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Abstract

Objectives This study examines the permeability and barrier capacity of a sugar cross-linked resorbable collagen membrane
ex vivo and in vivo.

Materials and methods In an ex vivo study, injectable platelet-rich fibrin (i-PRF), a peripheral blood-derived human leukocyte-
and-platelet-rich plasma was used to analyze membrane permeability. in vivo subcutaneous implantation in Wistar rats (n =4 per
time point and group) was used to investigate the barrier capacity of the membrane. The induced in vivo cellular reaction was
evaluated at 3, 15, and 30 days and compared to sham OP (control) without biomaterial using histological, immunohistochem-
ical, and histomorphometric methods.

Results Ex vivo, the membrane was impenetrable to leukocytes, platelets, and fibrin from peripheral human blood concentrate
(PRF). In vivo, the membrane maintained its structure and remained impervious to cells, connective tissue, and vessels over
30 days. CD-68-positive cell (macrophage) numbers significantly decreased from 3 to 15 days, while from day 15 onwards, the
number of multinucleated giant cells (MNGCs) increased significantly. Correspondingly, a rise in implantation bed vasculariza-
tion from 15 to 30 days was observed. However, no signs of degradation or material breakdown were observed at any time point.
Conclusion Ex vivo and in vivo results showed material impermeability to cellular infiltration of human and murine cells, which
highlights the membrane capacity to serve as a barrier over 30 days. However, whether the induced MNGCs will lead to material
degradation or encapsulation over the long term requires further investigation.

Clinical relevance The data presented are of great clinical interest, as they contribute to the ongoing discussion concerning to
what extent an implanted material should be integrated versus serving only as a barrier membrane.

Keywords Collagen - Guided bone regeneration - Guided tissue regeneration - Foreign body giant cell reaction - Multinucleated
giant cells - Barrier membrane

Introduction

Guided bone regeneration (GBR) is a widely used procedure
in different surgical fields, especially in oral and maxillofacial
surgery [1]. The principle aim is to substitute and support
impaired regions due to diseases or traumatic events and to
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enhance the amount of bone available, such as prior to implant
therapy in oral surgery. Since the rate of bone formation is
slower than the rate of fibrogenesis, the role of the membrane
is first and foremost to prevent the ingrowth of epithelium and
connective tissue into the augmentation region [2—4]. Further
requirements are to act as a place holder, to maintain space for
delayed osteogenesis, and to stabilize the wound in order to
achieve primary wound closure [5].

Currently, two types of membranes are commercially
available: resorbable and non-resorbable membranes. In
the 1990s, non-resorbable membranes, such as expanded
polytetrafluoroethylene (e-PTFE), titanium mesh, and
titanium-reinforced PTFE, were used in the GBR tech-
nique. Although these barriers proved very effective in
preventing the invasion of soft tissue physically [6, 7],
their technique sensitivity and increased patient
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morbidity (due to obligatory membrane retrieval) were
major limitations. To avoid these drawbacks, biomate-
rials development has been focused on generating re-
sorbable membranes. Among these, collagen, as a ubig-
uitous molecule, has shown suitable and beneficial prop-
erties. Consequently, collagen-based biomaterials have
demonstrated favorable GBR results [8] while bypassing
the shortcomings of non-resorbable membranes.
However, collagen membranes are predisposed to degra-
dation within their implantation beds [9], which under-
mines their ability to function as true barriers.

During wound healing, different inflammatory cells are
involved in the regeneration process of the affected tissue as
a cellular response to the injury. In the early wound healing
stage and during hemostasis, platelet accumulation occurs to
build a platelet plug, which then becomes a fibrin matrix [10].
This phase is then followed by the recruitment of different
physiologic mononuclear cells, such as leukocytes and their
subtypes, which allows phagocytosis of contaminated and ne-
crotic tissue, first by neutrophils and then by macrophages
[10, 11]. Additionally, platelets and leukocytes release numer-
ous growth factors to mediate vascularization [12] and allow
the shift to the process of new tissue formation by recruiting
keratinocytes and fibroblasts [10].

However, the implantation of biomaterials within the defect
area adds an additional factor in the processes of wound
healing and tissue regeneration. After biomaterial implanta-
tion, an interaction with the biomaterial occurs that results in
a biomaterial-specific cellular reaction.

Previously, our group conducted a series of in vivo studies
to analyze the cellular reactions towards various collagen
membranes of different origins and attributes using a subcu-
taneous implantation model in small animals. The collected
data have shown that, generally, there are two different types
of cellular reactions that most likely depend on the physico-
chemical properties and the processing techniques of the bio-
materials. Membranes that induced a physiological reaction
by means of mononuclear cells underwent an integration pro-
cess and maintained their structure over a period of 60 days [7,
13]. This process was revealed in non-cross-linked bilayered
collagen membranes of porcine origin composed of collagen
types I and III [7], as well as in a collagen-based matrix that
included collagen types I and III harvested from porcine peri-
toneum and skin [13]. Furthermore, the main reaction towards
these two collagen-based materials was dominated by mono-
nuclear cells, which ultimately led to its integration within the
host tissue without material breakdown [13]. In addition, the
cellular reaction in translational clinical cases, including his-
tological evaluation of human samples, corresponded to the
in vivo observed outcomes [13].

Other biomaterials demonstrated a different type of cellular
reaction that included non-physiological cells, such as multi-
nucleated giant cells (MNGCs), which are a sign of a foreign
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body reaction [14]. In a comparative in vivo study, two
collagen-based biomaterials with different thicknesses were
analyzed in a subcutaneous implantation model. Both the
thick collagen matrix and the thin bilayered collagen mem-
brane induced the formation of MNGCs, a manifestation of a
foreign body reaction [14, 15], which not only led to increased
vascularization in the implantation regions but also to mem-
brane breakdown in terms loss of the native structure [14].
Similarly, another in vivo study investigated the cellular re-
sponses towards two non-cross-linked collagen-based bioma-
terials, both of porcine origin but differing in their harvesting
compartments and thicknesses, and found that they underwent
disintegration by the induction of MNGCs, which led to a
breakdown after 30 days in both biomaterials [15].
Therefore, the induced cellular reaction decisively influences
the degradation and regeneration process of collagen-based
biomaterials and their role as a barrier membrane.

To further increase the resistance of collagen-based bioma-
terials to degradation, various chemical and physical cross-
linking methods, such as ultraviolet light, glutaraldehyde,
and enzymatic ribose cross-linking, have been used to boost
the biomechanical properties of the collagen fibers [16].
Various studies have shown that supplementary cross-linking
confers stability on collagen membranes after implantation
[17-19]. However, cross-linking was also associated with for-
eign body reaction and fibrosis, which might be due to chem-
ical manipulation of the collagen structure [20]. Recently,
GLYMATRIX™ technology (Datum Dental Ltd., 1 Bat
Sheva Street, Lod 7120101 Israel), a novel technique which
uses ribose—a naturally occurring sugar molecule—to cross-
link collagen, has been developed [21]. The manufacturing
process involves the extraction of collagen into monomeric
fibrils, which are then reconstructed and cross-linked to form
an improved collagen-based biomaterial. In this study, the
capacity of such a sugar cross-linked collagen membrane,
OSSIX® PLUS (OS, REGEDENT, Zurich, CH) to serve as
a barrier was evaluated in vivo using a subcutaneous implan-
tation model in Wistar rats. Special interest was directed at the
induced cellular reaction in terms of cell types, membrane
permeability, vascularization, and degradation patterns.
Additionally, a blood concentrate system of injectable
platelet-rich fibrin (i-PRF), which contains numerous human
peripheral blood cells, was used for evaluation of membrane
permeability ex vivo.

Materials and methods
0SSIX® PLUS membrane
OSSIX® PLUS membrane (OS) is a sugar cross-linked re-

sorbable collagen membrane derived from porcine tendons
[22]. The native tissue undergoes a series of purification
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processes to isolate monomeric collagen and to remove all
potential immunogenic tissue remnants. Subsequently, the
monomeric collagen is reconstituted into collagen fibrils and
then glycated with ribose, a naturally occurring sugar, using
GLYMATRIX™ technology [21]. Sterilization was achieved
with ethylene oxide. The collagen membrane is CE-marked.
According to the manufacturer, OS maintains barrier function-
ality for 4-6 months. Furthermore, since it is purported to be
resistant to the oral environment, membrane exposure during
implantation will not impede wound healing or guided bone
regeneration (GBR) [22]. The biomaterial is specified to be
impermeable to cells, but permits the passage of fluid and
plasma proteins.

2.2 The study was designed in two separate parts,
including ex vivo evaluation and in vivo evaluation:

Experimental design of the ex vivo study part

Injectable platelet-rich fibrin Platelet-rich fibrin (PRF) is a
blood concentrate system obtained by the centrifugation of
human peripheral blood [23]. This system exists in a solid
[23] and a liquid form [24]. PRF is a fully autologous concen-
trate system that does not require the addition of any external
chemicals or anticoagulants. After blood collection, the tubes
are immediately centrifuged using a specific, established cen-
trifugation protocol [25]. In the case of the liquid, injectable
PRF (i-PRF), the resultant blood concentrate contains a high
number of platelets, leukocytes, and plasma proteins
suspended in a soluble fibrinogen matrix [24]. Because i-
PRF is not treated with anticoagulants, the physiological co-
agulation process is not inhibited. Therefore, i-PRF forms a
clot of cell-loaded fibrin after 10—15 min.

I-PRF preparation and application In the ex vivo section of
this study, three healthy volunteers between 18 and 60 years of
age, and who were not under any anticoagulant therapy, do-
nated peripheral blood for research purposes. All three volun-
teers gave written informed consent beforehand. From each
participant, venous blood was collected in four 10-ml sterile
plastic tubes (Process for PRF, Nice, France). The tubes were
immediately centrifuged in a pre-programmed centrifuge
(Duo centrifuge, Process for PRF, Nice, France) according
to the i-PRF centrifugation protocol (10 ml, 700 rpm, 60 xg,
for 3 min) [25]. After this centrifugation process, a multi-
phasic liquid consisting of a yellowish-orange upper phase
and a reddish lower phase was obtained. The former is i-
PRF, whereas the latter includes the remaining blood constit-
uents. Using a blunt needle, 1-2 ml of the i-PRF liquid was
collected into a 5-ml syringe (Injekt®, B. Braun Medical Inc.,
Bethlehem, PA, USA) for further use. In the process, care was
taken to prevent the two phases from mingling or an acciden-
tal uptake of the lower phase.

Four 10 x 10-mm samples of OS were first placed inside a
4 x 6 cell culture plate and then covered by 500 ul i-PRF.
After 15 min at room temperature, the i-PRF liquid formed
fibrin clots on the OS samples. These OS membrane-fibrin
clot samples were then fixed in 4% paraformaldehyde for
24 h to allow for subsequent histological analysis. This exper-
iment was performed in triplicate at independent time points.

Experimental design of the in vivo study part

This study was approved by the Committee on the Use of Live
Animals in Teaching and Research of the State of Hessen,
Germany. A total of 24 Wistar rats were obtained from
Charles River Laboratories (Sulzfeld, Germany) and housed
in the Laboratory Animal Unit, Institute of Pathology, Goethe
University Frankfurt, Germany. The animals were allowed an
acclimation period of 1 week, which enabled them to become
accustomed to the new laboratory environment before the ex-
periments began. Throughout the entire study period, the an-
imals were fed regularly with mouse pellets (Laboratory
Rodent Chow, Altromin, Lage, Germany) and given water
ad libitum. Artificial light—-dark cycles of 12 h each simulated
day and night rhythms.

Based on the study design, the 24 rats were first assigned
randomly into two groups. The animals in the first group
(n = 4 animals/time point) were implanted with OS, whereas
the second group (n =4 animals/time point) served as a
sham-operated control in order to evaluate the inflammatory
pattern during wound healing without biomaterial implan-
tation. The evaluated time points were 3, 15, and 30 days
after implantation. The implantation of OS was performed
under sterile conditions in accordance with previously
established subcutaneous implantation methods as previ-
ously described [13]. All animals survived the operational
procedure and through the respective evaluation time points
without any complications.

Tissue preparation for histology and histochemistry After ex-
planation at the designated time points, tissue samples as well
as ex vivo samples were processed by the methods described
in previously published studies [26-28]. First, the samples
were fixed in 4% neutral buffered formaldehyde for 24 h.
These samples were then placed into embedding cassettes
(Histosette, VWR, Deutschland) and dehydrated in baths of
progressively concentrated ethanol (70—100%) before alcohol
clearance with xylene. Finally, the tissue segments were im-
pregnated with molten paraffin wax and embedded into par-
affin blocks. After sufficient cooling, the paraffin blocks were
cut with a rotatory microtome (Rotationsmikrotom RM2255,
Leica, Germany) to produce serial sections of 3-pum thickness.
To evaluate the tissue sections under a microscope, they were
stained as follows: the first section was stained with Mayer’s
hematoxylin and eosin (H&E), while the second section was
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stained with Azan. The third section was stained with
Masson’s trichrome stain, and the fourth section underwent
tartrate-resistant acid phosphatase (TRAP) staining. The latter
stain was specifically used to identify TRAP activity in target
cells. The fifth and sixth and seventh sections were stained
immunohistochemically with anti-mouse CD-31, CD-68,
and vWF respectively, as previously described [13, 15]. In
brief, immunohistochemistry was conducted with a Lab
VisionTM Autostainer 360-2D (ThermoFisher Scientific,
Germany). After deparaffinization, the slides were pre-
treated with citrate buffer and proteinase K, followed by
H202 (UltraVisionTM Quanto Detection System,
ThermoFisher Scientific, Germany) and avidin and biotin
blocking solutions (Avidin/Biotin Blocking Kit, Vector
Laboratories, US). The first antibody used was anti-CD-68
(MCA341GA; 1:400; 30 min), anti-CD-31 (orb10314;
1:200; 2 h), or anti-vWF (ab6994; 1:500; 2 h), whereas the
second antibody was goat anti-rabbit IgG-B (sc-2040, 1:200,
Santa Cruz Biotechnology, USA). Subsequently, the avidin-
biotin-peroxidase complex (ABC) (30 min) and the
Histostain-Plus IHC Kit including AEC (20 min) were applied
(ThermoFisher Scientific, Germany). Counterstaining was
performed using Mayer’s hematoxylin. CD-31 and vWF high-
light murine blood vessels, while CD-68 detects macrophages
in the tissue sections. The negative control for the immuno-
histochemical staining used was the absence of incubation for
primary antibody, while the positive control was applied ac-
cording to the manufacturer’s instruction (anti-CD-31, rat
lung; Anti-vWEF, human tongue; and anti-CD-68, rat lymph
node).

Qualitative histological analysis

Systematic histological assessment was performed by means
of a Nikon ECLIPSE 80i microscope (Nikon, Tokyo, Japan)
equipped with a motorized stage (ProScan III, Prior,
Rockland, MA, USA) and NIS Elements software (Nikon,
Tokyo, Japan) as described in preceding publications [14].
Qualitative and quantitative histological analysis focused on
the cellular reaction and inflammatory pattern towards the
implanted biomaterial, vascularization of the implantation
bed, signs of fibrosis, encapsulation, and membrane
degradation.

Quantitative histological analysis

Membrane thickness

Adopting the same histomorphometry methods as mentioned
in earlier studies [27], the peri-implant tissue of each animal
was first digitized prior to histomorphometric analysis.

Initially, a total scan including 100—130 individual micro-
graphs was taken automatically by the Nikon ECLIPSE 80i
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microscope. This was made possible by the motorized stage,
which moved automatically within coordinates specified in
the NIS Elements software. These single images were then
compounded to generate a single large total scan at X100
magnification. The thickness of the OS membrane of each
animal at each of the three time points (3, 15, and 30 days)
was then measured at up to 15 distinct points along its length.
The mean of these measurements was calculated as the abso-
lute membrane thickness in micrometers. The values obtained
from the later time points were also compared to that of day 3,
assigned to a value of 100%.

Number of multinucleated giant cells and CD-68-positive
mononuclear cells

To analyze the material-associated MNGCs
histomorphometrically, TRAP- and CD-68-stained slides
were first converted to total scan digital images as previously
mentioned. The “annotations and measurements” function of
the NIS Elements software was used to manually count the
numbers of MNGCs and their subpopulations (TRAP-positive
and -negative giant cells), as well as CD-68-positive cells,
separately. The respective cell numbers were then computed
in relation to the implantation area (MNGCs/mmz; CD-68/
mmz), and statistical comparison of the different time points
was performed to determine the tissue response elicited by OS
over the course of the study.

Measurements of membrane vascularization

In a similar fashion, after digitizing the peri-implant region in
total scans, the prominently stained blood vessels were man-
ually circumscribed with the area tool of the “annotations and
measurements” function of the NIS Elements software. For
comparison purposes, the vessel density (vessels/mm?) and
the percentage of vascularization were computed from the
total number and total area of vessels in the implantation
bed, respectively.

Statistical analysis

The results from the abovementioned histomorphometric
analysis were presented as the means + standard deviation
and were evaluated for significant differences at the different
time points using a one-way analysis of variance (ANOVA)
using GraphPad Prism 6.0 software (GraphPad Software Inc.,
La Jolla, CA, USA). Differences were considered statistically
significant if the P values were* < 0.05 and highly significant
if the P values were, **<0.01, and ***<0.001 and
*##%%<0.0001. The compiled data were plotted with
GraphPad Prism 6.0 software to represent the results
graphically.
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Results
3.1 Ex vivo histological analysis

The OS membrane was easily identified and exhibited a
highly dense structure without detectable pores. The inter-
action with the i-PRF revealed that no leukocytes or plate-
lets from the i-PRF penetrated into the biomaterial. Instead,
OS prevented the inflammatory cells from entering the
membrane body. Moreover, the extracellular fibrin was not
included within the biomaterial, which resulted in the for-
mation of a cell-rich fibrin clot on both surfaces of the mem-
brane (Fig. 1a, b).

3.2 In vivo histological and histomorphometric
analysis

All tested animals survived their respective operations, and
healing was uneventful. During the entire experiment, no an-
imals were observed to have necrosis or signs of atypical
inflammation.

3.2.1 Tissue reaction to the OS membrane

The OS membrane was clearly visible within the murine
subcutaneous implantation bed 3 days after implantation
(Fig. 2a). It showed a homogeneous structure of densely
packed collagen. Both surfaces of this compact mem-
brane were lined with a layer of mononuclear cells
(Fig. 2a, b), of which a large amount were CD-68-posi-
tive, i.e., macrophages. No penetration by peri-implant
cells or extracellular matrix was noted at this time point
(Fig. 4a, Al). Thus, the membrane per se was free of

cells. Single vessels were found within the peri-
implantation area, but the membrane itself exhibited no
vascularization (Fig. 3 A).

On day 15 post-implantation, the membrane did not
show any signs of degradation (Fig. 2c, d). In comparison
to day 3, more mononuclear cells were observed in the im-
plantation bed (Fig. 5b), several of which were CD-68-
positive (Fig. 4b, B1). Additionally, a small number of
MNGCs located predominantly at the biomaterial-tissue in-
terface was seen (Fig. 2d). A majority of these MNGCs was
TRAP-negative (Fig. 5c). At this time point, the membrane
maintained its structure, preventing cellular infiltration into
the membrane central region. Moreover, connective tissue
formation was observed only within the peri-implantation
region, and no connective tissue ingrowth was detected
within the membrane. Although micro-vessel formation
was noted in proximity to the membrane, the membrane
body itself remained avascular (Fig. 5a, Fig. 3b).
Additionally, no signs of membrane breakdown were ob-
served at this time point.

At day 30 after implantation, no evidence of degradation
of the membrane was perceived (Fig. 2e¢). The membrane
displayed a stable dense structure and inhibited cellular in-
filtration of all kinds. Instead, an organized, cell-rich con-
nective tissue was seen on both membrane surfaces
(Fig. 5e). In comparison to day 15, the number of mononu-
clear cells adjacent to the membrane increased significantly
(Fig. 2e, f). These included CD-68-positive cells (Fig. 4c,
C1). In addition, more biomaterial-adherent MNGCs were
identified within the implantation region (Fig. 2f), which
remained on the membrane surface and did not enter the
biomaterial body. The majority of the MNGCs showed no
TRAP expression. Nevertheless, no signs of membrane

Fig. 1 a The native structure of A
OS membrane ex vivo as a
control in H&E staining at X100
magnification. b i-PRF alone in
H&E staining at X200 magnifica-
tion; asterisk = fibrin clot, black
arrows = human leukocytes. ¢ i-
PRF alone; black arrows = human
leukocytes, asterisk = fibrin clot
in H&E staining x600 magnifi-
cation. d A cross section of the
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OS membrane treated with i-PRF
in H&E staining at x100 magni-

fication. e The interface between : -y

i-PRF and OS in H&E staining at
%200 magnification; asterisk = fi-
brin clot, black arrows = human
leukocytes. f Black arrows = hu-
man leukocytes in H&E staining
%600 magnification

0s

20pm
—

@ Springer



Clin Oral Invest

N Y.

g \*rlﬁ"

(T e s e e,

Fig. 2 a The membrane (OS) within the implantation bed on day 3.
Mononuclear cells were detected on both membrane surfaces (black ar-
rows). b Mononuclear cells on the membrane (OS) surface (black arrows)
onday 3. ¢ The membrane (OS) within the implantation region on day 15.
There is an increased number of mononuclear cells on both membrane
surfaces (black arrows). d Mononuclear cells (black arrows), as well as

breakdown were found (Fig. 5f). Although the membrane
continued to be impermeable to cells and connective tissue,

multinucleated giant cells (blue arrow) on the membrane surface (OS) on
day 15. e The membrane within the implantation bed (OS) on day 30. f
Mononuclear (black arrows) and multinucleated giant cells adhering to
the membrane (OS) surface on day 30. (H&E staining; a, ¢, e at x100
magnification; b, d, f at X200 magnification; all scale bars =200 pm)

there were no indications that it was segregated from the
surrounding tissue by encapsulation or fibrosis.

Fig. 3 The vascularization
pattern over the investigation time
points using
immunohistochemical stains: a—
c¢=anti-CD-31; x 200
magnification; scale bar =

100 um. d—f = anti-vWF; x00
magnification; scale bar =20 um.
Black arrows indicate vessels and
OS indicates the membrane

@ Springer




Clin Oral Invest

Fig. 4 The CD-68-positive cells
on the biomaterial surface at day 3
(a; Al); day 15 (b; B1) and day
30 (c; C1). Black arrows = CD-
68-positive mononuclear cells,
i.e., macrophages. OS indicates
the biomaterial. In b and ¢, the
biomaterial was detached and
washed during the staining pro-
cess. a—¢ x 100 magnification;
100-um scale bar. A1-C1 x400
magnification; 20-pum scale bar

3.2.2 Histomorphometric results

Histomorphometric analysis of OS membrane thickness The
histomorphometric analysis of the OS membrane revealed that
there was no decrease in membrane thickness between day 3
and day 30 after implantation. In contrast, the measured mem-
brane thickness showed a slight increase over the study peri-
od, which was not statistically significant (day 3 =274.68 =
27.75; day 15=287.59+27.83; day 30=302.60=+15.19),
(Fig. 6a). Due to the possibility of artifacts arising from the
histological and implantation procedures, the membrane
thickness was calculated as a percentage to obtain a more
accurate evaluation. The thickness of day 3 was set at 100%,
and all mean values of successive time points were calculated
in relation to day 3. The percentage of thickness revealed a
slight increase of the membrane thickness towards day 30.
However, no statistically significant differences were detected
over the duration of the study (day 15=104.70% + 15.93%;
day 30=110.11% + 15.77%; Fig. 6b).

Histomorphometric analysis of CD-68-positive macrophages
At day 3 post-implantation, the macrophage density in the
peri-implant area was significantly higher than that of day

15 (P<0.1) and day 30 (P<0.1). There was no statistically
significant increase in the density of the macrophages in the
implantation bed between day 15 and day 30. A similar trend
was observed within the control group, which showed that the
number of macrophages decreased significantly from day 3 to
15, (day 3 vs. day 15 (P<0.5); day 3 vs. day 30 (P<0.1)). In
contrast, there was no statistically significant difference be-
tween days 15 and 30 (data not shown). However, the number
of macrophages within the OS group was significantly higher
than that of the control group at all time points (day 3
(P<0.001); day 15 (P<0.1); day 30 (P <0.001), Fig. 7b).

Histomorphometric analysis of multinucleated giant cells At
day 3 after implantation, no MNGCs could be detected within
the area of implantation. Their presence was first observed at
day 15 after implantation. The number of MNGCs at day 15
was highly significant compared to day 3 (P<0.001).
Moreover, the majority of the MNGCs was TRAP-negative,
and the difference between day 3 and day 15 was statistically
significant (P <0.01). The membrane-adherent TRAP-posi-
tive MNGCs at day 15 showed no statistical significance
when compared between day 3 and day 15. However, at day
30, the total number of MNGCs increased significantly
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Fig. 5 Detailed representative micrographs on days 15 and 30. a Vessels
(black arrows) were detected near the membrane (OS) at day 15, (Azan
staining; x200 magnification; scale bar=100 pwm). b Accumulation of
mononuclear cells (black arrows) on the membrane (OS) surface at day
15, (Masson Goldner staining; x400 magnification; scale bar =20 pm). ¢
TRAP-negative multinucleated giant cells (black arrows) adherent on the
membrane (OS) surface at day 30 (TRAP staining; *400 magnification;
scale bar =20 pm). d Increased numbers of vessels (black arrows) were

compared to day 3 (P<0.0001) and day 15 (P<0.0001).
Additionally, the number of TRAP-negative MNGCs was sig-
nificantly higher than at day 3 (P<0.0001) and day 15
(P<0.0001). In contrast, the number of TRAP-positive
MNGCs was notably constant, and there was no significant
difference between day 3, day 15, and day 30 (Fig. 7a).

The control group showed no multinucleated giant cells at
any time point.

Histomorphometric analysis of the implantation bed vascu-
larization Histomorphometric evaluation of the implantation
bed showed that no ingrowth of vessels into the membrane
was detected at any time points during the study. The percent-
age of vascularization in the peri-implantation bed increased
steadily over the course of the study. At day 3 after implanta-
tion, the percentage of vascularization was comparable to that
of the control group. At day 15 post-implantation, there was
no statistically significant increase in the vascularization per-
centage compared to day 3. In addition, no statistically signif-
icant difference was detected between the test group and the
control group. However, at day 30, the percentage of vascu-
larization was significantly higher in comparison to day 3
(P<0.0001) and day 15 (P < 0.001), respectively. At this time
point, the vascularization percentage in the test group was
significantly higher than that in the control group (P < 0.05).
Similarly, the percentage of vascularization increased gradu-
ally in the sham-operated groups as well (Fig. 6¢).
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detected in proximity to the membrane (OS) at day 30, (Azan staining;
%200 magnification; scale bar = 100 um). e Formation of organized con-
nective tissue including mononuclear cells (asterisk) on the membrane
(OS) surface at day 30, (Masson Goldner staining; x400 magnification;
scale bar=20 um). f TRAP-negative multinucleated giant cell (black
arrows) adherent on the membrane (OS) surface at day 30 (TRAP stain-
ing; x400 magnification; scale bar =20 pum)

The number of vessels detected per square millimeter at
day 3 was significantly higher than that of the control group
(P<0.01). Comparing the values at day 15 to day 3, no sta-
tistically significant difference between the test groups was
found. However, at day 15, the value in the test group was
significantly higher than that of the control group (P <0.01).
Moreover, at day 30 post-implantation, there was a marked
increase in the number of vessels per square millimeter. This
value was highly statistically significant compared to both day
3 and day 15 (P <0.0001). At this time point, the difference in
vessel number per square millimeter was also highly signifi-
cant compared to the control group (P<0.0001) (Fig. 7d).

Discussion

The present study evaluated a collagen membrane reinforced
using a ribose cross-linking technique. The aim of the study
was to analyze cellular permeability of this biomaterial ex vivo
and its barrier capacity in vivo. Special interest was directed to
the cellular reaction towards this biomaterial in terms of the
induced cell types and vascularization and degradation pattern
compared to the control sham operation group, which imitated
the physiological wound healing process.

In the ex vivo part, the focus was placed on evaluating the
cellular permeability of the biomaterial. Looking at the clinical
scenario, after biomaterial application, the membrane first
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comes in contact with the blood. Therefore, injectable platelet-
rich fibrin (i-PRF), which is a blood concentrate system de-
rived from centrifuged human peripheral blood, was chosen
for this examination. I-PRF can be considered a cell suspen-
sion containing cells that are involved in wound healing, such
as platelets and leukocytes [29]. In this context, the pattern of
interaction with i-PRF might provide several hints concerning
the initial cellular interactions with the biomaterial. The results
of the ex vivo part showed that OS was occlusive to the cells
and fibrin of the i-PRF and prevented cellular penetration into
the membrane body. These results underline the impenetrabil-
ity of OS to soluble plasma and proteins, such as the fluid
fibrin.

The in vivo study focused on the barrier capacity of OS
over 30 days and the induced cells in comparison to the cells
involved in wound healing of the control group. In vivo his-
tological analysis revealed no cellular penetration of the mem-
brane at any time point. In short, both ex vivo human cells and
in vivo murine inflammatory cells were not detected within
the membrane. This comparison between the ex vivo and
in vivo studies is noteworthy, as it was demonstrated in this
study that it is possible to determine the barrier capacity and to
obtain clues regarding the cellular response of biomaterials by
using a human-derived cell-rich blood concentrate, i-PRF, to
reach results similar to those obtained by in vivo animal ex-
periments. However, further applications of this method are
necessary to evaluate the potential of i-PRF to serve as an

alternative to in vivo animal experimentation to assess imme-
diate and early tissue reactions towards biomaterials.

Histological analysis of the cellular reaction showed that
the membrane induced an initial mononuclear cell-based re-
action at day 3. At this time point, a large number of CD-68-
positive cells, macrophages, were detected within the implan-
tation bed. Thus, at the mid-term evaluation time point, day
15, a course change in the inflammatory pattern was observed.
During this time, the number of CD-68-positive cells signifi-
cantly decreased, coincident with the appearance of multinu-
cleated giant cells (MNGCs). The trend of the CD-68 accu-
mulation was similar to the control group wound healing.
However, OS induced significantly higher numbers of CD-
68 cells at all time points. In addition, no MNGCs were found
in the control group at any time point. This significant reduc-
tion in the number of CD-68 cells towards days 15 and 30 in
the OS group might be related to the physiological presence of
macrophages in an increased number during the initial phase
of the wound healing and their physiological persistence peri-
od within the wounded site, as was the case in the control
group [10]. However, the high number of CD-68-positive
cells within the OS group in comparison to the control group
showed a higher rate of inflammation due to the biomaterial,
which might have led to the persistence of a specific type of
macrophages that is not only involved in wound healing but
also in so-called “frustrated phagocytosis™ [30, 31], a process
of foreign body giant cell formation in which macrophages
fuse to form MNGCs after their efforts to phagocytize the
implanted biomaterial proved futile. From day 15 to day 30,
the number of CD-68-positive cells showed no significant
difference, but the number of MNGCs significantly increased.
It might be deduced that newly recruited macrophages pro-
gressively fused to form MNGCs as the collagen biomaterial
continued to persist in the implantation region. In this context,
the observed cellular response also might be partly due to the
surface topography of OS, as the surface properties of bioma-
terials influence the type of proteins that adhere to the bioma-
terial surfaces [13]. This impacts the adhesion and subsequent
polarization of macrophages downstream, the amount and
types of cytokines they secrete, and, eventually the fusion of
these macrophages into MNGCs [32, 33].

The material-adherent MNGCs were mostly TRAP-nega-
tive. Only single TRAP-positive MNGCs were located within
the implantation region, and their numbers displayed no sta-
tistically significant increase over the study period. The pres-
ence of MNGCs within the implantation bed indicated a for-
eign body reaction towards the evaluated membrane [31], al-
though the role of biomaterial-related MNGC:s is still mostly
unexplored.

The aforementioned significant increase in the total number
of MNGCs between day 3, day 15, and day 30 also contrib-
uted to a significant rise in implantation bed vascularization
between the analyzed time points. The MNGCs might have
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contributed to the increase in implantation bed vasculariza-
tion, since it is known that MNGCs secrete vascular endothe-
lial growth factor, a main protagonist of neoangiogenesis [12,
34]. These findings verify the present results, which highlight
the correlation between the enhanced vascularization and the
increase in the number of MNGCs within the implantation bed
of collagen-based biomaterials. Taken together, the significant
increase in the number of MNGCs and the significant rise in
implantation bed vascularization over the course of the study
are indicative of a foreign body reaction.

Interestingly, recent studies have shown that the presence
of MNGCs within the implantation bed of the non-cross-
linked collagen membrane led to its disintegration by prema-
ture connective tissue ingrowth and eventual membrane
breakdown. In these studies, the correlation between the in-
creased number of MNGCs and the enhanced implantation
bed vascularization bears resemblance to our current findings
[13, 35]. Although MNGCs boast enhanced oxidative and
phagocytic capabilities compared to macrophages alone [36,
37], the significant increase in the vascularization and number
of MNGC:s in the present study did not alter the integrity of
OS over 30 days. In contrast, the membrane remained fully
intact, without exhibiting any signs of cellular penetration,
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degradation, or membrane breakdown over the observation
period of 30 days. Moreover, as OS is derived from porcine
tendons, it is different from the other membranes investigated
earlier by our study group, which are either processed from the
porcine dermis and/or pericardium [13—15]. In this context,
the quality and the harvesting compartment of the used colla-
gen might play a crucial role in its degradation pattern and
therefore its barrier function.

Other studies conducted by our group have shown that
several biomaterials induce a full physiological reaction with-
out the formation of MNGCs, such as a non-cross-linked
gamma-sterilized collagen membrane that maintained its
structure over a period of 60 days. It underwent a slow and
controlled integration by inducing a mere mononuclear reac-
tion that was similar to the wound healing physiological reac-
tion that was observed in the control group of the present
study. Moreover, these mononuclear cells were accompanied
by a mild vascularization. This membrane elicited a physio-
logical mononuclear reaction and mild vascularization pattern.
The integration of the membrane was achieved by allowing
the host cells to slowly migrate into the membrane scaffold
while preserving the function, structure, and the functional
barrier of the membrane [13].
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Despite the formation of MNGCs, in an in vivo study in a
dog model, OS was used to cover critical size defects within the
jaw after tooth extraction. After 25 weeks, OS showed signs of
ossification and led to enhanced bone regeneration compared to
sham OP [38]. The manufacturing technique of OS also makes
it highly interesting, as the collagen fibrils are reconstituted de
novo from extracted monomeric collagen, whereas convention-
al membranes are assembled from residual in situ collagen after
the removal of all immunogenic components from the donor
tissue. Another distinct characteristic of OS is the incorporation
of ribose to cross-link the collagen fibrils by a patented
glycation process, GLYMATRIX™ [21]. In a way, OS simu-
lates glycation by glucose, a well-documented occurrence in
aging tissue and diabetes, which grants collagen fibers resis-
tance to degradation by collagenase [39, 40].

In comparison, other cross-linking methods, such as chemi-
cal cross-linking with glutaraldehyde, evoked a more aggressive
inflammatory reaction [41]. In addition, clinical human studies
have shown that even when exposed to the oral environment,
OS sustained GBR and GTR functions compared [18, 42].
Additionally, a case series in which OS was applied for GBR
in implant-related bony defects showed that 25-29 weeks after
primary healing, new bone formation was observed in close
proximity to the OS showing partial signs of ossification [43].

The actual results in OS resemble the cellular reaction ob-
served with e-PTFE, a non-resorbable membrane that
displayed a similar inflammatory pattern and cellular reaction
to the currently evaluated membrane OS. In brief, e-PTFE
elicited an initial mononuclear cell-based reaction, which
was followed by the formation of MNGCs. e-PTFE, which
served as a bona fide physical barrier, prevented cellular infil-
tration for an investigation period of 60 days. Accordingly, the
e-PTFE membrane was encapsulated within a vessel- and
MNGC-rich connective tissue after 60 days [7]. No encapsu-
lation could be detected at the latest time point of this study.
Nevertheless, the limited evaluation period of 30 days is likely
insufficient to evaluate whether the membrane will ultimately
undergo encapsulation. Therefore, further long-term studies
are needed to assess to what extent the presence of MNGCs
within the implantation bed of this specific cross-linked bio-
material might influence the regeneration process, which is
thought to be guided by OS.

Additionally, one limitation of the in vivo part of this study
is analyzing only sugar-based without PRF. Thereby, this
study cannot make any statement about the in vivo cellular
reaction to OS-i-PRF combination. The implantation of i-PRF
in small animals would require the use of severe combined
immunodeficiency (SCID) mice to avoid any immune reac-
tion to the implanted human cells. Ongoing research is to-
wards understanding the in vivo cellular reaction to PRF and
its combination with different biomaterials. This application
might be a tool to modulate the cellular reaction towards bio-
materials by means of pre-loading with i-PRF in advance.

Conclusion

The present study evaluated, the permeability and barrier ca-
pacity of a ribose cross-linked collagen membrane ex vivo as
well as in vivo, with specific respect to the induced cell types.
Ex vivo, the membrane was impermeable to human cells de-
rived from peripheral blood. In vivo, the membrane showed a
stable structure and allowed no cellular penetration over
30 days. The in vivo cellular reaction was initiated by mono-
nuclear cells, which progressed to the formation of multinu-
cleated giant cells (MNGCs) from day 15 onwards. Over the
course of the experiment, a significant increase in the number
of MNGCs was associated with a significant rise in implanta-
tion bed vascularization. This is indicative of a foreign body
reaction. However, no breakdown was observed at any time
point. The data gathered prove that ribose cross linking en-
hanced the barrier functionality of the collagen membranes.
On these grounds, further long-term studies are necessary to
investigate the degradation pattern of this specific cross-linked
biomaterial.
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