the host tissue reaction of the barrier membranes, as well as their
tissue integration patterns that involve cellular infiltration, vascularization, and degradation. The
obtained histochemical and immunohistochemical results over three time points (10, 30, and 60 days)
showed that the tissue response to the sugar crosslinked collagen membrane involves inflammatory
macrophages in a comparable manner to the macrophages observed in the surrounding tissue of the
control collagen-based membranes, which were proven as biocompatible. The tissue reactions to the
barrier membranes were additionally compared to wounds from a sham operation. Results suggest
wound healing properties of all the investigated barrier membranes. However, the sugar-crosslinked
membrane lacked in cellular infiltration and transmembraneous vascularization, providing an ex-
clusive barrier function in GBR. Moreover, this membrane maintained a similar swelling ratio over
examined timepoints, which suggests a very slow degradation pattern and supports its barrier
function. Based on the study results, which showed biocompatibility of the sugar crosslinked mem-
brane and its stability up to 60 days post-implantation, it can be concluded that this membrane may
be suitable for application in GBR as a biomaterial with exclusive barrier functionality, similar to
non-resorbable options.

Keywords: collagen-based membranes; Guided Bone Regeneration (GBR); subcutaneous implantation;
cross-linking; immune response; porcine-based collagen; barrier membrane; sugar cross-linking
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1. Introduction

The so-called Guided Bone Regeneration (GBR) approach represents procedures in
ridge augmentation or bone regeneration [1]. In that context, barrier membranes should
act as a barrier in the course of GBR, preventing the collapse of surrounding soft tissue
into the bony defects and to ensure the fixation of the implanted bone substitute material
(BSM), creating a microenvironment suitable for bone remodeling support [1]. Thereby,
this membrane class, as well as other biodegradable polymeric membranes, eliminates
the need for a second surgical procedure for biomaterial extraction even compared to
non-resorbable materials such as membranes based on polytetrafluoroethylene (PTFE) [2].
Although biodegradable synthetic membranes made of polyesters, polyglycolides, and
polylactides were also developed for alveolar ridges preservation, their usage has been
associated with disadvantages such as inflammatory reactions or premature resorption
leading to negative impact on bone formation [3]. In contrast, collagen-based membranes
can also serve in processes of Guided Tissue Regeneration (GTR) as guidance for cell
attachment, proliferation, and migration, or to establish transmembraneous nutrient and
blood transport, as well as ingrowth of blood vessels leading to “transmembraneous
vascularization” [4].

Thereby, it has been described that collagen membranes for GBR should optimally
integrate within the host tissue by activating fibroblasts, macrophages, eosinophilic gran-
ulocytes, which has supposed to constitute collagen “turn-over” and should result in a
replacement of the implanted membranes by vital soft tissue [5]. In contrast, membranes
that induce a foreign body reaction, including biomaterial-induced multinucleated giant
cells (BMGCs), have been described as “bioincompatible” biomaterials [6]. However, most
of the collagen membranes that are used in daily clinical practice induce an inflamma-
tory tissue reaction that leads to their “turn-over” via the cellular elements of the foreign
body response [7]. The immune mechanisms underlying the cell-mediated degradation
of collagen-based membranes include mainly the activation of phagocytic cells such as
macrophages [8]. Activated macrophages in the processes of biomaterial degradation are
classified into two phenotypes: pro-inflammatory M1 macrophages (classically activated
macrophages) or anti-inflammatory M2 (alternatively activated macrophages), based on
their expression profile [9]. The M1 phenotype has shown to be predominantly present in
the early phase, typically, at 3–4 days after injury, and participate in material degradation,
and then change their polarization to M2 phenotype leading to tissue healing [10–12].

Moreover, it has been revealed that the low cell membrane capacity of macrophages
leads to their fusion into BMGCs that enable the organism to phagocytose bigger foreign
bodies or biomaterials/biomaterial fragments [8,13]. However, their occurrence within an
implantation bed of a biomaterial was long considered an indicator of the bioincompatibil-
ity of a material [14–16]. However, recent results substantiate that these cells express both
pro- and anti-inflammatory molecules within the implantation bed of different biomateri-
als [17,18]. Moreover, it has been shown that the presence of BMGCs can lead to membrane
fragmentation and disintegration associated with premature ingrowth of surrounding host
tissue, while the BMGC induction was associated with an increased transmembraneous
vascularization [10,11,18].

In this context, reaching the balance between the time of cellular material degradation
and the tissue healing process guided a resorbable GBR membrane is a serious challenge.
Altogether, it is desirable to have membrane resorption in vivo between 4 weeks and a few
months due to the clinical goal that needs to be accomplished [19]. Clinical indications such
as large volume and multidimensional jawbone defects require membranes with a longer
standing time [20–22]. The selection of other origin tissue such as dermis, tendons, or the
pericardium and also different animal sources, i.e., porcine vs. bovine membranes, has
shown to allow to have an influence on the degradation behavior and the tissue reactions
with varying degrees of success [11,23,24].

Interestingly, numerous cross-linking techniques were developed to extend and control
the durability of collagen-based membranes [7]. Chemical cross-linking with chemical
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agents such as aldehydes can increase the mechanical strength and life of collagen-based
biomaterials but can also lead to partial cytotoxicity [6,25,26].

A further method to prolong the barrier functionality is the cross-linking of collagen
with natural sugar–ribose in a process named glycation [23]. This natural reaction of
collagen during aging changes cell-collagen interactions, migration, and adhesion patterns
and leads to the accumulation of glycation end products (AGEs) [23]. These products
have an impact on the resorption activity of osteoclasts, their differentiation pattern, and
increasing collagen fibril stiffness, as well as bone fragility [24]. Additionally, the prolonged
time of the sugar crosslinked membrane of porcine origin and its ossification was detected
in vivo in bone defects of canine and humans [25,26]. However, the type of inflammatory
tissue response, as well as a cellular reaction on ribose crosslinked membranes, are still
insufficiently described.

Thus, the aim of this study was to examine the integration behavior and immune
responses to a porcine-derived sugar crosslinked collagen membrane compared with native
collagen membranes of the same animal species. This was achieved by subcutaneous
implantation of membranes in rats and subsequent histological and histomorphometrical
analysis by already established methods [27].

2. Materials and Methods
2.1. Membranes

In this study, 3 commercially available collagen-based membranes were tested. The
biomaterials were used as they were received without any further modification(s).

2.1.1. Ossix® Plus Membrane

Ossix® Plus (Datum Dental Biotech, Lod, Israel) is a collagen membrane of porcine
origin containing collagen type I, obtained from the tendon. This membrane is created from
repolymerized collagen monomers, sugar crosslinked in a physiological process involving
natural sugar ribose, and sterilized with ethylene oxide. This membrane is designed for
GBR indication, resorbed after 8 months in vivo [28], and nonporous.

2.1.2. Bio-Gide® Membrane

The Bio-Gide® membrane (Geistlich Biomaterials, Wolhusen, Switzerland) is com-
posed of collagen type I and III of porcine origin. The biomaterial is obtained from native
collagen of the dermis via decellularization, manufactured without cross-linking or chem-
ical treatment post purification, and sterilized by gamma irradiation. This membrane is
designed for GBR indications, resorbed after 8 weeks in vivo [29,30], porous, and bilayered.

2.1.3. Jason® Membrane

The Jason® membrane (botiss biomaterials GmbH, Berlin, Germany) is based on
native type I and III collagen obtained from decellularized porcine pericardium, is not
crosslinked or chemically treated post purification, and sterilized with ethylene oxide. This
membrane is designed for GBR indications, completely resorbed after 12 weeks in vivo [31],
and porous.

2.2. Histological Characterisation of Membranes

To examine the (ultra-) structure and the thickness of the 3 membranes, a histological
preparation of the blank materials was conducted, as previously described [11]. Briefly,
the preparation included the histological workup by initial fixation of 3 membrane speci-
mens of each material (sized 10 × 10 mm) in 4% buffered formalin for 24 h followed by
dehydration in a series of alcohol and xylene. After paraffin embedding, the blocks were
sectioned, resulting in slices with a thickness of 3–5 µm, which were then deparaffinized
and histochemically stained via hematoxylin and eosin (H&E). This procedure allowed us
to examine and visualize the (ultra-) structures of the biomaterials via a Panthera U light
microscope (Motic, Xiamen, China) and a connected Axiocam 105 color camera combined
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with the software ZEN Core (both: Zeiss, Oberkochen, Germany). Moreover, it allowed the
measurement of the membranes’ baseline thicknesses, as described below.

2.3. In Vivo Study
2.3.1. Experimental Animals

The preclinical study was performed on 57 Wistar male rats weighing 220–240 g,
10–12 weeks old, which were obtained from the Military Medical Academy (Belgrade,
Serbia) and housed at the Faculty of Medicine in the University of Niš (Niš, Serbia), where
the study was conducted. The accommodation of animals was carried out under standard
conditions of the day-night regime and ad libitum access to food and water.

Prior to the study conduct, it was authorized by the Institutional Ethical Committee
of the Faculty of Medicine (University of Niš, Niš, Serbia), based on decision number
323-07-09101/2020-05/5, of the Veterinary Directorate of the Ministry of Agriculture,
Forestry and Water Management of the Republic of Serbia (date of approval: 26 August 2020).
All procedures in this experiment were managed in accordance with the Animal Welfare
Act of the Republic of Serbia. Ordinary pre-and postoperative care was fulfilled following
all principles of Animal Health and Welfare.

2.3.2. Study Design

After the implantation procedure, animals were divided into 4 experimental groups,
by simple randomization method, as previously described [32], based on the respective
biomaterial type and the control group as follows: Ossix® Plus membrane (OP group), Bio-
Gide® membrane (BG group), Jason® membrane (JM group) and sham-operated animals
(SO group).

Each of the 3 study groups contained 15 animals; 5 animals (n = 5) were used per
examination period (10, 30, and 60 days), while 4 animals (n = 4) were used for the
control (SO) group per time point. The sample size was based on a power analysis,
including an additional drop-out rate of 5% (effect size 1.3, G*Power) [33]. The implantation
procedure was performed as previously published by Barbeck et al. [10,11,23]. Biomaterial
implantations were conducted into the subcutaneous tissue of rats under anesthesia with a
mixture of ketamine (90 mg/kg) and xylazine (25 mg/kg) administered by intraperitoneal
injection. After the skin of the animals was shaved and disinfected with povidone-iodine,
an incision down to the subcutaneous tissue within the rostral subscapular region was
made. Afterward, a subcutaneous pocket was bluntly built by a scissor followed by
biomaterials implantation into the pocket. Thereafter, the wounds were sutured.

At the end of experimental terms, the animals from each group were euthanized by
an overdose of the previously described anesthetics. Afterward, the explants, including the
remnants of the biomaterials and the surrounding host tissue, were extracted and fixed
into 4% formalin solution for 24 h and then further processed through increasing ethanol
concentrations, cleared in xylene, and embedded in paraffin.

2.3.3. Histology and Immunohistochemistry

To prepare histological slides, the explants were initially cut into 2 segments of identi-
cal dimensions and dehydrated using a series of increasing alcohol concentrations. After-
ward, the samples were embedded within paraffin. The paraffin-embedded tissue blocks
were sectioned with a thickness of 3–5 µm. Sections were used for histochemical staining,
i.e., hematoxylin and eosin (H&E), and for immunohistochemical staining against CD163
and CD11c molecules. CD163 marker is specific for the anti-inflammatory M2 phenotype
of macrophages. CD11c marker is specific for the pro-inflammatory M1 phenotype of
macrophages.

Furthermore, 4 additional sections of every tissue explant were used for the im-
munohistochemical detection of macrophages and their M1- and M2-subforms by means
of antibodies against the pro- and anti-inflammatory molecules, i.e., CD163 and CD11c.
Briefly, the slides were initially treated with citrate buffer and proteinase K at pH 8 for
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20 min in a water bath at 96 ◦C, followed by equilibration using TBS-T buffer. Subsequently,
the slides were prepared by H2O2 and avidin and biotin blocking solutions (Avidin/Biotin
Blocking Kit, Vector Laboratories, Burlingame, CA, USA). Incubation with the respective
first antibody for 30 min was conducted, followed by incubation with the secondary an-
tibody (goat anti-rabbit IgG-B, sc-2040, 1:200, Santa Cruz Biotechnology, Shandon, CA,
USA). Afterward, the avidin–biotin–peroxidase complex (ThermoFisher Scientific, Dreeich,
Germany) (30 min) was applied, and counterstaining by hematoxylin and blueing was
conducted. A detailed process was described by Lindner et al. [27].

2.3.4. Histopathological Analysis

To analyze the samples histologically, the prepared slides were studied using a Pan-
thera U microscope (Motic, Xiamen, China). The analyses were carried out according to
the DIN ISO 10993-6 protocol, which was previously described [27]. Briefly, the analyses
evaluate tissue-biomaterial interactions within the framework of early and latened tissue
response, including parameters such as fibrosis, necrosis, hemorrhage, vascularization;
as well as the presence of immune cells (e.g., granulocytes, lymphocytes, macrophages,
biomaterial-associated multinucleated giant cells (BMGCs)). Photographs of these interac-
tions were taken using an Axiocam 105 color camera that was connected to its software
ZEN Core (Zeiss, Oberkochen, Germany).

2.3.5. Histomorphometrical Analysis

To quantify the occurrence of M1 and M2 macrophages within the implant beds, a
digital method using the Image J software (National Institutes of Health, Bethesda, MD,
USA) was carried out as previously described [27]. Briefly, the immunohistochemically
stained slides were digitalized and inserted to Image J. After manually marking the region
of interests (e.g., defect area, membrane, etc.) of 5 samples per time point and group, the
number of stained cells (positives to the respective marker) were automatically counted
using a specialized plugin as described by Lindner and colleagues [27]. The number of
positive cells was related to their respective total areas, and quantification of the number of
cells per mm2 was obtained.

The thickness of the membranes was measured as follows. The digitalized slides
were inserted into Image J and calibrated using the respective scale bar. For each slide, the
membrane thickness was measured 5 times at different spots, using straight lines that were
perpendicular to the membrane.

2.3.6. Statistical Analysis

The quantitative data were statistically analyzed via an analysis of variance (ANOVA),
using the GraphPad Prism 8.0 software (GraphPad Software Inc., La Jolla, CA, USA).
Statistical differences were recognized as significant according to the respective p-values.
The difference was significant if p-values were less than 0.05 (* p ≤ 0.05), and highly
significant if p-values were less than 0.01 (** p ≤ 0.01), less than 0.001 (*** p ≤ 0.001) or less
than 0.0001 (**** p ≤ 0.0001).

3. Results
3.1. Histopathological Analysis

Histological analysis of the membranes showed the initial structural state of the barrier
membranes. OP appears to have a nonporous microstructure (Figure 1A). BG exhibits
distinctively two different layers, one that is compact and the other porous (Figure 1B). JM
exhibits honeycomb porosity (Figure 1C).
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Figure 1. Histological visualization of the barrier membranes. (A) Ossix® Plus (OP), (B) Bio-Gide® (BG). Black double-
headed arrow: compact layer, dotted double-headed arrow: porous layer. (C) Jason® membrane (JM). (H&E stainings, 
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that constitutes the same cell types of the immune system (Figure 2F). At day 60 post-
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blood vessels, and reactive tissue showing a trend to a decreased inflammatory cell reac-
tion (Figure 2G). The reactive tissue remained on the surface of the implants, and an in-
crease in the occurrence of granulocytes surrounding the implant was noticed (Figure 2I). 

At all time points, no signs of necrosis were seen within the implantation beds of the 
OP membranes, and the reactive tissue did not infiltrate the membrane. 
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the intact membrane composed of two distinct layers at day 10 (Figure 3A). A slight in-
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pronounced inflammatory tissue reaction was also seen at the loose layer of the membrane 
with noticeably increasing vascularization (Figure 3B.2,C.2). At day 30, the two layers of 
the membrane remained distinguishable based on the different rates of cellular infiltration 
(Figure 3D). Blood vessels and a similar reactive tissue compared to day 10 were seen 
infiltrating the compact layer (Figure 3F.1). However, the reactive tissue infiltrated the 
loose layer in an increasing manner, where also biomaterial-associated multinucleated gi-
ant cells (BMNCs) were observable (Figure 3F.2). At day 60 post-implantation, the mem-
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layer was no longer detectable, suggesting that it was completely resorbed. 
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Figure 1. Histological visualization of the barrier membranes. (A) Ossix® Plus (OP), (B) Bio-Gide® (BG). Black double-
headed arrow: compact layer, dotted double-headed arrow: porous layer. (C) Jason® membrane (JM). (H&E stainings, scale
bars: 50 µm, objective magnification: 20×).

Histopathological analysis of the subcutaneously implanted OP membranes showed
that the membranes were found at day 10 (Figure 2A). A slight inflammatory tissue reaction
and minimal fibrosis were observed surrounding the implanted biomaterial (Figure 2B,C).
This reactive tissue at the surface of the implants constitutes mainly blood vessels and cells
of the immune system (i.e., macrophages, granulocytes, and lymphocytes) (Figure 2C). On
day 30, the membranes remained intact (Figure 2D). Similar to the previous study time
point, the biomaterial was surrounded by blood vessels and reactive tissue that constitutes
the same cell types of the immune system (Figure 2F). At day 60 post-implantation, the
membranes were still found intact and surrounded by slight fibrosis, blood vessels, and
reactive tissue showing a trend to a decreased inflammatory cell reaction (Figure 2G). The
reactive tissue remained on the surface of the implants, and an increase in the occurrence
of granulocytes surrounding the implant was noticed (Figure 2I).
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membrane (Ossix® Plus) at three time points: 10 days (first row: (A–C)), 30 days (second row: (D–F)), and 60 days (third
row: (G–I)). Stretched black arrow: compact layer of the membrane and M: membrane, CT: connective tissue, black arrows:
macrophages, red arrows: blood vessels, green arrows: granulocytes, grey arrows: lymphocytes, yellow arrows: fibroblasts.
(HE-stainings, 10×, 20×, and 40× objective magnifications with scale bars: 100 µm, 50 µm, and 20 µm, respectively).

At all time points, no signs of necrosis were seen within the implantation beds of the
OP membranes, and the reactive tissue did not infiltrate the membrane.

Histopathological analysis of the subcutaneously implanted BG membranes showed
the intact membrane composed of two distinct layers at day 10 (Figure 3A). A slight
inflammatory tissue reaction was seen surrounding the compact layer of the membrane.
This reactive tissue was constituted of blood vessels and cells of the immune system (i.e.,
macrophages, granulocytes, and lymphocytes) (Figure 3B.1,C.1). A similar but slightly
pronounced inflammatory tissue reaction was also seen at the loose layer of the membrane
with noticeably increasing vascularization (Figure 3B.2,C.2). At day 30, the two layers of
the membrane remained distinguishable based on the different rates of cellular infiltration
(Figure 3D). Blood vessels and a similar reactive tissue compared to day 10 were seen
infiltrating the compact layer (Figure 3F.1). However, the reactive tissue infiltrated the loose
layer in an increasing manner, where also biomaterial-associated multinucleated giant cells
(BMNCs) were observable (Figure 3F.2). At day 60 post-implantation, the membrane was
still intact and infiltrated by blood vessels and a decreased reactive tissue, while slight
fibrosis was observable at the material surfaces (Figure 3G–I). The loose membrane layer
was no longer detectable, suggesting that it was completely resorbed.
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faces of the implants and slightly infiltrating it, was composed of cells of the immune sys-
tem (i.e., macrophages, granulocytes, and lymphocytes) (Figure 4C). At day 30, the mem-
brane remained intact (Figure 4D). However, the reactive tissue significantly decreased 
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Figure 3. Exemplary histological images of subcutaneously implanted collagen-based bilayer barrier membrane (Bio-
Gide®) at three timepoints: 10 days (first row: A,B.1,B.2,C.1,C.2), 30 days (second row: D,E.1,E.2,F.1,F.2), and 60 days
(third row: G,H.1,H.2,I.1,I.2). Stretched black arrow: compact layer of the membrane, stretched dotted arrow: loose layer
of the membrane, CT: connective tissue, M: membrane, black arrows: macrophages, red arrows: blood vessels, green
arrows: granulocytes, grey arrows: lymphocytes, yellow arrows: fibroblasts (HE-stainings, 10×, 20×, and 40× objective
magnifications with scale bars: 100 µm, 50 µm, and 20 µm, respectively).

At all timepoints, no signs of necrosis were seen within the implantation beds and
the reactive tissue does infiltrate the membrane but with different infiltration degrees
depending on the structure of the two layers were observed.
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Histopathological analysis of the subcutaneously implanted JM membrane also showed
intact membranes at day 10 (Figure 4A). A moderate inflammatory tissue reaction was
seen surrounding the implanted biomaterial. This reactive tissue, located on the surfaces of
the implants and slightly infiltrating it, was composed of cells of the immune system (i.e.,
macrophages, granulocytes, and lymphocytes) (Figure 4C). At day 30, the membrane re-
mained intact (Figure 4D). However, the reactive tissue significantly decreased compared to
day 10, and slight fibrosis was seen located on the surfaces of the implants (Figure 4E). The
reactive tissue seems to infiltrate two-thirds of the membrane from both sides (Figure 4F).
At day 60 post-implantation, the membrane was still intact, surrounded by slight fibrosis,
and completely infiltrated with the aforementioned reactive tissue (Figure 4G–I).
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CT: connective tissue, black arrows: macrophages, green arrows: granulocytes, grey arrows: lympho-
cytes, yellow arrows: fibroblasts (HE-stainings, 10×, 20×, and 40× objective magnifications with
scale bars: 100 µm, 50 µm, and 20 µm, respectively).

At all time points, no signs of necrosis were seen within the implantation beds, and
the reactive tissue gradually infiltrated the membrane.

Finally, the histopathological analysis of the slides from the sham operation group
showed a mild inflammation tissue reaction within the wound areas (Figure 5A). In concert
with blood vessels, mainly macrophages, granulocytes, plasma cells, lymphocytes, and
fibroblasts were observed (Figure 5B). At day 30, a very similar tissue reaction was still
seen (Figure 5C,D). The wound site seems to be healed at day 60 with only slight signs of
inflammatory reactive tissue present (Figure 5E,F).
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Figure 5. Exemplary histological images of the tissue reactions in the sham operation group at
three timepoints: 10 days (first row: A,B), 30 days (second row: C,D), and 60 days (third row: E,F).
Dotted circles: wound areas, black arrows: macrophages, red arrows: blood vessels, green arrows:
granulocytes, grey arrows: lymphocytes, yellow arrows: fibroblasts, blue arrow: plasma cells. (HE-
stainings, 10× and 40× objective magnifications with scale bars: 100 µm and 20 µm, respectively).

Immune Response

The analysis of the immunohistochemical detection of anti-inflammatory CD163-
positive macrophages showed high numbers of M2 macrophages within the reactive
inflammatory tissue that surrounded the Ossix® Plus membrane at day 10 (Figure 6A).
Comparable numbers of M2 macrophages were also observable within the reactive tissue
at the later timepoints, located on the surface of the membrane and within the surrounding
reactive tissue (Figure 6B,C).

In addition, in the group of the Bio-Gide® membrane, CD163-positive M2 macrophages
were found mainly located within the reactive tissue surrounding the implant at day 10
(Figure 6D). In an increasing fashion, the CD163-positive cells were found within the
adherent connective tissue, and the M2-macrophages were infiltrating the membrane at
the following study time points (Figure 6E,F).

In case of the Jason® membrane, relatively high numbers of M2 macrophages were
also seen, especially at the material surfaces but also within the reactive tissue surrounding
the implant at day 10 (Figure 6G). In an increasing fashion, the CD163-positive cells were
seen infiltrating the membrane at the advanced timepoints (Figure 6H,I).
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Finally, moderate numbers of CD163-positive M2 macrophages were detected within
the wound area of the sham operation, maintaining comparable numbers for all time points
(Figure 6J–M).
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Figure 6. Exemplary images of the immunohistochemical detection of anti-inflammatory M2 macrophages within the bed
implants of the different barrier membranes and the sham operation group at three time points: 10 days, 30 days, and
60 days. First column: Ossix® Plus (OP) (A–C), second column: Bio-Gide® (BG) (D–F), third column: Jason® membrane
(JM) (G–I), and forth column: sham operation (SO) (J–M). CT: connective tissue, M: membrane, W: wound area, black
arrows: CD163-positive cells (CD163-immunostainings, 20× objective magnifications and scalebars = 50 µm).

Additionally, the histopathological analysis based on the immunohistochemical de-
tection of pro-inflammatory CD11c-positive macrophages showed that this cell type was
mainly located at the material surfaces and within the reactive inflammatory tissue that
surrounds the Ossix® Plus membrane at day 10 (Figure 7A). Similar to that, the M1
macrophages were seen at the membrane surfaces and within the reactive tissue at the later
time points (Figure 7B,C).

In the group of the Bio-Gide® membrane, M1 macrophages were seen within the
reactive tissue surrounding the implant but especially at the membrane surfaces at day 10
(Figure 7D). Prominently, these cells were located at the surface of the loose layer of the
membrane. M1 macrophages are also detected within the membranes and the surrounding
connective tissue at later time points (Figure 7E,F).

In the case of the Jason® membrane, CD11c-positive M1 macrophages were scarcely
seen within the surrounding reactive tissue at day 10, while low numbers of this cell type
were additionally found infiltrating the membrane at later study time points (Figure 7G–I).

Finally, CD11c-positive M1 macrophages were infrequently found within the wound
area of the sham operation, maintaining incomparable occurrences to M2 cells for all time
points (Figure 7J–M).
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3.2. Histomorphometrical Results

The results of the histomorphometrical analysis are presented in Table 1 and Figure 8
that display only the interindividual significant differences. Additionally, intraindividual
significances between the M1 and M2 cell counts at the different study time points within
the same study group are shown in Table 2.

Table 1. Histomorphometrical results of the immune response within the implantation bed of the
analyzed barrier membranes (Ossix® Plus (OP), Bio-gide® (BG), Jason® membrane (JM), and sham
operation (SO).

Membrane/Time Point Day 10 Day 30 Day 60

CD163 (cells/mm2)
OP 424.9 ± 17.8 507.5 ± 36.5 490.6 ± 65.7
BG 285.7 ± 67.9 686.5 ± 273.9 267.7 ± 123.5
JM 571.7 ± 145.3 219.4 ± 125.8 179.9 ± 144.3
SO 550.6 ± 76.1 824.3 ± 56.0 792.7 ± 116.3

CD11c (cells/mm2)
OP 122.9 ± 122.3 52,9 ± 29.0 53.0 ± 2.0
BG 29.3 ± 14 23.8 ± 21.2 58.2 ± 29.1
JM 14.1 ± 3.8 23.5 ± 1.9 50.0 ± 5.0
SO 40.4 ± 6.0 53.7 ± 27.3 56.4 ± 10.0
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Figure 8. Statistical analysis of the histomorphometrical results of the immune response within the implantation bed of the
analyzed barrier membranes (Ossix® Plus (red), Bio-Gide® (blue), Jason® membrane (green)) and of the sham operation
(black). Vertical stripes: CD11c and horizontal stripes: CD163. (* p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001).

Table 2. Interindividual statistical differences between the M1 and M2 cell numbers within the
implantation beds of the analyzed barrier membranes (Ossix® Plus (OP), Bio-gide® (BG), Jason®

membrane (JM) and the sham operation (SO) (* p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001, ns: not
significant).

Time Points Significance M1-M2

BG
10D **
30D ****
60D *

OP
10D **
30D ****
60D ****

JM
10D ****
30D *
60D ns

SO
10D ****
30D ****
60D ****

On day 10, comparable numbers of M1 macrophages without significant differ-
ences were found in all study groups. Furthermore, comparably high numbers of M2
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macrophages were found in the groups of the Jason membrane and the sham operation that
were significantly higher compared to the numbers in the Bio-Gide® group (** p ≤ 0.01)
(Table 1 and Figure 8). However, no statistical differences were found compared to the
numbers in the Ossix® Plus group at this early time point. Furthermore, no differences were
found comparing the values in the Bio-Gide® group and the Ossix® Plus group (Table 1
and Figure 8). Moreover, the numbers of M2 macrophages were significantly higher in all
study groups compared to the numbers of M1 macrophages at day 10 (Table 2).

On day 30, still no significant differences between the numbers of M1 macrophages
were found comparing all study groups (Table 1 and Figure 8). At this time point, the
numbers of M2 macrophages were found comparable in the groups of the Bio-Gide®

membrane and the sham operation group, which were both significantly higher compared
the numbers in the Jason® membrane group (**** p ≤ 0.0001). Furthermore, the numbers
of M2 macrophages in the sham operation group were significantly higher compared to
the values in the Ossix® Plus membrane group (** p ≤ 0.01), whose numbers were also
higher compared to that in the Jason® membrane group (** p ≤ 0.01) (Table 1 and Figure 8).
Moreover, the numbers of M2 macrophages were significantly higher in all study groups
compared to the numbers of M1 macrophages at day 30 (Table 2).

On day 60, still no significant differences between the numbers of M1 macrophages
were found comparing all study groups (Table 1 and Figure 8). The numbers of M2
macrophages in the sham operation group were significantly higher (** p ≤ 0.01 and
**** p ≤ 0.0001) compared to all three membrane groups at this time point (Table 1 and
Figure 8). Furthermore, the M2 macrophage numbers in the Ossix® Plus group were
significantly higher (* p ≤ 0.05 and ** p ≤ 0.01) compared to the values in the groups of the
Bio-Gide® membrane and the Jason® membrane (Table 1 and Figure 8). At this time point,
the numbers of M2 macrophages were significantly higher in all study groups compared to
the numbers of M1 macrophages with the exception of the Jason® membrane group that
induced comparable numbers of both cell types at this time point (Table 2).

As for the membrane thickness, the histomorphometrical analysis is displayed in
Figure 9A, describing the ex vivo baseline thickness of each investigated membrane.
Figure 9B displays the percentage thickness of the implanted membranes relative to the
initial ex vivo thickness.
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The initial thickness of Bio-Gide® was significantly larger than both Ossix® Plus
and Jason® (* p ≤ 0.05). Compared to their baseline thicknesses, OP increased 241%
in thickness, BG increased 254%, and JM remained the same at day 10. At day 30, the
thickness of OP was 200% larger than its initial measurement, BG 166%, and JM remained
the same. For the last time point, after 60 days, OP measured 209% of its initial thickness,
BG 97%, and JM 152%. Control percentages of OP measured significant differences between
day 10/day 30 and day 10/day 60 (*** p ≤ 0.001 and * p ≤ 0.05, respectively). Control
percentages of BG measured significance differences between day 10/day 30 and day
10/day 60 (* p ≤ 0.05 and **** p ≤ 0.0001, respectively). Finally, control percentages of JM
measured significance differences between day 10/day 60 and day 30/day 60 (** p ≤ 0.01
and * p ≤ 0.05, respectively).

4. Discussion

Various collagen-based membranes are available for GBR procedures in the fields
of oral, and maxillofacial surgery [34]. Although resorbable collagen-based membranes
are favored due to the avoidance of a second surgery, some clinical applications require
space maintenance of the barrier membrane with stronger tensile strength or a prolonged
biodegradation time [35–37]. The prolonged barrier functionality is usually achieved by
the application of non-resorbable synthetic materials based on titanium or PTFE [38,39].
On the other hand, resorbable collagen crosslinked membranes are developing, with pro-
duction techniques that may lead to an extended-standing time in concert with acceptable
inflammatory tissue reactions [37–39]. Since non-degradable synthetic materials require
removal, which leads to repetitive tissue trauma, and many crosslinked techniques have
been shown to be cytotoxic or bioincompatible, there is a need for a production technique
leading to the desired integration pattern combined with an adapted degradation pattern
and a desired inflammatory tissue response [6,25,26]. Since glycation is a natural reaction
of collagen fibers during aging, it is supposed to be an optimal basis for sugar crosslinking
of collagen, resulting in a barrier membrane that may provide a sufficiently long barrier
functionality and manifest integrative behavior, which is not harmful to the peri-implant
tissue [24]. Thus, the present study was conducted to examine the integration behavior,
and immune response of a sugar crosslinked membrane of porcine origin by established
histopathological and histomorphometrical analysis methods for immunohistochemical
detection of macrophages subtypes M1 and M2. The two barrier membranes that are based
on native collagen of porcine origin and that are proven as a biocompatible and resorbable
were used as control biomaterials. A concluding table below provides a comparison of the
similarities and differences between the investigated barrier membrane, Ossix® Plus, and
the controls (Table 3).

Table 3. Concluding comparison of the investigated barrier membrane, Ossix® Plus, and the controls, Bio-Gide® and Jason®

membrane.

Membranes/Characteristics OP [28] BG [30] JM [31]

Origin Porcine (collagen type I) Porcine (collagen type I and III) Porcine (collagen type I and III)
Tissue Origin Tendon Skin Pericardium

Production Repolymerization Decellularized tissue Decellularized tissue
Crosslinking Sugar crosslinked No No

Structural remarks Nonporous Bilayer (a porous layer and a compact layer) Honeycomb-like porosity
Thickness 182 ± 13.6 µm 371 ± 31.4 µm 183 ± 6.9 µm

Initial swelling In Vivo 241.3% 254.1% 96.5%
Integration Pattern No cellular infiltration Cellular infiltration Cellular infiltration
Transmembraneous

Vascularization No Yes Yes, slight

Occurrence of BMGCs No Yes (within the porous layer) No

Initially, the histological analysis of the blank membranes showed different microstruc-
tures. Ossix® Plus is seen to be nonporous, which provides an exclusive barrier function.
Bio-Gide® showed two distinctive layers, one that is compact, and the other is loose and
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porous. The manufacturer of Bio-Gide® recommends the application of the porous layer
towards the bone to allow enhanced cellular integration, providing an osteoconductive
micromilieu for bone growth [30]. Jason® membrane exhibited a honeycomb-like porosity,
which allows for cellular infiltration. Ultimately, the understanding of the original condi-
tion of each barrier membrane provides insight into their integration patterns that include
cellular infiltration, vascularization, and degradation, which are all essential properties of
barrier membranes for GBR, and these variabilities might also influence clinical outcomes
in terms of wound healing and bone augmentation. Another distinguishing factor of re-
sorbable barrier membranes compared to non-resorbable PTFE, is having not only a barrier
function but also soft tissue integration that can potentially enhance the aforementioned
clinical outcomes [4].

The histological analysis of the integration pattern of the three membranes revealed
that the integration pattern of the Ossix® Plus membrane is completely different from both
native collagen membranes since it does not undergo integration with the surrounding
tissue. In this context, the main functionality of every GBR membrane is space maintenance,
which can be achieved in the case of all analyzed membranes as the three materials
remained stable without any signs of membrane fragmentation up to the end of the
observation period. However, for some time now, further demands have been made on
collagen-based GBR membranes, including transmembraneous vascularization [40]. The
results of the present study show that the sugar crosslinked membrane does not allow for
this material parameter, which might decrease their regenerative potential in comparison
to the conventional collagen-based membranes included as control materials in this study.
However, this integration pattern is comparable with non-resorbable barrier membranes
but with the advantage of lowering the risk of soft tissue dehiscence [38], which has been
frequently reported with PTFE-based barrier membranes. Bio-Gide has also been shown to
lower the risk of dehiscence [41].

Finally, the question about the degradation time of this membrane type arises as this
factor is also of high importance for the bone regeneration process [42]. Another related
issue of this membrane might be seen in the prolonged standing time combined with the
observed degradation resistance, as this material characteristic might lead to “intrinsic”
pressure onto the overlying mucosal flap, which means that even in cases with a reduced
flap tissue, the application of this membrane might be challenging. This assumption is
furthermore underlined by the material analyses that have been shown that the Ossix® Plus
membrane excelled with the increased fragility in dry but also wet conditions, probably
due to the applied crosslinked technique by sugar, in comparison with the native collagen-
based membrane Bio-Gide®, which had more elasticity [43]. These observations were
additionally supported by the histomorphometrical analysis of the material thickness that
showed an approximate swelling of the crosslinked membrane up to 250% after 10 days
post-implantation that was significantly reduced over the study period but remained still
at around 200% swelling up to day 60 post-implantation. The swelling in the case of the
crosslinked membrane cannot have been caused by cellular infiltration, which leads to
the conclusion that this swelling behavior must be mediated by the ingredients. In this
context, it is known that the less the collagen is crosslinked, the more this molecule can
bind water [44]. Thereby, it was also revealed that collagen hydration varies according
to the degree of crosslinking. However, in the case of the ribose-based crosslinking, it
is strongly suggestable that this sugar crosslinker is the reason for the increasing water-
binding capacity of the membrane and, thus, for its swelling behavior. This behavior was
also observed with other sugar-based crosslinkers [45].

In addition, the Bio-Gide® membrane showed a swelling of approximately 260%
at day 10 post-implantation that was gradually decreasing over time down to 97% at
day 60 post-implantation, indicating a “real” degradation profile. This thickness profile
might be induced by the cellular migration, especially in the porous material component
that is also described in more detail in the next paragraph, thus that the dense material
part is less responsible for this effect. Thus, it is thinkable that the observed decrease in
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the membrane thickness is correlated with the stepwise degradation and integration of
the porous membrane component. In contrast, the Jason® membrane did not show any
swelling at day 10 post-implantation compared to its material thickness, but its value
significantly increased at day 60 post-implantation. This phenomenon is explainable by
the ongoing cellular ingrowth into the body of the membrane, which takes place mainly at
later time points.

The histopathological analysis revealed that the Ossix® Plus membrane induced only
a slight inflammatory tissue reaction and minimal fibrosis only involving mononuclear
cells indicating its good biocompatibility. Thereby, no cell infiltration was observed over
the complete study period. In contrast, the tissue response towards the Bio-Gide® mem-
brane was bifurcated as both its disparate layers induced different integration behaviors
during the whole experimental period. The peri-implant tissue composed of blood vessels
and macrophages, granulocytes, and lymphocytes beside very low numbers of BMGCs
infiltrated both layers, but with different time dynamics during the observation time
points. The infiltration of the porous layer was observable to a higher extent up to 30 days
post-implantation. Furthermore, the porous layer was completely resorbed until 60 days
post-implantation, while the compact layer was visible in this time period but infiltrated
with cells in a higher range, mostly at this late study time point. Finally, the analysis
showed that the Jason® membrane was not resorbed until 60 days post-implantation. The
tissue reaction was comparable to that found in the Bio-Gide® membrane group. While
mostly mononuclear cells, i.e., mainly macrophages, were found attached to the membrane,
also BMGCs were noted in a smaller number within implantation bad of Jason® mem-
brane. However, both membranes based on native collagen showed no sign of material
fragmentation or breakdown.

Especially the results in the sugar-crosslinked Ossix® Plus membrane group are
interesting as it has been described that chemically crosslinked barrier membranes trigger
a foreign body reaction that seems to lead to a premature material fragmentation, which
impairs their barrier functionality in terms of GBR [7]. The results of previous examinations
revealed that the Ossix® Plus membrane showed prolonged biodegradation and low tissue
integration but no foreign body reaction [46,47]. A further explanation for the basis of
the observed tissue response without the occurrence of BMGCs might be findable in the
manufacturing process of the ribose crosslinked membrane, which is produced via a
preliminary stage that includes comminution of the collagen or a collagen solution even in
contrast to the other two membranes, which are directly extracted from the donor tissue.
In this context, it has been shown in the case of synthetic bone substitute materials that also
did not induce BMGCs in contrast to other materials with the same chemical composition
that the macrophages were “able to detach individual smaller subunits”, which seem to be
phagocytizable by mononuclear cells due to a sufficient membrane capacity [48].

Additionally, the results of our study revealed a high number of granulocytes at the last
time point in the Ossix® Plus group. Their occurrence can also be seen as a further indicator
of the prolonged and slow-released biodegradation, as it has been shown even in a study
analyzing the tissue responses to the membrane Bio-Gide® membrane that this cell type is
involved in the physiological transition of collagen-based biomaterials [49,50]. Thus, it is
thinkable that the crosslinking of this membrane hinders the release of collagen fragments
from this membrane, causing new recruitment of granulocytes to the site at later time points
post-implantation. This is supported by the fact that granulocytes are short-lived immune
cells [51]. This observation suggests that the biodegradation of this membrane might start
at day 60. Additionally, since it has been shown that many pathological conditions in
chronic diseases are connected with AGEs accumulation, which naturally occurs during
crosslinking of collagen, examination of a possible presence and connection of AGEs on
immunological tissue response on a molecular level should be examined [23].

Altogether, it can be concluded that, despite the small differences observed, the main
observation of the long-term stability without any cell or tissue ingrowth is comparable
to previous in vivo results. Furthermore, the observed integration behavior is in line
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with different clinical observations that showed successful jawbone regeneration after the
application of the Ossix® Plus membrane [25,26]. Although the results of this study showed
no real tissue integration of the Ossix® Plus membrane, it has clinically been described
that this membrane also undergoes bony integration. These results have to be examined
in more detail in new in vivo studies as this tissue integration is contrary to previous
assumptions, which included the theory that more bioactive membranes that support,
for example, processes such as a transmembraneous vascularization, have to be used for
support of the regeneration process [4,25]. This assumption is interesting insofar as this
integration behavior is quite different from that of both control materials in the present
study that showed a complete integration within the tissue, including the promotion of a
transmembraneous vascularization. Interestingly, new study results also show an optimal
bony integration of the Jason® membrane (manuscript submitted), which was related to
its integration behavior. However, the results of the present study are likely to put these
results into perspective.

Another aspect of the present study is the integration behavior of the Bio-Gide®

membrane. Interestingly, the difference in cellular infiltration characteristics between
two different layers of Bio-Gide® was not described in subcutaneous implantation in
Lewis rats, which may be a consequence of implantation on a different animal strain,
but also due to the absence of the identical experimental conditions [52]. In contrast, the
same integration behavior has already been described for the Jason® membrane in other
preclinical studies [40].

Altogether, the question arises if a membrane that induces inflammatory tissue re-
sponses and a following higher vascularization or a membrane with an associated slight
tissue response are more suitable for the desired clinical result. This topic is also discussed
by other different groups, but no final conclusion could be derived until now [4,38].

Finally, the histomorphometrical analysis of the immune response showed that all
three membrane types induced a significantly higher occurrence of anti-inflammatory
macrophages compared to the pro-inflammatory subtype with an exception in the group of
the Jason® membrane at day 60 post-implantation with comparable numbers of both vari-
ants. Moreover, no significant differences in the numbers of pro-inflammatory macrophages
have been measured between all study groups, i.e., the membrane groups and the sham
operation group, at any of the study time points. In contrast, significant differences have
been found between numbers of anti-inflammatory macrophage subtypes throughout the
whole observation period. Interestingly, the highest M1/M2 differences were found in the
sham operation group over the complete study period. This could be explained by the
increase of the M1 phenotype in the presence of the implants, supporting the balancing
M1/M2 polarization within and around biomaterials that is explained previously [12,16].

In the Ossix® Plus membrane group, consistently similar M2 macrophage values were
found over the whole study period that was comparable to that found in the Bio-Gide®

membrane group and the Jason® membrane group up to day 30 post-implantation. At day
60 post-implantation, the M1 macrophage numbers in this group were significantly higher
compared to the values in the two control groups. These values lead to the conclusion that
the Ossix® Plus membrane can induce a microenvironment, including an inflammatory
response-oriented to a material-mediated tissue healing.

In addition, the Bio-Gide® membrane induced an intermediate M2 macrophage level
with an exception at day 30 post-implantation being comparably high as the values in
the sham operation group, but its M2 values were also significantly lower compared to
that found in the Ossix® Plus membrane group at day 60 post-implantation. Finally, the
values in the Jason® membrane group showed an initial high M2 macrophage occurrence
that continuously decreased towards the end of the observation period. Interestingly,
the M2 macrophage numbers were significantly higher in the Jason® membrane at day
10 post-implantation, while the values were higher in the Bio-Gide® membrane group
at day 30 post-implantation. However, at day 60 post-implantation, the values in both
groups were comparable. Despite these minor differences, both membranes also create
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a comparable regeneration-promoting environment leading to significantly higher anti-
inflammatory conditions as expected from an optimal biomaterial. A broad variety of
(pre-) clinical studies showed their successful application in terms of GBR, which supports
this assumption. Further preclinical in vivo studies have to show the exact differences of
the three membranes even in the context of bone healing, but the present results lead to
the overall conclusion that all three medical devices are optimally suitable for bone tissue
regeneration and even as barrier membranes.

5. Conclusions

The examined membranes originate from the same animal species, but they are
obtained from different tissues and underwent different manufacturing processes. As a
result, data from the present study indicate differences in the integration behavior of sugar
crosslinked collagen membrane in comparison with native collagen membranes suggesting
that sugar crosslinked collagen membrane should be used as a barrier membrane only. In
addition, the immune response to all examined membranes is comparable, indicating that
all examined collagen membranes are biocompatible and can be used for Guided Bone
Regeneration (GBR) applications.

Author Contributions: Conceptualization, M.B., O.J. and S.N.; methodology, M.B., O.J., S.N. and S.S.;
software, M.B.; validation, M.B., O.J., S.N. and S.S.; formal analysis, M.R. and S.A.; investigation, M.R.
and S.A.; resources, M.B., O.J., S.N. and S.S.; data curation, M.R. and S.A.; writing—original draft
preparation, M.R. and S.A.; writing—review and editing, M.R., S.A., I.S., J.B., B.S., O.B., O.J., S.N., S.S.
and M.B.; visualization, M.R. and S.A.; supervision, M.B., O.J., S.N. and S.S.; project administration,
M.B., O.J., S.N. and S.S. All authors have read and agreed to the published version of the manuscript.

Funding: We acknowledge support by the German Research Foundation and the Open Access
Publication Fund of TU Berlin.

Institutional Review Board Statement: The in vivo experiments prior to the biomaterial implan-
tations were approved by The Local Ethical Committee of the Faculty of Medicine (University of
Niš, Serbia), based on decision number 323-07-09101/2020-05/5 of the Veterinary Directorate of the
Ministry of Agriculture, Forestry and Water Management of the Republic of Serbia (date of approval:
26 August 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data presented in this study are integrated within the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dimitriou, R.; Mataliotakis, G.I.; Calori, G.M.; Giannoudis, P.V. The role of barrier membranes for guided bone regeneration and

restoration of large bone defects: Current experimental and clinical evidence. BMC Med. 2012, 10, 81. [CrossRef] [PubMed]
2. Sattar, M.M.; Patel, M.; Alani, A. Clinical applications of polytetrafluoroethylene (PTFE) tape in restorative dentistry. Br. Dent. J.

2017, 222, 151–158. [CrossRef]
3. Wang, J.; Wang, L.; Zhou, Z.; Lai, H.; Xu, P.; Liao, L.; Wei, J. Biodegradable polymer membranes applied in guided bone/tissue

regeneration: A review. Polymer (Basel) 2016, 8, 115. [CrossRef]
4. Omar, O.; Elgali, I.; Dahlin, C.; Thomsen, P. Barrier membranes: More than the barrier effect? J. Clin. Periodontol. 2019, 46, 103–123.

[CrossRef] [PubMed]
5. Ghanaati, S.; Schlee, M.; Webber, M.; Willershausen, I.; Barbeck, M.; Balic, E.; Görlach, 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,
15010. [CrossRef]

6. Miron, R.J.; Bosshardt, D.D. Multinucleated Giant Cells: Good Guys or Bad Guys? Tissue Eng. Part B Rev. 2018, 24, 53–65.
[CrossRef]

7. 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]

8. Mariani, E.; Lisignoli, G.; Borzì, R.M.; Pulsatelli, L. Biomaterials: Foreign Bodies or Tuners for the Immune Response? Int. J. Mol.
Sci. 2019, 20, 636. [CrossRef]

9. Lee, J.; Byun, H.; Perikamana, S.K.M.; Lee, S.; Shin, H. Current Advances in Immunomodulatory Biomaterials for Bone
Regeneration. Adv. Heal. Mater. 2018, 8, e1801106. [CrossRef]

http://doi.org/10.1186/1741-7015-10-81
http://www.ncbi.nlm.nih.gov/pubmed/22834465
http://doi.org/10.1038/sj.bdj.2017.110
http://doi.org/10.3390/polym8040115
http://doi.org/10.1111/jcpe.13068
http://www.ncbi.nlm.nih.gov/pubmed/30667525
http://doi.org/10.1088/1748-6041/6/1/015010
http://doi.org/10.1089/ten.teb.2017.0242
http://doi.org/10.1111/j.1600-0501.2005.01108.x
http://www.ncbi.nlm.nih.gov/pubmed/15877758
http://doi.org/10.3390/ijms20030636
http://doi.org/10.1002/adhm.201801106


Membranes 2021, 11, 712 19 of 20

10. Chia-Lai, P.-J.; Orlowska, A.; Al-Maawi, S.; Dias, A.; Zhang, Y.; Wang, X.; Zender, N.; Sader, R.; Kirkpatrick, C.J.; Ghanaati, S.
Sugar-based collagen membrane cross-linking increases barrier capacity of membranes. Clin. Oral Investig. 2017, 22, 1851–1863.
[CrossRef]

11. Barbeck, M.; Lorenz, J.; Kubesch, A.; Böhm, N.; Booms, P.; Choukroun, J.; Sader, R.; Kirkpatrick, C.J.; Ghanaati, S. Porcine
Dermis-Derived Collagen Membranes Induce Implantation Bed Vascularization Via Multinucleated Giant Cells: A Physiological
Reaction? J. Oral Implant. 2015, 41, e238–e251. [CrossRef]

12. Barbeck, M.; Lorenz, J.; Holthaus, M.G.; Raetscho, N.; Kubesch, A.; Booms, P.; Sader, R.; Kirkpatrick, C.J.; Ghanaati, S. Porcine
Dermis and Pericardium-Based, Non–Cross-Linked Materials Induce Multinucleated Giant Cells After Their In Vivo Implantation:
A Physiological Reaction? J. Oral Implant. 2015, 41, e267–e281. [CrossRef]

13. Sridharan, R.; Cameron, A.; Kelly, D.; Kearney, C.; O’Brien, F.J. Biomaterial based modulation of macrophage polarization:
A review and suggested design principles. Mater. Today 2015, 18, 313–325. [CrossRef]

14. Zhao, Q.; Topham, N.; Anderson, J.M.; Hiltner, A.; Lodoen, G.; Payet, C.R. Foreign-body giant cells and polyurethane biostability:
In vivo correlation of cell adhesion and surface cracking. J. Biomed. Mater. Res. 1991, 25, 177–183. [CrossRef] [PubMed]

15. Kyriakides, T.R.; Foster, M.J.; Keeney, G.E.; Tsai, A.; Giachelli, C.M.; Clark-Lewis, I.; Rollins, B.J.; Bornstein, P. The CC Chemokine
Ligand, CCL2/MCP1, Participates in Macrophage Fusion and Foreign Body Giant Cell Formation. Am. J. Pathol. 2004, 165,
2157–2166. [CrossRef]

16. Xia, Z.; Ye, H.; Choong, C.; Ferguson, D.J.P.; Platt, N.; Cui, Z.; Triffitt, J.T. Macrophagic response to human mesenchymal stem cell
and poly(?-caprolactone) implantation in nonobese diabetic/severe combined immunodeficient mice. J. Biomed. Mater. Res. 2004,
71, 538–548. [CrossRef] [PubMed]

17. Barbeck, M.; Motta, A.; Migliaresi, C.; Sader, R.; Kirkpatrick, C.J.; Ghanaati, S. Heterogeneity of biomaterial-induced mult-
inucleated giant cells: Possible importance for the regeneration process? J. Biomed. Mater. Res. Part A 2015, 104, 413–418.
[CrossRef]

18. Barbeck, M.; Booms, P.; Unger, R.; Hoffmann, V.; Sader, R.; Kirkpatrick, C.J.; Ghanaati, S. Multinucleated giant cells in the implant
bed of bone substitutes are foreign body giant cells-New insights into the material-mediated healing process. J. Biomed. Mater.
Res. Part A 2017, 105, 1105–1111. [CrossRef]

19. Bubalo, M.; Lazic, Z.; Tatic, Z.; Milovic, R.; Magic, M. The use of collagen membranes in guided tissue regeneration. Vojn. Pregl.
2017, 74, 767–772. [CrossRef]

20. Lundgren, A.; Sennerby, L.; Lundgren, D. Guided jaw-bone regeneration using an experimental rabbit model. Int. J. Oral
Maxillofac. Surg. 1998, 27, 135–140. [CrossRef]

21. Barbeck, M.; Kühnel, L.; Witte, F.; Pissarek, J.; Precht, C.; Xiong, X.; Krastev, R.; Wegner, N.; Walther, F.; Jung, O. Degradation,
Bone Regeneration and Tissue Response of an Innovative Volume Stable Magnesium-Supported GBR/GTR Barrier Membrane.
Int. J. Mol. Sci. 2020, 21, 3098. [CrossRef] [PubMed]

22. Mundell, R.D.; Mooney, M.P.; Siegel, M.I.; Losken, A. Osseous guided tissue regeneration using a collagen barrier membrane.
J. Oral Maxillofac. Surg. 1993, 51, 1004–1012. [CrossRef]

23. Bourne, J.W.; Lippell, J.M.; Torzilli, P.A. Glycation cross-linking induced mechanical–enzymatic cleavage of microscale tendon
fibers. Matrix Biol. 2013, 34, 179–184. [CrossRef] [PubMed]

24. Kinoshita, S.; Mera, K.; Ichikawa, H.; Shimasaki, S.; Nagai, M.; Taga, Y.; Iijima, K.; Hattori, S.; Fujiwara, Y.; Shirakawa, J.-I.; et al.
Nω-(Carboxymethyl)arginine Is One of the Dominant Advanced Glycation End Products in Glycated Collagens and Mouse
Tissues. Oxidative Med. Cell. Longev. 2019, 2019, 9073451. [CrossRef]

25. Zubery, Y.; Goldlust, A.; Alves, A.; Nir, E. Ossification of a Novel Cross-Linked Porcine Collagen Barrier in Guided Bone
Regeneration in Dogs. J. Periodontol. 2007, 78, 112–121. [CrossRef]

26. Zubery, Y.; Nir, E.; Goldlust, A. Ossification of a Collagen Membrane Cross-Linked by Sugar: A Human Case Series. J. Periodontol.
2008, 79, 1101–1107. [CrossRef]

27. Lindner, C.; Pröhl, A.; Abels, M.; Löffler, T.; Batinic, M.; Jung, O.; Barbeck, M. Specialized Histological and Histomorphometrical
Analytical Methods for Biocompatibility Testing of Biomaterials for Maxillofacial Surgery in (Pre-) Clinical Studies. In Vivo 2020,
34, 3137–3152. [CrossRef] [PubMed]

28. Datumdental. Ossix Plus. Available online: https://www.datumdental.com/en-us/wp-content/uploads/sites/13/2018/11
/OSSIX-Plus-brochure-MKT0037-03_web.pdf (accessed on 1 July 2021).

29. Moses, O.; Kozlovsky, A.; Nemcovsky, C. Bioresorbable Collagen Membranes for Guided Bone Regeneration. J. Periodontol. 2012,
78, 1943. [CrossRef]

30. Biomaterials, G. Bio-Gide. Available online: https://www.geistlich-pharma.com/fileadmin/content/Geistlich_Pharma/Pdf/
pdfs_Dental_englisch/600331_BRO_Product_information_EN_2004_Original_71581.pdf (accessed on 1 July 2021).

31. Biomaterials, B. Jason Membrane. Available online: https://www.botiss-dental.com/pdf/botiss_membranes_EN.pdf (accessed
on 1 July 2021).

32. Al-Maawi, S.; Barbeck, M.; Vizcaíno, C.H.; Egli, R.; Sader, R.; Kirkpatrick, C.J.; Bohner, M.; Ghanaati, S. Thermal treatment at
500 ◦C significantly reduces the reaction to irregular tricalcium phosphate granules as foreign bodies: An in vivo study. Acta
Biomater. 2020, 121, 621–636. [CrossRef]

33. Faul, F.; Erdfelder, E.; Lang, A.-G.; Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef]

http://doi.org/10.1007/s00784-017-2281-1
http://doi.org/10.1563/aaid-joi-D-14-00274
http://doi.org/10.1563/aaid-joi-D-14-00155
http://doi.org/10.1016/j.mattod.2015.01.019
http://doi.org/10.1002/jbm.820250205
http://www.ncbi.nlm.nih.gov/pubmed/2055915
http://doi.org/10.1016/S0002-9440(10)63265-8
http://doi.org/10.1002/jbm.a.30185
http://www.ncbi.nlm.nih.gov/pubmed/15481051
http://doi.org/10.1002/jbm.a.35579
http://doi.org/10.1002/jbm.a.36006
http://doi.org/10.2298/VSP160117116B
http://doi.org/10.1016/S0901-5027(98)80313-5
http://doi.org/10.3390/ijms21093098
http://www.ncbi.nlm.nih.gov/pubmed/32353983
http://doi.org/10.1016/S0278-2391(10)80045-X
http://doi.org/10.1016/j.matbio.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/24316373
http://doi.org/10.1155/2019/9073451
http://doi.org/10.1902/jop.2007.060055
http://doi.org/10.1902/jop.2008.070421
http://doi.org/10.21873/invivo.12148
http://www.ncbi.nlm.nih.gov/pubmed/33144417
https://www.datumdental.com/en-us/wp-content/uploads/sites/13/2018/11/OSSIX-Plus-brochure-MKT0037-03_web.pdf
https://www.datumdental.com/en-us/wp-content/uploads/sites/13/2018/11/OSSIX-Plus-brochure-MKT0037-03_web.pdf
http://doi.org/10.5772/34667
https://www.geistlich-pharma.com/fileadmin/content/Geistlich_Pharma/Pdf/pdfs_Dental_englisch/600331_BRO_Product_information_EN_2004_Original_71581.pdf
https://www.geistlich-pharma.com/fileadmin/content/Geistlich_Pharma/Pdf/pdfs_Dental_englisch/600331_BRO_Product_information_EN_2004_Original_71581.pdf
https://www.botiss-dental.com/pdf/botiss_membranes_EN.pdf
http://doi.org/10.1016/j.actbio.2020.11.034
http://doi.org/10.3758/BF03193146


Membranes 2021, 11, 712 20 of 20

34. Bunyaratavej, P.; Wang, H.-L. Collagen Membranes: A Review. J. Periodontol. 2001, 72, 215–229. [CrossRef]
35. Elgali, I.; Omar, O.; Dahlin, C.; Thomsen, P. Guided bone regeneration: Materials and biological mechanisms revisited. Eur. J.

Oral Sci. 2017, 125, 315–337. [CrossRef] [PubMed]
36. Caballé-Serrano, J.; Chappuis, V.; Monje, A.; Buser, D.; Bosshardt, D.D. Soft tissue response to dental implant closure caps made

of either polyetheretherketone (PEEK) or titanium. Clin. Oral Implant. Res. 2019, 30, 808–816. [CrossRef]
37. Lee, S.-W.; Kim, S.-G. Membranes for the Guided Bone Regeneration. Maxillofac. Plast. Reconstr. Surg. 2014, 36, 239–246.

[CrossRef]
38. Sbricoli, L.; Guazzo, R.; Annunziata, M.; Gobbato, L.; Bressan, E.; Nastri, L. Selection of Collagen Membranes for Bone

Regeneration: A Literature Review. Materials 2020, 13, 786. [CrossRef]
39. Toledano, M.; Asady, S.; Toledano-Osorio, M.; García-Godoy, F.; Serrera-Figallo, M.A.; Benítez-García, J.A.; Osorio, R. Differential

biodegradation kinetics of collagen membranes for bone regeneration. Polymers 2020, 12, 1290. [CrossRef] [PubMed]
40. Kapogianni, E.; Alkildani, S.; Radenkovic, M.; Xiong, X.; Krastev, R.; Stöwe, I.; Bielenstein, J.; Jung, O.; Najman, S.; Barbeck, M.;

et al. The Early Fragmentation of a Bovine Dermis-Derived Collagen Barrier Membrane Contributes to Transmembraneous
Vascularization—A Possible Paradigm Shift for Guided Bone Regeneration. Membranes 2021, 11, 185. [CrossRef] [PubMed]

41. Zitzmann, N.U.; Naef, R.; Schärer, P. Resorbable versus nonresorbable membranes in combination with Bio-Oss for guided bone
regeneration. Int. J. Oral Maxillofac. Implant. 1998, 12, 6.

42. Behring, J.; Junker, R.; Walboomers, X.F.; Chessnut, B.; Jansen, J.A. Toward guided tissue and bone regeneration: Morphology,
attachment, proliferation, and migration of cells cultured on collagen barrier membranes. A systematic review. Odontology 2008,
96, 1–11. [CrossRef]

43. Raz, P.; Brosh, T.; Ronen, G.; Tal, H. Tensile Properties of Three Selected Collagen Membranes. BioMed Res. Int. 2019, 2019, 1–8.
[CrossRef]

44. Goodarzi, H.; Jadidi, K.; Pourmotabed, S.; Sharifi, E.; Aghamollaei, H. Preparation and in vitro characterization of cross-linked
collagen–gelatin hydrogel using EDC/NHS for corneal tissue engineering applications. Int. J. Biol. Macromol. 2018, 126, 620–632.
[CrossRef] [PubMed]

45. Kamimura, W.; Koyama, H.; Miyata, T.; Takato, T. Sugar-based crosslinker forms a stable atelocollagen hydrogel that is a favorable
microenvironment for 3D cell culture. J. Biomed. Mater. Res. Part A 2014, 102, 4309–4316. [CrossRef]

46. Moses, O.; Vitrial, D.; Aboodi, G.; Sculean, A.; Tal, H.; Kozlovsky, A.; Artzi, Z.; Weinreb, M.; Nemcovsky, C.E. Biodegradation of
Three Different Collagen Membranes in the Rat Calvarium: A Comparative Study. J. Periodontol. 2008, 79, 905–911. [CrossRef]

47. Haim, T.A.K.; Zvi, A.; Carlos, E.N.; Ofer, M. Long-term bio-degradation of crosslinked and non-crosslinked collage barriers in
human guided bone regeneration. Clin. Oral Implant. Res. 2008, 501, 1424. [CrossRef]

48. Cannon, G.; Swanson, J. The macrophage capacity for phagocytosis. J. Cell Sci. 1992, 101, 907–913. [CrossRef] [PubMed]
49. Traci, A.; Wilgus, S.R.; Jodi, C.M. Neutrophils and Wound Repair: Positive Actions and Negative Reactions. Adv. Wound Care

2013, 12, 383. [CrossRef]
50. Neto, A.M.; Sartoretto, S.C.; Duarte, I.M.; Resende, R.F.; Neves Novellino Alves, A.T.; Mourão, C.F.; Calasans-Maia, J.; Montemezzi,

P.; Tristão, G.C.; Calasans-Maia, M.D. In Vivo Comparative Evaluation of Biocompatibility and Biodegradation of Bovine and
Porcine Collagen Membranes. Membranes 2020, 10, 423. [CrossRef]

51. Actor, J.K. Cells and Organs of the Immune System. Anim. Sci. J. 2012, 87, 7–16. [CrossRef]
52. 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]

http://doi.org/10.1902/jop.2001.72.2.215
http://doi.org/10.1111/eos.12364
http://www.ncbi.nlm.nih.gov/pubmed/28833567
http://doi.org/10.1111/clr.13487
http://doi.org/10.14402/jkamprs.2014.36.6.239
http://doi.org/10.3390/ma13030786
http://doi.org/10.3390/polym12061290
http://www.ncbi.nlm.nih.gov/pubmed/32512861
http://doi.org/10.3390/membranes11030185
http://www.ncbi.nlm.nih.gov/pubmed/33803205
http://doi.org/10.1007/s10266-008-0087-y
http://doi.org/10.1155/2019/5163603
http://doi.org/10.1016/j.ijbiomac.2018.12.125
http://www.ncbi.nlm.nih.gov/pubmed/30562517
http://doi.org/10.1002/jbm.a.35106
http://doi.org/10.1902/jop.2008.070361
http://doi.org/10.1111/j.1600-0501.2007.01424.x
http://doi.org/10.1242/jcs.101.4.907
http://www.ncbi.nlm.nih.gov/pubmed/1527185
http://doi.org/10.1089/wound.2012.0383
http://doi.org/10.3390/membranes10120423
http://doi.org/10.1016/b978-0-323-07447-6.00002-8
http://doi.org/10.1111/clr.12284
http://www.ncbi.nlm.nih.gov/pubmed/25539007

	Introduction 
	Materials and Methods 
	Membranes 
	Ossix® Plus Membrane 
	Bio-Gide® Membrane 
	Jason® Membrane 

	Histological Characterisation of Membranes 
	In Vivo Study 
	Experimental Animals 
	Study Design 
	Histology and Immunohistochemistry 
	Histopathological Analysis 
	Histomorphometrical Analysis 
	Statistical Analysis 


	Results 
	Histopathological Analysis 
	Histomorphometrical Results 

	Discussion 
	Conclusions 
	References

