
Abstract. Background/Aim: A new manufacturing process has
been established for the condensation of collagen derived from
porcine pericardium to develop a new dental barrier
membrane (CPM) that can provide a long barrier functionality.
A native collagen membrane (PM) was used as control.
Materials and Methods: Established in vitro procedures using
L929 and MC3T3 cells were used for cytocompatibility
analyses. For the in vivo study, subcutaneous implantation of
both membrane types in 40 BALB/c mice and established
histological, immuno histochemical and histomorphometrical
methods were conducted. Results: Both the in vitro and in vivo
results revealed that the CPM has a biocompatibility profile
comparable to that of the control membrane. The new CPM
induced a tissue reaction including more M2-macrophages.
Conclusion: The CPM is fully biocompatible and seems
to support the early healing process. Moreover, the new

biomaterial seems to prevent cell ingrowth for a longer period
of time, making it ideally suited for GBR procedures.

Nowadays, Guided Bone Regeneration (GBR) can be
regarded as the standard therapeutic procedure in
implantology and oral and maxillofacial surgery. In this
context, current systematic reviews show that the GBR
technique is a reliable method, especially for horizontal and
vertical bone augmentation of the edentulous alveolar ridge
(1, 2). The principle of this method is based on the
separation of regenerative cell types, such as osteoblasts,
from cell types that might interrupt the bony regeneration
process, such as keratinocytes, through the use of resorbable
or non-resorbable barrier membranes (3, 4). In addition to
the barrier function, membranes used for the GBR technique
should have high biocompatibility, dimensional stability and
easy handling (5). Although non-resorbable membranes were
predominantly used when the GBR technique was first
established, resorbable membranes sourced mainly from
bovine and porcine collagen type I and III, are increasingly
used in clinical applications (6-8). Collagen is highly
biocompatible and provides regenerative properties due to its
functionality as an extracellular matrix protein (9-13). For
example, collagen has a chemotactic effect on fibroblasts,
promoting tissue integration (9). Collagen-based barrier
membranes have already been extensively investigated in
both animal experiments and clinical studies (3, 14-19).
Although the clinical results related to collagen-based
membranes are comparable to those of non-resorbable
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membranes, their application has a lower incidence of
spontaneous exposures (20, 21). In addition, if collagen
barrier membranes become exposed during soft tissue
healing, they remain infection-free (21, 22). 

Beside their several advantages, a potential disadvantage
of resorbable barrier membranes based on native collagen is
their relatively short functional life-span, as collagen is
rapidly degraded by tissue-specific proteases (e.g.
collagenases deriving from cell types such as macrophages)
(23). This is especially a problem for the augmentation of
large-volume defects, where a prolonged regeneration time
is required. Therefore, non-resorbable membranes are often
applied for such large defect types. Different approaches
have been used to address this issue of resorbable collagen-
based barrier membranes, such as new cross-linking
techniques (22, 24). However, different studies have shown
a correlation between the degree of collagen cross-linking
using chemical agents such as glutaraldehyde, and a
reduction in biocompatibility (25, 26). 

Other approaches to increase the functional life span of
collagen membranes, is to use a combination of collagen
with different materials such as synthetic polymers like
polycaprolactone (PCL), or resorbable metals like
magnesium (Mg) (27, 28). The combination of collagen with
synthetic materials in the form of grids has been examined
not only to increase the standing time of the membrane, but
also to improve the volume stability. Another possibility is
the condensation of collagen sourced from the pericardium.
By condensing the collagen, the premature ingrowth of cells
into the membrane body that are responsible for the
degradation of collagen, such as macrophages, can be
prevented. By preventing the ingrowth of these cell types,
the standing time of collagen-based membranes could be
prolonged. Interestingly, this approach has never been
analyzed so far, thus there is no existing knowledge
regarding the biocompatibility or the tissue integration
behavior of such a material type.

It is known that nearly every biomaterial induces an
inflammatory tissue reaction that is unique for the respective
material, and depends on the combination of its physical and
chemical properties (21). The tissue reaction to a biomaterial
is a cascade that includes macrophages as a key element. The
macrophages have been shown to be involved in the
resorption of biodegradable biomaterials (29). In the case of
natural collagen based materials, it has been assumed that
macrophages are integrated into the “natural metabolism”
process, together with fibroblasts and eosinophils (19). Thus,
collagen materials that induce a tissue reaction involving the
afore-mentioned mononuclear cell types, are assumed to be
mostly biocompatible (7, 30). However, collagen materials
can also induce a tissue response involving biomaterial-
associated multinucleated giant cells (BMGCs) (31). It has
been shown that BMGCs could be a foreign body giant cell

type and their occurrence indicates a poor biomaterial
biocompatibility (31). Finally, their induction can be
associated with the premature breakdown of the barrier
membrane and a loss of its functionality (32). 

Macrophages (and also BMGCs) have been shown to
express both pro- and anti-inflammatory molecules,
depending on material factors such as surface topography or
surface chemistry (33-35). Based on the expression of certain
molecular markers, macrophages are more or less divided
into pro-inflammatory M1- and anti-inflammatory M2
subtypes (36, 37). Taken together, it is believed that the
successful clinical application of a biomaterial has to be
accompanied by an “overall M2 tissue reaction” to promote
tissue healing, while a chronic pro-inflammatory M1 tissue
response may lead to negative consequences for tissue
remodeling, such as fibrous encapsulation (36, 37). Thus, the
understanding of the material-specific foreign body reaction,
and of the interactions of the immune system with a
biomaterial is pivotal to ensure the safety, biocompatibility,
and functionality of a medical device. 

In the case of collagen-based biomaterials that are
chemically processed such as the above-mentioned cross-
linked barrier membranes, the native (ultra-) structure or
molecular organization of collagen has changed. Therefore,
the analysis of the cytocompatibility or biocompatibility,
including the inflammatory tissue response, is of great
importance to guarantee their successful clinical application.
In contrast to cross-linked collagen, the newly developed
condensation process only induces changes to the physical
characteristics of the material and is thus intended to
preserve the native molecular structure of collagen. By
changing the physical properties of the material, such as the
porosity, the cellular infiltration and the overall material
degradation should be delayed.

The objective of the present study was to investigate a
newly developed condensed collagen membrane for its
material properties, ex vivo degradation, cytocompatibility
and tissue integration, including the degradation processes
and the material-induced inflammatory tissue reaction. A
pericardium-based collagen membrane with an open-porous
structure was used as a control material as its
biocompatibility, tissue integration and functionality in the
framework of GBR have been frequently analyzed in
preclinical and clinical studies (8, 38). Established and
published in vitro and in vivo methods were applied in this
study (32, 39-42).

Materials and Methods 
Biomaterials
Pericardium-based condensed collagen membrane. The analyzed
condensed pericardium-based barrier membrane was made from
porcine pericardium tissue that has been purified by manual and
chemical treatment. The chemical treatment utilizes different acids
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and bases to purify the collagen matrix from other components of
the extracellular matrix as well as from cells and their debris. The
purified pericardium matrix finally undergoes condensation
following a specialized technique using freeze drying (43). Finally,
ethylene oxide gas sterilization was applied resulting in a
transparent, condensed collagen structure. 

Pericardium-based collagen membrane (Jason® membrane). The
collagen membrane that was used as control in the present study is
based on native collagen originating from porcine pericardium
(Jason® membrane, botiss biomaterials, Zossen, Germany). The
standardized manufacturing process includes an initial selection of
the donor animals based on veterinary controls. During the
purification process, the pericardium undergoes a wet-chemical
treatment, lyophilization and sterilization by ethylene oxide gas. The
collagen membrane exhibits a natural, multilayered structure with
an increased content of collagen type III. Moreover, the membrane
has been shown to fulfill the requirements of biocompatibility
according to EN ISO 10993-1 and EN ISO 7405 (29).

Ex vivo analyses
Scanning electron microscopy (SEM). The (ultra-) structure of both
biomaterials was imaged by scanning electron microscopy (SEM)
using a XL30 CP SEM (Philips, Amsterdam, Netherlands).

Degradation assays. The analysis of the enzymatic degradation of
the collagen membranes was carried out in phosphate buffered saline
at 7.4 pH, using 50, 100, and 200 U/ml matrix metalloproteinase-1
(MMP-1) (Clostridium histolyticum, C0130 Sigma-Aldrich, St.
Louis, MO, USA) for 24 h under static conditions and at
physiological temperature (37˚C). The quantitative determination of
the enzymatic degradation was conducted via sample weight that was
recorded prior to enzymatic digestion and after 24 h. 

In vitro analyses. The in vitro cytocompatibility assays were
accomplished according to EN ISO 10993-5/-12 regulations as
previously described (44, 45). Extracts of all tested materials and
the reference materials were initially prepared to conduct indirect
biocompatibility analyses.

Briefly, L929-fibroblasts and MC3T3 pre-osteoblasts (European
Collection of Cell Culture, ECACC, Salisbury, UK) were cultured
in cell culture medium (Minimum Essential Medium, MEM)
supplemented with 10% fetal bovine serum, penicillin/streptomycin
(100 U/mL each) (all from Life Technologies, Carlsbad, CA, USA)
and L-glutamine (Sigma-Aldrich) to a final concentration of 4 mM
and under standard cell culture conditions (37˚C, 5% CO2 and 95%
humidity) up to 80% confluency before passaging. The standard
control material RM-A (Hatano Research Institute, Food and Drug
Safety Center, Kanagawa, Japan) was used as positive, toxic,
control, while titanium grade 5 discs were used a negative, non-
toxic control for biocompatibility. All materials were sterilized by
hot-air sterilization.

Extracts of both collagen membranes and the above described
reference materials dissolved in culture medium were added to 12
well cell culture plates at a surface-to-volume ratio of 3 cm2/ml and
incubated for 72 h under standard cell culture conditions. Cell
culture medium alone was used as a medium control. Twenty-four
hours before the end of incubation, the plates were seeded with
1×104 L929 cells/well in 100 μl cell culture medium and incubated
under standard cell culture conditions for 24 h.

BrdU, XTT and LDH assays. Test kits for analysis of the
cytocompatibility and cell proliferation, i.e., XTT and BrdU kits
(Roche Diagnostics, Mannheim, Germany), and the cytotoxicity,
i.e., LDH assay (BioVision, Milpitas, CA, USA), were used
according to the manufacturer’s instructions as shown in previous
studies (44-46). In brief, cells grown in 96-well plates were
incubated with extracts from both membranes for 24 h before the
XTT, BrdU and LDH assays were performed. Identically, extracts
from both membranes not incubated with the cells were also used
in the assays to subtract the background absorbance. The absorbance
values of the controls were subtracted from the experimental
absorbance values. Absorbances were measured with filters for 450
nm and 650 (XTT, LDH)/690 (BrdU) nm (reference wavelength).

Live-Dead-staining. For Live-Dead-staining, extracts from both
membranes and the reference materials were seeded with 2.4×105
L929 cells in 1 ml cell culture medium under standard culture
conditions in 12-well cell culture plates. The ratio of the surface
area to medium was adjusted to 5.65 cm2/ml. After 24 h, 60 μl/ml
propidium iodide (PI) stock solution (50 μg/ml in PBS) and 500
μl per ml fresh fluorescein diacetate (20 μg/ml in PBS from 5
mg/ml FDA in acetone stock solution) were added to each well for
3 min 21˚C. Subsequently, the test samples were rinsed in
prewarmed PBS and examined under an upright fluorescence
microscope (Nikon ECLIPSE Ti-S/L100, Nikon GmbH,
Düsseldorf, Germany) equipped with a filter for parallel detection
of red and green fluorescence. Pictures were taken at 4×, 10× and
20× magnification.

In vivo analysis 
Study design, subcutaneous implantation and explantation
procedure. The in vivo study was conducted as previously described
by Barbeck et al. (41). In brief, the experiments and the animal
housing were performed at the Faculty of Medicine of the
University of Niš (Serbia). After approval through the Local Ethical
Committee on the basis of the regulations of the Veterinary
Directorate of the Ministry of Agriculture, Forestry and Water
Management of the Republic of Serbia (decision number: 323-07-
00278/2017-05/6, date: 13/07/2017), the animals were kept under
standard conditions (water ad libitum, artificial light and regular rat
pellet). 

In total, 40 female, 6-8 week-old BALB/c mice obtained from
the Military Medical Academy (Belgrade, Serbia) were randomly
allocated into two study groups. Each of the two study groups
contained 20 experimental animals and 5 animals were used for
implantation of the respective biomaterial per time point (n=5), i.e.,
10, 30, 60 and 90 days. The implantation was conducted following
the protocol described by Barbeck et al. (24-26, 28, 30). Initially,
the animals were anesthetized via an intraperitoneal injection of 10
ml ketamine (50 mg/ml) and 1.6 ml xylazine (2%) and their dorsal
skin within the subscapular region was shaved and disinfected.
Subsequently, an incision down to the subcutaneous tissue was
made and a subcutaneous pocket was bluntly built by a scissor, in
which the biomaterials were implanted. Afterwards, the wounds
were sutured. Standard pre- and postoperative care was ensured. At
the respective study time points the animals were euthanized with
an overdose of the above-mentioned anesthetics and the
implantation area together with the surrounding peri-implant tissue
was explanted and fixed using a 4% formalin solution for 24 h for
the following histological analyses.
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Histology and immunohistochemistry. The tissue explants containing
the membrane pieces were initially cut into two segments of identical
dimensions and dehydrated using a series of increasing alcohol
concentrations followed by a xylol exposure. Afterwards, paraffin
embedding was performed for preparing sections with a thickness of
3-5 μm by means of a rotation microtome (SLEE, Mainz, Germany).
Three sections of every tissue explant were used for histochemical
staining, i.e., haematoxylin and eosin (H&E) and Alcian blue.

Furthermore, four additional sections of every tissue explant were
used for immunohistochemical detection of macrophages and their
M1- and M2-subtypes by means of antibodies against pro- and anti-
inflammatory molecules, i.e., hemoglobin scavenger receptor
(CD163) and mannose receptor (MR, also known as CD206) based
on previously published methods (28, 30-32). Briefly, the slides
were initially treated with citrate buffer and proteinase K at pH 8
for 20 min in a water bath at 96˚C followed by equilibration using
TBS-T buffer. Subsequently, the slides were treated with 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 antibody (goat anti- rabbit IgG-B, sc-
2040, 1:200, Santa Cruz Biotechnology, Dallas, TX, USA).
Afterwards, the avidin-biotin-peroxidase complex (ThermoFisher
Scientific, Waltham, MA, USA) (30 min) was applied and a
counterstaining by hematoxylin was conducted. 

Histological analysis. The histological analyses to study the tissue-
biomaterial-interactions within the implantation beds of the
membranes and their surrounding tissue were conducted using an
Axio.Scope.A1 microscope (Zeiss, Oberkochen, Germany) as
previously established by Barbeck et al. (32, 39-42). These analyses
focused on the evaluation of the following parameters within the
framework of the early and the late tissue response related to the
biomaterials: fibrosis, hemorrhage, necrosis, vascularization and the
presence of neutrophils, lymphocytes, plasma cells, macrophages,
biomaterial-associated multinucleated giant cells (BMGCs). Finally,
microphotographs were taken with an Axiocam 305 color connected
to a computer system running the ZEN Core software (Zeiss,
Oberkochen, Germany) connected to the microscope. 

Histomorphometrical analysis. The histomorphometrical analyses
included the comparative measurements of the occurrence of anti-
inflammatory and pro-inflammatory macrophages within the
implant beds of the membranes as previously described (24-28).
Briefly, “total scans” were generated with the aid of a specialized
scanning microscope consisting of an Axio.Scope.A1 microscope
combined with an Axiocam 305 color digital camera and an
automatic scanning table (Maerzhaeuser, Wetzlar, Germany)
connected to a computer system running the ZEN Core software
(all: Zeiss, Oberkochen, Germany). The resulting images contained
the complete implant area as well as the peri-implant tissue. The
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Figure 1. Exemplary scanning electron microscopy (SEM) images of the analyzed pericardium-based collagen membranes. (A) Cross section and
(B) surface pattern of the newly developed pericardium-based barrier membrane. (C) Cross section and (D) surface pattern of a commercially
available and commonly used pericardium-based collagen membrane (Jason® membrane) (A and C: 20× magnification, B and D: 100×
magnification).



slides stained by the afore mentioned immunohistochemical
methods were digitized and both the total implant area as well as
the extents of the inflammatory cells within the respective
implantation beds were manually measured. Finally, the numbers of
these cells were related to the total implant area (cells/mm2). 

Statistical analyses. The measurement data were analyzed by
analysis of variance (ANOVA), which enabled comparison of the
data from the study groups using the GraphPad Prism 7.0d software
(GraphPad Software Inc., La Jolla, USA). Inter- (*) and intra-
individual (•) statistical differences were designated as 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) or less than 0.001
(***/•••p≤0.001). Finally, the data were graphed as mean±standard
deviation.

Results

Results of the ex vivo analyses. Ex vivo analysis performed
using scanning electron microscopy (SEM) showed that the
newly developed compacted pericardium-based collagen
membrane has a porous structure with small pores (Figure
1A). The SEM analysis additionally showed that the
collagenous fiber structure was preserved after the
condensation process (Figure 1A). Moreover, a thin collagen
layer was found at the outer surface of the membrane, which
produced a non-porous and smooth surface pattern (Figure
1A and B). In contrast, the conventional collagen membrane,
which is also based on pericardium tissue, showed a porous
structure with larger pores (Figure 1D). It also showed the
preservation of the collagenous matrix fibers with a porous
surface pattern (Figure 1C and D).

The ex vivo degradation analysis of the newly developed
compacted membrane did not reveal any significant
differences between the two tested membranes (Figure 2). A
mean degradation rate of 2.29±0.62% was measured for the
PM, which was only slightly lower compared to the values
for the CPM (0.62±0.19%) (Figure 2). Furthermore, only
minor differences were found after conducting a collagenase
degradation assay (Figure 2). A mean degradation rate of
19.96±3.59% was detected in the PM group and of
17.65±0.63% in the CPM group (Figure 2).

Results of the in vitro analyses. Analyses of the
cytocompatibility (XTT), cell proliferation (BrdU) and the
cytotoxicity (LDH) were conducted. Additionally, Live-
Dead-stainings were conducted to visualize the interaction
of cells with the membranes and the control materials. In this
context, the negative, non-toxic control materials (titanium
grade 5 disks) and the positive, toxic control materials (RM-
A disks) were used to define both the limits of the
biocompatibility (non-toxic range of >70%) in the XTT and
BrdU assays and the 130% threshold for cytotoxicity in the
LDH assays in accordance to the respective ISO norm (47).
Thus, it is expected that the negative, non-toxic control

material shows high levels of cytocompatibility and
promotes proliferation in the XTT and BrdU assays above
70%, while the positive, toxic control material shows high
levels of cytotoxicity in the LDH assays above 130%.
Furthermore, it is expected that the positive, toxic control
materials show low levels of cytocompatibility and
proliferation in the XTT and BrdU assays below 70%.

In the XTT assays for analysis of the cytocompatibility
using both L929 fibroblasts and MC3T3 osteoblasts, the
values in the both membrane groups and the negative control
group were significantly higher compared to the values in
the positive control group (***p<0.001) (Figure 3A and B).
Moreover, the values in the both membrane groups were
comparable, while they were significantly lower compared
to the values in the negative control group (**p<0.01 and
***p<0.001) (Figure 3A and B).

In the BrdU assay for analysis of the cell proliferation using
both cell lines, the values in the both membrane groups and
the negative control group were significantly higher compared
to the values in the positive control group (***p<0.001)
(Figure 3C and D). Furthermore, the values in both membrane
groups were comparable in both cell lines, while they were
only significantly lower in the case of the MC3T3 osteoblasts
compared to the values in the negative control group
(***p<0.001) (Figure 3D). In contrast, no significant
differences were found between the values in both membrane
groups and that in the negative control group (Figure 3C). 
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Figure 2. The results of the ex vivo degradation analyses of both
pericardium-based membranes without (graphs on the left side) and
with collagenase (graphs on the right side, hatched bars). The analysis
without collagenases represent the degradation behavior within tissue
fluids, while the analysis including collagenases mainly represents the
cellular material degradation.
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Figure 3. Cytocompatibility analyses of the condensed pericardium membrane (CPM) as experimental group and conventional pericardium
membrane (PM) as the control material group. in vitro analyses of the cytocompatibility (XTT), cell proliferation (BrdU) and the cytotoxicity (LDH)
were conducted using two cell lines, i.e., L929 fibroblasts (left column) and MC3T3 osteoblasts (right column). Titanium grade 4 (negative non-
toxic control) and RM-A (positive toxic control) were used as control materials. Significance levels were as follows: **p<0.01 and ***p<0.001.



In the LDH assay for analysis of the cytotoxicity using
L929 fibroblasts and MC3T3 osteoblasts, the values in the
positive control group were significantly higher compared to
the values in the both membrane groups and the negative
control group (Figure 3E and F). Moreover, the values in the
negative control groups of both cell types were below the
130% threshold for cytotoxicity (Figure 3E and F). The
values in the both membrane groups exceeded the 130%
threshold for cytotoxicity in case of the L929 fibroblasts
without significant differences between the values in both
groups (Figure 3E). Using MC3T3 osteoblasts, the
condensed collagen membrane was within the non-toxic
range, while the native pericardium membrane exceeded the
130% threshold for cytotoxicity (Figure 3F). 

The analysis using Live-Dead-staining revealed that
almost exclusively green, viable and spindle-shaped attached
cells were found on the surfaces of the both collagen
membrane types and the negative control materials (Figure
4). On the surfaces of the positive control, only a few
rounded dead red cells were visible (Figure 4). 

Taken together, our results showed that both membranes
exhibited a suitable level of cytocompatibility within the
non-toxic range of >70% compared to the negative control
using L929 and MC3T3 cells, according to the EN ISO
10993:5:2009 norm using the XTT and the BrdU assays.

Furthermore, only the condensed collagen membrane was
within the non-toxic range using MC3T3 osteoblasts in the
LDH assays. Additionally, both the CPM and PM
demonstrated satisfying cytocompatibility values comparable
to the negative control materials using the Live-Dead-
staining.

Results of the in vivo analyses.
Results of the histopathological analysis. Histopathological
analysis showed that the compacted pericardium-based
collagen membrane was detectable within the subcutaneous
connective tissue at day 10 post implantation. The CPM was
surrounded by a cell-rich layer containing macrophages,
granulocytes and single fibroblasts, with no ingrowth of cells
into the membrane body (Figure 5A). Especially at the
material surface, a layer of macrophages was identified at
this early study time point (Figure 5A). In the PM control
group, a cell-rich layer composed mainly of macrophages,
granulocytes as well as a few fibroblasts was detected at day
10 post implantation within the implantation beds (Figure
5B). In contrast to the CPM, the ingrowth of a moderate
number of cells was observed within the superficial regions
of the membrane body, while the material centers were free
of invading cells (Figure 5B). The immunohistochemical
detection of M1- and M2-macrophages showed a comparably
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Figure 4. Live-Dead-staining of L929 fibroblasts on the both collagen membranes and the both control materials. Green fluorescence indicates
viable cells while red fluorescence indicates dead cells. Spindle-shaped cells illustrate attachment on the surface of the materials, while a rounded
cell morphology demonstrates poor attachment to the surface. Both materials exhibited viable green fluorescent and the cells attached, similar to
the negative control. On the positive, toxic control, mainly dead cells were visible. 
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Figure 5. Representative microscopic images of the compacted pericardium-based barrier membrane (CPM) and the pericardium-based control
membrane (PM) implanted in the subcutaneous connective tissue (CT) (red arrows: macrophages located at the outer material surfaces, green
arrowheads: cells within the material bodies, yellow arrow: fibroblasts, pink arrowheads: granulocytes) (Alcian Blue-staining’s, 400× magnification,
scale bars=20 μm).



high number of both M1 and M2 macrophages in the
implantation beds of both membranes, although a slightly
higher number of M2 macrophages were found in the CPM
group (Figure 6 and 7A and B). In contrast, higher numbers
of M1 macrophages were present in the group of the native
collagen membrane (Figure 6 and 7A and B).

At day 30 post implantation, the membranes were detectable
within their implantation beds. The CPM had a cell-rich layer
mainly composed of macrophages, singular granulocytes and
fibroblasts on its surface (Figure 5C). At this time point, only
singular cells had invaded the membrane’s body, while most of
the cells were located near the material surface (Figure 5C).
Around the surface of the control membranes, a layer
composed mainly of macrophages was detected, whilst the
membrane body was nearly completely invaded by
macrophages without any signs of fragmentation or loss of
barrier functionality (Figure 5D). Moreover, the
immunohistochemical detection of macrophage subtypes
revealed comparably high numbers of pro- and anti-
inflammatory macrophages within the implantation beds of
both biomaterials (Figure 6 and 7C and D). However, there was

a trend towards a higher number of M1 macrophages involved
in tissue reaction for the PM group (Figure 6 and 7C and D).

At day 60 post implantation, the tissue reactions in both
study groups had completely changed (Figure 5E and F).
Both membranes were still visible within the subcutaneous
connective tissue without any material-related tissue reactions
at their surfaces (Figure 5E and F). At this time point, the
membrane bodies of both biomaterials contained cells that
were mainly macrophages (Figure 5E and F). However,
visibly lower numbers of cells had invaded the compacted
CPMs, while higher numbers were found within the material
bodies of the PMs (Figure 5E and F). The histological
analysis of the macrophage response showed a comparably
high number of M1 and M2 macrophages detectable in both
study groups, whilst a higher number of M1 macrophages
were still present in the PM group (Figure 6 and 7 E and F).

After 90 days post implantation, both membranes were
still detectable within the connective tissue without any sign
of breakdown or loss of barrier functionality (Figure 5G and
H). Moreover, no signs of material-related inflammatory
tissue reactions were observed. Interestingly, the histological
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Figure 6. Representative microscopic images of M1- (left column) and M2- (right column) macrophage responses to the compacted pericardium-
based barrier membrane (CPM) at day 10 (A and B), day 30 (C and D), day 60 (E and F) and day 90 (G and H) implanted in the subcutaneous
connective tissue (CT) (red staining=macrophages) (CD163- and CD206-immunostainings, 200× magnification).



appearance was similar to the results at day 30 after
implantation: only singular cells of the macrophage line were
found within the bodies of the compacted pericardium-based
collagen membranes, with higher numbers of macrophages
found within the bodies of the PMs (Figure 5G and H).
Moreover, the histological analysis showed that control
membranes seemed to have undergone a higher extent of
degradation compared to the compacted membranes, which
did not show any signs of degradation (Figure 5G and H).
At this last time point, the immunohistochemical detection
of macrophage subtypes showed similar numbers of pro- and
anti-inflammatory macrophages in the implantation beds of
both membranes (Figure 6 and 7G and H). In both study
groups, the numbers of M1 macrophages seemed to be
slightly higher compared to the numbers of M2 macrophages
(Figure 6 and 7G and H).

Results of the histomorphometrical analysis. The histo -
morphometrical analysis for the occurrence of biomaterial-
induced macrophages and their pro- and anti-inflammatory

subtypes, showed that comparable numbers of both subtypes
were detected in the implantation beds of both membrane
types without significant differences between the different
time points (Table I and Figure 6). However, tendencies of
pro- or anti-inflammatory tissue responses were observable
(Figure 6). An anti-inflammatory macrophage response was
slightly higher at day 10 post implantation in the case of
CPM, while at this early study time point the pro-
inflammatory macrophage response was predominant in the
case of PM (Table I and Figure 6). 

At day 30 post implantation, no differences between the
numbers of pro-inflammatory CD206-positive macrophages
were observed, with a tendency for a higher anti-
inflammatory tissue response in the CPM group compared to
the PM group (Table I and Figure 6).

At day 60 post implantation no differences between the
numbers of pro- and anti-inflammatory macrophages in the
CPM group were found. In the PM group, a mild tendency
towards a pro-inflammatory tissue response was measured
(Table I and Figure 6). 
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Figure 7. Representative microscopic images of the M1- (left column) and M2- (right column) macrophage responses to the native pericardium-
based barrier membrane (PM) at day 10 (A and B), day 30 (C and D), day 60 (E and F) and day 90 (G and H) implanted in the subcutaneous
connective tissue (CT) (red staining=macrophages) (CD163- and CD206-immunostainings, 200× magnification).



At day 90 post implantation in both study groups, a
tendency towards a preponderance of a pro-inflammatory
macrophage response due to higher numbers of CD206-
positive macrophages was detected, while comparably lower
numbers of CD163-positive macrophages were measured
(Table I and Figure 6).

Only intraindividual differences regarding the numbers of
anti-inflammatory macrophages were found between day 10
and day 60, as well as day 90 post implantation (•••p<0.001)
in the CPM group (Figure 6). In contrast, significant
decreases of pro-inflammatory macrophages were found in
the PM group between day 10 and day 60, as well as day 90
post implantation (•p<0.05 and ••p<0.01) (Figure 6).

Discussion

A potential disadvantage of barrier membranes based on
native collagen is their relatively short standing time, since
native collagen is rapidly degraded by tissue-specific
proteases, collagenases and different cell types such as
macrophages (24, 48, 49). Moreover, different preclinical in
vivo studies have shown that different collagen membranes
induce different inflammatory tissue reactions. These can
include induction of a biomaterial-associated multinucleated
giant cell (BMGC) response that can be associated with
premature breakdown of the barrier membrane and loss of
its functionality (32). When natural collagen materials
demonstrate only biocompatible properties, they are assumed
to provide optimal integration into the surrounding tissue via
a “natural metabolism processes” (19). This is a tissue
reaction involving mononuclear cell types such as
fibroblasts, macrophages and eosinophils (14).

A variety of materials have already been analyzed to
prolong the standing time of collagen-based barrier
membranes (25, 50). Most prominently, cross-linking has
been tested in different studies, but has shown to lead to
unintended inflammatory tissue reactions involving BMGCs
(22, 26). Condensation of pericardium collagen is an

alternative method of improving the functional life span of
collagen. It has been assumed that collagen condensation
may prevent premature ingrowth of degrading cells and
prolong the standing time of a collagen-based barrier
membrane. Thus, the present study used specialized and
previously published in vitro and in vivo methods to evaluate
the biocompatibility of the newly developed collagen
membrane. The in vitro study included standardized analysis
methods for cytocompatibility using L929 and MC3T3 cells
according to EN:ISO 10993-5/-12 regulations (45). The in
vivo study included a standardized analysis of the tissue
reactions and biocompatibility using well established
methods (32, 39, 41). 

The understanding of the material-specific foreign body
reaction, and of the interactions of the immune system with
a biomaterial is pivotal to ensure the safety, biocompatibility,
and functionality of a medical device. For this reason, the
immune response to a new condensed collagen barrier
membrane was investigated using published histopathological
and histomorphometrical methods of analysis, which mainly
focus on the immunohistochemical detection of CD163- and
CD206-positive macrophages (32, 39-42). An existing native
pericardium-based collagen membrane was used as a control
as it has established and well described biocompatible and
resorbable properties (8, 38). 

The results of the SEM analysis initially showed that the
(ultra-) structure of the original tissue has been preserved in
both the condensed collagen membrane and the native
pericardium membrane. However, the condensation procedure
impacted the porous structure since the pores, i.e., the
interfibrillar spaces, were much smaller in the CPM. This
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Figure 8. Results of the degradation analyses of both pericardium-based
membranes with and without collagenase (intraindividual differences:
•p<0.05, ••p<0.01 and •••p<0.001).

Table I. Results of the histomorphometrical measurements of the
occurrence of biomaterial-induced M1- and M2-macrophages (cells/mm2).

CPM PM

10 days CD163 792.9±385.5 409.9±253.1
CD206 512.8±187.1 818.9±300.1

30 days CD163 500.3±346.7 179.7±51.11
CD206 466.9±221.7 472.9±158.1

60 days CD163 170.7±149.4 87.05±36.4
CD206 171.2±100.1 272.9±39.58

90 days CD163 135.4±69.47 101.7±50.69
CD206 506.6±110.2 382.1±112.8



result is of great interest as it has been shown that not only
chemical properties, but also physical material factors such
the porosity, have major effects on the tissue integration of
biomaterials (51), although most of these studies were
investigating the integration of bone substitute materials (39,
40). It has been shown by Doernberg and colleagues that the
material resorption of membranes with large pores was higher
than those with smaller pores (52). Moreover, it has been
shown that the integration of materials with bigger pore sizes
resulted in higher soft tissue content (52). Thus, it is assumed
that a smaller pore size prevents cell or tissue ingrowth and
can prolong the standing time of the new barrier membrane.

The ex vivo degradation analysis showed that there were
no differences to the degradation pattern of the newly
developed CPM compared to the degradation pattern of the
PM, with and without collagenase. These data lead to two
further conclusions: first, there does not seem to be any
differences in the chemical composition of both analyzed
membranes, which could have caused differences in the
degradation pattern. Thus, both membranes exhibit only
minimal degradation in aqueous solution and, more
importantly, have similar interactions with the collagenase
used for this assay. Second, the condensation process did
not influence the surface area of the new membrane, as
reported in the case of different bone substitutes with
varying (micro-) porosities (39). A comparable surface area
for both membranes also means that both materials
underwent a comparable percentage of weight loss, as
neither membrane possessed a higher contact surface area
to interact with degrading molecules, such as collagenases.
Altogether, the presented ex vitro data leads to the
conclusion that only physical material characteristics, and
mainly the pore size, were changed by the newly developed
condensation process.

The results of the in vitro study showed that both analyzed
membranes provide comparable and good cytocompatibility,
as all measured values indicate that cells can grow onto both
biomaterials. In particular, the data revealed that both
membranes showed similar results that exceeded the 70%
threshold for cytocompatibility in both viability and
proliferations assays. In the toxicity assay, both materials
slightly transcended the toxic range with L929-cells while
not being significantly different from the reference material.
In the LDH assay using MC3T3 cells, only PM slightly
exceeded the toxic range. These data are in line with
different studies conducted by Rothamel et al. that have also
shown a good biocompatibility of the control membrane
(Jason membrane) (8, 31, 53, 54). Based on these results, it
can be concluded that the newly developed condensed
collagen barrier membrane provides an excellent
biocompatibility. Thus, the condensation process does not
have any influence onto the cytocompatibility of the newly
developed membrane.

The histological results show that the newly developed
collagen membrane induces a tissue reaction based only on
mononuclear cells, which indicates that the new biomaterial
is degraded via physiological processes in agreement with
the results of Ghanaati (7). This author analyzed the tissue
reactions to one of the most commonly applied GBR
membranes sourced from bovine dermis. It was found that
the degradation of the native collagen membrane is mediated
via fibroblasts, macrophages and eosinophils and stated that
this resorption mechanism reflects full biocompatibility.
Based on this former description, it is concluded that the
analyzed condensed collagen membrane provides an
excellent biocompatibility in combination with prolonged
cellular infiltration. This makes the new membrane favorable
for GBR procedures, even in the case of larger jawbone
defects when compared to the membrane analyzed by
Ghanaati, which was degraded in 12-16 weeks (7, 19).
However, this assumption is still uncertain, and further
preclinical in vivo and clinical studies must demonstrate the
standing time of this newly developed membrane type.

Interestingly, the in vivo results revealed that the native
collagen membrane used as a control induced a comparable
tissue reaction without the occurrence of multinucleated giant
cells within 90 days after implantation. This result leads to two
conclusions: first, this native collagen membrane is a
completely biocompatible biomaterial (8). Based on the
presented results, the newly developed collagen membrane can
also be considered to be comparably biocompatible. Second,
the tissue reactions to the membrane involved multinucleated
giant cells that lead to a premature fragmentation of the
membrane, hence a loss of its functionality (55). In contrast,
the results presented in this study showed that the native
membrane is integrated within the connective tissue without
any signs of a foreign body reaction. These new results lead
to the question of the comparability of different implantation
models and the tissue reactions to biomaterials in different
experimental animals and tissues.

The histomorphometrical analysis of the pro- and anti-
inflammatory macrophage subtypes showed a comparable
number of both subtypes without significant differences at
all study times points between the implantation beds of the
condensed collagen barrier membrane and the control group.
However, tendencies were observed comparing the tissue
responses to both membrane types. At day 10 after
implantation, a dominant anti-inflammatory macrophage
reaction was observed in the CPM group in contrast to a
more pro-inflammatory macrophage reaction in the group of
the control membrane. At day 30 post implantation, still no
differences between the numbers of pro-inflammatory
macrophages were detected in both study groups, while a
tendency of a higher pro-inflammatory tissue response in the
PM group was still detectable. At day 60 and 90 post
implantation, only a tendency towards a more pro-
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inflammatory tissue reaction was found in both study groups.
These results are very interesting as the overall data shows

that the inflammatory tissue reactions to both biomaterials
are comparable. Thus, these results again underline the
biocompatibility of the newly developed condensed barrier
membrane even in comparison to the native collagen
membrane. Moreover, the above-mentioned tendencies in the
early tissue reaction are of interest as an early high number
of pro-inflammatory macrophages is generally expected
within the implantation bed of a biomaterial due to the to the
implantation process and related reactions to a tissue defect
(36, 37). This inflammatory alignment has been observed in
the case of the control membrane, but the data shows that the
CPM induced a higher anti-inflammatory tissue response at
an earlier time point. Although this reaction pattern is not
underpinned by significance, the reason for this phenomenon
is questionable. Both materials are based on the same
precursor tissue, i.e., pericardium tissue, and only differ in
the condensation step in the case of the new barrier
membrane. In this context, it has been described by different
authors that the physical properties of a biomaterial can also
influence the integration pattern and the tissue reaction as in
the case of different bone substitute materials (8, 56, 57).

Thus, it is possible that the material properties of the
condensed collagen membrane lead to an altered pattern of the
inflammatory tissue response. However, it should be critically
noted, that in this context, the results of the present study can
only provide limited information on the degree of the
inflammatory reaction, as the immunohistochemical
investigation method does not allow any statement on the
degree of expression of the various cytokines or mediators by
macrophages involved in the inflammatory tissue reaction.
Thus, the immunohistochemical detection method is not an
analytical method that allows an accurate quantification of the
severity of the foreign body reaction to the biomaterials,
although it is an initial indicator that provides an insight into
the general tissue reaction to a biomaterial. This leads to the
conclusion that a standardized in vitro test system with the cell
types involved in the foreign body reaction to a biomaterial
may also be necessary for biocompatibility analysis to prevent
the introduction of insufficient biomaterials. In addition,
specialized in vivo analysis methods, such as laser-assisted cell
microdissection, which enables the measurement of cytokine
release from single cells or cell types, are important tools for
biomaterial research and development (58, 59). The entire
tissue reaction to a biomaterial should therefore be seen as a
dynamic process. Thus, the reaction of the peri-implant tissue
can increase or decrease over time without leading to a foreign
body reaction with encapsulation. 

Overall, the results of the present study showed that the
tissue reaction to the new condensed collagen barrier
membrane includes only mononuclear cells, like
inflammatory macrophages and granulocytes. Moreover,

comparable cell numbers were found in the peri-implant
tissue of a well-established membrane. Based on these data,
it can be assumed that the newly developed pericardium
collagen membrane provides sufficient biocompatibility and
an extended lifetime and barrier function up to a period of
90 days. This opens new possibilities for bone healing in the
context of guided bone regeneration.

Conclusion

The results of the present study show that the newly developed
condensed barrier membrane is fully biocompatible and seems
to support the early healing process. Moreover, the new
biomaterial seems to prevent cell ingrowth for longer time
periods making it ideal for GBR procedures, even in cases of
large defects of the jaws.
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