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List of abbreviations

BM Biomaterial

BSE Bovine spongiform encephalopathy

CD (-molecule) Cluster of differentiation (distinguishing groups)

CD68 Cluster of differentiation 68, surface protein on human

monocytes and macrophages

EDTA Ethylenediaminetetraacetic acid

g Gram

GBR Guided bone regeneration

GTR Guided tissue regeneration

H&E Hematoxylin and Eosin stains

IgG Immunoglobulin G

IL-1 Interleukin-1

i-PRF Injectable platelet-rich fibrin

M Meter

mm Millimeter

mm? Square millimeters

MNGCs Multinucleated giant cells

PRF Platelet-rich fibrin

PTFE Polytetrafluorethylen

RCF Relative centrifugal forces

SB SYMBIOS® Collagen Membrane SR
TBS Tris Buffered Saline Wash Solution
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TGF-31

TRAP

VEGF

um

ZFE

Transforming growth factor-beta 1
Tartrate-resistant acid phosphatase
Vascular endothelial growth factor
Micrometer

The Animal welfare officer and central facility
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1. Introduction

In the field of maxillofacial and oral surgery, bone regeneration has been a
challenging condition to manage *. In addition to bone atrophy after tooth loss,
surgical treatment of intra- or extraorally located benign and malignant tumors, for
instance, is one of the causative factors of significant tooth and bone loss 2. The
alveolar ridges are continuously reduced after tooth loss, consequently decreasing
the quantity, altering the quality, and adapting the form and biology of an atrophic
bone 3*. and patients may greatly benefit from dental implant placement as part of
their oral rehabilitation. However, in these cases, dental implant placement often
requires bone tissue regeneration in the form of bone augmentation to generate a

sufficient implantation bed >°.

Therefore, guided bone regeneration (GBR), which is a surgical concept
that involves the use of barrier membranes to promote bone regeneration in
combination with bone grafts or bone substitutes has become widely established.
Successful bone regeneration is based on the presence of two cellular
components in the tissue: slow-migrating osteoblasts and the rapidly proliferating
cells (fibroblasts and other soft connective-tissue cells) “®. In GBR, a mechanical
interference, i.e., a membrane, serves as a barrier to hinder the more rapidly
proliferating epithelium and connective tissue ingrowth and to maintain space for

new bone formation, which requires a longer period “*.

1.1. Scientific Background
1.1.1. bone atrophy

Following tooth removal, the alveolar process undergoes atrophy due to the
lack of force transmission on the jawbone during the chewing process. Vertical
and horizontal resorption of the alveolar bone occurs, progressing in the
centripetal direction in the upper jaw and in the centrifugal direction in the lower

jaW 12,13



Together with the lack of loading and unloading forces through the
periodontium, as well as the presence of force on the edentulous ridge from the
lip, cheek and tongue, other factors that may affect the speed and direction of jaw
atrophy include the design and location of the prosthetic restoration, age and sex,

and hormonal imbalances or inflammatory processes **.

The factors influencing bone atrophy include the following **:

[ Age

[ Sex

) Upper or lower jaw

[ The degree of pneumatization in the maxillary sinus

] Bone density

1 Hormonal control of bone metabolism

1 A history of periodontal disease and inflammation of the alveolar process

1 Nonphysiological pressure loading due to mucous membrane-supported

dentures

The rate of bone resorption and the progression of alveolar ridge atrophy
are subject to individual fluctuations, but in general, the most significantly changes

are observed in the first year after tooth removal *°.

Bone resorption in the lower jaw involves up to four times higher atrophy
than bone resorption in the upper jaw. The main reason for this difference may be
the pressure load of the alveolar bone in the upper jaw, which is higher than that in
the lower jaw due to the presence of a larger denture base compared to the lower

jaw. *°
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Staging

Alveolar bone morphology

Class | Dentate

Class Il Immediately post extraction

Class I Well-rounded ridge form

Class IV Knife-edge ridge form, adequate in height but inadequate in
width

Class V Flat ridge form, inadequate in height and width

Class VI Depress ridge form, width some basalar loss evident.

Table 1: Classification of the edentulous jaws ** **
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Figure 1: Classification system of six atrophy stages in the maxilla (a) and the
mandible (b), according to Atwood (1963) and Cawood and Howell (1988). Atrophy

stage 1: pre-extraction, stage 2. post-extraction, stage 3: high, well-rounded ridge,

stage 4. knife-edge shaped ridge, stage 5: low, well-rounded ridge, stage 6:

depressed bone level .

1.1.2. Bone reconstruction and regeneration

Clinicians are increasingly considering the use of dental implants for tooth
replacement. Dental implants require quantitatively and qualitatively adequate
bone condition to reach sufficient and predictable osseointegration. In some
compromised prosthetic designs, due to insufficient bone volume, an undesired
position must be used, or short implants must be placed to compensate for bone
loss. This strategy often results in poor aesthetics and long-term treatment

18-20

outcomes For this reason, numerous surgical approaches and bone
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augmentation materials were developed as a tool for the reconstruction of

atrophied alveolar bones and enhancement of bone regeneration.

1.1.3. Biomaterials

Autogenous bone grafts are the gold standard for augmentation procedures
and have the potential to regenerate bone in this context three main mechanisms
are important i.e. osteogenesis, osteoinduction, and osteoconduction. These grafts
have not been shown to elicit an immune response.?* Autogenous bone can be
gained from different anatomic localization of the body; however, the process of
harvesting autologous bone is reported to have numerous risks, such as the
requirement for an additional surgical site and the risk of additional pain and

complications at the donor site %72,

Bone substitute materials have been developed to avoid the disadvantages
of autogenous bone. Various materials were introduced for clinical use in bone
augmentation, reconstruction and regeneration, including autografts, allografts,
alloplasts, and xenografts. Nevertheless, bone substitute materials do not exhibit
properties of osteoinduction, and their capacity as osteoconductive materials
varies. In addition to bone regeneration properties, the choice of the most suitable
graft material have to be specific to the location of the graft site, the soft tissue

quality, and its capacity to support implant osseointegration in future **.

Various technigues have been developed for the augmentation and

regeneration of atrophied bones based on the principles of GBR %>%°,

13



1.1.4. Guided bone regeneration (GBR) and guided tissue regeneration (GTR)

Extended atrophy in horizontal and/or vertical dimensions of the alveolar
bone in future implantation area results in many clinical challanges. Successful
implant osseointegration is the outcome of multiple processes including adequate
bone regeneration, therefore bone augmentation is often unavoidable. The
principle of GBR support the foreseeability of the augmentation process and
promises long-term success and improve the implant integration within the

11 |n this method, barrier membranes are used to

regenerated bone region
promote bone regeneration by protecting against the undesirable ingrowth of fast
migrating cellular populations from the overlying soft tissues to maintain space for
the slow proliferating bone tissue and allow sufficient new bone formation (Figures

2 and 3) %',

Figure 2: Concept of guided bone regeneration. Successful bone regeneration is
based on the presence of two cellular components in the tissue, the slow migrating
osteoblasts and the rapidly proliferating cells (fibroblasts and other soft connective tissue

cells) %
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Requirements of the membrane include biocompatibility, material integration and
mild inflammatory reaction without adverse reaction to achieve clinical success on

the long term 2%%°,

Furthermore, the membrane stability should serve as a barrier to exclude the
ingrowth of fibrous tissue and protect the augmentation area from bacterial
contamination #**°. Sufficient stiffness is also important to maintain space for bone
regeneration 1. Finally, the biomaterials must be clinically manageable in terms of

enduring external forces such as mastication until blood clot has matured to

support the membrane *.

B ,
—= ig
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Figure 3: (a) An inadequate bone volume (height and width). (b) A barrier membrane and
bone graft as bone substitute materials are placed to accelerate bone formation and
protect against fast proliferating tissue ingrowth. (c) After new bone is formed, the final

prosthesis is fabricated 2*
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Further clinical application for memebranes is the soft tissue regeneration in

3334 or in the

sense of guided tissue regeneration (GTR) within the oral cavity
extraoral region *. Alike GBR, GTR is surgical procedure that is performed to
regenerate the soft tissue.*® The strategy to isolate the bone or soft tissue defect
with using biomaterials (either resorbable or non-resorbable) that should serve as
a barrier to avoid rapid migrating epithelial cell invasion into the wound space. The
membrane barrier provides a great chance for cementum, periodontal ligament,
and bone cells to dominate the defect. In addition, they stabilize the blood clot and

accelerate the differentiation of progenitor cell 3¢’

1.1.5. Membranes

GBR/GTR membranes are mainly classified into two classes,
nonresorbable and resorbable membranes, based on their degradation potential.

Nonresorbable membranes, such as PTFE membranes, exhibit a high
biocompatibility and hzdrophobicity. They provide a physical barrier and prevent
the connective tissue to entry the bony defect. Therefore, a favorable correlation
has been found between the level of bone regeneration and the maintained space

for bone regeneration by PTFE-membranes *.

Nonresorbable membranes have been reported to exert a greater effect on
bone regeneration than resorbable membranes. This finding is explained by a
persistent effect of the membrane on inhibiting soft tissue invasion as a physical
barrier *°. However, one of the most important disadvantages of nonresorbable
membranes is the second surgical intervention that is needed to remove the
membrane from the augmentation area after a predefined healing period.
Additionally, the frequently observed high rate of membrane exposure resulting
from wound dehiscence in accompanied by a risk of infection in the augmentation

area *°,
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Resorbable membranes have been developed to eliminate the need for a
second surgical procedure *°. These absorbable membranes are either based on

collagen or noncollagen membranes.

Collagen-based membranes are derived from different species, such as

porcine, equine and bovine.

Membranes of bovine origin are accompanied by a lot of concerns about
the possibility of xenotransplantation of bovine spongiform encephalitis, although

no such cases were reported in the literature *.

However, animal-derived
collagen-based membranes undergo strict purification, sterilization and processing
procedures to manufacture membranes with a thickness of 0.5 mm to 1 mm for

clinical use .

Clinical and histological analyses using with collagen based membranes resulted
in initial tissue healing within a time frame of 5—7 days and membrane degradation

after various time periods .

Membrane Constitution | Tissue sources | Method of | Resorption
cross-linking | time
BioMend Type | Bovine (tendon) | Formaldehyde | 6-8 weeks
BioMend Type | Bovine (tendon) | Formaldehyde | 18 weeks
Extend
Tissue Guide | Atelocollagen | Bovine HMDIC 4-8 weeks
+ Tendon (tendon+dermis)
BioBar Type | Bovine (tendon) | N/A 24-32 weeks
Periogen Type | and Ill | Bovine (dermis) | Gluteraldehyde | 4-8 weeks
Cytoplast Type | Bovine (tendon) | N/A 26-38 weeks
RTM
Symbios Type | Bovine (Achilles | N/A 26-38 weeks
tendon)

Table 2: Available collagen membranes of bovine origin ** *.
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1.1.6. Wound healing and tissue reactions.

After every surgical intervention, a wound healing process occurs to
regenerate the tissue. Coordinated interactions between diverse biological and
immunological systems take place in the wounded site to regenerate the damaged
tissue, which is called physiological wound healing process. To improve the
understanding of the physiological wound healing process, it can be divided into a

series of four time-dependent phases:
1. Coagulation and hemostasis,

2. Inflammation,

3. Proliferation,

4. Wound remodeling *.

Coagulation and hemostasis phases

Immediately after tissue damage, coagulation and hemostasis occur in the
wounded site to prevent the loss of blood (exsanguination) by protecting the
integrity of the vascular system *. Extrinsic and intrinsic pathways activate the
coagulation cascade, which result in a platelet aggregation and clot formation in
order that limit further blood loss. Moreover the blood clot serves as an interim
framework for cellular migration in the phases following and the trapped platelets

in the clot area are essential for haemostasis.

Inflammatory phase

This phase of wound healing aim to establish an immunological barrier
against invading microorganisms which result in an infection **. The inflammatory
phase is divided into two time-dependent phases, i.e. the early inflammatory
phase and the late inflammatory phase.

18



Early inflammatory phase

The early inflammatory response occurs during the late phase of
coagulation, 24 - 36 hours. Neutrophils are as first responder cells which attracted
by chemoattractants and start to adhere to the endothelial cells or margination
following by moving through the blood vessel wall or extravasation (diapedesis).
After injury neutrophils infiltrate into the wounded site then destroy and remove
foreign particles and damaged tissue especially bacteria contamination by

releasing proteolytic enzymes and oxygen-derived free radical species *°.

Late inflammatory phase

In the late inflammatory phase, 48 - 72 hours, the originally blood
monocytes are attracted to the wounded site by several of chemoattractive agents.
Thereafter the blood monocytes undergo a phenotypic change to become tissue
macrophages upon arrival into the wound *’. Macrophages play the crucial role of
the key regulatory cells for repair in the later inflammatory process. They serve as
phagocytic cells and also related to the primary producer of growth factors
responsible for the proliferation. Finally lymphocyte enter to the wound site, which
are attracted about 72 hours after tissue damage by the action of interleukin-1 (IL-
1), complement components and immunoglobulin G (IgG) breakdown products *.

Proliferative phase

The proliferative phase begins on the third day after tissue damage and
can be take more time to 14 days. Fibroblast is the characteristic for this phase by
fibroblast migration and the deposition of newly synthesized extracellular matrix
and formation of granulation tissue. Fibroblasts appear in the wound 2 - 4 days
after tissue damage and the migration of endothelial cells take place following
about 1 day afterwards. Once within the wound fibroblasts and myofibroblasts

proliferate for the first 3 days and subsequently produce collagen and fibronectin.
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These components help to form the new extracellular matrix, that supports further
ingrowth of cells and is essential for the regeneration process. Furthermore
fibroblasts are attracted to the wound by factors like PDGF & TGF-B thereafter
tissue injury, in which its extracellular matrix consists of fibrous structural proteins

(collagens and elastin).

Wound contraction take place begin approximately 7 days after injury. This
process is mainly mediated by myofibroblasts, which align themselves parallel to
the wounded surfaces then contract to wound edges closure together at a rate of
0.6-0.75mm/day, depends on the laxity of the skin. After accomplishing this task,

they are eliminated by apoptosis *°.

Wound remodeling

The last stage of wound healing continues to form for several months up to 2
years so as to develop the normal epithelium and maturate the scar tissue. A
balance between synthesis and degradation is essential, as type | collagen
replaces by type Ill collagen. The type Il collagen bundles are larger and oriented
with principal lines of stress in tissue, these process results in a better organized
wound. However, as the matured scare, it never reaches the level of unwounded
tissue tensile strength. After completing this stage, the scars become grayish-pale

and avascular, as an effect of decreasing vascularization over time *.

20



. Normal wound healing consists of three overlapping phases

L] 1 L} L] L] 1 L} >
5 10 15 20 25 30 35
Inflammation Proliferation Remodeling
(4 — 6 days) (4 — 24 days) (21 days — 2 years)

. ©2010 WoundEducators.com

Figure4: Phases of wound healing “.

1.2. Aim of the present study

After biomaterial implantation, a complex process of biomaterial-based
regeneration takes place. This process is composed of the phases of wound
healing and the biomaterial-induced cellular reaction. Numerous studies by our
group have shown that the biomaterial-specific cellular reaction has major
consequences for the regenerative capacity of the tissue. In this sense, the
induced cellular reaction depends on the physicochemical properties of the
biomaterial, i.e., thickness, porosity, cross-linking, origin and compartment from

which it was harvested.

The present study aimed to assess the tissue response to the SYMBIOS®
collagen membrane SR (Dentsply Implants, Germany), which is stated to be a
slowly resorbable collagen type | membrane. An in vivo subcutaneous implantation
model was used to analyze the cellular reaction towards this biomaterial over 30
days and obtain a better understanding of the mechanism of biomaterial-based

tissue regeneration using this specific biomaterial derived from bovine Achilles
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tendon. The cellular inflammatory pattern and vascularization level were analyzed
using histological and immunohistological techniques and quantified by

histomorphometry.

In addition, an ex vivo analysis using injectable platelet-rich fibrin (i-PRF), a
blood concentrate system produced by the centrifugation of human peripheral
blood that contains fibrin, leukocytes and platelets, was performed to elucidate the

membrane permeability and interactions with human cells and plasma proteins.

2. Materials and methods

2.1. Biomaterial

SYMBIOS® Collagen Membrane SR

SYMBIOS® Collagen Membrane SR (SB, Dentsply implants, Germany) is a
slowly resorbable membrane matrix composed of a highly purified type | collagen
fibers gained from bovine Achilles tendon. The harvested collagen undergoes
purification and processing with sodium hydroxide to inactivate pathogens such as
bovine spongiform encephalopathy (BSE). The processing and purification

methods meet European and international standards for animal tissue sourcing.
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2.2. Study design

Study design

In vivo

(Implantation)

Ex vivo

(Liguid preparation)

Tissue processing

Sectioning & staining

Qualitative evaluation

Histomorphometric analysis

Statistical analysis

Diagram 1: Study design
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2.3 Ex vivo evaluation of the biomaterial
The biomaterial structure and surface were evaluated ex vivo under dry
conditions using a stereo-microscope (Zeiss, Deutschland), without further sample

preparation.

2.3.1. Experimental design of the ex vivo study

The application of PRF in this study was performed in accordance with the
principle of informed consent and approved by the responsible Ethics Commission
of the state of Hessen, Germany (265/17). PRF is a blood concentrate derived
from human venous blood through centrifugation without using anticoagulants °.
An injectable formulation of PRF (i-PRF) was developed for practical clinical
applications, which can be used alone or combined with biomaterials.
Furthermore, PRF harbors a large number of platelets, leukocytes and plasma

proteins distributed within the liquid fibrinogen matrix, and growth factors 9%,

2.3.2. i-PRF preparation and application

In the ex vivo study, three healthy volunteers aged from 20 and 60 years
donated blood. All volunteers provided written informed consent before
participating in this study. The venous blood was collected and processed as
previously described *2. Clinically approved butterfly needles and 10 ml sterile
plastic tubes (i-PRF tubes, PROCESS for PRF, Nice, France) were used. Blood
samples from each donor were collected into two 10 ml tubes and immediately
centrifuged using a preprogramed centrifuge (DUO™, PROCESS for PRF,
France). Centrifugation was performed for 8 minutes at 600 rpm and 44 g, as

fellowing the low speed centrifugation concept as previously *° °%.

Upon
completion of this process, a yellowish-orange upper phase (i-PRF) and the
remaining reddish blood materials in the lower phase were observed in the tube.
Then, the tubes were opened carefully to avoid homogenization of the material.

The i-PRF was collected from the tubes using a 5 ml syringe (Injekt®, Germany)

24



with a needle (BD Microlance™ 3, Germany). Nine biomaterial samples (3 per
donor) with a size of 10x10 mm were placed in a 24-well plate. Then, 1 ml of i-PRF
was added to each biomaterial sample and incubated for 15 minutes until the i-
PRF formed a clot. Thereafter, samples were fixed with 4% buffered formalin for

24 hours for further histological analysis.

Figure 5: A) Injectable platelet-rich fibrin, B) Membranes + iPRF

2.4. Experimental design of the in vivo study

The present in vivo study used to elucidate the tissue reaction to collagen-
based materials was performed after receiving approval from the Committee on
the Use of Live Animals in Teaching and Research of the State of Darmstadt,
Hessen Germany (FK/1023).

2.4.1. Experimental animal care

Thirty-two 6- to 8-week-old female Wistar rats were purchased from Charles
River Laboratories (Sulzfeld, Germany) and allowed to recover and adapt to the
conditions of the laboratory for one week prior to the surgical procedure in the
Animal Welfare Officer and Central Facility (ZFE), Universitatsklinikum Frankfurt.

There was performed following the ARRIVE guideline checklist for reporting
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animal research. During the experiment period, the animals regular mouse pellets
(Laboratory Rodent Chow, Altromin, Lage, Germany) and water was available ad
libitum. An artificial 12 hours light-dark cycle was employed to imitate day and
night rhythms.

2.4.2. Animal surgery

The animals were randomly distributed into 2 groups (n=16 animals per
group). The following time points were evaluated in each group: 3, 10, 15 and 30
days post operation (n=4 animals per time point). Animals in the first group were
implanted with a sterile collagen membrane (SYMBIOS® Collagen Membrane SR,
Dentsply implants, Germany), whereas the second group received the sham
operation (n=4 animals per time point) with no biomaterial implantation to ensure
surgical quality. The surgical procedure was performed using standardized
methods, as previously described.®® Briefly, after an intraperitoneal injection of
anesthesia, the operation area was shaved and desinfected. Next, an incision was
prepared within the rostral portion and a subcutaneous pocket was prepared in the
portion of the interscapular region. SB membranes of 10x10 mm in size were
placed into the preformed subcutaneous pockets in the subscapular region under
the muscle. After the incision and biomaterial implantation, the wound was
subsequently stitched using a 6.0-prolene suture (Ethicon, New Jersey, USA). The
surgical operations were performed respecting under strictly aseptic conditions. All
animals survived the operation until the evaluated time points without any

complications.
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Figure 6: Pocket preparation in the subcutaneous implantation model

2.4.3. Explantation and fixation

At the evaluated time points, animals were sacrificed by an anesthesia
overdose. The biomaterials, including the peri-implantation region in the first group
and the sham-operated region of the second group, were explanted, and the ex
vivo samples were process by a previously described method °2. Briefly, the
samples were fixed with 4% buffered formalin for 24 hours for further histological
preparation.?®%*®* After 24 hours, the each sample was divided into three
segments prior to processing. Thereafter, the samples were transfered into
embedding cassettes (Histosette, VWR, Germany). Paraffin embedding was
performed after the specimens were dehydrated in a series of alcohol solutions,
and the specimens were then transferred to xylene. This process was performed
using a preprogramed tissue processor machine (Leica, Germany), according to

the previously published method shown in Table 3 2.
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Reagent Time (Minute)
4% Formalin -
70% Ethanol 45
96% Ethanol 45
96% Ethanol 60
100% Ethanol 45
100% Ethanol 60
100% Ethanol 60
Xylol 45
Xylol 45
Xylol 45
Paraffin 45
Paraffin 120

Table 3: Tissue processor (dehydration and paraffin infiltration procedures)

2.5. Sectioning and histochemical staining

After sufficient cooling, the prepared, paraffin-embedded samples were cut
to prepare serial sections of 3 to 4 ym thickness by means of a rotatory microtome
(Rotationsmikrotom RM2255, Leica, Germany). After deparaffinization and
rehydration, the in vivo and ex vivo samples were stained. The staining served as
a method for identifying cells in the prepared tissue sections based on color
reactions which were observed under a light microscope. Staining was performed

as described in previous studies 252",

The first section was stained with hematoxylin and eosin (H&E), a standard

histological stain used to visualize cell nuclei and other features.

The second section was stained with Heidenhain’s azan trichrome to display

various components of the connective tissue.
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Masson’s/Goldner’s trichrome staining was used to distinguish collagen and

muscle tissue under the microscope.

The fourth section was stained with tartrate-resistant acid phosphatase (TRAP) to
examine TRAP activity in the cells, as previously described *°°’ The overview of
various staining procedures used in different tissue sections is shown in Table 4,

and the staining protocols are described afterwards.

Masson/Goldner- | Heidenhain's Azan
H&E Trichrome Trichrome
Nuclei Blue-purple Dark blue to black | Bright red
Cytoplasm Red Red-brown Purple-red
Collagen fiber Red- orange Light green Blue
muscle red Pale blue Orange-red

TRAP staining: intense light red detection of the enzyme Tatrat-resistant acid

phosphatase (TRAP) in i.e. osteoclast-like cells and macrophages

Table 4: Overview of the staining procedures used to assess various tissue components.

2.5.1. Hematoxylin and eosin (H&E)

The most commonly used stain is H&E, which is essential for visualizing an
overview of the tissue structure, enabling differentiation of the structures being
examined as normal, inflamed, degenerative or exhibiting pathological changes.
The principle of H&E staining is that the basic, positively charged hematoxylin
binds to basophilic substances, such as DNA/RNA, in the nucleus, whereas the
negatively charged eosin dye stains the positively charged hydrogen ions in the

cytoplasm 8,

The staining of the first section was performed manually according to the

staining procedure book of the routine laboratory at FORM-Lab (Frankfurt
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Orofacial Regenerative Medicine), the Research Laboratory of the Department for
Oral and Maxillofacial Surgery, Goethe University, Germany using the protocol

described below.

Reagent Time (Minute)

Deparafinization and | Xylol

rehydration Xylol

Xylol

100% Ethanol

100% Ethanol

96% Ethanol

70% Ethanol

50% Ethanol

Wl Wl W W W w| O o1 O

Distilled water

[N
o

Staining Mayer's Hematoxylin

[EEY
o

Washing in running tap water

Eosin Solution 5

Washing in running tap water | Second

Dehydration 70% Isopropylalkohol 2
96% Isopropylalkohol 2
100% lIsopropylalkohol 2
100% Isopropylalkohol 2
Xylol 3
Xylol 3
Xylol 3

Table 5: Protocol for Hematoxylin and Eosin (H&E) staining
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Staining solution

Reagents and preparation

Hematoxylin solution

1 g Hematoxylin Monohydrate (VWR 1.15938.0100) in
1000 ml distilled water, dissolve hot until a slight color

change to violet, then leave overnight.

50 g Potassium  aluminium  sulfate (VWR
1.01042.1000), 0.2g Sodium iodate (NalOs) (VWR
6526.0025), 50g Chloral hydrate (C;H3Cl30,) (VWR
1,02425.1000), 1g Citric  acid monohydrate
(CsHs0O7.H20) stir overnight at room temperature.

Bring the total volume up to 1000 mL. Filter and store in

a dark bottle at room temperature.

The Solution is protected from light at room temperature

for 1 Year.

Eosin Solution

10 g Eosin water-soluble (CHROMA 1B 425) in 1000 mi
distilled water heat with stirring until the substance is
completely dissolved. Filter before use and acidify with
acetic acid. (4 Drops Acetic acid pro 100 ml Eosin
solution) (VWR 1.00063.1011)

The Solution is protected from light at room temperature
for 6 months.

Table 6: Protocol for the preparation of hematoxylin and eosin solutions
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2.5.2. Masson’s/Goldner’s trichrome staining

This staining method is used for differentiated visualization of connective

tissue. Three different stains are used:

a. Weigert’'s iron hematoxylin for nuclei

b. Mixture of acid dyes (Biebrich scarlet-acid fuchsin) for cytoplasm

c. Light green for collagen. The method is a standard staining procedure

for bone; thus, the use of Masson’s/Goldner’s trichrome also provides

information 59,60

about bone remodeling

Masson’s/Goldner’s trichrome staining and

preparation of the required reagents are presented in Tables 7 and 8.

The protocol

the composition and

Reagent

Time (Minute)

Deparafinization

Xylol

Xylol

Xylol

100% Ethanol

100% Ethanol

96% Ethanol

70% Ethanol

50% Ethanol

Distilled water

Staining

Weigert's hematoxylin

g1l Wl W W W W w| g O o

Washing in running tap water

10

Distilled water

Wash up

0.5% Phosphotungstic acid

15-30 second

Scarlet-acid fuchsin-Azophloxin

solution

10

1% Acetic acid

Wash up
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1% Acetic acid Wash up
1% Acetic acid Wash up
Phosphotungstic acid/Orange G 10

1% Acetic acid Wash up
1% Acetic acid Wash up
1% Acetic acid Wash up
Light green solution 0,2% 5

1% Acetic acid Wash up
1% Acetic acid Wash up
1% Acetic acid Wash up
100% Isopropanol 3

100% Isopropanol 3

100% Isopropanol 3

Xylol 3

Xylol 3

Table 7: Protocol for Masson’s/Goldner’s trichrome staining

staining solution

Reagents and preparation

Weigert's hematoxylin

Solution A — CHROMA, 2E 032
Solution B — CHROMA, 2E 052
Equal parts.

The Solution is protected at room temperature for 1

month.

Scarlet-acid
solution

(Masson solution)

fuchsin

0,2 g Xylidine ponceau (Chroma 1B207)

0,1 g Acid fuchsin

(VWR 223K18010831)

in 300 ml Distilled water.

Boil briefly, Cool down

0,6 ml Acetic acid (VWR 1.00063.1011)

Filter, The Solution is protected from light at room

temperature for 12 months
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Azophloxin solution

0,5 g Azophloxine (Chroma 1B103)

100 ml Distilled water.

0,2 ml Acetic acid (VWR 1.00063.1011)

The Solution is protected from light at room
temperature for 12 months.

Scarlet-acid

Azophloxin solution

fuchsin-

10 ml Masson solution (Scarlet-acid fuchsin solution)

2 ml Azophloxine solution

88 ml 0,2 % Acetic acid (2 ml Acetic acid in 1000 ml
distilled water)

The Solution is protected at room temperature for 1
month

1% Acetic acid

10 ml Acetic acid (VWR 1.00063.10011)

in 1000 ml distilled water.

The Solution is protected at room temperature for 6
months

Phosphotungstic
acid/Orange G

39 Phosphotungstic  acid hydrate  (VWR
1.00582.0100)

2 g Orange G (VWR 15925 - 25 @)

100 ml distilled water

The Solution is protected from light at room
temperature for 12 months

Light green solution

0,2 g Light Green SF (Chroma 1B211)

100 ml Distilled water.

0,2 ml Acetic acid (VWR 1.00063.1011)

The Solution is protected from light at room

temperature for 12 months

Table 8: Protocol for preparing the Masson’s/Goldner’s trichrome solution

2.5.3. Heidenhain's azan trichrome staining

Heidenhain’s azan trichrome staining was developed based on the

traditional Mallory method and uses azocarmine instead of acid fuchsin. It is useful

for distinguishing cells from extracellular materials

8 The protocol for

Heidenhain’s azan trichrome staining and the composition and preparation of the

required reagents are shown in Tables 9 and 10.
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Reagent

Time (Minute)

Deparafinization

Xylol

Xylol

Xylol

100% Ethanol

100% Ethanol

96% Ethanol

70% Ethanol

50% Ethanol

Distilled water

Wl W W W w w| o o1 O

Staining

Kernechtrot Solution

30

Washing in running tap water

Wash up

Washing in running tap water

Wash up

Distilled water

Rinse in running water 1

minute
5% Phosphotungstic 10
Distilled water Wash up
Azan solution 5
Distilled water Wash up

100% Isopropanol

Until the finest connective
tissue fibers are well
defined

100% lIsopropanol 2
100% Isopropanol 2
Xylol 3
Xylol 3
Xylol 3

Table 9: Protocol for Heidenhain's azan trichrome staining
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Staining solution

Reagents and preparation

Kernechtrot Solution

0.2g Kernechtrot (VW 15939)

In 200ml 5% Aluminium sulfate solution

5 minute Boll

Filter before use

The Solution is protected from light at room
temperature for 12 months

Aluminium sulfate solution

5g Aluminium sulfatev(VWR 1102)

In 100ml distilled water

5% Phosphotungstic acid

25g Phosphotungstic acid hydrate (VWR 582) in
500ml distilled water
The Solution is protected at room temperature for 3

months

Azan solution

Stock solution :

0,5g Anilin blue (VWR 1275)

2g Orange G (VWR 15925) in 100ml distilled water
Boil briefly

8ml Acetic acid (VWR 1.00063.1011)

Filter before use

The Solution is protected from light at room

temperature for 12 months

Working solution :
1 Part Anilin blue Orange + 3 parts Distilled water
The Solution is protected at room temperature for 1

month

Table 10: Protocol for the preparation of Heidenhain’s azan trichrome staining solution.
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2.5.4. Tartrate-Resistant Acid Phosphatase (TRAP)

The enzyme TRAP is expressed in osteoclasts, multinuclear giant cells,
macrophages, dendritic cells and a number of other cell types. The TRAP staining
protocol and the composition and preparation of the required reagents are shown
in Tables 11 and 12.

Reagent Time (Minute)
Deparafinization Xylol 5

Xylol 5

Xylol 5

100% Ethanol 3

100% Ethanol 3

96% Ethanol 3

70% Ethanol 3

50% Ethanol 3

Distilled water 3
Staining TRAP solution 150

Washing in running tap water Wash up

Washing in running tap water Wash up

Distilled water Wash up

Mayer’s hematoxilin 5

Washing in running tap water 10

Distilled water Wash up

Aquatex cover

Table 11: Protocol for tartrate-resistant acid phosphatase (TRAP) staining.
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Staining solution

Reagents and preparation

Tris-Malein-Puffer:

13,14 g TRIS (Fa. Roth 48552)

11,60 g Maleic acid (VWR 8.00380.0500)

31,20 ml 1 N NaOH (VWR 109137.1000)

in 2000 ml Distilled water

adjust to pH 5.8

The Solution is protected at 2 - 8 °C temperature for
6 months

Naphthol AS-BI phosphate
(SIGMA NN 250)

Storage at 2 - 8 °C temporature for 12 months

Diazonium solution

1 Drop. 4 % Pararosaniline solution

4 Drops. 4 % Sodium nitrite solution

Mixing and allow to react for at least 5 minutes
The Solution is in use in 3 hours at 37 °C

Pararosaniline solution

1 g Pararosaniline (VWR 7601)

25 ml 2 N-HCI (VWR 1.09063.1000)

Heat at 50 ° C for 1 hour on the magnetic stirrer
until the solution appears brownish, filter, cap and
keepindarkat4 ° C.

The Solution is protected at 2 - 8 °C temperature for
1 year.

Sodium nitrite solution

0,2 g Sodium nitrite ( VWR 1.06549.0100)
in 5 ml distilled water.
The Solution is protected at room temperature for 1

week.

Dimethyl sulfoxide
(VWR 8.02912.1000)

L-(+)-Tartaric acid
(VWR 1.00804.0250)

Weighed in 75 mg portions
The Solution is protected at 2 - 8 °C temperature for

1 year.

Hematoxylin solution

2,5 g Hamatoxylin (VWR 104302.0100)
in 2500 ml distilled water

dissolve in hot condition until color change into a
slightly violet. then cool down overnight.
then add and dissolve with stirring :

125 g Aluminium potassium sulfate dodecahydrate
(VWR101042.100)

0,5 g Sodium iodate (VWR 6525.0025)

125 g Chloral hydrate (VWR 102425.1000)

2,5 g Citric acid hydrate (VWR 244.1000)
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Incubation for 1 week, filter before use
The Solution is protected at room temperature for 1

year.

Table 12: Protocol for the preparation of tartrate-resistant acid phosphatase

solutions.

2.5.5. Immunohistochemical staining

Two more sections of the in vivo samples were used for
immunohistochemical staining to determine the blood vessel density and number
of biomaterial-associated macrophages with antirabbit VWF and antimouse CD-68
antibodies, respectively °** Immunohistochemical staining was performed after
deparaffinization using a Lab Vision™ Autostainer 360-2D (Thermo Fisher
Scientific, Germany), quenching the endogenous peroxidase activity using 4%
H,O, in methanol and blocking using avidin and biotin blocking solutions
(Avidin/Biotin Blocking Kit, Vector Laboratories, USA). The first antibody, anti-CD-
68 (MCA341GA,; 1:400; 30 minutes), was applied to visualize macrophages, and
the anti-vWF antibody (ab6994; 1:400; 2 hours) was applied to visualize vascular
endothelial cells. Thereafter, the goat antirabbit 1IgG-B secondary antibody (sc-
2040; 1:200, Santa Cruz Biotechnology, USA) was applied. Thereafter, the avidin-
biotin-peroxidase complex (ABC, Thermo Fisher Scientific, Germany) and the
histostain-plus IHC Kit including AEC (Thermo Fisher Scientific, Germany) were
applied for 30 minutes and 20 minutes, respectively. The staining protocols are
described in table 13. As negative controls, immunohistochemical staining was
performed on 2 control sections in the absence of the primary antibody, whereas
the positive control was performed according to the manufacturer’s instructions
(anti-CD-68, rat lymph node and anti-vWF, human tongue). For visualization by
light microscopy, the sections used for immunohistochemistry were counterstained
with Mayer’s hematoxylin.
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Procedure

Time (Minute)

Check all the necessary solutions or reagents

Prepare and prewarm pretreatment solution and deparaffin

and rehydration

Wash in TBS 2
Wash in TBS 2
Incubate the slides in 0.3% H202 10
Wash the slides in TBS 2
Wash the slides in TBS 2
Incubate in Bioblockl 10
Wash in TBS 2
Wash in TBS 2
Incubate in Bioblock2 10
prepare the primary antibody before the end of blocking

wash in TBS 2
wash in TBS 2
incubate in primary antibody (for von Willebrand Faktor, 1:50 | 30
diluted in antibody dilution solution) for 30 min

wash in TBS 2
wash in TBS 2
incubate in secondary antibody (Rabbit-B 1:200, diluted in | 30
antibody dilution) for 30min (immediately prepare the ABC
solution)

wash in TBS 2
wash in TBS 2
incubate in ABC 30
wash in TBS 2
wash in TBS 2
develop color with AEC at Room temperature 3
rinse in running dest water 5
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counter staining 20

embedding in water mounting solution

Table 13: Immunohistochemistry protocol for von Willebrand Faktor

2.6. Qualitative histological analysis

The gqualitative histopathological evaluation was performed as described in
previous publications °>°* Briefly, cross-sections stained by various protocols were
evaluated under a light microscope (Eclipse 80i, Nikon, Tokyo, Japan), and
representative photomicrographs were performed using a digital camera (Nikon
DS-Fil, Nikon, Tokyo, Japan). The processed samples were examined
histologically to analyze the cellular interactions within the peri-implant tissue and
the membrane in addition to the cellular response that took place inside the
implanted material, i.e. the recruitment of inflammatory cells and vascularization
induced by the biomaterials along with biomaterial degradation. A further aim of
the histological analysis was to examine the interaction of the biomaterial with i-

PRF ex vivo.

2.7. Histomorphometric analysis

The quantitative histomorphometric analysis of stained slides was
performed with a light microscope (ECLIPSE 80i; Nikon, Tokyo, Japan) equipped
with a motorized scanning stage (ProScan Ill, Prior, Rockland, MA, USA) and a
Nikon DS-Fil digital camera (Nikon, Tokyo, Japan) connected to a PC running NIS
Elements software (Nikon). Using established and previously published methods
285255 images of the total implantation beds (total scans) were obtained as a
single large image of the sample, including the collagen membrane and the peri-
implant tissue; this image automatically comprised 100-130 individual
micrographs. The images were merged and then total scan images were

evaluated at a magnification of X100 and a resolution of 2500x1200 pixels.

41




2.7.1. Membrane thickness

Previously reported histomorphometric methods were used to obtain
information about the stability of the volume of the biomaterial at the implantation
site °>*°, Total scans of the H&E-stained slides were used to measure the mean
membrane thickness at each time point. At least 15 distinct locations along the
length of the biomaterial were manually measured in each animal using the “length
measurement” function in the “Annotation and Measurements” feature of the NIS
Elements software (Figure 7). The mean value of these measurements per sample
was measured as the absolute membrane thickness in um. The data gathered
from later time points were calculated as percentages, and the thickness recorded

on day 3 was set to 100% to avoid artifacts due to the histological preparation.
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Figure 7: Membrane thickness, histomorphometrical analysis using NIS Elements

software
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2.7.2. Numbers of multinucleated giant cells (MNGCs) and CD-68-positive
mononuclear cells

The numbers of MNGCs and TRAP- positive MNGCs and CD-68-positive
monocytes were counted manually to analyze the material induced cellular
reaction in the implantation region. Digital images of the stained samples were
captured as previously described °2. The numbers of MNGCs and their subtypes
(TRAP-positive and -negative giant cells) and CD-68-positive mononuclear cells
were counted independently in total scans of the TRAP and CD-68 staining from
each animal using the “count” tool in NIS Elements (Figure 8). The total numbers
of the cell types were calculated with respect to the total implant area on the slides
(cell number/mmz2) at each time point. The histomorphometrically evaluated data
was analyzed statistically to understand the cellular reaction induced by the
implanted biomaterial SB in comparison to the physiological wound healing over

the observation time of the study.
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Figure 8: Numbers of multinucleated giant cells.
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2.7.3. Measurements of membrane vascularization

The vWF-stained slides were used to evaluate two different vascularization
parameters according to previously published methods *4°°. Initially, digital images
of the VWEF-stained slides were captured. Then, the area of the implantation bed of
the biomaterial (in mm?) was measured using the “Annotation and Measurements”
feature of the NIS Elements software (Figure 9). Subsequently, the vessels within
the implantation beds were marked. Thus, the total number of vessels was
calculated relative to the total area (in vessels/mm?) and as a percentage of vessel
area (the fraction of the total implant area as a %).
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Figure 9: Histomorphometrical measurement of the vascularization by determining the
vessels areas
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2.8. Statistical analysis

Histomorphometricaly gained values were further analyzed statistically
using two methods one way analysis of variance (ANOVA) for membrane
thickness and MNGCs number. Two-way analysis of variance (ANOVA) was
performed for vascularization and CD68 positive cells. Statistical significance was
defined as p-values */» p<0.05; **/es p<0.01; ***/eee p<0.001 and ****/eeee p<0.0001,
respectively, using GraphPad Prism software version 6.0C (GraphPad Software
Inc., La Jolla, CA, USA). The results are presented as meanststandard deviations
calculated using GraphPad Prism 6 software version 6.0C, which was also to

produce graphical images and perform statistical analyses.
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3. Results

3.1. Ex vivo analysis of the membrane structure

The microscopic structural of the SB collagen membrane was observed
under dry conditions at low magnification. The SB membrane exhibited a cord-like
surface on both sides, as shown in Figure 10A and B. At a higher magnification,
the membrane displayed a porous structure (Figure 10C and D), while a single-
layer thin membrane composed of single fibrils was visible in the cross-section, as

shown in Figure 10E.

.E-

Figurel0:  Microscopic characteristics of the structure of the SB collagen

membranes. The images in A, B, C and D show the structure of the SB membrane
surface at different magnifications. The images shown in E displays cross-sections of the
analyzed material. (Magnifications: 10A and B x8; 10C-E x32)
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3.2. Ex vivo evaluation of the membrane-i-PRF interaction

The histological analysis of the native collagen membrane SB stained with
H&E revealed a loose structure with detectable pores (Figure 11A). Fifteen
minutes after i-PRF application, cells accumulated on the SB collagen membrane
surface and leukocytes and platelets infiltrated the membrane central region.
However, the formation of an adherent clot formation was not detected on either

surface of the SB membrane (Figure 11).
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Figure 11: Ex vivo interaction between liquid platelet-rich fibrin and the SB collagen
membrane. A: Image from the control group showing the membrane-specific porous
structure (H&E staining; x10 magnification; scale bar=100 um). B: Total penetration of
leukocytes and platelets into the SB central region (H&E staining; x100 magnification;

scale bar=100 um). C: High-magnification microscope image showing the infiltration of
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leukocytes and platelets throughout the central region of the membrane: leukocytes (blue

arrow) and platelets (black arrow) (H&E staining; X600 magnification; scale bar=20 pum).

This figure was published .

3.3.In vivo histological and histomorphometric analyses

Throughout the study, all animals survived the operation and biomaterial
implantation without any macroscopically observable disorders. Wound healing
was uneventful in the test group and the control group. No signs of infection,
necrosis or atypical animal eating and sleeping behaviors were observed during

the evaluation period.

3.3.1. Qualitative analysis of the cellular reaction over time

The biomaterial was visible within the implantation region at all time points.
At 3 days after implantation, no signs of membrane degradation were observed,
and the membrane maintained its native structure. Mononuclear cells were
observed on both peri-implant interfaces (Figure 12A). The central region of the
SB membrane generally did not exhibit evidence of cell infiltration, as shown in
Figure 12B.
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Figure 12: The cellular reaction after 3 days. A: The central region of the biomaterial was
generally free of cells (H&E staining; x100 magnification; scale bar=100 um). B: The
presence of mononuclear cells on the surface of the membrane (azan staining; x400

magnification; scale bar=20 um).

This figure was published o1

On day 10 after implantation, the membrane margin was still markedly
visible. The mononuclear cells that were first observed at day 3 had migrated and
increased in number on both sides of the membrane. Moreover, mononuclear cells
started penetrating inwards along the membrane and began to produce their own
matrix within the SB collagen matrix (Figure 13A). Immunohistologically marked
CD-68 positive mononuclear cells were present as macrophages within the peri-
implantation tissue. (Figure 13B). A small number of MNGCs was detectable;
these cells were mainly localized on the membrane surface and proximal region of
the biomaterial. However, most of these cells were TRAP-negative (data not
shown). Moreover, microvessels were detected in near to the biomaterial (Figure
13C).
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Figure 13: The cellular reaction after 10 days. A: Mononuclear cells started invading the
membrane and were observed within the pores of the membrane (azan staining; x400
magnification; scale bar=20 um). B: CD-68-positive macrophages accumulated on the
biomaterial surface, most of which were TRAP-negative (CD-68 immunohistochemical
staining; x200 magnification; scale bar=100 pm). C: Microvessels were detected in

proximity to the biomaterial (H&E staining; X100 magnification; scale bar=100 um).

This figure was published .

On day 15 after implantation, no evidence of membrane breakdown was
detected. The mononuclear cells infiltrated throughout membrane and reached the
central region of the membrane body (Figure 14A). The number of CD-68-positive
macrophages, which were located in proximity to the biomaterial, was reduced
compared to the number observed on day 10 (Figure 14B). Unlike, the number of
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MNGCs was significantly increased, and these cells were generally TRAP-
negative (Figure 14C). A richly vascularized connective tissue was readily
observed in the peri-implantation area compared with the previous time point.
Nevertheless, the central region of the membrane body remained avascular
(Figure 14D). New connective tissue was generated within the membrane matrix,

as depicted in Figure 14E.
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Figure 14: The cellular reaction after 15 days. A: More mononuclear cells invaded the

membrane and reached the its central region, and the membrane interfibrillar area
contained connective tissue (azan staining; x400 magnification; scale bar=20 um). B:
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Fewer CD-68-positive macrophages were observed in proximity to the biomaterial (CD-68
immunohistochemical staining; x200 magnification; scale bar=100 um). C and D: The
implantation bed showed greater vascularization than at the previous time point. However,
no vessels were found within the central region of the membrane (C: TRAP-negative
MNGCs (black arrow) TRAP staining; x400 magnification; scale bar=20 um, D: MNGCs
(black arrow) and adjacent vessel (red arrow) in Masson’s/Goldner’s trichrome-stained
sections; X200 magnification; scale bar=100 pm). E: The implantation bed showed greater
vascularization than at the previous time point. However, no vessels were observed within

the central region of the membrane (H&E staining; x100 magnification; scale bar=100
pm).

This figure was published ®.

At day 30 postimplantation, the biomaterial was obviously detectable within
the implantation region as a stable structure, and the integrity of the SB membrane
was maintained. At this time point the membrane did not show any signs of
degradation. The host mononuclear cells were allowed to penetrate and distribute
throughout membrane, but the biomaterial maintained its native structure (Figure
15A). Biomaterial-adherent CD-68-positive macrophages were observed in the
peri-implantation region near the implanted membrane interface (Figure 15B). The
number of MNGCs did not display a drastic change. MNGCs were located
adjacent to the membrane surface but were not able to penetrate into biomaterial
central region. Furthermore, the MNGCs did not express TRAP (Figure 15C). A
well-vascularized connective tissue wall was readily observed in the region
surrounding the membrane at this time point (Figure 15D), while additional newly

formed connective tissue was observed within the membrane matrix (Figure 15E).
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Figure 15: The cellular reaction after 30 days. A: The membrane was embedded in the
cell- and vessel-rich host connective tissue and allowed the infiltration of mononuclear
cells and connective tissue into its central region without any degradation (azan staining;
x400 magnification; scale bar=20 um). B: Some CD-68-positive macrophages were
observed in close proximity to the biomaterial (CD-68 immunohistochemical staining; x200
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magnification; scale bar=100 um). C and D: The implantation area exhibited well-
vascularized new connective tissue, while the biomaterial retained its native structure and
included the newly formed connective tissue (C: TRAP-negative MNGCs (black arrow)
TRAP staining; x400 magnification; scale bar=20 um, D: adjacent vessels (red arrows),
Masson’s/Goldner’s trichrome staining; x200 magnification; scale bar=100 um). E: The
implantation area contained well-vascularized new connective tissue, while the biomaterial
retained its native structure and included the newly formed connective tissue (H&E

staining; x100 magnification; scale bar=100 pum).

This figure was published ®.

Animals in the control group, which underwent a sham operation, did not
exhibit signs of macroscopic pathological conditions, i.e., tissue necrosis,
hemorrhage, wound infection or atypical inflammation, and no signs of wound
dehiscence were observed at any time points in the present study (data not
shown). MNGCs were not detected at any time point. Only mononuclear cells were
detected, and a large number of macrophages was observed on day 3. Then, the
number of macrophages showed a significant decrease until day 30. Some
vessels were observed on day 3 and showed a slight increase until day 30 (data

not shown).

3.3.2. Quantitative histomorphometric analysis

3.3.2.1. Evaluation of the membrane thickness over time

The mean SB membrane thickness was measured in the total scanned
micrographs using histomorphometry. The mean thickness of the biomaterial
measured 3 days after implantation was considered the baseline (233.5£29.4 um).
The peak membrane thickness (366.4+104.8 um) was observed on day 10. The
increase in the membrane thickness was statistically significant (**p<0.001)

compared to day 3. At 15 days postimplantation, the membrane thickness
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(366.4+104.8 um) tended to decrease compared to day 10; however, the
difference was not statistically significant. Moreover, a similar thickness was
observed over the course of implantation after 30 days (325.7+51.3 um). The
differences in thickness between days 10, 15 and 30 compared to day 3 were
statistically significant at **p<0.01, *p<0.05 and *p<0.05, respectively. The
differences in thickness for days 10, 15 and 30 were not statistically significant

(Diagram 2).
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Diagram 2: Evaluation of the membrane thickness over time
Statistical significance was defined as p-values */+ p<0.05; **/s p<0.01;
***[eee n<0.001 and ****/esee p<0.0001

This diagram was published 61

56



Consistent with the mean membrane thickness, the analysis of the percent
thickness displayed a similar pattern. The thickness measured on day 3 was
considered the baseline and was set to 100%. The thickness of the biomaterial
increased on day 10 (149.2+13.5%). Fifteen days after surgery, the percent
membrane thickness showed a slight reduction (134.5+12.1%) and then
maintained the thickness until 30 days (139.9+8.2%). The differences in
thicknesses between days 10, 15 and 30 were statistically significant compared to
the value measured on day 3 at ****p<0.0001, **p<0.01 and ***p<0.001,
respectively. The differences for measurements recorded on days 10, 15 and 30

were not significant (Diagrams 2 and 3).
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Diagram 3: Evaluation of the membrane thickness over time as a percentage
Statistical significance was defined as p-values */» p<0.05; **/s» p<0.01;

***[ese n<0.001 and ****/esee p<0.0001

57



This diagram was published ®

3.3.2.2. Evaluation of the number of CD-68 positive cells (macrophages)

The macrophage density was evaluated by performing histomorphometric
measurements of the CD-68-positive cells. The number of CD-68-positive cells
drastically increased from 3 days (33.7+12.5 cells'/mm?) to 10 days after
implantation, and the peak cell density was observed on day 10 (185.9+8.5
cellsimm?), a difference that was statistically significant at ****p<0.0001 compared

to day 3.

At 15 days postimplantation, the cell number (118.9+8.5 cells/mm?2) was
decreased compared to day 10, and the difference was statistically significant
(***p<0.001). On day 30, the macrophage number reached a steady-state value
(109.8+14.4 cells/mm?), as the difference was not significant compared to day 15.
The differences in cell density between days 10, 15 and 30 in comparison to day 3
were highly statistically significant at ****p<0.0001, ****p<0.0001 and
****%n<0.0001, respectively.

Conversely, a greater number of CD-68-positive cells was observed in the
control group than in the test group on day 3 following the surgical intervention
(105.9£16.3 cells'mm?), and the differences between the number of macrophages
observed on day 3 and all other time points were statistically significant
(****p<0.0001).

From day 3 to day 10, the number of macrophages in the control group decreased
rapidly (19.6+3.7 cells/mm?). A similar number of cells was observed on day 15
(12.5%4.2 cells/mm?2) and day 30 (8.9£2.9 cells/mm?2) as on day 10. The different
numbers of macrophages observed between control and test group at each time

point were highly statistically significant (+++*p<0.0001) (Diagram 4).
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Diagram 4: Evaluation of the nhumber of CD-68-positive cell (macrophage)
Statistical significance was defined as p-values */¢ p<0.05; **/s p<0.01;
***[eee p<0.001 @and ****/seee p<0.0001

This diagram was published °*.

3.3.2.3. Evaluation of the multinucleated giant cells number over time

The number of MNGCs was determined histomorphometrically per quadrate
millimeter. After 3 days, no MNGCs were visible in the implantation area of the
membrane. The number of MNGCs increased significantly on day 10 (4.6+1.3
MNGCs/mm?, *p<0.05). Furthermore, the greatest increase in the number of
MNGCs was observed on day 15 (9.3+2.1 MNGCs/mm?2), and a statistically
significant difference was observed in comparison to day 10 (*p<0.05). Then, the
total number of MNGCs exhibited a slight decrease on day 30 (7.2+2.7
MNGCs/mm?); however, the difference was not significant compared to day 15. A
significantly lower number of cells was observed on days 15 and 30 (****p<0.0001
and ***p<0.001, respectively) in comparison to day 3. Membrane-adherent TRAP-

positive MNGCs were generally not detected; therefore, analysis was not
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performed (Diagram 5). MNGCs were not detected in the control group at any time

point during the study.
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Diagram 5: Evaluation of the numbers of multinucleated giant cells over time
Statistical significance was defined as p-values */¢ p<0.05; **/s p<0.01;
***[eee p<0.001 @and ****/seee p<0.0001

This diagram was published ®

3.3.2.4. Evaluation of the vascularization pattern

According to the histomorphometric measurements of the vessel density,
vessels did not grow into the membrane over time, whereas mild vascularization
was observed in the implant beds of the biomaterial on day 3 (6.4+2.8
vessels/mm?). On day 10, the peri-implantation area in the test group showed
rapidly increasing vascularization compared to day 3 (33.7+8.4 vessels/mm?), and
the difference was statistically significant (**p<0.01). Thereafter, the vessel density
was steady (day 15: 35.4+£13.4 vessels/mm?) and slightly increased on day 30

(39.4+8.8 vessels/mm?). However, the difference was not significant compared to
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day 15. Moreover, significantly less vascularization was observed on day 3 than
on days 10, 15 and 30 (**p<0.01 and ***p<0.001, respectively).

In contrast, the control group showed a mild vascularization on day 3
(5.3+2.7 vessels/mmz?), which was comparable to the SB-implanted group. Then,
the vessel density exhibited a gradually increasing trend over the observation time
of the study: at day 10 (5.9+2.2 vessels/mm?), day 15 (6.3+3.8 vessels/mm?2) and
day 30 (10.2+2.1 vessels/imm?2). The different numbers of the vascularization
pattern observed between control and test group at each time point were highly
statistically significant (+++*p<0.0001) (Diagram 6).

dekek
' T ] Bl Symbios
60- conn eene Control
NE (111}
- 40 -
]
N
@
> 204
-
s Bs BT
U' T T T T
o & N &
N N )

Diagram 6: Evaluation of the vascularization pattern
Statistical significance was defined as p-values */+ p<0.05; **/*» p<0.01;
***[eee <0.001 and ****/esee p<0.0001

This diagram was published *

The analysis of the percentage of vascularization in the implantation bed
compared to day 3 (0.2£0.07%) showed a similar pattern, with a substantial

increase on day 10 (1.6+0.06%). The difference was statistically significant
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(***p<0.001). A comparable vascularization rate was observed on day 15
(1.3+0.6%) compared to the values recorded on day 10. In addition, a similar value
was also measured for the percent vascularization on day 30 (1.7+£0.3%).
Compared to the later study time points, a significantly lower percentage of
vascularization was observed on day 3 was than on day 10 (***p<0.001), day 15
(**p<0.01) and day 30 (****p<0.0001) (Diagram 7).

Similar values for the percentage of vascularization were obtained from the
sham-operation group. On the other hand, significant intra-individual differences
were observed compared to the values of the control group recorded at later time
points in the study: day 10 (****p<0.0001), day 15 (**p<0.01) and day 30
(**p<0.01). As on day 10, the evaluation of the vascularization pattern as a
percentage observed between control and test group at each time point were
statistically significant: day 10 (**+p<0.0001), day 15 (**p<0.01),, day 30 (**p<0.01)
(Diagram 7).
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Diagram 7: Evaluation of the vascularization pattern as a percentage
Statistical significance was defined as p-values */¢ p<0.05; **/s p<0.01;
***[ese n<0.001 and ****/esee p<0.0001

This diagram was published **
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4. Discussion

Currently, many biomaterials are used to regenerate bone and soft tissues,
particularly in modern dentistry, which seeks to restore physiological form, function
and aesthetics for patients who are missing teeth. A defined amount of bone is
required for implant placement and integration to optimize tooth restoration and
improve the patient’s quality of life °°. Moreover, periodontal treatments performed
after the presentation of infra-bony defects are repaired by the placement of the
periodontal apparatus, but new supporting tissue does not form. A particular
concern for many patients is increasing gingival recession, which causes cosmetic
problems and tooth sensitivity. One advancement to overcome some of these
limitations is GTR, which is widely used and has healed periodontal tissue by

promoting the formation of new attachment tissue .

This concept is also employed in tumor resection and defect reconstruction
of intraorally located benign or malignant tumors, particularly in patients suffering
from head and neck cancer, who, cause by their decreased life expectancy, must
be rehabilitated to improve their already diminished quality of life. The utilization of
GTR with a collagen membrane results in minimum flap mobilization and improves

the functions of mastication and phonetics, while improving aesthetics .

Based on GTR principles within the host tissue, biomaterials should exhibit
biocompatibility to allow host tissue integration without inducing a foreign body
reaction, proper degradation, and stable integrity and volume of the implanted
tissue region for an appropriate time period to improve tissue regeneration.?"2%%3
In the last decade, collagen-based materials have been introduced as favorable
candidates for GTR applications due to their promising properties, such as their

notable angiogenic potential °*®* and delayed material degradation °°.

However, various collagen-based materials with different specific
characteristics have been used in GTR/GBR. The use of the membrane

66,67

purification method, materials of animal origin (porcine 2®°*®°° bovine and

equine %) different sources for harvesting the material (pericardium °°, dermis **,
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tendon °2) and the manufacturing and processing procedures influence the native
structure. Different biomaterials induce different cellular reactions, depending on

their specific physicochemical properties.

A recently published study evaluated a non-cross-linked collagen material
derived from the porcine peritoneum combined with porcine skin using an in vivo
subcutaneous implantation model in CD-1 mice. According to the histological
findings, the material induced a tissue reaction associated only with mononuclear
cells, such as macrophages, and no signs of MNGCs or premature breakdown
were detectable during the observation period of 60 days. Moreover,
transmembrane vascularization was not detected. These outcomes led the authors
to conclude that collagen-based membranes for GBR applications are permeable
to nutrients through diffusion processes and do not necessarily need membranous

vascularization for good integration into the host tissue *°.

A subsequent study evaluated the tissue response to a noncross-linked
collagen I-lll-based matrix derived from the porcine peritoneum using the same
animal model. The histological analysis showed that the collagen matrix attracted
only mononuclear cells but did not undergo transmembrane vascularization. These
findings were additionally translated to the clinic by performing a histological

analysis of the membrane after application in recession coverage via GTR .

In contrast, two xenogeneic collagen membranes of porcine origin
harvested from different compartments, i.e., the porcine pericardium and dermis,
were investigated using the same in vivo model. Different types of tissue reaction
were observed, as a significant increase in the number of MNGCs was observed
over the study period of 30 days. The presence of MNGCs within the two
noncross-linked, collagen-based biomaterials led to the premature loss of their
native structure and disingration.®** In this context, the cellular reaction to the
different membranes was primarily related to the specific physicochemical

properties of the membrane and processing techniques ®°.

Based on these observations, the present ex vivo and in vivo studies were

performed to investigate a collagen membrane derived from bovine Achilles
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tendon with a specific structural architecture, SYMBIOS®. Histological and
histomorphometric analyses of the implantation bed were utilized in the present
study to evaluate the cellular responses after biomaterial application at different
time points. We particularly focused on the influences of the physiochemical
characteristics on the material on the integration, vascularization and cellular
inflammatory pattern compared to the physiological wound healing observed in the
sham-operation group. In addition, a histomorphometric examination was
performed to quantify the histological results. With the aid of a digital camera and
a computer with suitable software, various measurements were conducted on the
images of the sections. The present study determined the membrane thickness
and the number and area of vessels and MNGCs within the implantation beds .
The histomorphometric examination enabled the quantification of the histological
results, a detailed analysis of the different cells and tissues, and better

comparability of the results and statistical analysis ">"*.

In addition to using biomaterials, a variety of regenerative procedures have
been employed to promote tissue regeneration. The use of PRF was reported as
to be an advantageous, low-cost, biocompatible treatment that exhibited better

wound healing properties **.

Ghanaati et al. further developed PRF by introducing the “low-speed
centrifugation concept (LSCC)” for blood to generate i-PRF *°. Using LSCC, i-PRF
is produced by the centrifugation of blood samples at a relatively low centrifugal
force to provide high numbers of leukocytes, platelets and growth factors such as
transforming growth factor-beta (TGF-31) and vascular endothelial growth factor
(VEGF), as well as platelet-derived growth factor (PDGF) “*~°*. Moreover, i-PRF is
beneficial for clinicians as it can be placed into defects with or without various

biomaterials that have been mixed prior to application >"2.

i-PRF incorporates a liquid fibrinogen matrix with a large number of
platelets and leukocyte as well as plasma protein. This concept was established in
previous studies by our group and used in an ex vivo model to evaluate the

absorbance capacity of collagen membranes °2. The interaction between i-PRF

65



and a sugar cross-linked collagen membrane derived from porcine tendon origin
revealed the utility of i-PRF, a blood concentrate composed of platelets,
leukocytes and growth factors suspended in liquid fibrinogen as a potential tool for
investigations of capacity of the biomaterial to absorb plasma proteins and to
incorporate human cells. Additionally, some details regarding initial cellular
interactions with the biomaterial have been determined using this ex vivo model.
Furthermore, in this study, the sugar cross-linked membrane was imperiable to
leukocytes and platelets from the i-PRF ex vivo, and similar results were obtained

for cellular penetration in vivo 2.

Therefore, in the ex vivo experiments reported in the present study, the
evaluation of the membrane permeability of the biomaterial and the initial
penetration of human cells into the biomaterial were emphasized using i-PRF. i-
PRF was employed to imitate the clinical scenario, in which first contact occurs
with components of the peripheral blood following placement of the membrane into
the implantation region. Based on the results from the ex vivo experiment in the
present study, the biomaterial absorbed i-PRF, showing leukocyte and platelet
infiltration throughout the SB. Moreover, a fibrin clot was observed within its
porous structure. Therefore, the biomaterial permitted cellular penetration in the
early period. In contrast, the application of this method for the evaluation of a
sugar cross-linked porcine-derived collagen membrane showed cellular
impermeability, as the membrane did not allow the cells and fibrin present in the i-

PRF to penetrate into the membrane 2.

Our ex vivo findings are consistent with the in vivo results from the present
study, in which histological analysis detected murine inflammatory cells within the
biomaterial over the study period of 30 days, without signs of membrane
breakdown. Accordingly, the histomophometric analysis of the membrane
thickness showed a substantial increase in the SB thickness from days 3 to 10,
and the thickness was then maintained. Thus, the SB membrane allowed host
cells and connective tissue to enter the membrane body. Simultaneously, the

specific membrane structure, such as its pore system and interfibrillar
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compartments, provided space for the infiltration of host cells and connective

tissue without undergoing biodegradation or disintegration.

The histological analysis of the tissue response to the bovine Achilles
tendon-derived SB collagen biomaterial showed that the early cellular reaction to
the membrane was mainly represented by mononuclear cells. Three days after
implantation, some CD-68-positive macrophages were observed on the SB
surface. The mid-term cellular reaction on day 10 was characterized by an
increasing number of CD-68-positive cells compared to day 3. Additionally, some
MNGCs were observed on the biomaterial surface at this time point, accompanied
by significantly increased vascularization. The control group reflects the
physiological process of wound healing. MNGCs were not detected in the control

group, but a gradual increase in vascularization was observed over time.

At the evaluation of the mid-term cellular reaction on day 15, a different
pattern of inflammation was observed. Thereby, macrophages decreased
significantly in number compared to day 10, whereas the number of MNGCs was
significantly increased. This significant reduction in the number of CD-68 cells on
days 10 and 15 in the SB group may be related to different explanations. One
explanation may be the life time of macrophages during the wound healing as a
physiological process. This is supported by the observation of a decreased
number of macrophages also in the control group. Further explanation may be that
the persistence of macrophages although in a smaller number than day 10 but still
higher than the control group that may be refered to a different macrophages type,
that is not only involved in the wound healing but also in the formation of MNGCs
3 In this process in macrophages undergo fusion to creat MNGCs after fail to
phagocytize the implanted foreign biomaterial "*. These MNGCs possess an
enhanced oxidative capacity. Therefore, the dynamic changes observed in the
numbers of macrophages and MNGCs in the present study might have been due

to their fusion and the process of MNGC formation.

At the last observation time point on day 30, the numbers of macrophages
and MNGCs did not show significant changes. These findings were similar to the
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rate of vascularization, which did not exhibit significant changes after day 10. One
interesting finding was the interrelation the number of MNGCs and the
vascularization rate. Both increased significantly from day 3 to 15 alike. The
presence of MNGCs might explain the substantial increase in the vascularization
of the peri-implanted region, as these cells have the potential to express
proangiogenic signal molecules (VEGF), which apparently contributes to increased

d ™ MNGCs and vascularization were

vascularization in the implantation be
similarly observed within the implantation beds of different biomaterials, including
synthetic and xenogeneic bone substitute materials and membranes, in previous
studies >*™>"". Based on the data from the present study, the formation of MNGCs
and enhanced vascularization are circumstantial evidence of a foreign body

reaction 879,

MNGCs are an indication of a foreign body reaction to several biomaterials,

54 8 and different

including collagen-based biomaterials ~*, silk-based polymers
synthetic and xenogeneic bone substitute materials®’. However, the biomaterial-
induced MNGCs share common characteristics with disease-related MNGCs
(Langerhans’ MNGCs) present in patients with tuberculosis and sarcoidosis, such
as morphology, the number of nuclei, and the expression of surface proteins (e.g.,
CD-68, Integrin B1/2 and HLA-DR) ™. Therefore, a remaining question is whether
the presence of MNGCs should be accepted as a biomaterial-induced cellular

reaction or an adverse reaction.

In the simulated physiological wound healing in the control group employed
of this study, mild vascularization without an appearance of MNGCs was detected.
Several biomaterials, such as noncross-linked bilayer porcine dermis- and
peritoneum-derived collagen membranes, have been reported to elicit a
physiological mononuclear cell reaction and maintain their initial structure
throughout the study time of 60 days. This collagen matrix allowed slow
penetration into the biomaterial superficial layer but served as a functional barrier

53

within its central region and allowed integration within the host tissue °°. In

contrast, the SB membrane allowed the host mononuclear cells to gradually
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penetrate towards the membrane central region without undergoing disintegration
until a later time point. MNGCs were detected only on the biomaterial interface and
were not able to enter the membrane body, similar to neo-vessels. The

vascularization was merely enhanced in the peri-implanted area.

Notably, two different inflammatory responses, mononuclear cells and
MNGCs, were induced by the SB. This specific inflammatory pattern may be
beneficial in recruiting the vasculature to the implantation region without causing
any signs of membrane breakdown. This effect might be explained by the
membrane-specific architecture of the biomaterial, namely, a loose structure with
detectable porosity, which allowed the mononuclear cells to migrate into the center
region and integrate within the biomaterial to prevent over-accumulation on the
surface, resulting in a lower number of MNGCs. Additionally, despite the presence
of MNGCs, the SB membrane maintained its integrity over 30 days and allowed
only mononuclear cells to enter its central region while resisting the MNGCs.
Additionally, no signs of degradation were detected over the evaluation time
period. Studies aiming to elucidate whether the presence of MNGCs will lead to a
classical foreign body reaction and encapsulation of the biomaterial or whether
these cells would provide any contribution to the degradation process of the
biomaterial leading to its resorption will be interesting.

However, the porcine-derived non-cross-linked collagen-based biomaterial
induced a foreign body reaction, as the biomaterial induced the formation of
MNGCs and vessel-rich granulation tissue in combination with disintegration by
premature ingrowth of the peri-implanted connective tissue >*°°. In contrast, the
bovine-origin biomaterial used in the present study did not exhibit signs of
premature breakdown or disintegration in terms of loss of the native structure until
the later phase of the study. Various animal-derived collagens harvested from
specific compartments might elicit different levels of pro-inflammatory reactions.
Moreover, the use of different manufacturing procedures and purification methods
might change the surface characteristics of the native collagen structure in the

biomaterial, which would result in different biomaterial degradation or host tissue
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integration patterns.>*®? However, an additional long-term study is required to
determine the cellular reaction and the consequences of inducing MNGCs, to
understand the degradation pattern of this resorbable biomaterial, and to

overcome the limitations of the present study.

Another naturally derived biomaterial composed of silk fibroin exhibited a
membrane-induced formation of MNGCs and transmembrane vascularization, as
well as a breakdown of the membrane integrity after 60 days. However, silk fibroin
induced only the formation of TRAP-positive MNGCs, which suggests pro-
inflammatory activity ?® In contrast, in the present study, we mainly observed
TRAP-negative MNGCs, which might represent a different MNGC type, as the
biomaterial remained an intact barrier. This difference might affect the host cellular
response through subsequent polarization of macrophages and alterations in their
cytokine expression patterns, which might influence their fusion into MNGCs 8223,
However, further studies are needed to determine the interplay between
differentially activated macrophages and the formation of MNGCs in an attempt to
obtain more in-depth knowledge of mononuclear cell and MNGC activation and

polarization.

Finally, the appearance of MNGCs on the SB interfaces, which reflects a
foreign body reaction to the biomaterial, did not lead to a loss of membrane
integrity. Based on the observed results, the SB membrane might exert a
beneficial effect on the regenerative ability of the penetrating host cells instead of
a scaffold serving to promote tissue regeneration in GTR. Interestingly, in an
animal study using a tooth dehiscence model for periodontological regeneration,
the capability of a bovine Achilles tendon-derived collagen biomaterial to
regenerate the lost periodontal apparatus was comparable to a noncross-linked
porcine-derived collagen membrane, which resulted in a significant increase in
bone formation and connective tissue attachment *°. Furthermore, according to a
clinical study, bovine-derived collagen membranes are suitable for successful root

coverage as a scaffold and good recipient connective tissue integration >*.
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Additionally, further investigations based on the present findings are
necessary to elucidate the types of biomaterial-related MNGCs, the molecular
mechanisms by which MNGCs contribute to the regenerative process induced by
biomaterials and whether MNGCs should be accepted as a physiological reaction
or considered a pathological reaction. Currently, numerous biomaterials are
available for clinicians to use in GTR/GBR. However, the clinical suitability of
different biomaterials for each tissue and each patient is very important. These
findings are highly clinically interesting for an evaluation of the clinical suitability of
different biomaterials and definition of suitable indications with respect to the

physicochemical properties of the biomaterial.
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5. Conclusion

The present study was designed to analyze the cellular reaction to a novel
collagen membrane derived from bovine Achilles tendon. The biomaterial
permitted cellular penetration in the early period ex vivo, as evidenced by the
leukocyte and platelet infiltration throughout the collagen membrane and the

presence of a fibrin clot within its porous structure.

Histologically, the membrane preserved its native structure over 30 days
without undergoing disintegration. Moreover, the tissue response showed an initial
reaction of mononuclear cells and induced MNGCs beginning on day 10, whereas
no MNGCs were detected within the control group that reflected the physiological
process of wound healing. Afterwards, the macrophage number, which was
detected by CD-68 staining, was significantly decreased compared to day 10.
However, the number of MNGCs was significantly increased compared to day 10,
indicating that macrophages had fused to form MNGCs, which were only located
on the membrane surface. The presence of MNGCs was accompanied by a
significant increase in the vascularization in the peri-implantation area. No signs of
transmembrane vascularization was detected. MNGCs were detected only on the
biomaterial interface. These cells were mainly TRAP-negative MNGCs that were
not able to enter the membrane body over the study period. These characteristics
indicated a foreign body reaction to the biomaterial surface. However, the role of
the MNGCs induced by this biomaterial requires further investigation. Furthermore,
the biomaterial absorbed proteins and allowed cells to penetrate its central region
following the application of i-PRF ex vivo. Hence, the increase in thickness reflects
the capacity of the membrane to incorporate the host cells and connective tissue
to form a scaffold without undergoing any signs of breakdown or disintegration in
vivo. Based on these findings, further studies are needed to investigate whether
the occurrence of MNGCs represents a physiological biomaterial-related cellular

reaction or an adverse reaction.
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6. Zusammenfassung

Die vorliegende Studie hatte das Ziel, die Gewebereaktion von Symbios®
resorbierbarer Kollagenmembran SR, welches von der Achillessehne aus Rindern

stammt, mit der physiologischen Wundheilung als Kontrollstudie zu vergleichen.

Anhand einer Ex-vivo-Analyse wurde unter Verwendung von injizierbaren
Plattchen-reichem  Fibrin  versucht, die Membranpermeabilitat und die
Wechselwirklungen mit  menschlichen Zellen und Plasmaproteinen zu
untersuchen. Das injizierbare Plattchem-reiche Fibrin ist dabei ein Blutkonzentrat,
das von zentrifugiertem menschlichem peripherem Blut stammt und zusatzlich
Fibrin, Leukozyten und Blutplattchen enthalt. In einer In-vivo-Tierstudie bei Wistar-
Ratten erfolgte die subkutane Implantation von Symbios, um die zellulare Reaktion
bis zu 30 Tage nach erfolgter Membranimplantation zu bewerten. Dabei wurden
auf histochemischer, immunhistochemischer und histomorphometrischer Ebene
Analysen  durchgefihrt, um die zellulare Entzindungsreaktion, das

Vaskularisierungsmuster und die jeweilige Zellinfiltratonsfahigkeit zu bestimmen.

Im Ex-vivo-Teil der Studie konnte die Kollegenmembran nach 15 Minuten
von Leukozyten, Plattchen und Fibrin aus dem i-PRF penetriert werden. Innerhalb
der ersten drei Tage der Beobachtungszeit konnten nur mononukledre Zellen
beobachtet werden. 10 Tage spater konnten multinukleare Riesenzellen (MNGCs)
in der Kollagenmembran induziert werden. Eine hohe Anzahl von CD-68-positiven
Zellen (Makrophagen) konnte ab dem 3. Tag nachgewiesen werden, welche bis
zum 30. Tag jedoch wieder abnahm. Zusammen mit der Reduktion der CD-68-
positiven Zellen nahm die Anzahl der MNGCs signifikant zu. Die Anwesenheit von
MNGCs zeigte auch eine signifikant erhdhte Vaskularisierungsdichte. Innerhalb
der zentralen Region der Membran dagegen, wurden nur mononukledre Zellen
(MNCs) ohne jegliche Vaskularisierungen beobachtet. Die Kontrollgruppe
spiegelte den physiologischen Prozess der Wundheilung wider, da keine Bildung
von MNGCs Uber 30 Tage beobachtet wurde, zusammen mit einer signifikant

niedrigeren Vaskularisierung, verglichen mit der Testgruppe.
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Die Ergebnisse spiegelten dabei die dynamischen Veradnderungen der
zellularen Reaktion, welche die Beziehung zwischen der Makrophagenfusion und
der MNGCs-Bildung, sowie die Vaskularisierung im Bereich der Kollagenmembran
auf eine Fremdkorperreaktion zeigten. Die Kollagenmembran konnte ihre Struktur
und Integritat Gber die Zeit beibehalten, indem sie aufgrund ihrer spezifischen
Porositatsmembranstruktur keine Anzeichen eines vorzeitigen Zusammenbruchs

und Zerfalls zeigte.

In diesem Sinne muss hinterfragt werden, ob die Biomaterial-induzierten
MNGCs als eine Biomaterial-induzierte zellulare Reaktion akzeptiert werden kann,
welche in der Lage ist, eine Vaskularisation zu induzieren oder eher als
Nebenwirkung zu betrachten. Daher sind umfangreiche praklinische und klinische
Studien notwendig, um die Art von MNGCs zu untersuchen, die durch dieses

spezifische Membranmaterial hervorgerufen werden.
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7. Summary

The present study aimed to assess the tissue response to the SYMBIOS®
resorbable collagen membrane SR, which is derived from bovine Achilles tendon,
and compare it to the physiological wound healing of a sham operation as a

control.

An ex vivo analysis was performed using injectable platelet-rich fibrin (i-PRF), that
is gained by the centrifugation of human venous blood and contains fibrin,
leukocytes and platelets, to elucidate the membrane permeability and interactions
with human cells and plasma proteins. In the in vivo study, a subcutaneous
implantation model was established in Wistar rats to evaluate the cellular reactions
for up to 30 days after membrane implantation. Histochemical,
immunohistochemical and histomorphometric analyses were performed to assess
the cellular inflammatory response, vascularization pattern and cell infiltration

capacity.

In the ex vivo study, i-PRF components including fibrin, leukocytes and platelets
penetrated the membrane after just 15 minutes. Within the observation period, the
cellular reaction in the early phase, which included the first 3 days, produced only
mononuclear cells. From 10 to 30 days , the formation of multinucleated giant cells
(MNGCs) was induced by the collagen membrane. CD-68 positive cells
(macrophages) occurred in a high number on day 3, and the number decreased
over time up to day 30. Along with the reduction in the number of CD-68 positive
cells, the number of MNGCs increased significantly. The presence of MNGCs was
accompanied by significantly increased vascularization within the central region of
the membrane, and only mononuclear cells (MNCs) did not produce
vascularization. In contrast, the accumulated MNGCs were located on the
membrane surface. The control group reflected the physiological process of
wound healing, as MNGCs did not form over the 30 day period, and a significantly

lower level of vascularization was observed compared with the test group.
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This finding showed dynamic changes in the cellular reaction, which indicated a
relationship between macrophage fusion and MNGC formation, and
vascularization of the collagen membrane is circumstantial evidence of a reaction
to a foreign body. However, the collagen membrane was able to maintain its
structure and integrity over time, showing no signs of premature breakdown and

disintegration due to the specific porosity of its membrane structure.

Therefore, we questioned whether the biomaterial-induced formation of MNGCs
should be accepted as a biomaterial-induced cellular reaction that is able to
restore vascularization or as an adverse reaction. Therefore, extensive preclinical
and clinical studies are needed to investigate the type of MNGCs that form in

response to the membrane material studied here.
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