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l. Zusammenfassung

Die gesteuerte Knochenregeneration (GBR) ist eine etablierte Technik in der
Oral- und Kieferchirurgie, um Knochenwachstum in Bereichen zu fordern, in de-
nen Hartsubstanz verloren gegangen ist. Die Methode basiert auf der Verwen-
dung von Barrieremembranen, die das Wachstum von Weichgewebe in das De-

fektareal verhindern und somit eine Knochenregeneration erleichtern.

Kollagenbasierte Barrieremembranen sind ein wesentlicher Bestandteil von
GBR-Verfahren. Sie wirken als zellokklusive aber dennoch langfristig resorbier-
bare Vorrichtungen, die ein Mikromilieu aufrechterhalten sollen, in dem Knochen-
gewebe wachsen kann. Dies bietet ein stabiles Bett fir zahnarztliche Implantate.
Ein haufiges Problem bei nativen Membranen ist ihre vorzeitige Resorption. Zur
Verbesserung der strukturellen Integritdt und Verlangerung der Standzeit von
Membranen wurden Konsolidierungstechniken wie die chemische Vernetzung
eingesetzt. Diese Techniken kdnnen jedoch zytotoxische Tendenzen haben und
zu UbermaRiger Entzindung, vorzeitiger Resorption und Materialversagen fuh-

ren.

Fir die vorliegende in vivo Studie wurde eine neue Kollagenmembran auf Basis
der bovinen Dermis experimentell hergestellt und mit einer kommerziell erhaltli-
chen, aus dem Perikard stammenden, porcinen Kollagenmembran verglichen.
Die Membranen wurden bis zu 60 Tage in Wistar-Ratten implantiert. Die Analy-
sen umfassten etablierte histopathologische und histomorphometrische Metho-
den, einschliel3lich histochemischer und immunhistochemischer Farbetechniken

zur Detektion von M1- und M2-Makrophagen und Blutgefalen.

Die Ergebnisse zeigten, dass beide Membranen bis zum 30. Tag intakt blieben,
wahrend die bovine Membran am 60. Tag fragmentierte und Granulationsge-
webe die Implantationsstellen infiltrierte. Im Gegensatz dazu blieb die porcine
Membran stabil, ohne Anzeichen materialbedingter Entziindungsprozesse. Die
bovine Membran zeigte ein spezielles Integrationsmuster, bei dem die Frag-
mente Uberlappten und eine sekundare Porositat in Kombination mit einer trans-
membranen Vaskularisierung aufwiesen. Insgesamt zeigte die bovine Membran
vergleichbare Ergebnisse zur porcinen Kontrollgruppe hinsichtlich der Biokompa-
tibilitdt. Jedoch weist die bovine Membran eine kurzere Standzeit auf. Zudem

wurden vermehrt Blutgefale innerhalb der bovinen Membranen gefunden, was



eine zusatzliche Funktionalitat bieten konnte, die porcine Barrieremembranen
nicht aufweisen.

Far zahnarztliche und kieferchirurgische Anwendungen konnte die fruhzeitige
Fragmentierung der Rinderhaut-Membran vorteilhaft sein, und eine Alternative

zur kommerziell erhaltlichen porcinen Membranen darstellen.



| Summary

Guided Bone Regeneration (GBR) is a critical technique in oral and maxillofacial
surgery to promote bone growth in areas where bone has been lost or damaged.
This method uses barrier membranes to prevent soft tissue growth into the defect
area, thereby enabling bone regeneration. Collagen-based barrier membranes
are an essential component of GBR procedures. They act as cell-occlusive de-
vices to maintain a microenvironment conducive to bone tissue growth, providing
a stable bed for dental implants. A common issue with native membranes is their
premature resorption. Consolidation techniques such as chemical cross-linking
have been used to enhance the structural integrity and prolong the lifespan of
these membranes. However, these techniques can have cytotoxic tendencies,

leading to excessive inflammation, premature resorption, and material failure.

In the present in vivo study, a new collagen membrane based on bovine dermis
was extracted and compared to a commercially available porcine-sourced colla-
gen membrane derived from the pericardium. The membranes were implanted in
Wistar rats for up to 60 days. The analyses included well-established histopatho-
logical and histomorphometric methods, including histochemical and immuno-
histochemical staining techniques to detect M1- and M2 macrophages and blood

vessels.

The results showed that both membranes remained intact up to day 30, while the
bovine membrane fragmented at day 60 with granulation tissue infiltrating the
implantation sites. In contrast, the porcine membrane remained stable without
signs of material-dependent inflammatory processes. The bovine membrane ex-
hibited a unique integration pattern, with overlapping fragments providing sec-
ondary porosity in combination with transmembrane vascularization. Overall, the
bovine membrane demonstrated comparable results to the porcine control group
regarding biocompatibility, but exhibited a shorter lifespan than the porcine mem-
brane. Due to the early fragmentation, blood vessels were found within the bovine
membranes, offering an additional functionality that porcine barrier membranes

do not provide.

For dental and maxillofacial applications, the earlier fragmentation of the bovine
dermis membrane could therefore be advantageous, presenting an alternative to

commercially available porcine membranes.
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Einleitung

1 Einleitung

Die Heilung von knochernen Defekten im Kieferbereich, die Augmentation von Kiefer-
knochen vor der Insertion von Zahnimplantaten oder die Heilung parodontaler Defekte
kann mit Eigenknochentransplantaten, oder alternativ mit Biomaterialien durchgeftihrt
werden. Die Anwendung von Biomaterialien wird bereits fir die Verfahren der Guided
Bone Regeneration (GBR) bzw. Guided Tissue Regeneration (GTR) seit Jahrzehnten
erfolgreich durchgefuhrt (66).

Bei der GBR kommen neben Knochenersatzmaterialien (KEM) auch sogenannte Bar-
rieremembranen zum Einsatz. Barrieremembranen dienen der Abgrenzung des
Weichgewebes von dem darunterliegenden Knochen bzw. Knochengewebedefekt.
Diese Barriere mittels einer Membran ist notwendig, um schnell proliferierende Epithel-
und Bindegewebszellen von den langsam proliferierenden Zellen wie Osteoblasten
und parodontalen Zellen zu trennen, damit sich das neu bildende Gewebe ohne das
Einsprossen von Weichgewebe ungestort regenerieren kann (15). Als weiterer wichti-
ger Faktor hat sich in den vergangenen Jahren die Stabilisierungsfunktion des KEM

durch die Membran gezeigt (1, 2).

Die GTR betrifft auch die Rekonstruktion parodontaler Strukturen. Im Rahmen paro-
dontal-chirurgischer Malinahmen wird die Barrieremembran zwischen dem umgeben-
den Gingivaepithel des Zahnes sowie dem Alveolarknochen platziert, um den paro-
dontalen Strukturen die notwendige Zeit und den Raum zur Regeneration zu bieten.
Eine gezielte Platzierung verhindert, dass schnell wachsendes Gingivaepithel in den
Defektbereich eindringt und ermdglicht es dem parodontalen Ligament und dem Alve-

olarknochen, sich ohne Konkurrenz durch Weichgewebe zu regenerieren (3-7).

Ein haufiges Problem bei der Verwendung von Barrieremembranen im Rahmen der
GBR und/oder GTR stellt die Standzeit und die Biokompatibilitat der verwendeten Ma-
terialien dar. Natlurliche Membranen, wie sie haufig aus Kollagen gewonnen werden,
neigen zur vorzeitigen Resorption, was den Regenerationsprozess beeintrachtigen
kann. Daher werden verschiedene Techniken zur Verbesserung der Membranstand-
zeit und -integritat entwickelt, darunter auch die chemische Vernetzung. Allerdings
kénnen diese Methoden auch unerwiinschte Nebenwirkungen wie Entzindungen und

Zytotoxizitat verursachen (8). Neue Entwicklungen und Forschungen, wie die
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Untersuchung boviner Kollagenmembranen, bieten vielversprechende Alternativen zu
herkdbmmlichen Materialien und kénnten zuklnftig die Behandlungsmaoglichkeiten in

der oral- und kieferchirurgischen Praxis erweitern (9, 10).

Zu Beginn der Etablierung von GTR- und GBR-Verfahren wurden zunachst nicht re-
sorbierbare Materialien flur Barrieremembranen eingesetzt (11, 12). Vor allem expan-
diertes Polytetrafluorethylen (ePTFE) war zunachst das Material der Wahl (12-14). Je-
doch hatte diese Materialgeneration den entscheidenden Nachteil, dass ein zweiter
Eingriff zum Entfernen der Membran erforderlich war. Daher wurden alternative Bio-
materialien entwickelt, deren Einsatz diesen zweiten Eingriff Gberflissig macht, was
zur erweiterten Entwicklung resorbierbarer Materialien flhrte. Neben verschiedenen
synthetischen Polymeren wie Polyglycolsaure (PGA) und Polylactiden bzw. Polymilch-
sauren (PLA), die sich bis heute aufgrund ihrer eingeschrankten Bio- und Gewebever-
traglichkeit nicht als geeignet erwiesen haben, setzten sich vor allem die naturlichen
Polymere in der Zahnmedizin durch (10). Darunter nimmt Kollagen aufgrund seiner
vielfach nachgewiesenen guten Einheilung, die nach wie vor den ,natirlichen Eigen-

schaften® dieses Biomolekuls zugeschrieben wird, die Hauptstellung ein (4, 15-17).

Kollagen macht als Strukturprotein 30 % der Proteine im menschlichen Kérper aus und
ist damit das haufigste Peptid des menschlichen Kérpers (18). Die 30 % verteilen sich
auf alle Gewebe und Organe wie beispielsweise Sehnen, Zahne, Haut und Knochen
(18). Als Strukturprotein dieser Gewebe ist das Kollagen an diversen (molekular-) bio-
logischen Vorgangen beteiligt (17, 19-21). So ist es in physiologische Vorgange wie
die Angiogenese, die Zelladhasion und Zellmigration sowie die Gewebemorphoge-

nese und die Gewebereparatur maf3geblich eingebunden (20, 22-27).

Zudem ist Kollagen — insbesondere das Kollagen vom Typ | - ein sogenanntes konser-
vatives Molekul, was bedeutet, dass es die Molekulstruktur und in diesem Falle die
Triple-Helix-Struktur in vielen Spezies vergleichbar ist (28). Dies flhrte zu der An-
nahme, dass vor allem das Kollagen als Grundlage fur Biomaterialien fir ver-
schiedenste Applikationen optimal geeignet ist, da es eine geringe Immunreaktivitat
und gute Vertraglichkeit zwischen den Spezies aufweist (29, 30). Jedoch ist auf Grund
neuerer molekularbiologischer Untersuchungen mittlerweile bekannt, dass beispiels-
weise die Zusammensetzung der terminalen Regionen des Kollagenmolekuls zwi-
schen den Spezies variieren (31, 32). Daher wurden diese Regionen in einigen Kol-

lagen-basierten Biomaterialien entfernt, um die immunologische Immunakzeptanz zu
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steigern (33). Weiterhin beinhaltet der zentrale Bereich der Kollagenmolekilhelix Are-
ale, welche als Antigen wirksam sein kénnen (32, 34). Aus diesem Grund ist nicht nur
die Testung der Gewebevertraglichkeit, sondern eine tiefergehende Testung der Im-
munogenitat neuentwickelter kollagenbasierter Biomaterialien von entscheidender Be-

deutung.

Ebenso muss erwahnt werden, dass die aus tierischen Quellen gewonnenen Gewebe
zur Kollagenextraktion aufgereinigt werden mussen, bevor sie als Biomaterial am Men-
schen angewendet werden kdnnen (35, 36). So enthalten alle Gewebe immunologisch
wirksame Bestandteile, welche eine AbstolRungsreaktion induzieren und damit die er-
folgreiche klinische Applikation gefahrden kénnen (37-39). Folglich ist die Testung der
Aufreinigung und der Immunreaktion auf eine Membran ebenfalls von entscheidender

Bedeutung.

Ferner ist bekannt, dass physikalische Materialcharakteristika wie Porositat oder Ober-
flachenrauigkeit, sowie chemische Eigenschaften wie beispielsweise die Oberfla-
chenladung, inflammatorische Gewebereaktionen gegenuber einem Biomaterial be-
einflussen konnen (40-44). Die Durchfuhrung einer materialinduzierten Fremdkorper-
reaktion stellt in der Entwicklung von Medizinprodukten eine grof’e Herausforderung
dar. Um die Funktionalitat des finalen Medizinproduktes sicher zu stellen, muss ein
ausgewogenes bzw. angepasstes Ausmal} der materialinduzierten Reaktionskaskade

durchgefuhrt werden.

Es wurde beschrieben, dass sich Kollagenmembranen fir die GBR/GTR durch die Ak-
tivierung von Fibroblasten, Makrophagen und eosinophilen Granulozyten optimal in
das Wirtsgewebe integrieren sollten, was als ,turn-over” des Kollagens angesehen
wird. Das sollte zu einem Ersatz der implantierten Membranen durch vitales Weich-
gewebe fuhren (45). Im Gegensatz dazu wurden Membranen, die eine Fremdkorper-
reaktion hervorrufen - einschlieRlich biomaterialinduzierter mehrkerniger Riesenzellen
(MRZ) - als ,bioinkompatible“ Biomaterialien beschrieben (46, 47). Die meisten Kol-
lagenmembranen, die in der taglichen klinischen Praxis verwendet werden, induzieren
eine entzundliche Gewebereaktion, die Uber die zellularen Elemente der Fremdkorper-
reaktion zu ihrem turn-over fuhrt (48, 49). Zu den Immunmechanismen, die den zell-
vermittelten Abbau von kollagenbasierten Membranen auslosen gehoren vor allem die
Aktivierung phagozytierender Zellen wie Makrophagen (41, 50, 51). Die beim Abbau

von Biomaterialien aktivierten Makrophagen werden anhand ihres Expressionsprofils
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in zwei Phanotypen eingeteilt: proinflammatorische M1-Makrophagen (klassisch akti-
vierte Makrophagen) oder anti-inflammatorische M2-Makrophagen (alternativ akti-
vierte Makrophagen) (52). Der M1-Phanotyp ist vor allem in der fruhen Phase prasent
und am Materialabbau beteiligt, d.h. typischerweise 3-4 Tage nach der Verletzung.
Danach andert er seine Polarisierung in den M2-Phanotyp, was zur Heilung des Ge-
webes fihrt (52-55).

Die geringe Zellmembrankapazitat von Makrophagen fuhrt zur Fusion zu MRZ, die es
dem Organismus ermdoglichen, groRere Fremdkorper oder Biomaterialien bzw. Bioma-
terialfragmente zu phagozytieren (52). lhr Vorkommen im Implantationsbett eines Bio-
materials galt zwar lange Zeit als Indikator fir die Bioinkompatibilitat eines Materials
(47, 56). Neuere Ergebnisse belegen jedoch, dass diese Zellen sowohl pro- als auch
anti-inflammatorische Molekule im Implantationsbett verschiedener Biomaterialien ex-
primieren (57-61). DarlUber hinaus kann das Vorhandensein von MRZ zu einer Memb-
ranfragmentierung und -desintegration flihren, die mit einem vorzeitigen Einwachsen
des umgebenden Wirtsgewebes einhergeht, wahrend die MRZ-Induktion mit einer ver-

starkten transmembrandsen Vaskularisierung verbunden war (62).

In diesem Zusammenhang stellt das Erreichen eines Gleichgewichts zwischen dem
Zeitpunkt des Abbaus und dem Gewebeheilungsprozess wahrend der Applikation ei-
ner resorbierbaren GBR/GTR-Membran eine gro3e Herausforderung dar. Aufgrund
des zu erreichenden klinischen Ziels, also der erfolgreichen Knochen und/oder Weich-
gewebsreaktion, ist es daher wunschenswert, dass die Membranresorption in der Zeit
zwischen vier Wochen und wenigen Monaten erfolgt (63-65). Klinische Indikationen
wie grof3volumige und mehrdimensionale Kieferknochendefekte erfordern Membranen

mit einer langeren Standzeit (12, 64).

Die Auswahl anderer Ursprungsgewebe wie Dermis, Sehnen oder Herzbeutel und
auch unterschiedlicher tierischer Quellen, z.B. Schweinemembranen oder Rinder-
membranen, kdnnen das Abbauverhalten und die Gewebereaktionen mit unterschied-
lichem Erfolg beeinflussen (46, 66-68).

Eine Membran sollte ein spezielles Abbaumuster bei einer mafigen pro-inflammatori-
schen Gewebereaktion induzieren. Jedoch sollte die Membran nach neuesten Er-
kenntnissen weiteren Anforderungen entsprechen, die die Geweberegeneration unter-
stiitzen kénnen. In diesem Zusammenhang verdffentlichten Omar et al. einen Uber-

sichtsartikel, der sich mit der mdglichen Rolle von GBR-Membranen als bioaktive
4
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Kompartimente zusatzlich zu ihrer etablierten Rolle als Barrieren befasste (69). Es
konnte demonstriert werden, dass Barrieremembranen bioaktiv zur Knochenregene-
ration beitragen kdnnen, da die zellularen und molekularen Aktivitaten gegenliber den
Membranen eng mit der Knochenregenerationskaskade verbunden sind. Dabei hat
sich gezeigt, dass die daruber liegende Kollagenmembran und insbesondere die Ver-
besserung ihrer Vaskularisierung eine entscheidende Rolle fur eine erfolgreiche Kno-
chengeweberegeneration spielt (70). Die transmembranose Vaskularisation soll je-
doch ein komplettes Vaskularisationsmuster - auch ausgehend vom Uberlagernden
Weichgewebe - ermdglichen, welches ein schnelles Einwachsen der Gefalde in die

Augmentatseite begunstigen kann.

Daruber hinaus konnte dargestellt werden, dass die Interaktion eines resorbierbaren
Biomaterials wie einer Barrieremembran insbesondere mit Makrophagen entschei-
dend fir die klinische Eignung eines Implantates ist. Die Makrophagen spielen hierbei
nicht nur als phagozytierende Zellen, sondern auch in der Gewebereaktionskaskade
eine entscheidende Rolle, da sie ein breites Spektrum von Signalmolekullen absondern
(70). Insgesamt bestimmt die Polarisierung von Makrophagen, d.h. ihr allgemeines Ex-
pressionsprofil, das eine funktionelle Einteilung in pro-inflammatorische M1- und anti-
inflammatorische M2-Subtypen erlaubt, das jeweilige regenerative Ergebnis durch das
eingesetzte Biomaterial erhaltene klinische Ergebnis (71-73). Daher ist es von grol3er
Bedeutung, sowohl die Gewebevertraglichkeit als auch das Integrationsmuster von Bi-
omaterialien wie Barrieremembranen in praklinischen Studienmodellen zu testen, um
die klinische Funktionalitat und die Wechselwirkungen solcher Materialien mit dem Im-

munsystem fur die Translation in die klinische Anwendung vorherzusagen.

Nach der Norm DIN EN ISO 10993-6 mussen Implantate in vivo durch Erstimplantation
im subkutanen Implantationsmodell in Kleintieren getestet werden (74), da ihre Im-
munantwort der des Menschen am ahnlichsten ist. Es hat sich vielfach gezeigt, dass
eine Analyse der Immunantwort auf Biomaterialien, insbesondere kollagenbasierten
Membranen, durch den immunhistochemischen Nachweises von Makrophagen-Sub-
typen und ihrer histomorphometrischen Quantifizierung eine detailliertere Biokompati-

bilitatsanalyse ermdglicht (75).

Ziele der Arbeit
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In der vorliegenden Studie werden die Biokompatibilitat, das Gewebe-Integrationsver-
halten, die Immunantwort und das Vaskularisationsmuster einer neuartigen, aus Rin-
derhaut gewonnenen Membran untersucht. Ziel ist es, ihre Funktion als Alternative zu
kommerziell erhaltlichen Barrieremembranen auf porciner Basis, die ublicherweise in
der GBR/GTR Anwendung finden, zu evaluieren. Dazu wurden histopathologische und
histomorphometrische Analysen durchgefihrt, einschliel3lich der Untersuchung des
Auftretens von M1- und M2-Makrophagen sowie der transmembranen Vaskularisie-

rung, basierend auf zuvor veroffentlichten Methoden (75-77).
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Abstract: Collagen-based barrier membranes are an essential component in Guided Bone Regenera-
tion (GBR) procedures. They act as cell-occlusive devices that should maintain a micromilieu where
bone tissue can grow, which in turn provides a stable bed for prosthetic implantation. However, the
standing time of collagen membranes has been a challenging area, as native membranes are often
prematurely resorbed. Therefore, consolidation techniques, such as chemical cross-linking, have
been used to enhance the structural integrity of the membranes, and by consequence, their standing
time. However, these techniques have cytotoxic tendencies and can cause exaggerated inflammation
and in turn, premature resorption, and material failures. However, tissues from different extraction
sites and animals are variably cross-linked. For the present in vivo study, a new collagen membrane
based on bovine dermis was extracted and compared to a commercially available porcine-sourced
collagen membrane extracted from the pericardium. The membranes were implanted in Wistar rats
for up to 60 days. The analyses included well-established histopathological and histomorphometrical
methods, including histochemical and immunohistochemical staining procedures, to detect M1-
and M2-macrophages as well as blood vessels. Initially, the results showed that both membranes
remained intact up to day 30, while the bovine membrane was fragmented at day 60 with granulation
tissue infiltrating the implantation beds. In contrast, the porcine membrane remained stable without
signs of material-dependent inflammatory processes. Therefore, the bovine membrane showed a
special integration pattern as the fragments were found to be overlapping, providing secondary
porosity in combination with a transmembraneous vascularization. Altogether, the bovine membrane
showed comparable results to the porcine control group in terms of biocompatibility and standing
time. Moreover, blood vessels were found within the bovine membranes, which can potentially
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serve as an additional functionality of barrier membranes that conventional barrier membranes do
not provide.

Keywords: tissue source; bovine collagen; porcine collagen; barrier membrane; Guided Bone Re-
generation (GBR); tissue regeneration; transmembraneous vascularization; bovine dermis; porcine
pericardium

1. Introduction

In dental implantology, the necessity for adequate quantity and quality of bone for
implant placement and its stabilization can require a bone augmentation procedure prior to
implantation. In this context, Guided Bone Regeneration (GBR) has become one of the most
established techniques for jawbone augmentation [1]. GBR is nearly always performed
with the use of a barrier membrane to seclude the bone defect from the infiltration of
soft tissue and especially epithelial cells that could otherwise invade the defect area and
interact with the bone regeneration process [2]. By preventing the ingrowth of these
faster growing cells, bone cells can repopulate the bone defect space, and a regenerative
environment can be established [3]. Nowadays, most often, resorbable membranes are
used for most GBR procedures, as their application does not require a second surgery for
their extraction as in the case of nonresorbable membranes [3]. In this context, collagen was
and is still used as a base material due to the belief that collagen—from every source and
after most of the processing techniques—is comparable in its physicochemical properties
and always biocompatible due to its natural origin [4]. However, it has already been
shown that both the donor organism (e.g., allogeneic or xenogeneic sources) and mainly
the tissue source (e.g., dermis, pericardium or tendon tissue) have an influence on the
integration behavior of collagen-based biomaterials and factors, such as its standing time or
its vascularization, which has a major impact on the material functionality in an intended
clinical indication [5,6]. Alongside decellularization and sterilization techniques, donor
organisms and tissue sources are assumed to be the main factors that have an impact on
the physicochemical properties of the resulting biomaterial [7].

Therefore, it was revealed that the specific immunological tissue response to every
biomaterial depends on its individual physicochemical properties [8,9]. This can vary
from a nearly bioinert response to a strong inflammatory reaction, associated with abscess
formation or fibrotic capsule formation, as well as local and systemic consequences [10].
In this context, the role of macrophages has recently been investigated, as these cells are
key elements in the tissue reaction cascade [11]. Macrophages are also thought to play an
important role in the framework of the tissue reaction to a biomaterial due to their secretion
of cytokines [12]. Therefore, macrophages can roughly be divided into two subtypes
based on their overall expression profile: the M1 phenotype is pro-inflammatory, has been
shown to be especially present in the early healing phase and also seems to be involved in
the degradation process of biomaterials inducing a foreign body response, while the M2
phenotype is an anti-inflammatory expressing reparative cytokine and is integrated in the
tissue healing phase [13]. Biomaterial-associated multinucleated giant cells (BMGCs) are
another cell that may exhibit a pro-inflammatory (M1-BMGCs) or anti-inflammatory (M2-
BMGCs) phenotype, which is equivalent to macrophages and dependent on the physical
and chemical properties of the biomaterial [14-16]. Moreover, it has been shown that these
cells are involved in the phagocytic degradation of different biomaterials expressing lytic
enzymes [17]. In this context, it has been concluded that these “non-physiological cells”
are only involved in material rejections or failures, but the research on this topic has shown
that their involvement in the tissue reaction to a specific biomaterial is strongly dependent
on the type of biomaterial and its physicochemical properties [13]. Interestingly, it has
been assumed that their induction even in the case of collagen-based materials may be
contraindicated, but there is still a lack of existing knowledge. Thus, it is highly important
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to analyze the tissue reaction to a biomaterial for clarification of its specific inflammatory
tissue reaction pattern with special consideration of its intended use.

In the context of GBR procedures, it has been understood that barrier membranes
should not only provide a barrier function, but they should optimally induce help to
modulate the microenvironment to increase bone remodeling [2]. It has been revealed
that angiogenesis has been emphasized to be an important factor strongly influencing
the outcome of bone healing [18]. It has been discussed that GBR membranes should
allow for a so-called “transmembraneous vascularization”, allowing the formation of blood
vessels to increase the formation of new bone. However, it has also been shown that an
ingrowth of connective tissue is most often necessary to allow the simultaneous ingrowth
of blood vessels [19]. This tissue ingrowth has been shown to correlate with the premature
breakdown or fragmentation and an associated loss of barrier functionality of collagen
membranes [5]. Thus, it is of great importance to develop a next generation of resorbable
GBR membranes with an adapted integration behavior that combines both the barrier
functionality as well as a transmembraneous blood supply. In this context, it is also of
special interest to analyze the overall immune response to a membrane for evaluation of
the local events that might additionally support the underlying bone regeneration process.

Furthermore, the alignment of the inflammatory cascade caused by the biomaterial
can influence aspects such as the response of anabolic tissue cells, e.g., osteoblasts [9].
Moreover, it has been shown that different interactions between material-induced immune
cells (macrophages and/or BMGCs) and tissue cells (osteoblasts or endothelial cells) exist
and may support the process of tissue regeneration at the molecular level [20]. During bone
healing, interactions between inflammatory response cells and bone remodeling cells have
gained more importance [12]. It has been supposed that the next generation of biomaterials
should integrate the immune system into regenerative strategies [8,21].

Altogether, it is believed that collagen membranes, even for GBR procedures, should
provide a long-standing time of several weeks up to 3—4 months for optimal clinical
results in the course of jawbone healing. This assumption appears reasonable in the
case of multidimensional or bigger bone defects, but it has been reported in the case of
“normal” or smaller defects (e.g., in the case of extraction sockets) that the application of
native dermis-derived collagen membranes with a very short standing time contributes
to comparable bone healing results [19]. In this context, it has been revealed that a fast
membrane degradation might also correlate with a higher or more pro-inflammatory
alignment of the material-associated tissue reaction [19]. As a consequence, it has been
revealed that the faster tissue ingrowth also includes phagocyting cells, such as BMGCs,
in concert with macrophages [22]. However, this fast membrane degradation is also
combined with a higher transmembraneous vascularization that has been identified as
an important co-factor for the material-related bone healing process [6]. Altogether, the
question arises concerning which material factors are optimal for combining both the barrier
functionality and the support for creation of a molecular microenvironment that triggers
the (underlying) process(es) of bone healing. Interestingly, even inflammatory cells, such as
BMGCs and macrophages, have been shown to be potent sources of angiogenic molecules,
such as the vascular endothelial growth factor (VEGF), so it might be of special interest to
create membranes with a higher “inflammatory potential” to create the above-mentioned
micromilieu [23].

Particularly in the case of collagen, only a few studies have analyzed the differences in
various xenogeneic sources, and scarce knowledge exists about the consequences of the us-
age of different animal sources as a basis for biomaterials, such as GBR membranes [24-26].
Most of the membranes used in GBR procedures are based on porcine donor tissue. Gen-
erally, fewer barrier membranes are used that are sourced from other animals or are
of synthetic origin [3]. In this context, it has already been demonstrated that collagen
membranes derive from pigs, which have been treated using different purification and
fabrication processes to induce varying tissue reactions [19]. Some collagen membranes
are degraded by mononuclear cells during a very mild tissue reaction producing a long-
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standing time, while other membranes induce stronger inflammatory reactions, involving
BMGCs that lead to a faster degradation combined with a lower standing time or prema-
ture breakdown and loss of functionality. Altogether, these differing tissue reactions can
be attributed to differences in the preparation processes [7]. Although the influence of
different processing methods on collagen-induced tissue reactions has been investigated,
the influence of the collagen animal source is rarely analyzed. To fill this knowledge gap,
the inflammatory tissue reactions to two collagen membranes from porcine and bovine
origins were analyzed in the present study. The membranes were implanted over a period
of up to 60 days by means of an established preclinical implantation model in Wistar rats.
Furthermore, established histopathological and histomorphometrical analysis methods,
as well as immunohistochemical detection methods of M1- and M2-macrophages, were
applied [14,27].

2. Materials and Methods
2.1. Bovine Collagen Membrane

The collagen membrane analyzed in the present study is based on a native collagen
obtained from bovine skin. The collagen within the structure of the membrane is mostly
composed of collagen Type I fibers. A hydrogel was prepared from the precursor tissue
and then freeze-dried to create the membranes. The membranes were not chemically
cross-linked.

2.2. Porcine Collagen Membrane

The porcine collagen membrane analyzed in the present study is based on native
collagen derived from pericardium using a decellularization process including a wet-
chemical treatment, lyophilization and final sterilization by ethylene oxide gas. The
membrane was shown to fulfill the requirements of EN ISO 10993-1 and EN ISO 7405.

2.3. In Vivo Study

The Local Ethical Committee of the Faculty of Medicine (University of Ni, Serbia)
authorized the in vivo experiments prior to the biomaterial implantations, based on deci-
sion number 323-07-09101, on 2020-05/5, of the Veterinary Directorate of the Ministry of
Agriculture, Forestry and Water Management of the Republic of Serbia.

The preclinical in vivo experiments were conducted at the Faculty of Medicine in the
University of Ni$ (Serbia). Animal housing was conducted using standard conditions,
i.e., water ad libitum, artificial light and regular rat pellets, as well as standard pre- and
postoperative care.

In total, 30 female, 10-12-week-old Wistar rats that were obtained from the Military
Medical Academy (Belgrade, Serbia) were randomly allocated into two study groups. Each
of the two study groups contained 15 experimental animals; 5 animals were sacrificed for
each group per time point (n = 5), i.e., 10, 30 and 60 days. The implantation was conducted
following the protocol described by Barbeck et al. [27-32]. In brief, the animals were
anesthetized via an intraperitoneal injection (10 mL ketamine [50 mg/mL] with 1.6 mL
Xylazine [2%]). After shaving and disinfection, an incision down to the subcutaneous tissue
within the rostral subscapular region was made. Subsequently, a subcutaneous pocket was
bluntly built by a scissor, and the biomaterials were implanted into the pocket (Figure 1).
Afterwards, the wounds were sutured.

After the respective study time points, the animals were euthanized with an overdose
of the above-mentioned anesthetics, and the implantation area together with the surround-
ing tissue was explanted. Subsequently, the explanted tissue was fixed using a 4% formalin
solution for 24 h and then placed into PBS for the following histological workup process.
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Figure 1. (A) Schematic image of the implantation site. (B) Overview of a subcutaneous implantation
site of the porcine collagen membrane (PM) at day 30 postimplantation. CT = connective tissue;
EP = epidermis (Azan-staining, “total scan”, 100 x magnification, scalebar = 1 mm).

2.3.1. Histology and Immunohistochemistry

For histological workup, the tissue explants were initially cut into two segments of
identical dimensions and dehydrated using a series of increasing alcohol concentrations.
After a xylol exposure, paraffin embedding was performed. Sections were prepared with
a thickness of 3-5 um by means of a rotation microtome (SLEE, Mainz, Germany). Three
sections of every tissue explant were used for histochemical staining, i.e., hematoxylin and
eosin (H&E), Movat Pentachrome and Azan.

Furthermore, four additional sections of every tissue explants were used for im-
munohistochemical detection of macrophages. NF kappa -positive M1 macrophages and
CD163-postive M2 macrophages were stained by means of antibodies against the pro-
and anti-inflammatory molecules based on previously published methods [15]. Briefly,
the slides were initially treated with citrate buffer and proteinase K in a water bath for
20 min that had a temperature of 96 °C and a pH 8. This was followed by equilibration
using TBS-T buffer. Subsequently, the slides were prepared by H,O, and avidin and bi-
otin blocking solutions (Avidin/Biotin Blocking Kit, Vector Laboratories, Burlingame, CA,
USA), incubated with the respective first antibody for 30 min, followed by incubation with
the secondary antibody (goat anti-rabbit IgG-B, sc-2040, 1:200, Santa Cruz Biotechnology,
Dallas, TX, USA). Afterwards, the avidin-biotin-peroxidase complex (ThermoFisher Scien-
tific, Henningsdorf, Germany) (30 min) was applied, and a counterstaining by hemalum
was conducted.

2.3.2. Histological Analysis

The histological analyses to study the tissue-biomaterial interactions within the im-
plantation beds of the biomaterials and their surrounding tissue were conducted using
an Axio Imager M2 (Zeiss, Oberkochen, Germany) based on a protocol according to the
DIN ISO 10993-6 as previously described [11,23,33-35]. These analyses focused on the
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evaluation of the following parameters within the framework of the early and the late
tissue response related to the implants: fibrosis; hemorrhage; necrosis; vascularization;
and the presence of neutrophils, lymphocytes, plasma cells, macrophages and biomaterial-
associated multinucleated giant cells (BMGCs). Finally, microphotographs were taken
with an Axiocam 506 color connected to a computer system running the ZEN Core (Zeiss,
Oberkochen, Germany) connected to a microscope.

2.3.3. Histomorphometrical Analysis

The histomorphometrical analyses included the measurements of the occurrence of
anti-inflammatory and pro-inflammatory cells within the implant beds of the membranes
as previously described [36]. Briefly, the slides stained by the aforementioned immunohis-
tochemical methods were initially digitized. Then, the Image ] software (National Institutes
of Health, Bethesda, MD, USA) enabled the measurements of the stained cells within the
total scans. At first, the defect area and the membrane area were manually marked, and
their areas were determined. After that, the number of macrophages was also measured
via a specially programmed plugin that allowed us to mark the area of the red stained cells
automatically [37]. Finally, the cell numbers were related to the respective total area to
calculate the numbers of cells per mm? (macrophages/mm?).

2.3.4. Statistical Analysis

Quantitative data are shown as mean =+ standard deviation after an analysis of vari-
ance (ANOVA), which enabled comparison of the data from the study groups via the
GraphPad Prism 8.0 software (GraphPad Software Inc., La Jolla, CA, USA). Statistical
differences were designated as significant if p-values were less than 0.05 (* p < 0.05), and
highly significant if p-values were less than 0.01 (** p < 0.01), less than 0.001 (*** p < 0.001)
or less than 0.0001 (** p < 0.0001).

3. Results
3.1. Histological (Qualitative) Analysis

Histopathological analysis of the bovine collagen membrane at 10 days after im-
plantation showed that the membrane was intact, showing no signs of a breakdown or
fragmentation (Figure 1A). At the material surfaces, signs of a minor inflammatory tissue re-
action were detected (Figure 2B). The reactive tissue was mostly composed of macrophages,
granulocytes and fibroblasts at the surfaces and surrounding the membrane (Figure 2B).
As for the porcine membrane, similar observations were noted at day 10 post implantation
(Figure 2C,D).

At 30 days post implantation, the first signs of tissue infiltration were found in the
case of the bovine collagen membranes (Figure 1E). Therefore, an increased intensity of
the reactive tissue could be detected (Figure 2E). The tissue was mainly composed of the
same cell types found at 10 days post implantation. Thus, mainly macrophages were
found at the material surfaces. Moreover, single biomaterial-induced multinucleated
giant cells (BMGCs) were found at the surface of the bovine membrane at this time point
(Figure 2F). Similar observations were made in the group of the porcine collagen membrane
that was found to be completely intact at this time point (Figure 2G). Thus, a layer of
macrophages was found attached to the membrane surfaces (Figure 2G). Nonetheless, no
BMGCs appeared to be attaching to the porcine membrane (Figure 2H).

At day 60 post implantation, the bovine membrane appeared to be fragmented, as
big fragments of the membrane were found to be overlapping within the subcutaneous
connective tissue (Figure 2I). Furthermore, the reactive tissue infiltrated the interspaces
of the membrane fragments (Figure 2I). Similar cell types to those observed at days 10
and 30 were found within the surrounding tissue, i.e., mainly macrophages in concert
with single BMGCs (Figure 2]). Additionally, single vessels were observable within the
tissue that infiltrated this membrane type (Figure 2J). The porcine membrane appeared
intact with less intense reactive tissue response and infiltration (Figure 2K). Attached to the
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porcine membrane, mainly macrophages and fibroblasts but also a few BMGCs appeared,
but no transmembraneous vascularization was observed (Figure 2L).

I shep o¢ I shep o}

shep 09

Figure 2. Histopathological images of bovine and porcine collagen membranes at days 10, 30 and
60. (A) Bovine collagen membrane at day 10 (hematoxylin and eosin (HE) staining, magnification
=200x, scale bar = 50 um). (B) Bovine collagen membrane at day 10 (hematoxylin and eosin (HE)
staining, magnification = 400 x, scale bar = 20 pm). (C) Porcine collagen membrane at day 10 (Azan
staining, magnification = 200 x, scale bar = 50 um). (D) Porcine collagen membrane at day 10 (Movat's
Pentachrome staining, magnification = 400, scale bar = 20 pum). (E) Bovine collagen membrane at
day 30 (hematoxylin and eosin (HE) staining, magnification = 200, scale bar: 50 um). (F) Bovine
collagen membrane at day 30 (hematoxylin and eosin (HE) staining, magnification= 400, scale bar
=20 um). (G) Porcine collagen membrane at day 30 (Azan staining, magnification = 200 x, scale
bar = 50 pm). (H) Porcine collagen membrane at day 30 (hematoxylin and eosin (HE) staining,
magnification = 400, scale bar = 20 pm). (I) Bovine collagen membrane at day 60 (hematoxylin and
eosin (HE) staining, magnification = 200, scale bar = 50 um). (J) Bovine collagen membrane at day 60
(hematoxylin and eosin (HE) staining, magnification = 400, scale bar= 20 um). (K) Porcine collagen
membrane at day 60 (Giemsa staining, magnification = 200, scale bar= 50 um). (L) Porcine collagen
membrane at day 60 (hematoxylin and eosin (HE) staining, magnification= 400x, scale bar = 20 pm).
BM: bovine membrane; PM: porcine membrane; MT: muscle tissue; CT: connective tissue; white
arrow: borders of the membrane; black arrows: macrophages; green arrows: fibroblasts; yellow
arrows: eosinophils; blue arrows: neutrophils; black arrowheads: multinucleated giant cells; red
arrows: blood vessels.

Within the implantation sites of bovine collagen membranes at 10 days after im-
plantation, the immunohistochemical detection showed that more NF-kB-positive M1
macrophages were present compared to the number of CD163-postive M2 macrophages
(Figure 3A,B). Additionally, visibly more M1 macrophages than CD163-positive M2 macrop-
hages appeared at the surface of the porcine membrane, but the numbers of immunohisto-
chemically stained cells were lower in the case of this membrane type (Figure 3C,D).
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Figure 3. Immunohistochemically stained slides show detection of CD163-positive M2 macrophages
(left column: A,CE,G,ILK) and NF-k-positive M1 macrophages (right column: B,D,F,H,J,L) into
the implantation beds of both bovine and porcine collagen membranes at days 10, 30 and day 60
after implantation (all images: 400 % magnification; scale bars = 20 um) (left: CD163 immunohisto-
chemical staining; right: NF-k8 immunohistochemical staining). BM: bovine membrane; PM: porcine
membrane; CT: connective tissue; red arrows: CD163- and NF-kB-positive macrophages.

At day 30 post implantation, still more NF-kf3-positive M1 macrophages than M2
macrophages appeared on the surface of both membranes (Figure 3E,F). In contrast to
day 10, comparable amounts of CD136-positive M2 presence were found in both groups,
while the numbers of the M1 macrophages were visibly higher in the group of the bovine
membrane (Figure 3G, H).

At day 60 post implantation, both collagen membranes induced comparably lower
numbers of M1 macrophages than at day 30 (Figure 3I-L). However, the numbers of M2
macrophages were found to be comparably low in the group of the bovine membrane, while
the M2 macrophage number increased in the group of the porcine membrane (Figure 3I1-L).

The immunohistochemical detection of blood vessels showed an elevated vasculariza-
tion of the surrounding tissue around the bovine membrane comparative to the porcine
membrane at day 10 post implantation (Figure 4A,B). At day 30 post implantation, both
collagen membranes exhibited a comparable vascularization within the connective tissue
surrounding the implants and at the tissue-membrane interface (Figure 4C,D). At 60 days
postimplantation, vessels were found within the tissue that infiltrated the bovine membrane
leading to a transmembraneous vascularization, while only single small blood vessels were
detected within the material bodies of the porcine collagen membrane (Figure 4E,F).
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Figure 4. Immunohistochemically stained slides show detection of CD31-positive endothelial cells
into the implantation beds of both bovine (left column: A,C,E) and porcine collagen membranes
(right column: B,D,F) at days 10, 30 and 60 after implantation (all images: 400x magnification;
scalebars = 20 um). CT: connective tissue; BM: bovine membrane; PM: porcine membrane; black
arrows: CD31-positive vessels.

3.2. Histomorphometrical (Quantitative) Analysis

The quantitative analysis of pro- and anti-inflammatory cells showed that there were
comparable numbers of CD163-positive M2 macrophages found in the implantation beds
of the bovine collagen membrane (71.6 + 42.2 cells/mm?) and porcine collagen membrane
(1925.4 + 2489.2 cells/ mm?) at day 10 after implantation (Figure 5). In contrast, significantly
more NF-kB-positive M1 macrophages were detected in the samples of the bovine collagen
membrane (2352.8 + 369.1 cells/mm?) compared to the group of the porcine collagen
membrane (9862.4 & 759.6 cells/mm?) (*** p < 0.001). Furthermore, significantly more M1
macrophages than M2 macrophages (# p < 0.05 and ### p < 0.001) were found in both study
groups at this early time point (Figure 5).
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Figure 5. Results of the histomorphometrical analysis of the immune response within the implanta-
tion beds of both materials (*/# p < 0.05, /A p < 0.0001).
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At 30 days after implantation, comparable values of M2 macrophages were also found
in the implantation sites of the bovine collagen membrane (490.2 £ 339.2 cells/mm?)
and the porcine collagen membrane (413.6 + 481.5 cells/mm?) (Figure 4). Still higher
numbers of M1 macrophages were detected in the group of the bovine collagen com-
pared to the value in the group of the porcine membrane (bovine collagen membrane:
4403.0 + 1031.9 cells/mm?; porcine collagen membrane 8954.2 -+ 1371.5 cells/mm?) (Figure 5).
Furthermore, significantly higher numbers of M1 macrophages were found within the
implant site of both collagen membranes compared to the M2 subforms (### p < 0.001).

At 60 days after implantation, comparable numbers of NF-k3-positive M1 macrophages
were detectable in the implantation bed of the bovine collagen membrane (652.1 + 391.4
cells/mm?) and of the porcine membrane (1380.8 + 281.7 cells/mm?) (Figure 4). At this
time point, the bovine membrane induced significantly higher numbers of CD163-positive
M2 macrophages (3384 + 776.3 cells/mm?) compared to the numbers of M1 macrophages
(# p < 0.05) but also compared to the numbers of M2 macrophages in the group of the
porcine membrane (1043 4 -+ 492 3 cells/mm?) (* p < 0.05) (Figure 5).

4. Discussion

The concept of an “induced” membrane has already been described in traumatology
as a strategy for bone regeneration, particularly in the cases of large bone defects [38].
This method involves a two-stage procedure, where a “biological” membrane is induced
as a foreign body response after application at the first stage, acting as a “chamber” for
the insertion of autologous bone-graft at the second stage. It has been shown that this
induced membrane can possess osteoinductive, osteogenic and angiogenic properties, and
several clinical studies have demonstrated satisfactory results [38]. Especially implant
bed vascularization via angiogenesis has been recognized as a basic factor for successful
(bone) tissue regeneration [39,40]. Thus, to date, different strategies have focused on the
development of materials that can promote vascularization. Another goal for the future
development of a variety of biomaterials is to induce a specific immune response that
can further stimulate (bone) tissue healing [12]. In this context, the inflammatory tissue
reaction cascade to biomaterials has been elucidated in recent decades, and especially the
macrophage has been identified as an important key factor to guide the tissue regeneration
process [14,40]. In broad terms, there are two main subforms of macrophages, i.e., pro-
inflammatory M1- and anti-inflammatory M2-macrophages [41]. It is assumed that even
the induction of the latter subform by a biomaterial is preferable to support the material-
mediated healing process [40]. Moreover, it has been shown that different types of (oral)
mesenchymal stem cells (MSCs), such as dental-derived mesenchymal stem cells (D-
dMSCs), are involved in (bone) tissue healing [42,43]. Interestingly, it has been revealed
that MSCs from oral tissues are highly committed to differentiate toward osteoblasts and
precursors of bone tissue, but they also provide immunomodulatory activity [44,45].

Recently, it has also been concluded that the next generation of barrier membranes for
Guided Bone Regeneration (GBR) in dentistry and maxillofacial surgery should not only
resume a “passive” role in tissue separation [46]. In this context, the membrane should
fulfill both functions, i.e., to separate the “soft tissue” and the bone defect site and to
contribute to bone tissue regeneration [38,46]. This means that it is expected that a barrier
membrane should actively contribute to molecular processes of bone tissue regeneration,
such as stem cell differentiation osteoblast ingrowth, or via underlying processes, such
as defect site nutrition, i.e., nutrition of the underlying bone tissue defect, and there are
only two ways to ensure this functionality: either via diffusion or transmembraneous
vascularization [39,43,47]. Together with this functionality, this material type has to fulfill
its main objective, that is, to act as a barrier. In this context, the barrier functionality is
needed for a minimum of 4-6 weeks for periodontal tissues and 16-24 weeks for bone
tissue regeneration [46]. To date, the question remains as to how such a new membrane
can be developed.
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It is known that native (porcine) dermis-derived collagen membranes are most often
prematurely resorbed in 4-8 weeks, but it has been shown that they are “optimally” de-
graded via more or less physiological processes providing a good biocompatibility [19].
However, it has been reported that they do not undergo a transmembraneous vasculariza-
tion, which may not be necessary, as their low thickness might allow for a diffusion-based
transport of nutrients [19]. To increase the standing time, membranes from other tissues,
such as the pericardium, have been used to prepare barrier membranes [6]. It has been
shown that such a membrane has a better degradation behavior but also does not undergo
significant vascularization due to its lower thickness, which is attributable to the tissue
origin. However, the choice of this tissue source is based on the knowledge of the different
natural collagen cross-linking, which seems to increase the standing time [6].

In contrast, chemical cross-linking has been manifoldly shown to decrease the bio-
compatibility of such biomaterials, leading to exaggerated inflammatory tissue responses
and premature material breakdown [48]. However, these studies have resulted in very
important fundamental findings: The transmembraneous vascularization including the
vessel formation within a membrane to bridge especially longer distances, as in the case of
thicker barrier membranes, only seems to be possible based on the ingrowth of complex
tissue into the material body [48]. However, to trigger tissue ingrowth, the membrane
needs to be (partially) resorbed or phagocytosed, which requires the involvement of at
least macrophages or multinucleated giant cells (MNGCs) [14]. These cells are then also
involved in angiogenic processes due to their expression of respective molecules, such as
the vascular endothelial growth factor (VEGF) [14]. Thus, it can be concluded that it might
be necessary to create membranes with a higher “inflammatory potential” to create the
above-mentioned micromilieu [23].

Particularly in the case of collagen-based barrier membranes, only a few studies have
analyzed the differences in various xenogeneic sources, and scarce knowledge exists about
the consequences of the usage of different animal sources [24-26]. Most of the membranes
used in GBR procedures are based on porcine donor tissue. Generally, fewer barrier
membranes are used that are sourced from other animals [3]. In this context, it has already
been demonstrated that collagen membranes derived from pigs induce varying tissue
reactions [19]. Interestingly, most of these differing tissue reactions can be attributed to
differences in the preparation processes [7]. Although the influence of different processing
methods on collagen-induced tissue reactions has been investigated, the influence of the
collagen animal source is rarely analyzed. The properties of collagen barriers may also
be affected by the origin of the collagen [49,50]. Cross-linking happens physiologically in
native tissue; therefore, different animal and tissue sources can provide different cross-
linking degrees that might be an alternative to adverse chemical cross-linking. However,
only poor knowledge exists about this topic.

To fill this knowledge gap, the inflammatory tissue reactions to a collagen membrane
from bovine dermis were analyzed in the present study. This is of special interest, as it
has been reported that this origin tissue occupies higher pre-existing cross-links in the
collagen [48]. Thereby, this newly developed barrier membrane based on porcine collagen
was compared to a manifoldly studied and commercially available pericardium membrane
with a well-described resorption and cell reaction profile [51]. The characteristics of both
origin tissues are listed in Table 1.

Both membranes were implanted for up to 60 days using the subcutaneous implanta-
tion model in Wistar rats. Furthermore, established histopathological, immunohistochemi-
cal detection methods of M1- and M2-macrophages and blood vessels and histomorphome-
trical analysis methods were applied [14,27].

The results of the histopathological analyses of the tissue responses to the membranes
and their integration behavior showed that the bovine collagen membrane was intact,
showing no signs of a breakdown or fragmentation at day 10 post implantation. Starting
with day 30, the first signs of tissue infiltration were found, and at day 60 post implanta-
tion, the bovine membrane was fragmented. However, the fragments of the membrane
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were found to be overlapping within the subcutaneous connective tissue. Therefore, this
membrane type induced a tissue reaction, including both macrophages and multinucleated
giant cells (MNGCs), that promoted this fragmentation process. Interestingly, the reactive
tissue infiltrated the interspaces of the membrane fragments, and high numbers of vessels
were found within the tissue that infiltrated the membrane type. In contrast, the porcine
membrane remained intact until day 60 post implantation, inducing a less intense reactive
tissue response and only a single cell infiltration of mononuclear cells. Furthermore, no
transmembraneous vascularization was detected, but some single small vessels were found
within the membrane.

Table 1. Comparison between collagen-based barrier membranes from different xenogeneic resources and extraction sites
for Guided Bone Regeneration (GBR).

Common tissue source

Porcine Bovine
Compactness of tissue hinders Compactness of tissue
Dermis cell infiltration and degradation Dermis hinders cell infiltration and
in vivo [48]. degradation in vivo [48].

Pericardium cell infiltration in vivo than Achilles tendon

Lower tissue reaction and higher : :
OWE & Balanced tissue reaction and

desmis-derived collagen [4]. adequate cell infiltration [5].

Collagen types I I LI IV [52
Use in GBR Common Not as common
Immunogenicity Lower [53] Higher (3% of population is allergic) [53]
Religious limitations In Islam In Hinduism

Altogether, this analysis part revealed clear differences in the inflammatory tissue
response and the integration behavior but also in the vascularization pattern. There-
fore, the bovine membrane underwent fragmentation mediated by phagocyting cells, i.e.,
macrophages and MNGCs, as already shown in other publications about different collagen
membranes from other sources [22,54]. Thus, the results could substantiate different former
study results. However, the integration and the fragmentation pattern of this membrane is
unique, as the membrane was not completely fragmented into two or more parts, leading to
a direct contact between the overlying and underlying tissue (compartments). In contrast,
this membrane type disintegrated into smaller subunits that were further surrounded by a
cell and especially vessel-rich tissue. Moreover, the subunits were found to be overlapping
within the tissue, which leads to the conclusion that the membrane still seems to prevent
the invasion of tissue from “one compartment into the other”. It is thus conceivable that
this membrane will still maintain its barrier functionality. This special integration and
degradation pattern has never been described for other membranes and can be defined
as “secondary porosity”, which makes the analyzed bovine membrane the first of a new
generation. In contrast, the porcine collagen membrane induced a tissue reaction and an
integration behavior that has manifoldly been described as a remodeling and incorporation
without any signs of fragmentation [51].

In this context, the collagen type and its cross-linking degree due to the different tissue
appear to be the reasons for this integration behavior of the bovine collagen membrane. Its
compactness may have led to the observed inflammatory tissue response. Therefore, the
observed inflammatory tissue response mediated the integration pattern,

Additionally, the study results regarding the observation of the inflammation-driven
transmembraneous vascularization reaffirmed former study results published by Ghanaati
and colleagues that described the VEGF expression of MNGCs and the dependence of the
implant bed vascularization, especially of bone substitute materials, but also of collagen-
based materials on the occurrence of this multinucleated cell type [19,23]. This observation
leads to the conclusion that the analyzed vascularization pattern of the bovine membrane
is connected to the material-induced inflammatory tissue response, which also makes this
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membrane type a first prototype of an immune-modulating material. Thus, the control
over the integration pattern and the material-induced inflammation may be an alternative
to conventional membranes.

Finally, the histomorphometrically measured occurrence of M1- and M2-macrophages
revealed increased occurrences of pro-inflammatory cells induced by the porcine mem-
brane at 10 and 30 days in opposite to the bovine group. However, their occurrence was
strictly local and did not affect the surrounding tissue. Furthermore, a decrease at day 60 to
comparable numbers compared to the group of the porcine membranes was found. Thus,
it is conceivable that the initially increased numbers of pro-inflammatory cells might be
induced by the differently cross-linked membrane initiating the fragmentation process.
However, the observed declined levels of M1 and M2 macrophages at day 60 post implanta-
tion that showed comparable levels of both subforms suggest that both membranes do not
induce a chronic inflammation that can cause inflammatory-driven implant failures. Thus,
both biomaterials seem to be fully biocompatible. Interestingly, the porcine group showed
significantly increased M2 macrophage levels at day 60 compared to the M1 macrophages
numbers. This might indicate that this membrane can integrate within the implantation
bed with molecular support of the tissue healing process.

To summarize, the importance of the bioactivity of the membrane has recently been
emphasized to create a so-called “bioactive membrane compartment”, which means to
setup an underlying micromilieu suitable for bone tissue regeneration [2]. The bovine colla-
gen membranes seem to allow for the establishment of such a micromilieu due to its special
degradation and integration pattern that triggers transmembraneous vascularization. The
bovine collagen membranes seem to allow for the establishment of such a micromilieu
due to its special degradation and integration pattern that triggers transmembraneous
vascularization. In this context, the vascularization pattern allows the creation of local
differences in oxygenation and presumably the availability of nutrients that might also
help to generate an appropriate niche environment for osteoprogenitors [55]. Thus, these
findings might be also relevant in the context of bone repair, which involves blood vessel
growth and pro-angiogenic signaling interactions. Furthermore, the nutrition of the defect
site may support the survival of cells implanted with the membrane, such as different
oral-derived stem cells or (pre-) osteoblasts in tissue engineering applications [42,43].

Additionally, the membrane subunits were found to be overlapping within the tissue,
which leads to the conclusion that the membrane still maintains its barrier functionality.
This special integration and degradation pattern can be defined as “secondary porosity”,
which makes the analyzed bovine membrane the first of a new generation that modulates
the immune response to support bone defect healing.

The present results lead to the conclusion that this membrane meets the requirements
for a GBR barrier membrane with an enhanced standing time that seems optimal and
does not trigger fast degradation like in some cases of artificially cross-linked collagen [48].
However, the age and region of the bovine sources have shown discrepancies in the
degree of cross-linking, which can cause a batch-to-batch manufacturing inconsistency. A
standardization of the process of animal domestication, collagen extraction and collagen
reconstruction can solve this problem. Nonetheless, bovine collagen, extracted from the
skin, can provide an optimized standing time for different clinical indications.

5. Conclusions

The results of the present in vivo study showed that dermis-extracted bovine collagen
membranes underwent a special integration behavior by providing a "secondary poros-
ity” in concert with a transmembraneous vascularization that is expected to be suitable
for Guided Bone Regeneration applications. Histological analysis showed comparable
results to the pericardium-extracted porcine-sourced collagen membranes. The bovine
membrane remained intact initially, and the delayed fragmentation was accompanied
with granulation tissue infiltration and the appearance of multinucleated giant cells that
seemed to mediate transmembraneous vascularization. This vascularization can serve as
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an advantage in GBR alongside the vascularization of the implant bed, suggesting a further
functionality of barrier membranes that current commercially available materials do not
provide. Furthermore, the delayed fragmentation of the bovine membrane suggests a
longer standing time, which can be beneficial for certain dental or maxillofacial indications
where conventional resorbable barrier membranes suffer from a short lifetime. Altogether,
the analyzed bovine membrane might be an alternative to artificially cross-linking mem-
branes, as such processing can cause bioincompatibility and premature resorption that
would result implant failure.
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Diskussion

3 Diskussion

In der vorliegenden Studie werden die Biokompatibilitat, das Gewebe-Integrationsver-
halten, die Immunantwort und das Vaskularisationsmuster einer neuartigen, aus Rin-
derhaut gewonnenen Membran untersucht. Ziel ist es, ihre Funktion als Alternative zu
kommerziell erhaltlichen Barrieremembranen auf porciner Basis, die Ublicherweise in
der GBR/GTR Anwendung finden, zu evaluieren. Dazu wurden histopathologische und
histomorphometrische Analysen durchgefuhrt, einschlieBlich der Untersuchung des
Auftretens von M1- und M2-Makrophagen sowie der transmembranen Vaskularisie-

rung, basierend auf zuvor veroéffentlichten Methoden.

Es ist von entscheidender Bedeutung, sowohl die Gewebevertraglichkeit als auch das
Integrationsverhalten von Biomaterialien wie Barrieremembranen in praklinischen Stu-
dien zu untersuchen. Solche Tests sind notwendig, um die klinische Funktionalitat und
die Interaktionen dieser Materialien mit dem Immunsystem vor ihrer Anwendung im
klinischen Bereich zu bewerten. Gemal’ der Norm DIN EN ISO 10993-6 mussen Im-
plantate in vivo durch Erstimplantation im subkutanen Implantationsmodell an Kleintie-
ren getestet werden. Dies ermdglicht eine umfassende Analyse der Gewebereaktivitat
eines neuen Medizinprodukts und den Vergleich mit der Reaktion auf mindestens ein
Kontrollprodukt (74). Daher wurden in der vorliegenden Studie die entzundlichen Ge-
webereaktionen auf eine Kollagenmembran aus boviner Dermis im Vergleich mit einer
vielfach untersuchten und kommerziell erhaltlichen Perikardmembran untersucht, die
ein gut beschriebenes Resorptions- und Zellreaktionsprofil aufweist (75, 94). Dies ist
von besonderem Interesse, da das bovine Ursprungsgewebe hdhere vorbestehende

Quervernetzungen im Kollagen aufweist (92, 93).

Obwohl resorbierbare Barrieremembranen, insbesondere auf Kollagenbasis, bereits
verfugbar sind, hat die Forschung in den letzten zehn Jahren die Mechanismen, wel-
che die Wechselwirkungen zwischen Membran und Wirt im Rahmen von GBR/GTR-
Verfahren steuern, weiter in den Fokus gestellt und teilweise aufgeklart. In diesem Zu-
sammenhang verdffentlichten beispielsweise Omar et al. einen Ubersichtsartikel, der
die mdgliche Rolle von GBR/GTR-Membranen als bioaktive Kompartimente im Rah-
men der Knochenregeneration zusatzlich zu ihrer Rolle als reine Barrierematerialien
untersuchte. Die Autoren stellten fest, dass die zellularen und molekularen Aktivitaten
gegenuber den Membranen eng mit der Knochenregenerationskaskade verbunden
sind und kamen zu dem Schluss, dass die optimale Membran neben ihrer
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Barrierefunktion auch eine aktive Rolle durch Modulation der molekularen Aktivitaten
der membranassoziierten Zellen wahrend des GBR/GTR-Verfahrens spielen sollte
(16, 69, 78). In diesem Zusammenhang hat sich gezeigt, dass Kollagenmembranen
mittels transmembrandser Vaskularisierung eine zentrale Rolle fur eine erfolgreiche
Regeneration des Knochengewebes spielen kénnen (69, 70). Es konnte ebenfalls
nachgewiesen werden, dass porcin-dermale Kollagenmembranen im Vergleich zu bo-
vin-dermalen Membranen nur eine geringe transmembrandse Vaskularisierung auf-
weisen (75, 77, 79). Diese Ergebnisse sind analog zu den vorliegenden Untersuchun-
gen, die ebenfalls ein spezielles Integrationsmuster nachwiesen, da sich die bovinen
Fragmente ab dem 60. Tag nach der Implantation Uberlappten und somit eine sekun-
dare Porositat in Kombination mit dem Einwachsen von Bindegewebe und einer hohe-

ren Anzahl von Blutgefal3en entstand (62, 75).

Obwohl in einer weiteren in vivo-Studie die Vermutung gedulRert wurde, dass die Frag-
mentierung einer GBR/GTR-Membran ihre Barrierefunktion beeintrachtigen kénnte
(75), zeigte die vorliegende Arbeit vergleichbare Ergebnisse der Schweine- und der
Rindermembran in Bezug auf Biokompatibilitdt, wahrend die Standzeit der Rinder-
membran etwas klrzer war, als die Schweinemembran (62). Es kann daher angenom-
men werden, dass das transmembrandse Vaskularisationsmuster der bovinen Memb-
ran moglicherweise als weitere Verbesserung zur Unterstitzung der Regeneration von
Kieferknochendefekten dienen kann. Diese Vermutung beruht auf der Tatsache, dass
die Vaskularisation des Implantationsbetts an kndéchernen Defektseiten in der Regel
vom umgebenden, nicht betroffenen Knochengewebe ausgeht und nach oben in den
Defekt hineinwachst (62, 75).

Die Gewebereaktion, d.h. die beteiligten Zellen und das spezifische spatiotemporale
Auspragungsmuster auf ein Biomaterial im Allgemeinen und damit auch auf Barriere-
membranen ist von der Gesamtheit der spezifischen physikochemischen Materialei-
genschaften abhangig (80, 81). Weiterhin haben Materialparameter von GBR/GTR-
Membranen auf Kollagenbasis, wie die Gewebequelle bzw. -herkunft, verschiedene
Herstellungsprozesse und die Verarbeitung nach der Herstellung, wie z. B. die Vernet-
zung, in vivo-Prozesse Einfluss auf die Integration sowie die Standzeit (12, 82, 83).
Faktoren wie die Oberflachentextur von Biomaterialien beeinflussen Prozesse wie die
Migration oder Induktion von Phagozyten wie Makrophagen und mehrkernigen Rie-

senzellen und damit den Materialabbau, sowie das Integrationsmuster und damit die

24



Diskussion

Vaskularisierung (80, 84-90). Insbesondere die Polarisierung von Makrophagen, d.h.
ihr allgemeines Expressionsprofil, das eine funktionelle Klassifizierung in pro-inflamm-
atorische M1- und anti-inflammatorische M2-Subtypen ermdglicht, und die allgemeine
Induktion eines Entziundungsprofils durch ein Biomaterial scheint dessen jeweiliges

regeneratives Potenzial zu beeinflussen (50, 88, 90, 91).

Beurteilung der Standfestigkeit und Formstabilitat

Die histologischen Analysen der Gewebereaktionen und des Integrationsverhaltens
zeigten, dass die bovine Kollagenmembran am 10. Tag nach der Implantation intakt
blieb, ohne Anzeichen von Zusammenbruch oder Fragmentierung. Ab dem 30. Tag
wurden erste Anzeichen einer Gewebsinfiltration festgestellt, und am 60. Tag war die
Membran fragmentiert. Dabei Uberlappten sich die Membranfragmente im subkutanen
Bindegewebe. Diese Fragmentierung fiihrte zu einer Gewebereaktion, an der sowohl
Makrophagen als auch mehrkernige Riesenzellen beteiligt waren, die den Fragmen-
tierungsprozess forderten. Das reaktive Gewebe infiltrierte die Zwischenraume der
Membranfragmente, und es wurde eine hohe Anzahl von GefalRen im infiltrierten Ge-
webe gefunden. Im Gegensatz dazu blieb die porcine Membran bis zum 60. Tag nach
der Implantation intakt, was zu einer weniger intensiven Gewebereaktion und nur einer
geringen Infiltration von mononuklearen Zellen flhrte. Transmembrandse Vaskulari-
sierung wurde nicht beobachtet, jedoch wurden einige kleine Gefalle innerhalb der
Membran gefunden. Insgesamt zeigte dieser Analyseteil deutliche Unterschiede in der
entzundlichen Gewebereaktion, dem Integrationsverhalten und dem Vaskularisations-
muster zwischen den beiden Membranen. Die bovine GBR-Membran wurde durch
phagozytierende Zellen, wie Makrophagen und Riesenzellen, fragmentiert, was bereits
in anderen Studien Uber verschiedene Kollagenmembranen aus unterschiedlichen
Quellen beobachtet wurde (46, 75). Die Integration und das Fragmentierungsmuster
des bovinen Materials sind jedoch einzigartig, da die Membran nicht vollstandig in zwei
oder mehr Teile fragmentierte und somit keinen direkten Kontakt zwischen dem dar-
uberliegenden und dem darunterliegenden Gewebe ermdglichte. Stattdessen zerfiel
dieser Membrantyp in kleinere Untereinheiten, die weiterhin von Zellen und vor allem
gefallreichem Gewebe umgeben waren. Zudem wurde festgestellt, dass sich diese
Untereinheiten innerhalb des Gewebes Uberlappen, was darauf hindeutet, dass die

Membran das Eindringen von Gewebe von einem Kompartiment in das andere
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weiterhin verhindert und somit ihre Barrierefunktion beibehalt. Dieses spezielle Integ-
rations- und Degradationsmuster kann als ,sekundare Porositat (75) bezeichnet wer-
den. Im Gegensatz dazu induzierte die porcine Kollagenmembran eine Gewebereak-
tion und ein Integrationsverhalten, das vielfach als gewebliches Remodeling und In-

korporation ohne Anzeichen von Fragmentierung beschrieben wurde (75, 92).

Beurteilung der Biokompatibilitat (M1- und M2-Makrophagen) bzw. Gewebever-
traglichkeit

Die Untersuchung der pro- und anti-inflammatorischen Makrophagen zeigte, dass die
porcine Membran nach 10 und 30 Tagen ein erhéhtes Vorkommen von pro-inflamma-
torischen Zellen im Vergleich zur bovinen Membran induzierte. Dieses Auftreten war
jedoch lokal begrenzt und beeinflusste das umliegende Gewebe nicht. Am Tag 60
wurde in beiden Gruppen ein Rickgang der pro-inflammatorischen Zellen auf ver-
gleichbare Werte festgestellt. Dies kdnnte darauf hindeuten, dass die anfanglich er-
héhte Anzahl pro-inflammatorischer Zellen durch die unterschiedliche Vernetzung der
Membran, die den Fragmentierungsprozess einleitet, verursacht wird. Die beobachtete
Abnahme der M1- und M2-Makrophagen am Tag 60 deutet darauf hin, dass keine der
Membranen eine chronische Entzindung verursacht, die zu einem entzindungsbe-
dingten Transplantatversagen flihren konnte. Somit scheinen beide Biomaterialien
vollstandig biokompatibel zu sein. Interessanterweise zeigte die porcine Membran am
Tag 60 eine signifikant hdhere Anzahl von M2-Makrophagen im Vergleich zu M1-Mak-
rophagen. Dies kdnnte darauf hindeuten, dass sich diese Membran gut in das Trans-

plantatbett integriert und den Gewebeheilungsprozess molekular unterstutzt.

Der immunhistochemische Nachweis von BlutgefalRen zeigte am Tag 10 nach der Im-
plantation eine starkere Vaskularisierung des umgebenden Gewebes um die bovine
Membran im Vergleich zur porcinen Kollagenmembran. Am 30. Tag nach der Implan-
tation wiesen beide Kollagenmembranen eine vergleichbare Vaskularisierung inner-
halb des Bindegewebes um die Implantate und an der Grenzflache zwischen Gewebe
und Membran auf. Am 60. Tag nach der Implantation wurden Gefalle gefunden, die

die bovine Membran infiltrierten und zu einer transmembrandsen Vaskularisierung
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fuhrten, wahrend in der porcinen Kollagenmembran nur einzelne kleine Blutgefalie

nachgewiesen werden konnten.

Beurteilung der intramembrandsen Vaskularisierung

Die vorliegenden Ergebnisse, kombiniert mit den Beobachtungen der entzundlichen
Gewebereaktionen auf die bovine Membran, bestatigen das Vorliegen einer entzin-
dungsbedingten transmembrandsen Vaskularisierung. Dies entspricht den friheren
Studienergebnissen von Ghanaati et al., die die Expression des Angiogenesefaktors
Vascular Endothelial Growth Factor (VEGF) durch mehrkernige Riesenzellen als Kor-
relat der Fremdkorperreaktion und die Abhangigkeit der Vaskularisation des Implan-
tatbetts, insbesondere von Knochenersatzmaterialien, aber auch von kollagenbasier-
ten Materialien, vom Auftreten dieses Zelltyps gezeigt haben (93). Diese Beobachtung
lasst den Schluss zu, dass das untersuchte Vaskularisationsmuster der bovinen Kol-
lagenmembran mit der materialinduzierten entziindlichen Gewebereaktion zusam-

menhangt.
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Schlussfolgerungen und Implikationen fiir zukiinftige Forschungsbereiche
bezogen auf die Studienergebnisse

Zusammenfassend lasst sich auf Grundlage der beschriebenen Studienergebnisse
feststellen, dass die Gewebereaktion auf die bovine Membran zur Induktion eines so-
genannten ,bioaktiven Membran-Kompartiments® beitragt, welches fur die Regenera-
tion von Knochengewebe forderlich ist. Die bovine Kollagenmembran ermdglicht auf-
grund ihres speziellen Abbau- und Integrationsmusters, das eine transmembranose
Vaskularisierung auslost, die Schaffung eines solchen Mikromilieus. Es ist zu vermu-
ten, dass das beobachtete Vaskularisierungsmuster lokale Unterschiede in der Sauer-
stoffversorgung und der Verfugbarkeit von Nahrstoffen begunstigt, was ebenfalls dazu
beitragen konnte, eine geeignete Nischenumgebung flr Osteoprogenitoren zu schaf-
fen (94-97). Diese Ergebnisse kdnnten im Zusammenhang mit der Knochenregenera-
tion von grol3er Relevanz sein, da das Wachstum von Blutgefal’en und pro-angiogene
Signalmolekile eine entscheidende Rolle spielen. Daruber hinaus kann die Ernéhrung
der Defektstelle das Uberleben der mit der Membran implantierten Zellen unterstiitzen,
wie z.B. verschiedene aus dem Mund stammende Stammzellen oder (Pra-)Osteoblas-
ten in Tissue-Engineering-Anwendungen. (97-100). Des Weiteren deutet die frihzei-
tige Fragmentierung der Rindermembran zwar auf eine kurzere Standzeit hin, kann
jedoch trotzdem fir bestimmte zahnmedizinische oder kieferchirurgische Indikationen
von Vorteil sein, da dies eine verbesserte Angiogenese ermoglicht. Insgesamt konnte
die untersuchte Rindermembran eine Alternative zu kunstlich quervernetzten Memb-
ranen darstellen, da eine solche Verarbeitung zu Bioinkompatibilitat fUhren kann, was

ein Versagen des Implantats zur Folge hatte.
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