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ABSTRACT

There is a continuous development of bone augmentation solutions to meet the
rising demand for effective dental implant rehabilitations. One of the most used
techniques is Guided Bone Regeneration (GBR). Although successful in the
clinic, there is still scarce knowledge of the biological mechanisms behind
bone regeneration, which therefore, turns out to be the appropriate aim of this
project. The clinical Study I was a retrospective investigation on the long-term
outcome of single implant treatment in the anterior maxilla, in conjunction
with or immediately after Guided Bone Regeneration (GBR). The study on 74
included patients indicated the presence of factors negatively influencing
marginal bone level, such as small defects, simultaneous GBR-implant
placement, short healing time and onset of early and late complications. In
Studies II and IV, resorbable and nonresorbable barrier membranes with
different topographical features, were used to protect bone defects created in
the rat femur and were compared with untreated sham defects. After different
time points, samples were collected and processed for qPCR, histology,
histomorphometry,  electron = microscopy, Western  blot, and
immunohistochemistry. In both studies, the protective role of the membranes
as “physical barriers” was confirmed by the absence of soft tissue ingrowth
inside the defects. Additionally, the membranes held an active role in wound
healing dynamics. In Study II, the extracellular matrix-derived collagen
membrane showed direct bone regenerative effects on the strength of attracting
cells that release signals linked to bone formation and bone remodeling (BMP-
2, FGF-2, TGF-B, ALP, CatK). In Study IV, the effect of two types of PTFE
membranes in promoting favorable healing in the underlying bone defects was
verified. The qPCR findings demonstrated comparable bone formation for the
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two barriers applied, and a superior “bioactive role” of the dual e-PTFE in the
soft tissue compartment as revealed by high expression of tissue regeneration
(FGF-2, FOXO1, COLL1A1) and vascularization (VEGF) genes as well as a
downregulation of pro-inflammatory cytokines (IL-6 and TNF-c). Finally,
Study III was conducted to develop a methodological clinical platform to
advance our scientific knowledge of the early bacterial colonization of barrier
membranes. By employing CLSM imaging, it was shown that a dual expanded
configuration of PTFE membrane resulted in less biofilm accumulation
compared to solid dense PTFE.

In conclusion, the present thesis provides a first line of information on
molecular and cellular pathways, as well as microbiological response,
triggered during GBR by different membranes, featuring a plausible active role
in would healing dynamics along with the traditional barrier effect.

Keywords: Guided bone regeneration, Resorbable membrane, Nonresorbable
membrane, Gene expression, Histomorphometry, Soft tissue regeneration,
Biofilm.
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SAMMANFATTNING PA SVENSKA

Det finns ett stadigt okande behov av benforbittrande tekniker for att
mdjliggora behandling med dentala implantat da den sistnimnda kréver en viss
volym av kikben for att kunna utféra behandlingen. Guided Bone
Regeneration (GBR) ér en av de mest dokumenterade och anvénda teknikerna
i klinisk praxis sedan linge. Dock 4r de bakomliggande biologiska
mekanismerna for denna princip inte fullstindigt klarlagda vilket ar det
huvudsakliga syftet for denna avhandling. I Studie I, som &r en klinisk
retrospektiv studie, identifierades patienter som genomgétt behandling med
implantat for singeltandsforlust i kombination med benuppbyggnad (GBR).
Totalt 74 patienter analyserades. Resultaten visade péd ett samband mellan
bendefektens storlek (smé defekter), kort ldkningstid samt tidiga o sena
komplikationer och marginal benforlust kring implantaten. Studie II och IV
utvirderade bdde resorberbara och icke resorbebara membran i en
experimentell modell med avseende pé regenerativ formaga. Analyser utfordes
vid olika tidpunkter med qPCR, histologi, histomorfometri, elektron
mikroksopi, Western Blot och immunhistokemi. I bada studierna kunde vi
bekrifta "barridr funktionen" hos membranen vilket forhindare invéxt av
mjukvédvnad i bendefekter vilket resulterade i optimal benldkning. Vidare
kunde det pavisas att membranen forutom sin barridrfunktion, spelade en aktiv
roll i lakningsprocessen. I Studie II kunde vi demonstrera en direkt pavaxt av
ny benvdvnad pa det resorberbara kollagemembranet bestiende av extra
celluldrt kollagen matrix (ECM). Detta membran attraherade celler som
signalerade for faktorer kopplade till bennybildning (BMP-2, FGF-2, TGF-8,
ALP, CatK). I studie IV studerades tvé typer av icke resorberbara membran.
ett mer homogent membran (d-PTFE) och ett membran bestdende av olika
fibernitverk (dual e-PTFE). Bdda membranen visade pa god benlédkning men
e-PTFE membranen visade pd en Overligsen "bioaktiv roll" avseende
mjukvdvnadsldkning via uppregulering av vivnadsregeneration (FGF-2,
FOXO1, COLL1A1) och kirlnybildning (VEGF). Vidare noterade for detta
membrane en nedregulering av pro-inflammatoriska cytokiner (IL-6 och TNF-
a). Slutligen sa utvecklades i Studie III en klinisk plattform for att studera och
utoka kunskapen om tidig bakteriepavixt (biofilm) pé olika typer av membran.
Det visade sig att fiberorienterade e-PTFE mebranen uppvisade signifikant
mindre biofilm jamfort med det mer solida d-PTFE membranet.
Sammanfattningsvis ger resultaten frén denna avhandling viktig information
om de molekuléra och celluldra och mikrobiella events som sker i samband
med GBR behandling. Resultaten visar ocksd att detta ar kopplat till
membranets struktur och dess paverkan sdsom koordinator i samband med
sarldkningen.
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1 INTRODUCTION

1.1 INTRODUCTORY REMARKS

Bone regeneration is an exceptional synergy of biology and biomechanics that
occurs in distinct temporal events, fine-tuned by a rich vascular cascade. The
ultimate target of this highly complex process is the restoration of form and
function of the original tissue type, which represents a significant medical
challenge depending on the extent of bone insufficiency. In dentistry, such an
insufficiency is often the result of tooth loss and is the major hindrance for
traditional implant strategies. Several surgical procedures have been developed
to contrast the bone loss and to secure the outcome of implant rehabilitation.

Among these, Guided Bone Regeneration (GBR) requires the use of a
membrane that is inserted between the bone defect and the soft tissue, and that
was originally conceived > to serve as a physical barrier in the attempt to
prevent the migration and proliferation of epithelial and connective tissue cells
into the bone compartment, thus allowing to harness the intrinsic regenerative
capacity of bone.

Although GBR is one of the most successful techniques for local augmentation
and defect restitution ®’, no covering membrane and biomaterial modifications
have proved to serve all requirements to ensure a predictable and stable bone
healing. Hence, it is of utmost importance to better understand the biological
pathways of GBR by assessing how individual events interact within and
across the different scales (cellular, molecular, microbiological) as well as
anatomical compartments.
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1.2 BONE

Bone is a sophisticated mineralized connective tissue that exerts essential
mechanical and metabolic functions *°. The general architecture of bone
consists of a central marrow space surrounded by cancellous and cortical bone,
and periosteum. Cortical (compact) bone is the dense outer surface that
provides maximum resistance to bending and torsion, allowing bone to
withstand compressive forces. Cancellous bone is the meshwork of spongy
tissue that is responsible for a high rate of metabolic activity, remodeling and
gives bone allowance of deformation and absorption of loads '°. The
periosteum is a bilayered membrane found on the external surface of bone that
possesses osteogenic potential and contributes to the bone blood supply '

1.21 CELLULAR COMPONENTS OF BONE

Bone exhibits four types of cells that arise from two cell lines: osteoblasts,
osteocytes and bone lining cells that derive from osteoprogenitor cells from
mesenchymal stem cell lineage, and osteoclasts which are of hematopoietic
origin ®. All together these cells form the basic multicellular unit (BMU) >3,

Osteoblasts are specialized bone-forming cells with the capacity to produce
organic bone matrix. The activation of osteoblast differentiation from
osteoprogenitor lineage is coordinated by the expression of distinct genes and
synthesis of specific factors: Runt-related transcription factor 2 (Runx2),
osterix (Osx), bone morphogenetic proteins (BMPs), and members of the
Wingless (Wnt) pathways '“'7. When the subsequent proliferation phase
begins, osteoblast progenitors display alkaline phosphatase (ALP) activity, and
are therefore regarded as preosteoblasts '*. The maturation into osteoblasts is
regulated by various molecular events such as increased Osx expression and
pgoduction of osteocalcin (OCN), bone sialoprotein (BSP), and collagen type
|

Osteoclasts are large, multinucleated bone-resorptive cells of hematopoietic
origin. The major osteoclastogenic signals are the receptor activator of nuclear
factor-kB ligand (RANKL), secreted by osteoblasts, osteocytes and stromal
cells ' and the macrophage colony-stimulating factor (M-CSF), derived from
osteoprogenitor mesenchymal cells and osteoblasts '°. More specifically,
RANKL is essential for osteoclastogenesis. When it binds to its receptor
RANK on the surface of osteoclast precursor, osteoclast formation is initiated
2021 Conversely, several cells such as osteoblasts, stromal cells, and gingival
fibroblasts secrete an inhibitory protein known as osteoprotegerin (OPG) that
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binds to RANKL, hindering the RANK/RANKL interaction and thus
preventing osteoclast differentiation and activation 2%,

Osteocytes, which comprise 90-95% of all present cells in bone *, originate
from mesenchymal stem cells via osteoblast differentiation. The osteocytes
represent another cell-line of terminally differentiated osteoblasts that develop
a dendritic morphology and become embedded in the mineralized bone matrix
26 During osteoblast/osteocyte transition, several osteoblastic markers such
as OCN, ALP and collagen type I display a low rate of expression whereas
osteocyte markers including dentin matrix protein 1 (DMP1) and sclerostin are
upregulated 2?. Once surrounded by matrix, the osteocytes develop
cytoplasmic processes (up to 50 per each cell) that are connected to adjacent
osteocytes as well as osteoblasts and bone lining cells. The result of this
intricate network is the osteocyte lacunocanalicular system, responsible for
intercellular transport of signaling molecules among bone cells and capable to
identify mechanical strains and microdamage, hereby allowing bone
adjustment in response to functional loading. The mechanosensitive behavior
of osteocytes is thought to be essential to initiate the bone remodeling process
by converting mechanical stimuli to biochemical signals °.

Bone lining cells are flattened “dormant” osteoblasts present on the bone
surfaces when the bone multicellular unit is not synthetizing bone *. Despite
their roles are not fully elucidated, it has been found that bone lining cells
participate in osteoclast differentiation secreting OPG and RANKL and
impede unfavorable bone resorption preventing the direct intercommunication
between the bone matrix and osteoclasts 2.

1.2.2 BONE HEALING

Bone healing is a complex biological process, characterized by shift in the
expression of thousands of genes *', and it generally involves the partial
overlapping of three stages: inflammation, repair and remodeling *2.
Immediately following a bone injury, the vasculature inside and surrounding
the fracture site is damaged. Subsequently, endothelial cells, fibroblasts, tissue
macrophages and dendritic cells identify invading microorganisms or tissue
injury byproducts, and secrete a variety of cytokines and growth factors that
promote the recruitment of polymorphonuclear neutrophils (PMNs),
monocytes/macrophages and lymphocytes **. Hence, the formation of a blood
clot (hematoma) is the primum movens for the initiation of the inflammatory
cascade since it acts as a frame for the recruitment of inflammatory cells and
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secretion of cytokines. The acute inflammation is most pronounced during the
first 24-48 hours and usually resolves after 7 days. The initial pro-
inflammatory response is portrayed by the presence of tumor necrosis factor-
a (TNF-a), interleukin-1B (IL-1B), IL-6, IL-11, and IL-18 ** by the early-
recruited monocytes/macrophages and PMNs. These cytokines are
instrumental for the activation of the immune cells and the promotion of
angiogenesis. More specifically, it has been shown that TNF-a can act as a
chemotactic agent to recruit nearby responsive cells **, and can induce
osteogenic differentiation of mesenchymal stem cells (MSCs) *. IL-6 on the
other hand, is responsible for the differentiation of osteoblasts and osteoclasts
31 angiogenesis stimulation , and vascular endothelial growth factor (VEGF)
production. Furthermore, leukocytes secrete also anti-inflammatory cytokines,
such as IL-10 that is believed to be essential in preventing damage to the host
tissue since it can hinder the production of the pro-inflammatory cytokines IL-
1, IL-6, IL-8 and TNF-a *’. To initiate osteogenesis, MSCs must be recruited,
proliferate, and differentiate into osteogenic cells. It has been suggested that
BMPs and stromal cell-derived factor-1 (SDF-1) are key regulators in
recruiting specific MSCs to the site of injury *'. In fracture healing, callus is
produced during the repair phase via a vascular network forming a connecting
bridge across the bone fracture where the collagen matrix is laid down. The
process of callus formation can occur directly at the periosteum
(intramembranous ossification) or as a transition from soft to hard callus when
it occurs at the endosteum and bone marrow (endochondral ossification) *. At
the end of the repair phase, a less organized immature bone (woven bone), with
an irregular pattern of the collagen fibers, increased number of cells and a
reduced mineral content is formed. At the late stage of healing, woven bone is
replaced, and bone is restituted to its original anatomy by remodeling. Bone
remodeling is a lifelong phenomenon, first described by Frost ', where
osteoclasts and osteoblasts closely collaborate within temporary anatomical
BMU to remove old bone or repair damaged bone. Bone resorption in a BMU
takes approximately 3 weeks, while bone formation 3 to 4 months, for a
process that replaces 5-10% of the adult human skeleton each year **. The
remodeling cycle consists of five different stages: activation, resorption,
reversal, formation, and termination (Figure 1):

Activation phase: to initiate a remodeling cycle it has been suggested that
osteocytes are triggered by mechanical loading, bone injury on a microscopic
scale, or systemic factors such as parathyroid hormone (PTH) **°. The
subsequent recruitment of hematopoietic precursors for osteoclast formation is
promoted by osteoclastogenic factors including M-CSF, RANKL, vascular
endothelial growth factor (VEGF) and nitric oxide, which are secreted by
osteoblast lineage cells and endothelial cells **. Importantly, RANKL interacts
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with the RANK receptor on osteoclast precursor modulating the activity of
hematopoietic cells of osteoclast lineage that can initiate the resorption
process.

Resorption phase: polarization of osteoclast through its cytoskeleton
reorganization in contact with the bone matrix implies the formation of a
sealing zone that is an isolated microenvironment defined by the ruffled border
appearance of an area of the osteoclast membrane. This structure is essential
since it enables the dissolution of hydroxyapatite crystals through acidification
and following degradation of the organic matrix by the synergistic activity of
several enzymes. Consequently, tartrate-resistant acid phosphatase (TRAP),
cathepsin K (CatK), and matrix metalloproteinase-9 (MMP-9) are moved into
the Howship lacuna compartment °. Additionally, it has been reported that the
osteoclasts express a signaling glycoprotein called semaphorin 4D (Sema 4D)
that binds to osteoblasts inhibiting osteoblast differentitation and therefore
suppressing bone formation during the resorption phase *. Conversely, another
member of the semaphorin family (Sema3A) is believed to stimulate
osteoblasts, suppressing bone resorption prior to bone formation *'. Further,
the effects of RANKL on osteoclasts are blocked by OPG *, that inhibits their
final activation by inducing apoptosis and hence regulating bone resorption.

Reversal phase: after the completion of osteoclastic resorption, “reversal” cells
from an osteoblastic lineage® clear-away unmineralized collagen fibrils, and
add a “cement line” of non-collagenous mineralized matrix to favor the
adhesion of osteoblasts **. It has been shown that bone-matrix derived factors,
such as insulin-growth factors (IGFs), transforming growth factor (TGF-p),
BMPs, fibroblast growth factor (FGF) and platelet-derived growth factor
(PDGF) are released from the reversal cells during bone resorption *. The
transition between resorption and formation is the result of communication
mechanisms among bone cells. Recent evidence suggests the presence of other
factors that are associated with the coupling phenomenon *. For example, the
molecule ephrinB2 is secreted by mature osteoclasts and can link to ephrinB4,
which is expressed in the osteoblast plasma membrane. The
ephrinB2/ephrinB4 signaling resulted in enhanced bone formation whereas the
reverse signaling ephrinB4/ephrinB2 inhibited osteoclastogenesis .

Formation phase: initially, the osteoblasts synthesize and produce dominantly
type I collagen proteins, proteoglycans and noncollagen proteins including
OCN, osteonectin, and osteopontin that contribute to the development of an
organic network to fill the pits left behind by the osteoclasts **. Consequently,
mineralization of bone matrix occurs when membrane-bound matrix vesicles
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rupture due to a supersaturation of calcium and phosphate ions. Hence,
hydroxyapatite crystals are released and deposited amongst collagen fibrils °.

Termination phase: when the amount of newly formed bone at each BMU is
equal to the amount of the resorbed bone, the remodeling is completed.
Osteocytes secrete TGF-B and sclerostin  that impede further
osteoclastogenesis and bone formation induced by Wnt signaling in osteoblasts
. At this point, osteoblasts can encounter apoptosis or revert to osteocytes or
bone-lining cells that cover the bone surface */.

Taken together all the events occurring during bone remodeling, it is clear that
a complex network of fine-tuned cell communication exists at each BMU, with
accumulating evidence confirming the presence of several “coupling factors”

that act as signals between osteoblast and osteoclast lineage cells both ways
38,45

Activation Resorption Reversal Formation Termination
/\ Pre-osteoblast
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Bone-lining cells —
= CSF-1 ) New bon
— Osteoblasts
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Figure 1. Bone remodeling process is characterized by a critical interplay between bone and bone forming cells
within the bone multicellular unit (BMI) — from Pedrero et al. (Materials 2021, 14, 4896) — published by permission
from Materials *
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1.3 INFLAMMATION, IMMUNE RESPONSE
AND BIOMATERIAL-MEDIATED TISSUE
HEALING

Despite bone tissue retains the ability to self-heal, the presence of large defects
may necessitate the use of different biomaterials to facilitate the bone
regeneration process.

Immediately after implantation, biomaterials induce a complex host reaction
that starts with protein adsorption to the material surface, provisional matrix
formation (blood clot) and inflammatory process. It has been reported that the
types, amount, and structure of the adsorbed proteins are decisive for the tissue
response to the implanted biomaterials **. On the other hand, it has also been
shown that the surface properties of the biomaterials (topography, chemistry,
energy, and roughness) affect the types, concentrations, and conformations of
the adsorbed proteins (i.e., albumin, fibrinogen, fibronectin, vitronectin,
complement) which can subsequently regulate host inflammatory interactions
431 For example, fibrinogen and complement are largely related to the
activation of the cellular component of inflammation, whereas fibronectin and
vitronectin may trigger cell adhesion, and promote macrophage fusion *.
Following the initial blood protein deposition and blood clot formation, the
inflammatory responses occur within a few minutes to hours after
implantation, inducing the recruitment and adhesion of monocytes that are then
differentiated into macrophages. Macrophages are crucial in inflammation and
host defense and play multiple roles in the bone healing process. Classically
activated macrophages, also known as M1 macrophages, are intimately related
to the initial phase of wound healing according to their ability to produce pro-
inflammatory cytokines such as IL-6, IL-1f3, and TNF-a, chemokines, and
enzymes ', Importantly, the release of TNF-a and IL-6 triggers the
recruitment of leucocytes, monocytes, and other macrophages, thus inducing
an amplification of the inflammatory response. Moreover, TNF-a and IL-6 are
traditionally recognized to activate the process of osteoclastogenesis since IL-
6 is known to induce the expression of RANKL and to participate in the TNF-
a and IL-1 induced osteoclast formation 3. Adherent macrophages undergo
cytoskeleton changes in the attempt to stretch over the material surface, and
merge to form foreign body giant cells (FBGCs). The formation of FBGCs
may be viewed as an attempt to increase the phagocytic process of
macrophages and degrade large implants. Although the detailed mechanisms
behind FBGCs formation have not been fully clarified, it has been claimed that
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the physicochemical properties of the materials are very important for
macrophage plasticity and fusion °**’. Following human monocyte culturing
on polystyrene using various protein substrates, it was observed that
macrophage response, in terms of adhesion and fusion, was strongly influenced
by the presence of vitronectin, thus suggesting that material characteristics that
promote its retention may also foster the formation of FBGC **. The prolonged
presence of M1 (more than 3-4 days) may generate a severe foreign body
reaction through the formation of a barrier between the tissue and the material,
leading to implant deterioration and/or loss ***°. Similar to the wound healing
cascade ®', adherent macrophages ultimately shift to “alternatively activated”
M2 phenotypes ®*. The M2 macrophages are vital at the late stages of tissue
repair and are mainly responsible for an anti-inflammatory activity, as shown
by the secretion of high levels of IL-10. In addition, M2 macrophages promote
tissue remodeling response since they induce migration and proliferation of
fibroblasts improving the integration of the biomaterial with the surrounding
tissue . The contribution to regeneration of M2 macrophages arise through a
crosstalk with regulatory T-cells that are very important in tissue immune
homeostasis *2. Concisely, prolonged presence of M1 macrophages may result
in the intensification of the inflammatory response with subsequent negative
effect on normal tissue/bone healing and formation of a fibrocapsule at the
biomaterial interface. By contrast, an effective switch to M2 macrophages may
produce a successful resolution of the inflammation, resulting in an
osteogenesis-enhancing cytokine release pattern with subsequent formation of
new bone tissue.

Biomaterials properties (biological, chemical, physical) have shown the ability
to modulate immune cells, thus tuning innate and adaptive immune responses
at implantation sites, including bone tissue. It is well-established that material
properties can affect cellular function. Topographical features have been
recognized as important regulators of cell adhesion, proliferation and
differentiation, macrophage fusion and cytokine secretion *. It has been shown
that surface nanostructure may induce conformational changes of adsorbed
proteins, which in turn may explain different patterns of cell adhesion and
activation on flat versus rough surfaces *’. Furthermore, a decreased
macrophage response, which leads to FBGC formation, was noticed on a
polymeric surface with more pronounced topography in contrast to
observations on more flattened controls °*. When microroughness of titanium
substrates was investigated, it was seen an increase in the TGF-B/BMP
osteogenic signaling from osteoblast culturing, and a polarization of
macrophages into M2 phenotype with following upregulation of IL-4 and IL-
10 cytokines, which are important for osteoblast maturation *’°. The use of
porous materials can also be critical in clinical settings due to their ability to

about:blank

2021-12-17, 13:07



Firefox

21 of 117

Alberto Turri

foster biological molecules. Recent evidence has shown that scaffold
architecture with interconnected pores favored the ingrowth of vasculature
with the resultant delivery of osteoprogenitor cells and more bone formation
compared with materials with closed or non-existent pores ’'. Further, it was
found that porous collagen scaffolds influenced the course of bone healing by
promoting revascularization at injury sites via high expression of M2 markers
and the secretion of PDGF and MMP-9 7%, Hence, the distribution and diameter
of the pores may perform as topographical “actors” for
osteoimmunomodulation, although the ideal pore size for optimal osteoblast
behavior is still disputable . It is common knowledge that biomaterial
hydrophilicity enhances the ability of cells to provoke an immune response .
For example, research has provided evidence for a downregulation of several
pro-inflammatory cytokines when human macrophages interacted with
hydrophilic modified titanium surfaces "°. An increase in hydrophilicity may
also decrease osteoclast activity, as demonstrated in an in vitro study where
osteoclastic markers, such as TRAP and osteoclast-associated
immunoglobulin-like receptor (OSCAR), were downregulated on hydrophilic
sandblasted/acid etched titanium 7°. Moreover, the addition of hydrophilicity
to a biomaterial can influence the macrophage response. It was found that a
chemically modified hydrophilic surface of microrough titanium implants with
subsequent increased surface energy and wettability resulted in a reduced
secretion of pro-inflammatory cytokines (IL-1 a, IL-1B, TNF-a), thus
suggesting potential enhanced bone wound healing and osseointegration "’
Surface charge represents another relevant element in the modulation of the
immune response, despite contradictory results are reported in the literature .

Noteworthy, the current challenge is the development of biomaterials with
improved physicochemical properties that could be able to modulate the
immune system and the inflammatory response, seen as decisive gateways in
bone regeneration.
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1.4 GUIDED BONE REGENERATION

Barrier membranes to restore bone deficiencies, prior to or in conjunction with
dental implants, were developed according to the osteopromotion principle *-
578 based on the soft-tissue exclusion assumption that the creation of a
secluded bone compartment may allow undisturbed migration, differentiation
and activation of cells with osteogenic potential, thus triggering, protecting and
guiding bone regeneration (GBR).

The sequence of bone regeneration in membrane-covered defects was well
described in a histologic study in the canine mandible ”°. After 2 and 4 months
of healing, test sites covered with non-resorbable expanded
polytetrafluoroethylene (e-PTFE) membranes were compared with control
sites without membranes. Placement of the barrier membranes promoted the
creation of a microenvironment conducive to intramembranous ossification,
where an undisturbed blood clot together with a protected solid base for bone
deposition promoted better bone healing than that observed in control defects.
Interestingly, bone formation started on the surfaces bordering the walls of the
defect and subsequently spread towards the middle and top portion of the
defect. In a considerable number of histological studies, using different
experimental models, this membrane technique has proven effective and
reproducible **. On this matter, another early investigation explored the bone
regenerative potential of ten different membranes in critical size mandibular
defects in a rat model *'. The histological evaluation after 6 weeks of healing
revealed varying degrees of bone-promoting capacity depending on the
membrane type, with comparable performance between e-PTFE non-
resorbable membranes and certain types of resorbable membranes. A fterwards,
several synthetic and naturally derived materials have been developed trying
to fulfill and optimize a set of basic requirements ***: biocompatibility,
occlusive properties, space-making ability, attachment to or integration with
the surrounding tissues, adequate mechanical and physical properties, and
clinical manageability. A single material that serves all properties has not been
found yet, and the current GBR membranes can be classified as synthetic
polymers (PTFE, aliphatic polymer based such as polylactic acid PLA,
polyglycolic acid PGA, poly e-caprolactone PCL), natural polymers (collagen,
chitosan, alginate based), metals (titanium, titanium alloy cobalt-chromium
alloy), and inorganic compounds (calcium sulfate, calcium phosphate) *.
Furthermore, they can be classified as resorbable and non-resorbable (7able
I).

10
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Table 1. Membranes for GBR, presented according to resorbability, material
and commercial name (modified from Omar et al. 2019 %)

NON-RESORBABLE Polytetrafluoroethylene Expanded Gore-Tex®
Dense Cytoplast™ TXT-200
Dual textured expanded NeoGen®
Titanium-reinforced Gore-Tex-Ti
Cytoplast™ Ti-250
NeoGen® Ti-
L. L. Reinforced
Titanium Titanium mesh
Frios® BoneShields
Ridge-Form Mesh™
RESORBABLE, Non-cross-linked Type I collagen CollaTape®
naturally derived collagen
Tutodent®
Type I and III collagen BioGide®
Botiss Jason®
Type I, I11, IV, VI DynaMatrix®
collagen and other
proteins
Collagen with Creos Xenoprotect™
intermingled elastin
BioMend®
Cross-linked coll i
Poss-1t collagen Cross-linked type [ OSSIX® plus
collagen
OsseoGuard®
Cross-linked type I and OsseoGuard Flex®
1 MatrixDerm™ EXT
RESORBABLE Aliphatic polyesters Poly-D, L-lactide-co- Resolut adapt®
synthetic glycolide
D, D-L, L polylacti P
S Epi-Guide®
Poly-D, L-lactide and Guidor®
poly-L-lactide blended
with acetyl tri-n-butyl
citrate
Polyglycolide, poly-D, BioMesh®-S
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141 NONRESORBABLE MEMBRANES

Expanded PTFE membranes constituted the first generation of clinically
successful and well-documented barrier membranes in GBR *”. PTFE is a
highly crystalline, stable and hydrophobic synthetic polymer that does not
provoke immunological reactions and resists enzymatic breakdown by host
tissues and microorganisms %°. Despite the excellent structural integrity and
tissue-exclusion behavior, early research called attention to failure of GBR
procedures due to the collapse of PTFE membranes under the external soft
tissue pressure ***. Hence, to strengthen the mechanical stability, a titanium
reinforcement was introduced inside the membrane structure ¥. Previous
research showed successful bone regeneration when e-PTFE membranes were
used alone **°!, and the subsequent wide application of this material has made
it as the gold standard for GBR. The technique was then modified by including
a bone grafting material underneath the membrane *?, not only for mechanical
purposes since it could support the membrane to maintain the created space,
but also because bone grafts may help accelerating bone regeneration by their
osteoconductive and possibly osteoinductive properties . In general, the
decision regarding the clinical use of nonresorbable and resorbable membranes
is based on the defect morphology and the volume stability provided by the
adjacent bone walls of the region to be augmented. Thus, in the presence of
large peri-implant dehiscences, reduced ridge width and/or height,
nonresorbable PTFE membranes and bone substitutes are recommended ** and
have proven to be successful in many investigations °*°°, especially with regard
to vertical bone deficiencies ***’, although recent evidence showed promising
results also with resorbable membranes **. A 6-year double-blind randomized
clinical trial was performed on twenty-two patients to study the outcome of
two procedures for vertical ridge augmentation in combination with
simultaneous implant placement *°. In the test group autogenous bone graft was
covered with a biodegradable collagen membrane fixed to titanium plates,
while the controls consisted of autogenous bone graft and a nonresorbable
titanium-reinforced e-PTFE membrane. Despite no differences between
treatments could be observed, the test group revealed 0.58mm mean bone loss
from baseline to 6 years, and the control group lost 0.49mm of peri-implant
bone, thus demonstrating good stability of the interproximal vertically
regenerated bone. Nevertheless, it has been claimed that the stiffness of the
PTFE material together with a highly sensitive surgical management (“PASS
principle’: primary wound closure, angiogenesis, space and stability of the clot
'%%) may enhance the risk of early wound dehiscence and membrane exposure
through the soft tissue '°"'*2. It was recently reported that when membrane
exposure was avoided the horizontal bone gain was 74% higher than at sites
showing membrane exposure '**. Prior research demonstrated a negative
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correlation between the number of bacteria found on the surface of the
membranes at the time of removal and the clinical attachment gain achieved
after guided tissue regeneration (GTR) '*'%. The in vivo behavior of exposed
nonresorbable membranes unveiled an unsuccessful protective role against
bacterial invasion as early as 4 weeks '”’. These findings agreed with studies
reporting on periodontal and implant clinical outcomes where the exposed e-
PTFE barrier membranes were removed 4-6 weeks after the surgical
interventions '**'® to still allow for an adequate bone regeneration as long as
the acute infection could be prevented ''°. On this matter, high-density PTFE
barriers seemed to offer an interesting alternative since it has been argued that
they would contribute with a better protection to bacterial penetration due to a
much smaller pore size (< 0.3 um) compared to e-PTFE (0.5 — 30 um) *#!%,
Socket preservation studies on intentionally exposed d-PTFE barriers reported
satisfactory outcomes regarding bone regeneration and absence of infection ''*-
113 A prospective randomized controlled trial on 23 patients requiring vertical
bone augmentation in atrophic posterior mandibles didn’t reveal neither
clinical nor histological differences in bone gain at implants treated with GBR
procedures where e-PTFE or d-PTFE membranes °’ were used.

14.2 RESORBABLE MEMBRANES

Among the variety of resorbable membranes evaluated for GBR purposes over
the years, those made of native collagen are the most used ***, considering
several intrinsic compelling features such as low immunogenicity, good tissue
integration most likely due to its chemotactic effect on fibroblasts and
osteoblasts, fast vascularization and good dimensional stability ''*. Collagen
membranes may present with different architecture and thickness depending
on the source (bovine and porcine tissues, human skin), extraction method and
technique used to manufacture the membrane *. From a clinical perspective,
the main advantages in using collagen membranes for GBR procedures in
comparison to nonresorbable PTFE barriers, are represented by an easy
manipulation and a decreased patient morbidity since there is no need for an
additional surgical intervention to remove the membrane and the fixation
devices. Contrarily, the unfavorable mechanical properties of collagen
membranes represent the major drawbacks. The lack of rigidity together with
the biodegradation process implies a peculiar difficulty of this material in
maintaining the barrier function for the duration required to achieve optimal
tissue regeneration, which has been previously reported to range between 4 and
6 weeks depending, however, on individual patients’ conditions such as age,
systemic diseases and morphology of the bone defect ''*'"’. Currently, it is
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known that soft tissue complications after GBR may occur at a similar
frequency with nonresorbable (17.6%) and resorbable membranes (18.3%), as
shown in a recent systematic review ''*. Although a spontaneous healing in the
presence of mucosal dehiscences is expected when collagen membranes are
used, the membrane contamination during or after surgery may accelerate the
degradation process up to 80% ''°, thus explaining the unpredictable clinical
results that are sometimes obtained by resorbable membranes. Nevertheless,
collagen barriers may account on a widely successful short- and long-term
clinical employment **'**. For example, an early split-mouth prospective study
evaluated the outcome of GBR procedures for the treatment of 84 implant
dehiscences that were filled with deproteinized bovine bone and protected
either with a biodegradable collagen membrane or a nonresorbable PTFE '%°.
After 4-6 months of healing, the regenerated bone was assessed during the re-
entry procedure. The mean percentage of defect reduction was 92% for the
resorbable-treated sites and 78% for the nonresorbable-treated defects, and a
higher complication rate in terms of membrane dehiscence was observed in the
e-PTFE group. Further, in a long-term trial reporting on 58 patients, resorbable
collagen membranes and nonresorbable e-PTFE demonstrated comparable
outcomes regarding implant survival rate, interproximal marginal bone level
and clinical soft tissue parameters *°.

14
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1.5 ANALYTICAL TECHNIQUES TO
EVALUATE GBR

The histological and histomorphometrical evaluations of bone tissue and cells
present in membrane-treated defects have been the traditional “gold” standard
methods for evaluating the bone structure *"'** and the formation of bone in
GBR **7%13 The newly formed bone, which is defined as the percentage of
new bone tissue calculated in relation to the total defect space (i.e., area or
volume) is generally the main parameter of interest. The calvarial critical-size
defect is the classical model for the study of GBR in small and large animals
and is defined as the one that would not heal spontaneously '**!'**. However, it
has been argued that even a very small size of induced defect could be regarded
“of critical size”, depending on the duration of the experiment '*. Overall,
conventional histology and histomorphometry are based on a two-dimensional
assessment of tissue sections, and therefore can provide only a snapshot view
of a dynamic process such as bone regeneration. Several histological studies in
different experimental models have been important as proof of concept,
demonstrating the influence of various types of barrier membranes in
promoting bone regeneration in the defect compartment '2*°. Nevertheless,
they have not been of any help to elucidate the exact role of the membranes,
regarding the cellular and molecular events that foster the overlapping stages
of bone healing (inflammation, bone repair, and bone remodeling).

Gene expression profiling has become a valuable tool in medicine to study the
molecular changes that underlie physiological processes and pathological
conditions. Gene expression is a tightly regulated course of events in which
cells convert the information present in their DNA into instructions for making
proteins, that are ultimately responsible for the prompt response of cells to a
changing environment. Hence, gene expression can be seen as an “on/off
switch” to regulate protein synthesis and also as a “volume control” that is
capable to increase or decrease the number of proteins synthesized. More
specifically about GBR, gene expression related to inflammation, osteogenesis
and osteoclastogenesis that occur in the bone, at the bone-material interface
and in the soft tissue compartment could be investigated by quantitative real-
time polymerase chain reaction (qPCR) analysis. This is a quantitative
technique used to amplify and simultaneously quantify the amount of DNA
and therefore to measure gene expression "*'. A recent narrative review
analyzed the existing evidence that employed cellular and molecular
techniques to decode the biological basis of GBR *. It was concluded that there
is evolving knowledge whereby barrier membranes might exert bioactive bone
promotive functions. However, the current literature is still scarce on this
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matter and a potential active role of the membranes in GBR needs to be further
assessed in their physicochemical properties, bioactivity, and antibacterial
effect.

16
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2 AIM

The main objective of this thesis was to investigate the biological processes,
including microbiological events that underlie the in vivo behavior of barrier

membranes used for GBR.

The specific aims were:

L.

To report on the long-term effects of clinical applicability of
GBR procedures prior to or in conjunction with single implant
rehabilitation in the anterior maxilla.

To assess in vivo whether a resorbable collagen-based
membrane used for GBR could actively stimulate the osseous
healing in experimental bone defects, thus supporting a new
role besides its established barrier effect.

To evaluate and compare in vivo the potential bioactive
involvement of two types of nonresorbable PTFE membranes
in the regenerative healing events taking place not only in the
osseous defect below the membranes, but also within the
membranes and in the overlying soft tissue compartment.

To develop a methodological platform for studying in vivo the

early biofilm formation on different types of nonresorbable
PTFE membranes directly exposed to the oral cavity

17

about:blank

2021-12-17, 13:07



Firefox

30 of 117

On the biological behavior of barrier membranes: implications for Guided Bone Regeneration

3 MATERIALS AND METHODS

The present thesis is based on two human clinical trials (Studies I & III) and
on two experimental studies (Studies II & IV).

Study I is a retrospective clinical, radiographic study that describes the
outcomes of single implant treatment after applying the GBR technique,
whereas Study III is a short-term trial that focuses on the in vivo
microbiological behavior of barrier membranes when exposed to biofilm
formation in the oral cavity.

Studies II and IV consist of experimental in vivo models that investigate the
mechanisms of GBR, providing histological and histomorphometrical
assessments as well as quantitative measurements of gene expression through
qPCR technology at three structural levels of rat femur experimental defects:
in the bone underneath a barrier membrane, in the membrane itself (Studies II
and IV) and in the overlying soft tissue compartment (Study IV).

3.1 BARRIER MEMBRANES

The membranes used in Studies I and II were naturally derived collagen-based
membranes, while in Studies III and IV, synthetic PTFE, which is
nonresorbable, was used.

Study I: The great majority of bone deficiencies, prior to or in conjunction with
implant placement, were treated by a combination of bone grafting materials
and the bilayered collagen membrane BioGide® (Geistlich Pharma,
Wolhusen, Switzerland) (Figure 2a).
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Study II: An extracellular matrix membrane extracted from the porcine small
intestinal submucosa was utilized (DynaMatrix®; Keystone Dental, Boston,
USA) (Figure 2b).

Figure 2. Scanning electron microscopy (SEM) micrographs showing (a) BioGide®
membrane and (b) Dynamatrix® extracellular matrix membrane — (courtesy of Prof.
Dahlin)

Studies III & IV: Two types of PTFE membranes were used (Figure 3). The
test membrane was dual-layered expanded PTFE (NeoGen™, Neoss Ltd.;
Harrogate, UK) with two different degrees of expansion. The top side of the e-
PTFE—Afacing the soft tissue in Study [V—was characterized by a semi-closed
structure, whereas the bottom side—facing the bone defect in Study [V—was
biaxially expanded with a similar expansion ratio and an open structure. The
control membrane was solid dense PTFE (Cytoplast™ TXT-200, Osteogenics
Biomedical, Inc., TX, USA).

Figure 3. Schematic drawing and corresponding SEM micrographs of solid dense PTFE (d-PTFE)
and dual-layered expanded PTFE (e-PTFE) with two different degrees of expansion on the two sides
of the membrane: the top (soft tissue) side was biaxially expanded with a dissimilar expansion ratio
and a semi-closed structure, while thee bottom (bone) side was biaxially expanded with a similar
expansion ratio and an open structure (from Turri et al. — submitted manuscript)
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3.2 CLINICAL STUDIES

3.21 STUDY DESIGN
Retrospective study (Study 1)

The sample population was selected from consecutively treated patients
referred to the Branemark Clinic in Gothenburg (Sweden) from December
2002 to November 201 1. The participants were provided with a single implant-
supported prosthesis for the replacement of one anterior upper tooth in the
presence of inadequate alveolar bone volume. The inclusion criterion for the
patient sample was at least 5 years of follow-up. The treatment protocol
included bone augmentation and implant placement either using a
simultaneous approach or a delayed strategy (Figure 4), where the bone defect
was first augmented and, after an adequate healing time, the implant was
inserted to restore the partial edentulous situation. The two different surgical
protocols were chosen based on the bone defect morphology and on the
individual surgeon’s preference. The GBR technique consisted of the selection
of resorbable membranes with the additional use of graft material, either
autogenous bone and/or deproteinized bovine bone.

Figure 4. Clinical case to illustrate a staged treatment protocol. Following the surgical
extraction of tooth 11 (a), the buccal bone plate (b) was reconstructed with deproteinized bovine
bone and a collagen bilayered membrane (c), and implant placement was performed after an
appropriate healing time.

After completion of the treatment with the placement of the prostheses, all
patients were invited to participate in a follow-up according to a standardized
protocol**. Clinical examinations, which included radiologic investigations,
were scheduled at prosthesis placement, after one year, after three and five
years, and then for individual check-ups whenever the patients experienced a
problem.
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In vivo short-term study (Study 1II)

The study subjects were enrolled as healthy volunteers and were selected based
on good oral health and an absence of mouth breathing and parafunctional
habits. None of the participants used chlorhexidine mouth rinses or had taken
antibiotics in the 6 months preceding the study.

On each subject, the natural surface of ten teeth was used to apply round
membrane specimens (4 mm diameter and 0.25 mm thickness) that were
divided into test and control groups (Figure 5). The location (cuspid to molar
region) of the test and control membranes was assigned at random on the right
or left side of the twelve included volunteers according to two experimental
protocols that were created to assign an equal number of specimens to the
respective quantitative (n = 12) and qualitative (» = 6) analyses. The
membranes were bonded using a moisture tolerant light cure bonding system
(SmartBond®, Gestenco International AB, Sweden).

Figure 5. Test membranes (e-PTFE) on the left side and control
membranes (d-PTFE) on the right side at baseline — from Turri et
al. 20211

The subjects were asked to cease oral hygiene procedures during a 24-hour
period. After 4 h and 24 h, all participants were recalled to retrieve the biofilm-
covered membrane discs for a total of four or six specimens at each time point
according to the corresponding experimental protocol. Additionally,
supragingival plaque samples were collected from the buccolingual surfaces of
a lower cuspid before bonding the membrane discs and again before membrane
retrieval at 4 h and 24 h. Professional mechanical tooth cleaning was performed
at the end of the study.
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322 METHODS
Clinical data collection (Study I)

Data were retrospectively retrieved from the included patient files related to
implant treatment and the GBR procedure, such as age, general health,
smoking habits, reasons for tooth loss, type of bone defect, GBR materials,
implant characteristics, and time of implant placement in relation to the bone
surgical reconstruction. All recorded biological and technical complications
were also collected, and they were divided into three groups according to the
time of occurrence: postoperative complications such as wound dehiscence,
membrane and graft exposure, infection, and loss of graft *!'%; “early-stage”
complications occurring within the first year of functional loading, such as
implant failure, presence of early signs of peri-implant inflammation **'** and
technical complications '**; and “late-stage” complications such as loss of
osseointegration, peri-implant mucositis, periimplantitis **'** and technical

complications '**.

Radiographic data collection (Study 1)

All available intraoral radiographs were analyzed by one examiner (AT), and
the distance was calculated between a reference point (fixture-abutment
junction) and the nearest thread where the bone level was detected at the
interproximal sites of each implant. From the mesial and distal values, the
largest was recorded and used in the statistical analysis. If one of the sites was
unreadable, the other site was chosen. The change in marginal bone level at
different examinations was calculated as the thread difference between the
measurements and expressed in mm.

Microbiological sampling and CFU (Study 111)

One test and one control membrane were retrieved per subject and time point
(4 h and 24 h) to measure the bacterial colony-forming unit counts (n = 12).
To provide a proper control for microbiological analysis in each patient, the
viability counting method was also used to determine the number of bacterial
cells detected on the surface of the natural teeth at different time points,
including the baseline, immediately before bonding the membrane discs.
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CFU counting was performed as described in previous research '*°. At each
time point and for each membrane and supragingival sample, an ESwab tube
(Copan Italia S.p.A., Brescia, Italy) containing 1 ml transport medium was
used. To dislodge the adherent bacteria and break up any aggregates, the tube
was vortexed for 30 s at maximum speed (3200 rpm), followed by 5 min of
sonication at 40 kHz and additional vortexing for 30 s. Tenfold serial dilutions
until 10 were made in 0.9% saline. A volume of 100 ul from each of the four
dilutions was spread on duplicate agar plates and incubated at 37 °C under
aerobic conditions for 2 days and anaerobically for 5 days before quantification
of viable colony forming units. The presence and number of staphylococci
were also determined on duplicate agar plates, and the strains were further
identified using CHROMagar™ Staph aureus.

Microbiological sampling and CLSM (Study 111)

One test and one control membrane were retrieved per subject and time point
(4 h and 24 h) for confocal laser scanning microscopy analysis (n = 12).

Briefly, the membranes were covered with 200 ml of staining solution of the
FilmTracer™LIVE/DEAD® Biofilm Viability Kit to distinguish live (green)
and dead (red) bacteria. Thereafter, the stain was removed, and the membranes
were immersed in saline for in sifu visualization of the biofilms using the
C2plus confocal microscopy system (Nikon, Japan). The biofilm images were
processed and quantified using Comstat2 software (Lyngby, Denmark) to
determine '**: (1) biofilm biomass (um*/um?®), (2) average thickness of the
biofilm, (3) area occupied (%) by the first biofilm layer, and (4) surface-to-

volume ratio (um?/pm?®).

Microbiological sampling and SEM (Study 111)

One test and one control membrane were retrieved per subject and time point
(4 h and 24 h) for scanning electron microscopy analysis (n = 6).

The membrane samples were first rinsed in saline and then fixed in modified
Karnovsky’s fixative for 2 hours at 4 °C. After additional rinsing and staining,
they were dehydrated in a graded ethanol series and allowed to air-dry
overnight. The samples were then mounted on aluminum stubs using
conductive silver paint and sputter-coated Au (~15 nm) for scanning electron
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microscopy (SEM) (Ultra 55 FEG SEM, Leo Electron Microscopy Ltd., UK)
operated in secondary electron mode at an accelerating voltage of 5 kV and a
working distance of ~5 mm.

323 STATISTICS

All statistical tests had a significance level fixed at 5% and were performed
using SPSS software (IBM SPSS Statistics, Armonk, NY) for study I and
GraphPad Prism version 8.1.0 (GraphPad Software, La Jolla, California, USA)
for Study III.

Pitman’s test was used in Study I to identify significant correlations between
population characteristics at baseline and marginal bone level changes from
baseline to follow-ups.

The Wilcoxon matched pairs signed ranked test was used in study III to
compare test with control membranes as well as test or control membranes with
plaque samples from teeth. Additionally, the Friedman test was used to
compare the different time points within the three different groups (baseline, 4
h and 24 h).

3.24 ETHICAL APPROVAL

All studies were approved by the Local Ethics Committee at the University of
Gothenburg, Sweden: Study I (Dnr 197-12) and Study III (Dnr 379-14).
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3.3 EXPERIMENTAL STUDIES

3.3.1 STUDY DESIGN

Male Sprague-Dawley rats were used: 52 in Study II and 60 in Study IV.
Bilateral defects were created in the femoral epiphyseal bone of each animal.
One site was left to heal without a membrane (sham), while the other site was
covered with a membrane, with one collagen resorbable membrane in Study II
and one of the two nonresorbable PTFE membranes in Study IV.

The assignment of femoral defects to experimental (test) and control groups
was chosen by a predesigned placement schedule to secure rotation (right/left
side) and to guarantee that the two groups in Study II and the three groups in
Study IV provided an equal number of specimens to the different analytical
techniques (Figure 6).

Figure 6. Schematic drawing of the experimental
defects in the rat femur

Animal sacrifice was performed at 3 d, 6 d and 28 d (16 rats at each time point)
in Study II and at 6 d and 28 d (30 rats at each time point) in Study IV (Table
2).
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Table 2. Outline of the experimental studies and the analytical techniques
employed

STUDY II STUDY IV
Time points 3d 6d 28d 6d 28d
Number of rats 16 16 16 30 30
Histology + + + +
8
2 Histomorphometry + + + +
‘g
S
2 Immunohistochemistry + +
g
% Western blot + - +
qPCR defect membrane defect membrane | soft tissue

3.3.2 SURGICAL PROCEDURES

In brief, the surgical protocol follows the regimen described in previous
experiments from our research group '*'. The surgeries were performed under
general anesthesia induced by isoflurane inhalation (4.1% with an air flow of
650 mL/min) in a Univentor 400 anesthesia unit and maintained by the
continuous administration of isoflurane via a mask. The recipient leg was
shaved and cleaned with 5 mg/ml chlorhexidine and 70% ethanol. After
infiltration with a local anesthetic solution (1 ml lidocaine with epinephrine;
10 mg/ml + 5 pg/ml), the distal aspect of the femur was exposed through a skin
incision, muscle reflection and periosteal elevation. Under profuse saline
irrigation, bone defects were prepared in each femoral epiphysis using a
trephine with a 2.3 mm internal diameter and 3.0 mm penetration depth. One
defect was covered with a membrane, either resorbable (Study II) or
nonresorbable (Study IV), and the other was left uncovered. The barrier
membranes were not secured with titanium mini pins on the surrounding bone.
The flap was closed in layers subcutaneously using resorbable polyglactin
sutures (Vicryl 4-0; Ethicon), whereas the skin was closed with transcutaneous
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resorbable poliglecaprone sutures (Monocryl 4-0; Ethicon). The rats received
pre- and post-operative buprenorphine analgesic (Temgesic 0.03 mg/kg)
subcutaneously and were housed in groups with food and water ad libitum. At
the indicated times of the retrieval procedure, the animals were euthanized
using an overdose of sodium pentobarbital (pentobarbital sodium vet; APL 60

mg/ml).

3.3.3 METHODS
Quantitative Polymerase Chain Reaction (qPCR) (Study Il & IV)

In the different compartments of the experimental sites, QPCR was performed
to analyze the expression of several genes of interest as a measure of the
healing state and of the functional activation of cells in relation to the presence
or absence of barrier membranes.

In study II, 24 rats were allocated for qPCR (8 at each time point) resulting in
n = 8 for each group, whereas in study IV, 30 rats were allocated for qPCR (15
at each time point), resulting in n = 10 for each group.

Special care and precautions were taken for the isolation and preservation of
RNA biomolecules, which are unstable due to the ubiquitous presence of
enzymes (RNases) in tissues, blood and most bacteria and fungi in the
environment '*. Briefly, total RNA from the homogenized defect sites (Studies
IT & IV) and soft tissue (Study IV) was extracted using an RNeasy® Mini kit
(Qiagen GmbH, Hilden, Germany), while the total RNA from the
homogenized membrane-adherent cells was extracted using a NucleoSpin
RNA/protein isolation kit (Macherey-Nagel, Germany) in Study II and an
RNeasy® Micro kit (Qiagen GmbH, Hilden, Germany) in Study IV. The RNA
quality was evaluated with a Nano 6000 RNA kit in a Bioanalyzer 2100
Electrophoresis System (Agilent Technologies; Santa Clara, CA, USA), and
the RNA concentration was measured with a Nanophotometer P-36 (Implen
GmbH, Munich, Germany). Reverse transcription of RNA into cDNA was
carried out using a GrandScript cDNA Synthesis kit (TATAA Biocenter AB,
Gothenburg, Sweden) in Study II and an iScript cDNA Synthesis kit (Bio-Rad,
Hercules, CA, USA) in Study IV. Before qPCR, predesigned validated assays
for the genes of interest were purchased from TATAA Biocenter AB
(Gothenburg, Sweden). The selected panels targeted different genes in the
three GBR compartments (7able 3). Additionally, another panel of genes was
screened in different samples from the retrieved tissues as well as from the
retrieved membranes at all time points to select the most stable reference genes
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for normalization. The expression profiles of the screened reference genes
were evaluated using geNorm '** and Normfinder '** software. The most stable
gene expression was achieved by HPRT1, GAPDH and ACTB, which were
selected as reference genes for study II, whereas in study IV, a combination of
HPRT and ACTB was designated, and their mean was used for normalization.
More specifically, the quantities of the genes were normalized to the
expression of the chosen reference gene and were calculated using the delta-

delta Cy method and 90% PCR efficiency (k*1.9°4°%) 43,

Table 3. List of the genes included in the experimental studies

Membrane Bone defect
Alkaline phosphatase (ALP) Bone formation -
(Iv) (I &1V)
Bone morphogenetic protein _ Membrane Soft tissue Bone defect
2 (BMP-2 Bone formation
(BMP-2) W&1v) av) av)
Bone defect
Calcitonin receptor (CTR) Bone resorption - -
(I & 1V)
Bone defect
Cathepsin K (CatK) Bone resorption - -
M&1V)
: P Bone defect
Chemokine receptor type 4 Cell migration and
(CXCR4) recruitment o
11 M ft ti
Collagen, type I, alpha 1 :3: tr:ieilllula:rdmmx embrane Soft tissue
(COL1Al) .. (V) av)
organization
11 migrati M ft ti
Fibroblast growth factor 2 - mlgra on and embrane Soft tissue
(FGF-2) recruitment, N -
Angiogenesis @& ™
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Forkhead box protein O1 . Membrane Soft tissue
Apoptosis -
(FOXO-1) ) )
Hypoxia-inducible factor 1- . . Bone defect
Angiogenesis - -
alpha (HIF-1a) )
Membrane Soft tissue Bone defect
Interleukin-6 (IL-6) Inflammation
vy av) (& 1V)
Monocyte chemoattractant Cell migration and Bone defect
protein 1 (MCP-1) recruitment a
Membrane - Bone defect
Osteocalcin (OC) Bone formation
avy (& 1V)
Bone defect
Osteoprotegerin (OPG) Bone remodeling - -
(I
Receptor activator of NF- . Bone defect
Bone remodeling - -
kappa B (RANK) (Il)
Receptor activator of NF- . Bone defect
. Bone remodeling - -
kappa ligand (RANKL) a
Transforming growth factor- Inflammation, bone Membrane
beta (TGF-f) remodeling av
Transforming growth factor- | Inflammation, bone Bone defect
beta 1 (TGF-B1) remodeling a
Tumor necrosis factor-alpha - Membrane Soft tissue Bone defect
Inflammation
(TNF-o) i) ) W&1V)
Vascular endothelial growth . . Membrane Soft tissue
Angiogenesis =
factor (VEGF) W& V) )
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Histology and Histomorphometry (Study II & IV)

Nondecalcified histology of the experimental sites was conducted in both
studies to investigate the structure and morphology of the sham and membrane-
covered defects, and comparisons were made among the different groups.

In Study II, eight (n = 8) bone defect sites at 6 and 28 days were allocated for
histology and histomorphometry, whereas in Study IV, a total of 30 rats (15 at
each time point) were assigned to these analytical techniques, resulting in n =
10 for each group.

In brief, the bone defect sites with and without the overlying membrane were
harvested en bloc, fixed in formalin, dehydrated in ascending ethanol, and
embedded in acrylic resin (LR White; London Resin Company Ltd., Berkshire,
UK). Thin sections of approximately 10-20 pm were obtained following the
cutting-grinding protocol previously described ' using an Exakt System
(EXAKT Apparatebau GmbH & Co, Norderstedt, Germany). All sections were
stained with 1% toluidine blue and subsequently coded and evaluated blindly
for histology and histomorphometry using an optical light microscope (Nikon
Eclipse E600; Nikon Ltd., Tokyo, Japan) equipped with imaging and analytical
software (NIS-Elements; Nikon). In Study IV, a total of ten samples were
excluded from the analyses due to large artifacts, resulting in » = 8 for each
group at 6 d, n = 10 for the e-PTFE group and » =8 for both the sham and d-
PTFE groups at 28 d.

Histomorphometry was performed on each section using a 10x objective and
a software grid projected on the defect where each grid square measured 0.8 x
0.8 mm (Figure 7).

Figure 7. Schematic drawing of the experimental defect. The dotted line represents the
region of interest (ROI) in Study IV, whereas the entire grid represents the ROI in Study II.
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In Study II, the analysis was conducted on the total defect by dividing the
defect area into different regions of interest (ROIs): top, middle, and bottom or
central and peripheral regions. In Study IV, the ROIs were represented by the
two upper zones of the grid. The area of newly formed bone was analyzed
separately in every zone, and the area percentage of bone (%) was then
calculated with respect to the total defect area or to the area of the respective
ROL

Immunohistochemistry (Study 1)

Paraffin-embedded 3-5 pm thick sections were obtained, mounted on poly-L-
lysine slides (Menzel GmbH and Co. KG, Braunschweig, Germany) and
incubated with antibodies against cellular/molecular markers of interest, either
primary rabbit anti-rat BMP-2 polyclonal antibody (18933-1-AP, Proteintech
Group, Inc., USA) or primary rabbit anti-rat FGF-2 polyclonal antibody
(ABIN1582147, antibodies-online GmbH, Germany). Negative controls were
prepared by omission of the primary antibody and incubated with 1% BSA in
PBS. The immunoreactivity of BMP-2 and FGF-2 was detected and visualized
using goat anti-rabbit IgG secondary antibody with horseradish peroxidase (sc-
2004, Santa Cruz Biotechnology, USA). All slides were evaluated qualitatively
under light microscopy (Nikon Eclipse E600) using 20x and 40% objectives.

Western blot (Study 11)

To detect specific protein molecules from the native and retrieved extracellular
matrix membranes, the total protein concentration was first assessed using a
BCA protein assay kit (Pierce, Thermo Scientific, USA), and then 50 pg from
the protein extract of the membrane samples was prepared in Laemmli sample
buffer (Bio—Rad Laboratories, Inc., California, USA). The protein molecules
from the samples were separated according to their sizes using gel
electrophoresis, and the separated protein bands were transferred from the gel
to a blotting membrane (Bio-Rad Laboratories, Inc., California, USA). After
blocking the nonspecific binding sites by rinsing the nitrocellulose membrane
with Tris-buffered saline-Tween (TBST), the following primary antibodies
were used to probe the blots: rabbit polyclonal anti-BMP-2 (18933-1-AP,
Proteintech Group, Inc., USA) and rabbit polyclonal anti-FGF-2 (antibodies-
online GmbH, Germany). After blot incubation and antibody dilution, band
detection was performed using the Chemiluminescence with Clarity TM
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Western ECL Substrate Detection kit (Bio-Rad Laboratories, Inc., California,
USA), and the ChemiDoc XRS + system with Image Lab Software (Bio-Rad
Laboratories, Inc., California, USA) was used for digital visualization.

334 STATISTICS

Statistical comparisons of the gene expression and histomorphometry results
were performed using nonparametric tests. In Study II, Wilcoxon’s signed-
rank test was used to identify differences between the sham and membrane
groups in a paired analysis. The Kruskal-Wallis and Mann—Whitney tests were
used to determine statistically significant differences between the different
groups at each time point (Study IV) as well as between the different time
points for each experimental group (Studies II and IV).

Furthermore, Spearman’s correlation analysis was applied in Study II between
the expression of different genes in the defect, with and without membrane, as
well as in the membrane and on the genes in the membrane versus the genes in
the defect samples after 3 d, 6 d and 28 d (study II). In Study IV, Spearman’s
correlation analysis was performed between the molecular activities at the
three structural levels of the experimental defect (soft tissue, membrane, and
bone defect) with data pooled for the different groups and time points. Power
calculation was performed for each method to obtain a minimum number of
specimens for statistical analysis.

All statistical tests were conducted with SPSS software (SPSS, Inc., New York,
USA). The significance level was set at 0.05 for the comparative analyses and
at 0.01 for the correlative analyses.

3.3.5 ETHICAL APPROVAL

Both animal studies were approved by the Local Ethics Committee for
Laboratory Animals at the University of Gothenburg (Dnr 279/2011).
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4 RESULTS

4.1 CLINICAL STUDIES

411 STUDY I

The objective of this retrospective study was to evaluate the clinical and
radiographical outcomes of GBR at single implants in the anterior upper jaw
by measuring marginal bone levels from available periapical radiographs taken
at different follow-ups and by assessing the inserted implants in terms of
survival/success criteria and registered complications.

Overall, 74 patients were enrolled in the study and were followed for an
average of 6.3 years. In 53% of the cases bone augmentation was performed
together with implant placement (combined approach) whereas in the
remaining 47% of the cases implant placement was planned few months after
the regenerative procedure (staged approach). The staged approach was
particularly chosen when large bone defects were present (Figure 8).

40-

O Intra-alveolar defect/
Extraction socket

30- 2 Small dehiscence

.% m Large dehiscence
K ® Horizontal ridge
Q
S 20- defect
5 @ Incisive canal
o
S
=}
c
10

o

T

STAGED COMBINED

Figure 8. Number of patients treated with a combined or a staged approach in
relation to the type of bone defects
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Complications after OOR

None of the implants (98.6% Nobel Biocare™) were lost, and most of the cases
revealed a marginal bone level in close relation to the first thread. Successful
implants in regenerated bone imply a lack of clinical signs of pathology and
stable marginal bone levels over the years to come. In the present sample
population, biological and technical complications were registered in relation
to the time of onset (Figure 9), and several implants showed marginal bone
loss (> 3 threads) that disqualified them from being successful.

LATE comphcations

& TEP% No compRcanons

56% Suppurmion Saneg fenise
B 42% Mecows
1B 42% Margral bore o

T 1% Tochrical comptcaons

Figure 9. Percentage of single implants/patients with complications at different time points:
immediately after GBR procedure, during the I*' year of functional loading (early complications),
and at a later stage after the 1*' year of function

Univariable statistical analysis revealed a significant association (p < 0.05) in
marginal bone level changes at different time points for five of the fifteen
tested variables: (1) type of bone defect, notably in relation to small peri-
implant dehiscence, (2) combined approach GBR-implant placement, (3) short
healing time between GBR and implant placement, and (4) early and (5) late
complications.

412 STUDY Il
Colony-Forming Units (CFU) counting

Biofilm formation on natural dentition and membranes revealed an increase in

viable bacteria counts over time with no difference between test and control
membranes between the early (4 h) and later (24 h) time points. While the
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amount of viable aerobes and anaerobes was higher on the control tooth in
contrast to the membrane groups at both 4 h and 24 h, the number of
staphylococci showed a different type of growth: it was reduced on the tooth
surfaces, and it increased on both test and control barriers over time displaying
a significant difference (p < 0.05) in contrast to the tooth surfaces at 4 h for
both membranes and 24 h for the test membranes (Figure 10).

Baseline 4 hours 24 hours

E& Anaerobes
B8 Aerobes

[ Staphylococcus
spp.

Log,,(CFU/sample)

Figure 10. Colony-forming unit (CFU) counting on natural dentition, e-PTFE
(test), and d-PTFE (control) membranes at baseline, 4 h and 24 h. Data represent
means + SEM. Bars that share the same letters are significantly different (p < 0.05).

Confocal Laser Scanning Microscopy (CLSM)

Quantitative image analysis of biofilm samples demonstrated that the amount
of live and dead biomass and the average thickness were higher at 4 h on the
control than on the test membranes (p < 0.05), whereas no difference was
found at 24 h between the two membrane groups. Regarding the area occupied
by bacterial cells at the first biofilm layer, there was no difference between the
test and controls, while between the early (4 h) and late (24 h) time points, the
amount of live biomass increased on the test membranes (p < 0.05), and the
amount of dead biomass decreased on both membrane groups (p < 0.05).
Finally, the surface area of live biomass was greater on the test membranes
than on the control membranes at both time points (p < 0.05), but no
differences could be detected for the dead biomass, despite an increase from 4
h to 24 h for both membrane groups (Figure 11).
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o TEST @ CONTROL
(a)” 4 hours 24 hours (c) . 4 hours 24 hours

Biomass um*fum?

Live Dead Live Dead

0.34

Average thickness um
Surface to volume ratio um?/um?®

Live Dead Live Dead

Live Dead

Figure 11. (a-d) Quantification of biofilm formation by CLSM by analyzing the following
parameters: (a) biofilm biomass (um’/um’), average thickness (um), (c) area occupied by the
first biofilm layer (%) and (d) surface to volume ratio (um?/um’). Data represent means + SEM.
Bars that share the same letters are significantly different (p < 0.05)

(with permission from Wiley publ.)

Scanning Electron Microscopy (SEM)

Qualitative evaluation of dental plaque formation on PTFE membranes
disclosed typical heterogeneous distributions of biofilms, initially (4 h) in
sparsely populated monolayers and subsequently (24 h) in multilayered
arrangements with no obvious differences between the test and controls. The
most prevalent bacterial cell morphology was cocci, followed by bacilli and
coccobacilli. Extracellular polymeric substances (EPSs) were also detected.
Further interesting observations were represented by the absence of membrane
damage due to the bonding system in areas where the surface was visible and
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traces of mechanical manipulation during membrane retrieval and sample
preparation (Figure 12).

Figure 12. SEM images: (a) at 4 h, oral bacteria colonized the d-PTFE membrane in sparsely
populated monolayers, leaving large areas of the membrane surface visible; (b) at 24 h, e-
PTFE membranes were densely colonized; and (c) different bacterial cell morphologies were
observed

(with permission from Wiley publ.)
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4.2

421

EXPERIMENTAL STUDIES

STUDY I

Gene expression results and correlation analyses

The genetic expression profiles in the bone defect sites were linked to different
biological processes: inflammation and cell recruitment, bone formation and

resorption and coupling of bone remodeling:

1)

2)

3)

4)

TNF-a (Figure 134): in the membrane defect, an
upregulation of TNF-a from baseline to 3 days was followed
by a significant reduction after 6 days and no major change
afterward; the corresponding gene expression pattern in the
sham defect was characterized by the absence of variation
over time. Moreover, the expression level of this
inflammatory marker was significantly higher in the
membrane group than in the sham group at 3 days, while the
opposite trend was observed at 6 days, and no difference
between groups was detected at 28 days.

IL-6 (Figure 13B): in both membrane and sham defects, IL-6
was upregulated after 3 and 6 days and significantly
downregulated from 6 to 28 days. A 10-fold increase in IL-6
was observed for both groups at 6 days compared to baseline,
and a 2-fold significant upregulation was found in the
membrane defect group than in the sham group at 28 days.
MCP-1 (Figure 13C): a substantial increase in MCP-1, a cell
recruitment factor, was seen in the sham defect group (6-fold)
and in the membrane defect group (14.5-fold) in comparison
to baseline. Despite a downregulation in the membrane group
compared to baseline, the MCP-1 expression levels stayed
high at 6 days, followed by a decrease at 28 days for both
groups. However, the expression of MCP-1 in the membrane
group at 28 days was significantly higher than in the sham
group.

CXCR4 (Figure 13D): compared to baseline, a significant
downregulation of CXCR4 was detected at 3 and 6 days for
both groups, followed by an upregulation, especially
regarding the membrane group. When we compared the
membrane and sham groups, the CXCR4 expression level
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was significantly higher at 3 and 28 days, whereas no
difference was observed at 6 days.

A TNF-a B IL-6

Relative gene expression
Relative gene expression

Relative gene expression
Relative gene expression

Figure 13. Gene expression of pro-inflammatory cytokines and cell recruitment
chemokines. The results are presented as means + SEM. Statistically significant differences
are indicated by small letters: a indicates the significant difference with baseline (BL); b
indicates the significant difference with sham; c indicates the significant difference between
3 d and 6 d; and d indicates the significant difference between 6 d and 28 d.

(with permission from Wiley publ.)
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5)

6)

7)

8)

ALP (Figure 14A): for both defects, the expression of alkaline
phosphatase was downregulated at 3 and 28 days and
upregulated at 6 days in comparison to baseline values; no
significant differences between sham and membrane groups
could be detected at the three time points.

OC (Figure 14B): compared to baseline, the expression of
osteocalcin was downregulated at 3 and 6 days for both types
of defects and at 28 days only for the sham defect group,
whereas a statistically significant upregulation was observed
after 28 days in the membrane group. Furthermore, the
expression of this bone formation marker was significantly
higher in the membrane group than in the sham group at 3 and
28 days.

CR (Figure 14C): in the sham defect, the temporal expression
level of calcitonin receptor remained lower than baseline
values, whereas the corresponding pattern in the membrane
defect was comparable to baseline. The comparative analysis
at 3 days revealed higher expression levels of the osteoclastic
surface marker in the membrane group than in the sham defect
group.

CatK (Figure 14D): the temporal profile of the osteoclastic
activity marker was characterized by lower levels for both
groups at 3 days compared with the baseline, followed by an
upregulation that reached statistical significance after 28 days
in the membrane group. When comparing the sham and
membrane groups, the CatK expression levels followed the
same pattern as for CR, namely, a significant increase in the
membrane group compared with the sham group, but only
after 3 days.
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Figure 14. Gene expression of bone formation and resorption factors. The results are
presented as means + SEM. Statistically significant differences are indicated by small
letters.: a indicates a significant difference with baseline (BL); b indicates a significant
difference with sham; c indicates a significant difference between 3 d and 6 d; and d
indicates a significant difference between 6 d and 28 d.

(with permission from Wiley publ.)
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9) RANKL (Figure 15A4): the temporal pattern of RANKL

expression levels, compared to baseline, revealed a
significant reduction in the sham group at 3 days, followed by
a significant increase in both groups at 6 days. At 28 days, a
downregulation to levels comparable to the baseline was
observed for both the sham and membrane groups. When
comparing the two groups, the RANKL profile was
significantly higher in the membrane-treated defect group
than in the sham group after 3 days. However, the opposite
trend was found at 6 days, and at 28 days, no major
differences were detected between groups.

10) RANK (Figure 15B): the expression of RANK was

upregulated at 6 days and downregulated at 28 days compared
to the baseline. The comparative analysis at 6 days revealed a
significantly higher expression of RANK in the sham defect
group than in the membrane-treated defect group. No major
differences were found between the groups at 3 and 28 days.

11) OPG (Figure 15C): the expression profile of OPG at each

time point and its temporal expression were similar to that
observed for RANKL

12) RANKL/OPG (Figure 15D): no major temporal variations

were detected for the RANKL/OPG expression ratio, and
there were no major differences between the groups at any
time point.
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Relative gene expression

Relative gene expression
&

Relative gene expression

Figure 15. Gene expression of bone remodeling coupling factors. The results are presented
as means = SEM. Statistically significant differences are indicated by small letters: a
indicates a significant difference with baseline (BL); b indicates a significant difference
with sham; c indicates a significant difference between 3 d and 6 d; d indicates a significant
difference between 6 d and 28 d.

(with permission from Wiley publ.)
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The genetic expression profiles were also analyzed in the retrieved membrane
at the different time points of the experiment but for fewer growth factors than

those described in the bone defect (Figure 16):

D

2)

3)

4)

BMP-2: At 3, 6 and 28 days, there was an increase in the
expression levels of this growth factor in the collagen
membrane without statistically significant differences
between different time points.

FGF-2: The temporal expression was similar to that
observed for BMP-2 but with statistically significant
differences between different time points.

TGF-B1: The temporal expression was similar to that
observed for BMP-2 and FGF-2 but with statistically
significant differences between different time points.
VEGEF: The highest expression profile was detected in the
membrane at 3 days; thereafter, there was a steady and
significant decrease at 6 and 28 days.
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Figure 16. Gene expression of selected growth factors in the retrieved
membrane after 3 d, 6 d and 28 d of healing. The results are presented as
means + SEM. Statistically significant differences between time points are

indicated by asterisks.

(with permission from Wiley publ.)
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Correlation analyses were performed for the different genes in the defect with
and without the membrane (7able 4) and for the genes expressed in the
membrane as well as between the genes in the membrane and in the underlying
defects (Table 5). More specifically, among several positive correlations
detected in the defect, it was observed that, at an early time-point of healing (3
d), the pro-inflammatory cytokine TNF-o was positively associated with the
expression of the osteoclastic receptor gene CR, whereas at 28 days, the
osteoblastic genes ALP and OC were found to have positive relationships both
with one another and with the osteoclastic gene CatK. Additionally, the
membrane compartment showed a significantly positive correlation between
three out of four growth factors (TGF-B1, FGF-2 and BMP-2) and OC and
CatK in the defect. In contrast, VEGF expressed in the membrane was
negatively correlated with the same genes OC and CatK in the defect.

Table 4. Correlation analysis of genes expressed in the defect with and without
the membrane. The data show genes that revealed significant correlations
separately for each time period. Spearman correlation coefficients (r) and
level of significance (p values) are presented. At 6 d, no significant
correlations were detected, except for one positive correlation of ALP
defec/ OPG deect (v = 0.73; p = 0.003) - (with permission from Wiley publ.)

3 days 28 days
Genes (r) P Genes (r) P
MCP-1getect/ TNF-Olaerect 0.86 0.007 CXCR4 getect/OC gefect 0.80 0.001
MCP-luetect/ CR aefect 0.88 0.004 CXCR4 gefect/CatK geect 0.73 0.01
MCP-1uctect/ OPG detect 0.93 0.001 CXCR4 gerect/RANKL detect 0.75 0.002
CXCR4 detect/OC gefect 0.86 0.007 ALP actec/OC detect 0.67 0.009
CXCR4 geree/CatK desect 0.83 0.01 ALP gefec/CatK gerect 0.75 0.002
TNF-0tdctec/CR defect 0.93 0.001 | OC getect/CatK defect 0.70 0.005
OC aetec/ CatK gefect 0.88 0.004 | OC gerect/RANKL defect 0.74 0.003
45
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OC acfect/ RANK defect 0.80 0.0003
CatK gerect/ RANKL defect 0.80 0.001
CatK detect/ OPG gefect 0.80 0.001

Table 5. Correlation analysis of genes expressed in the retrieved membranes
and the equivalent defect samples. The data show genes that revealed
significant correlations by pooling the expression levels for all healing time
periods (3 d, 6 d, 28 d). Spearman correlation coefficients (r) and level of
significance (p values) are presented. - (with permission from Wiley publ.)

Correlations between genes in the membrane

Correlation between genes in the membrane

with genes in the equivalent defects

Genes (r) (P

TGF-Bmembrane/FGF-2 membrane | 0.80 0.00002

Genes (r) (P

TGF-BmcmbranchCP- 1 defect -0.68 0.001

TGF-Bmembrane/ VEGF membrane | -0.80 0.00008

TGF-BmcmbrmchC defect 0.83 0.00001

FGF-2membrane/ VEGF membrane | -0.87 0.000002

TGF-Bmembrane/CatK gefect 0.81 0.00002

FGF-2membrane/ OC defect 0.78 0.00009

FGF-2membrane/ CatK defect 0.77 0.00001

VEGF membranc/OC defect -0.80 | 0.00004

VEGF membrane/CatK defect -0.73 0.0004
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BMP-2 membranc/OC defect 0.76 0.0001

BMP-2 membrane/CatK getect | 0.59 0.008
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Histology and Histomorphometry

On the light microscopy images of histological slides at 28 days, a “more
scattered” less organized morphology of mature bone was detected in the sham
defect group than in the membrane group, where a higher degree of restitution
with sharp contour of newly formed bone at the top of the defect was also
recognizable. In contrast, the sham group was characterized macroscopically
(Figure 17) and histologically by soft tissue ingrowth inside the defect.

Figure 17. Macroscopic observations after 28 d of healing: (A) sham defect and
(B) membrane defect - (with permission from Wiley publ.)

Histomorphometrical values of the defects were similar between groups at 6
days. In contrast, at 28 days, the percentage of total bone area and the volume
of novel bone formation at the top and middle levels of the membrane-treated
defects were significantly higher than those of the sham defects (Figure 18).

Total defect

Diff of defect din ) Different regions of defect (horizontal direction)
0 50
(o)

&
8

Bone area (%)
g

=4

@Sham & Membrane Gsham @ Membrane

Figure 18. Histomorphometry analysis of bone formed in defects with and without the membrane. The
column graphs show the bone area percentages after 6 d and 28 d. The results are presented as means

+ SEM. Statistically significant differences are indicated by asterisks. — (with permission from Wiley
publ.)
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Regarding the main histological findings from the retrieved membrane (Figure
19), it was observed that, at 6 days, the collagen fibers of the membrane seemed
to be more intact than at 28 days and were characterized by infiltrations with
cells from different phenotypes, especially polymorphonuclear and monocyte-
/macrophage-like cells. After 28 days of healing, monocyte or macrophage-
like cells were observed. In addition, many osteoclast-like cells were observed
in connection with resorption areas on the bone side at the boundary between
the membrane and the newly formed bone.

Figure 19. Ground sections of the membrane in place after 6 d (A and B) and 28 d (C and
D) of healing. Cells with hematopoietic origin (monocyte-/macrophage-like cells) as well as
with a mesenchymal origin are indicated by black and red arrows, respectively, at both 6 d
and 28 d. — (with permission from Wiley publ.)

Immunohistochemistry and Western blotting

The presence of the selected growth factor proteins BMP-2 and FGF-2 was
analyzed in the membrane compartment by Western blotting and
immunohistochemistry, which were performed at all different stages of
healing. Further, the presence of these proteins in the native membrane was
analyzed.

Immunohistochemistry revealed the presence of both growth factors by
demonstrating immunoreactivity inside the retrieved membrane at 3 and 6
days. Additionally, the blot revealed BMP-2 and FGF-2 bands from the
retrieved membranes at 3, 6 and 28 days (Figure 20). FGF-2, but not BMP-2
protein was detected when Western Blot was applied on the native collagen
membrane.
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Figure 20. Western blot images showing the bands of FGF-2 and BMP-
2 proteins detected on native (FGF-2) and retrieved membranes (FGF-
2 and BMP-2). — (with permission from Wiley publ.)
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422 STUDYIV

Gene expression results and correlation analysis

The genetic expression profiles linked to different biological healing phases

were analyzed at the three structural levels of the experimental sites:

A. BONE DEFECT:

1))

2)

3)

4)

5)

6)

TNF-a (Figure 21-a): at the 6-day observation, no
significant differences were observed among the three
groups. After 28 days of healing, a pattern of
downregulation of proinflammatory cytokines was
detected, and the temporal expression was statistically
significant from 6 d to 28 d for the two membrane-treated
defects but not for the sham defects.

IL-6 (Figure 21-b): at the 6-day observation, the sham
group revealed a significant upregulation of IL-6
compared to the e-PTFE group, but no differences were
detected at 28 days among the three groups. The temporal
expression of IL-6 was characterized by a
downregulation that was statistically significant from 6 d
to 28 d for all three experimental groups.

BMP-2 (Figure 21-c): no major differences among
groups and over time were found in the expression profile
of BMP-2.

OC (Figure 21-d): the expression of this bone formation
marker was found to be similar in the d-PTFE, e-PTFE,
and sham groups at both time points. However, a
significant downregulation of OC was detected from 6 d
to 28 d for all three experimental groups.

CTR (Figure 21-e): the expression profile of this bone
remodeling gene at both time points and its temporal
expression over time were found to be highly similar to
that observed for OC.

HIF-la (Figure 21-f): the transcription factor HIF-1a
was significantly upregulated in the sham defect at 6 d
compared to the membrane groups; thereafter, at 28 d, no
differences were observed among groups, and a pattern of
downregulation over time was common for all
experimental groups.
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Figure 21. Gene expression profiles of the selected genes in the bone defect. The
columns in the graphs show the mean and the standard error of the mean.
Statistically significant differences (p < 0.05) are indicated by bars and asterisks
(*) for differences between the experimental groups or hash signs (#) for
differences between the two time points for each experimental group.
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B. MEMBRANE:

1)

2)

3)

4)

5)

6)

7

8)

TNEF-a (Figure 22-a): the temporal expression of this
proinflammatory cytokine was downregulated at 28
days in the cells adherent to the different membrane
surfaces. Interestingly, the e-PTFE membrane
significantly reduced the expression profile of TNF-
a compared to d-PTFE after 28 days of healing.

IL-6 (Figure 22-b): from 6 d to 28 d, e-PTFE
promoted a downregulation of the proinflammatory
cytokine IL-6, while the opposite trend was detected
for d-PTFE. When we compared the two membrane
groups, the IL-6 gene profile was significantly lower
on e-PTFE at 28 days.

BMP-2 (Figure 22-c): no major differences were
found between groups at the 6-day observation time,
and even the temporal expression of BMP-2 did not
change on the d-PTFE. In contrast, the upregulation
of BMP-2 observed in the cells adherent to the e-
PTFE membrane was statistically significant when
compared to the d-PTFE membrane at 28 days.
TGF-B (Figure 22-d): a downregulation over time on
the e-PTFE membrane was the only statistically
significant observation when we analyzed the gene
expression of the growth factor TGF-p.

FGF-2 (Figure 22-e): the relative gene expression of
fibroblast growth factor-2 was low and similar on
both membranes after 6 days of healing. A significant
increase was detected at the 28-day observation time,
but only in cells associated with e-PTFE.

COL1Al (Figure 22-f): the expression profile of
bone formation factor collagen 1A1 and its temporal
expression were similar to that observed for FGF-2.
ALP (Figure 22-g): a similar trend to that observed
for COL1AL1 was seen in the expression of the early
osteogenic marker ALP and was found in the cells
adherent to d-PTFE and e-PTFE, and this observed
temporal upregulation was statistically significant
only in cells associated with e-PTFE.

OC (Figure 22-h): a sharp and significant increase in
expression from 6 d to 28 d was detected for the late
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osteogenic differentiation marker osteocalcin in cells
associated with both membrane types.

9) VEGF (Figure 22-i): although the relative gene
expression in cells adherent to the d-PTFE membrane
remained stable at 6 and 28 days, a significant
temporal downregulation was found for the e-PTFE
group. The lower expression of VEGF on e-PTFE led
to a statistically significant difference between the
two types of membranes at 28 days.

10) FOXO-1 (Figure 22-j): late and statistically
significant upregulation of forkhead box-O
transcription factor-1, especially in cells associated
with e-PTFE, was identified.
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Figure 22. Gene expression profile of the selected genes in the membrane compartment. The columns in
the graphs show the means and the standard error of the means. Statistically significant differences (p <
0.05) are indicated by bars and asterisks (*) for differences between the experimental groups or by hash
signs (#) for differences between the two time points for each experimental group.
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C. SOFT TISSUE:

1)

2)

3)

4)

5)

TNF-a (Figure 23-a): at the 6-day observation, the
soft tissue covering the e-PTFE membrane was
characterized by a higher and statistically significant
expression of the pro-inflammatory cytokine TNF-a
compared with the soft tissue covering the sham
defect or the d-PTFE membrane. After 28 days of
healing, the opposite trend was observed, and TNF-a
expression was lowest in the soft tissue covering the
e-PTFE membrane.

IL-6 (Figure 23-b): a similar trend to that observed
for TNF-a was observed for the relative gene
expression of the proinflammatory cytokine IL-6; in
this case, the only statistical significance was
represented by the downregulation of IL-6 from 6 d
to 28 d for all three groups.

BMP-2 (Figure 23-c): no major differences among
groups were observed; a higher and statistically
significant expression of BMP-2 was detected from 6
d to 28 d for all three groups.

FGF-2 (Figure 23-d): at a late stage of healing (28 d),
the expression of the soft tissue proliferation marker
FGF-2 was significantly upregulated in the tissue
covering the e-PTFE membrane compared with the
soft tissues covering either sham defects or the d-
PTFE membrane; additionally, all experimental
groups demonstrated an upregulation of FGF-2 in the
soft tissue from 6 d to 28 d.

VEGEF (Figure 23-e): the only statistically significant
difference in the expression of vascular endothelial
growth factor was found in the soft tissue covering
the e-PTFE membrane at 28 days, which revealed a
twofold increase compared to the other two groups.
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6) FOXOI (Figure 23-f): a similar trend to that observed
for VEGF at 28 days and in the soft tissue covering
the e-PTFE membrane was detected.
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Figure 23. Gene expression profile of the selected genes in the soft tissue
compartment. The column in the graphs show the mean and the standard error
of the mean. Statistically significant differences (p < 0.05) are indicated by bars
and asterisks (*) for differences between the experimental groups or by hash
signs (#) for differences between the two time points for each experimental group.
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By pooling data for the membrane groups and the two time points, a
correlation analysis of the selected genes was utilized to evaluate the
interactions among the different molecular activities during GBR in the
three structural compartments of the experimental site (bone defect,
membrane-associated cells, and soft tissue).

The analysis revealed that the highest number of positive and negative
correlations (29) was detected between the membrane compartment and
the overlying soft tissue, whereas the lowest number (3) was identified
between the soft tissue above the membrane and the bone defect beneath
the membrane. More distinctively, positive associations were found
between the expression of growth factors (FGF- and BMP-2) and tissue
regeneration markers (ALP, OC, COLL1A1) in the cells adherent to d- and
e-PTFE membranes and the expression of growth and vascularization
factors (FGF-2, BMP-2, VEGF) in the overlying soft tissue. Regarding the
expression of proinflammatory cytokines (TNF-a and IL-6), their presence
in the different compartments was often negatively associated with the
expression of several genes. On the other hand, positive correlations were
discovered between the expression of TNF-a and IL-6 in membrane-
associated cells and the expression of the same proinflammatory cytokines
in the bone defect (Table 6).

Table 6. Correlation analysis displaying the positive and negative correlations
of gene expression between the different compartments (M = membrane; ST =
soft tissue; D = bone defect) during GBR using PTFE membranes. The positive
and negative correlation coefficients (r) and the significant p values (p) are
provided.

Positive correlations @ (p Negative corr. (r) P
BMP-2 v & FGF-2 st 0.4 0.008 FGF-2 m & IL-6 st -0.5 0.0001
BMP-2 v & VEGF st 0.4 0.008 TGF-pm & FGF-2st  -0.5 0.001
FGF-2 s & FGF-2 st 0.6 0.0001 TGF-Bm & FOXOlsr -0.4  0.004
FGF-2 s & VEGF st 0.5 0.002 TNF-am & BMP-2sr  -0.5 0.002
FGF-2 m & FOXOI st 0.4 0.006 TNF-am & FGF-2sr  -0.7 0.0001
TGF-B m & IL-6 st 0.4 0.006 TNF-am & VEGF st -0.5 0.0001
TNF-a m & IL-6 st 0.7 0.0001 TNF-am & FOXOl st -0.5 0.0001
ALP m & FGF-2 st 0.5 0.001 ALP v & IL-6 st -04  0.006
ALP m & VEGEF sr 0.4 0.005 OC m & IL-6 s1 -0.6  0.0001
OC m & BMP-2 st 0.5 0.002 FOXOI1 um & IL-6 st -0.5 0.0001
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OC m & FGF-2 st 0.7 0.0001 COLLIAl M & IL-6st -0.4 0.006
OC m & VEGF st 0.6 0.0001
OC m & FOXOL1 st 0.6 0.0001
FOXOI v & BMP-2 st 0.4 0.004
FOXOI m & FGF-2 st 0.6 0.0001
FOXOI m & VEGF st 0.6 0.0001
COLLIAI m & FGF-2 st 0.5 0.0001
COLLIAI m & VEGF st 0.5 0.001
TNF-a m & TNF-a p 04 0.007 BMP-2 & HIF-la st -0.4 0.004
TNF-am & IL-6 p 0.7 0.0000001 FGF-2m& TNF-a»p -0.5 0.001
OCu&OCp 04 0.008 FGF-2 & IL-6 p -0.5 0.001
ALP v & IL-6 b -0.5 0.002
ALP m & HIF-1a p -0.5 0.001
OC m& TNF-a b -0.5 0.003
OCm&IL-6p -0.7 0.00000001
OC m& HIF-la p -0.6 0.0001
FOXOI m & TNF-ap  -0.5 0.001
FOXOIl m & IL-6 p -0.7 0.000000001
FOXOI v & HIF-lap -0.6 0.00001
COLLIAl m&IL-6p -0.5 0.0002
IL-6 p & IL-6 st 0.5 0.001 IL-6 p & BMP-2 st -0.6 0.00001
OC p & VEGF st 0.4 0.008

57

about:blank

2021-12-17, 13:07



Firefox

70 of 117

On the biological behavior of barrier membranes: implications for Guided Bone Regeneration

Histology and Histomorphometry

The qualitative histological assessment of the different specimens after 28 days
of healing revealed an increased amount of regeneration of the bone defects
covered with either membrane type when compared to the sham defect, which
conversely showed typical soft tissue downgrowth inside the top part of the
experimental site. Notably, new bone formation was distinguishable at the
bottom side of the membranes still covering the defects (Figure 24).

oft tissue

Dual e-PTFE

Figure 24. Histological assessment at 28 d of sham defect (a) and bone defects treated with either
d-PTFE (b) or e-PTFE (c).

The histomorphometric measurements revealed significantly higher bone
formation over time in both membrane groups at the central region of interest
and more specifically at the top part of the central ROI. The comparative
analysis of newly formed bone (%) showed that, after 28 days, only the top
central ROI in the e-PTFE group had a significantly higher bone percentage
than the bottom central ROI, whereas the opposite pattern was observed in the
sham and d-PTFE groups after 6 days of healing (Figure 25).
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Figure 25. Histomorphometric analysis at 6 d and 28 d of experimental sites. The schematic
illustrations show the region of interest (ROIs) and the corresponding histomorphometric findings.
The columns in the graphs show the mean and the standard error of the mean of the percentage of
new bone area formed in the ROL Statistically significant differences (p < 0.05) are indicated by
hash signs (#) for differences between the two time points for each experimental group or by small
letters between the top and bottom ROIs for each experimental group.
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5 DISCUSSION

In the current thesis, three studies (II, III & IV) explored in vivo and with
different methodological assessments the biological mechanisms behind GBR
and the potential active role of the barrier membranes.

Nonetheless, study I reported on the long-term outcome of implants placed in
sites regenerated by GBR. This strategy was chosen to introduce the current
clinical knowledge and background information about the topic.

5.1 GBR TREATMENT AND CLINICAL
OBSERVATIONS

As aforementioned, GBR is considered as one of the most applied and best-
documented bone regenerative technique to reconstruct deficient alveolar
ridges and peri-implant bone deficiencies, including ridge preservation ***'7,
Currently, the method implies the use of a bone substitute material protected
by a barrier membrane either of a biodegradable or a nonresorbable
conformation prior to '** or simultaneous with '*° implant placement.

For all patients included in study I, the GBR technique consisted of grafting
with a particulate deproteinized bovine bone mineral (BioOss®, Geistlich
Pharma AG, Wolhusen, Switzerland), autogenous bone or a mixture of the two,
and the recipient defect was then covered with a native biodegradable collagen
barrier (BioGide ®, Geistlich Pharma AG, Wolhusen, Switzerland), except for
one case where no membrane was used. The cohort study was designed as a
long-term retrospective evaluation of single implants placed simultaneously
with, or after, GBR in the anterior area of the maxilla.

The high survival rate (100%) of implants, defined as implants remaining in
situ at the follow-up examinations, was consistent with literature data "**'>*,
Originally, 175 consecutively treated patients were identified. A total of 74
patients fulfilled the inclusion criteria including a 5-year follow-up period. The
high number of dropouts could be explained by the relatively young age of the
patient group. Hence, demonstrating a higher social mobility due to studies,
work etc. Furthermore, the follow-up program was not mandatory for the
patients, instead it was offered to the patients as part of the clinic’s unique
follow-up and subsequent database. Nevertheless, the main purpose of study I
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was to report on the long-term stability of the regenerated bone in relation to
several clinical variables.

The clinical decision regarding the optimal bone augmentation protocol was
primarily based on the defect morphology ** and, quite unexpectedly, well-
contained bone defects exhibited significant marginal bone loss in comparison
to larger augmented defects. In another retrospective study, implants with
dehiscences and fenestrations were treated with GBR and were evaluated after
3 years '*°. The mean peri-implant marginal bone loss was slightly higher for
the test implants placed in grafted bone as compared to control implants
surrounded by pristine bone (0.54 £ 0.26mm for the and 0.43 + 0.22mm,
respectively), but no significance emerged between groups, and the results
were in agreement with the current literature **!'%%!'>’_ Prior research focused on
the radiographical marginal bone level to estimate the outcome of the
combined GBR-implant approach in dehiscence and fenestration defects. A
resorbable membrane alone '** or a combination of different barrier
membranes and deproteinized bovine bone mineral '*° were used. Noteworthy,
in both studies less marginal bone loss was observed at the pristine control sites
than at the GBR treated defects at 24- and 59-months following loading, even
though in Mayfield and co-workers '*® this difference did not reach statistical
significance.

The assessment from conventional periapical radiography of bone levels
around implants with reconstructed buccal defects represents a professional
challenge '®'®'. Three-dimensional tomography (CBCT) has exhibited
compelling advantages in the radiographical analysis of the buccal sites %
although radiation burden does not always justify its use '*’. In one study,
implants placed immediately in extraction sockets in combination with a GBR
procedure were radiographically evaluated using CBCT '®. At the 7-year
follow-up, almost one-third of the implants presented with no buccal bone.
This finding was confirmed by a 10-year investigation, in which one fourth of
the GBR implants revealed absence of buccal bone on the CBCTs '®®. Several
authors have advised on the importance of performing exceedingly horizontal
augmentation with over addition of 2-4mm or more to obtain stable outcomes
by supplementing the natural bone remodeling that occurs around the implants
166-1%8 However, in our study like in Benic and co-workers '*, no attempt to
over-augment the buccal bone plate in case of minor defects was made, and
this technical detail might have been one of the factors that has jeopardized the
long-term results of marginal bone levels. More specifically, when using only
particulate bone and resorbable collagen membranes, compromised
regeneration may occur '*>'°. Some authors have suggested that due to their
poor mechanical properties *!, collagen membranes may collapse in the
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presence of compressive forces from the lips, tongue and gingiva, with a
subsequent downward displacement of the grafting material immediately after
flap closure '”' or during the healing period .

Despite the paucity of research examining the long-term follow-up of implants
placed with GBR procedures '**'" it has been reported that staged and
combined GBR-implant approaches in the upper anterior jaw related with high
implant success and survival rates, but the level of evidence was better for the
staged approach than for the combined technique '™. In a multicenter
prospective clinical trial on 19 consecutive patients with 20 dehiscences and 6
fenestrations, augmentation was performed with a combined approach using
non-resorbable barrier membranes combined with either autogenous bone or
bone allograft '™, After five years, the mean marginal bone loss was 2.03 +
0.5mm. Conversely, a prospective case series study on 20 patients reported a
bone loss of 0.44 + 0.24mm after 6 years at implants that received simultaneous
GBR with autogenous chips, deproteinized bovine bone and a biodegradable
barrier in post-extraction single-tooth gaps in the anterior maxilla ',
Furthermore, the CBCT examination revealed a mean thickness of the buccal
bone between 1.05 and 1.96mm at different levels. In Study I, radiographic
changes in terms of crestal bone loss appeared to occur at a greater rate when
the simultaneous surgical procedure was chosen. The clinical significance of
this observation though is not fully understood and does not necessarily
support any conclusions regarding the marginal bone level changes in the
simultaneously regenerated sites as compared to defects augmented via a
staged approach. In terms of reported peri-implant clinical outcomes, it has
been shown that both these surgical interventions resulted in low bleeding on
probing values over time and no major differences regarding probing pocket
depth, plaque level changes and marginal bone level ', As opposed to
relatively small, well controlled, prospective efficacy studies '’, a recent large
retrospective effectiveness study on 1007 patients who were provided with
3082 implants '**, reported a correlation between grafting procedures and
higher risk for early inflammation at the implants.

Nowadays, with an increasing knowledge and understanding on the onset and
consequences of peri-implant diseases **"*¢1*%150181 't 5 essential to evaluate
the influence of the various surgical techniques including augmentation
procedures on the peri-implant tissue health and the incidence of biological
complications at short- and long-term. Despite the difficulty in accurately
reporting on the data of the clinical follow-ups due to the retrospective nature
of Study I, univariable statistical analysis showed a significant association
between the presence of early and late complications and marginal bone level
changes at different time points. Interestingly, in the present study GBR and
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single implant treatment were performed to a great extent in young adults. In
contrast to older patients, the challenge with younger patient populations is that
implants are expected to remain free from hard or soft tissue complications for
a substantially longer period '*2. For correct data interpretation, it should be
kept in mind that the included patients were treated in a specialist clinic
focused on implant and prosthodontic treatments, and afterwards the referring
dentist became responsible for the supportive therapy program '**. These
aspects may increase the generalizability of the reported clinical and
radiographical outcomes in the clinical practice. Differently, the biological
complications that occurred at sites immediately after GBR did not result in
significantly more marginal bone loss over the years, although it has been
shown that early events during the healing period following augmentation may
have an impact on the regenerative outcome. The onset of early signs of
infection following GBR resulted in only 42% to 62% bone regeneration at the
treated site '**. In two recent systematic reviews, it was shown that 27% better
defect restitution was achieved when membrane was not exposed ', and that
the weighted mean incidence of soft tissue complications was not different
between resorbable and non-resorbable membranes (18.3% vs. 17.6%) ',

Limits of Study I could be related to its retrospective design. However, the
advantage of the present study is that it represents a group of patients extracted
from routine daily practice and hence is a good test of the robustness of the
actual treatment methods. Bone augmentation procedures in relation to defect
morphology were not randomly allocated but applied after clinical assessment
by individual surgeons, and heterogeneity existed in terms of type and size of
bone deficiencies as well as bone grafting materials used for GBR. In addition,
missing data due to poor registration quality or due to variables that were not
considered to be adequately registered in advance may have led to information
bias. Another methodological shortcoming was that the hard tissue changes
were measured only two-dimensionally using intraoral radiographs that were
not standardized. These facts together with a relatively small sample
population are limitations, which must be considered when translating the
findings of the study.

Various lines of evidence have demonstrated that GBR has been mastered to
predictably regenerate enough bone for successful implant placement
693148199133 Clinical variables including the amount and width of the overlying
soft tissue, flap thickness, flap tension, soft tissue biotype, type and size of the
underlying bone defects, membrane and bone graft material selection, and
clinical experience have all been studied and enhanced over the years, but they
could still represent potential factors to failures and complications ''*. Bone
regeneration is a complicated physiological process, reliant upon blood supply,
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inflammation, and the formation of fibrous tissue and bony callus, which are
promoted by both local and recruited cells '*°. Hence, an improved knowledge
of the cellular and molecular events that orchestrate the sequence of biological
events when a barrier membrane is interposed between the soft and bone tissue
compartments ** is advisable to further enhance and render even more
predictable GBR procedures in different clinical applications.

5.2 THE ROLE OF GBR MEMBRANES

To best determine the mechanisms that regulate guided bone neogenesis during
wound repair and regeneration, the use of preclinical model studies is an
important component in the process of bridging the discovery research to the
clinic. The wound healing and bone regenerative principles were carefully
considered by employing the rat model, where small bone defects were created
in each femoral epiphysis. Historically, experimental research has been
conducted using defect models comprising so called "critical size defects"
which will not heal spontaneously during the lifetime of the animals. Lately
this concept has been re-defined to be expressed as “will not heal
spontaneously during the duration of the experiment” '*¢. The advantage of this
is that it offers an opportunity to use smaller size defects which from an animal
ethics standpoint is beneficial. It is also convenient since mechanisms-related
studies usually focus on the early healing phase.

521 RESORBABLE MEMBRANES

The results of Study II indicated that an extracellular matrix-derived collagen
membrane was capable of fostering bone healing through the creation of a
microenvironment that favored strong crosstalk between the immune system
and the skeletal system °>**, To initiate a bone remodeling cycle in response to
tissue damage, it has been suggested that osteocytes might recognize that a
specific area of bone needs to be replaced, and subsequent signals through their
canaliculi might result in the release of chemokines that attract vascular
elements, osteoclast precursor and bone-forming cells **. In Study II, an early
upregulation at 3 days in defects covered with membrane of two major cell-
recruitment factors MCP-1 and CXCR4 corresponded to enhanced
chemotactic cues, resulting in the recruitment of monocytes and osteoclast
precursors *'™ as well as leukocytes, mesenchymal stem cells and
osteoprogenitor cells **'*2. This assumption was based on the concomitant
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early upregulation of genes encoding for inflammatory cells, osteoblastic and
osteoclastic phenotypes. However, the increase in MCP-1 and CXCR4 may
also be interpreted as an attempt to negatively influence the outcome of the
material-tissue interaction. In fact, the histological finding of giant
multinucleated and osteoclast-like cells in the area immediately underneath the
membrane could be related to the degradation process of the membrane, in line
with earlier studies ',

The evaluation of micro-environmental changes brought about the collagen-
based membrane when compared to sham defects revealed a strong
upregulation of the inflammatory cytokine TNF-a, with an early peak at day 3
followed by a decrease at day 6 and a second peak at day 28. Tumor necrosis
factor- a is a product of the immune system secreted by macrophages and is
one of the most versatile cytokines capable to impact the recruitment of
mesenchymal stem cells and osteoprogenitors '°>! and to stimulate intra-
membranous bone formation '*’. More specifically, the second spike in TNF-
a expression may be linked to osteoclastic remodeling '**. The classical
mechanism of bone remodeling is that matrix-derived signals act directly on
osteoclasts ', and couple bone resorption to bone formation by activating
osteoblasts *”°. Notably, the strict coordination between the bone formation
component of remodeling and bone resorption is referred to as “coupling” *.
It has been reported that various molecules that are expressed and produced by
osteoclasts such as sphingosine-1-phosphate (S1P) 2°!, ephrinA2 >, ephrinB2
203" semaphorin 4D “°, Wnt10b **, platelet-derived growth factor-BB **°,
collagen triple-helix repeat-containing 1 (Chtrc1) %, C3a 2*’, and CatK **® are
instrumental for the coupling mechanism. Furthermore, it has been shown that
the osteoclast differentiation factor RANKL signal triggers osteoblastic bone
formation 2*?'°. An essential cytokine for osteoclastogenesis is RANKL,
which is expressed by osteoblasts, and is recognized and bound to its receptor
RANK on the surface of osteoclast precursors. The RANKL-RANK
intercommunication initiates signals *° that are responsible for the
differentiation, fusion, maturation, survival, and activation of osteoclasts **'".
Osteoprotegerin is a regulatory receptor, mainly secreted by osteoblasts, which
inhibits osteoclast formation and bone resorption by interfering with the
RANKL-RANK signaling. With regard to RANK-RANKL pathway, it has
been reported that TNF-a triggers osteoclastogenesis by increasing RANKL
and M-CSF in marrow stromal cells '**'* and osteoblasts 2'*. More recently, it
has also found that TNF-a directly affects osteocyte RANKL expression 5.
Based on the correlation analysis in Study II, the pro-osteoclastic role of TNF-
a was partially supported by the positive interrelationship with the osteoclastic
receptor (CR) at the initial phase of healing. In that matter, another interesting
observation was the detection of early upregulation of several bone formation
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and bone-remodeling genes (CR, OC, CatK, RANKL) in the defect beneath
the membrane compared to the gene expression in the untreated sham defect.
The present evidence at the molecular level of the coupled bone remodeling
activities induced by the collagen membrane was confirmed by the histological
and histomorphometrical findings that disclosed increased bone formation at
the top and central regions of the membrane-covered defects as compared to
the sham group. Our results agree with a considerable number of histological
studies, demonstrating consistent bone regeneration in defects treated with
various configurations of resorbable membranes **2'¢2'%,

The placement of a collagen membrane as implanted biomaterial triggers a
cascade of events that starts with the competitive adsorption of proteins, blood
clot formation and inflammation . Although this cascade of events is
unspecific and occurs at any biomaterial implantation, the final result of the
material-tissue interaction depends on the physicochemical properties of the
materials, which can modulate the recruitment of different immune cells .
Among the plethora of cells involved in this highly coordinated response,
macrophages seem to exert the most influence on the tissue healing process *’.
It has been shown that the extracellular matrix (ECM)-derived collagen
membrane could modulate the macrophage transition from a pro-inflammatory
(macrophage M1) to an anti-inflammatory phenotype (macrophage M2), thus
allowing for a functional tissue repair *'**?. Differently, recent studies by Sun
and co-workers **'** revealed that the bone regeneration induced by the ECM-
derived collagen membrane was noticeable but poor and relatively delayed as
compared to modified versions of the native membrane. In Study II, this
membrane was selected due its excellent biocompatibility, inherited three-
dimensional porous structure that might stimulate the binding, migration, and
activation of cells with different phenotypes, and bioactivity which results
from naturally retained biochemical cues such as fibronectin,
glycosaminoglycans and diverse growth factors (VEGF, FGF-2, TGF-, IGF-
1) %27 Generally, the different characteristics of the ECM-derived
collagenous barrier made it more bio-competent and therefore more attractive
than single-component gel membranes such as collagen ***. However, its
biological performance during the constitutive phases of GBR was beyond
expectations since data from the different analytical techniques employed,
suggested that another important growth factor, BMP-2, might also be found
and preserved in the collagenous membrane after de novo expression by cells
that were recruited in the membrane compartment. BMP-2 is a member of the
TGF-B superfamily, and a potent inducer of osteogenesis **°. FGF-2 has been
recognized to elicit the migration and proliferation of endothelial cells as well
as fibroblasts and osteoblasts #***!. Moreover, these factors trigger osteoclast
activity, directly or indirectly by enhanced angiogenesis and osteogenesis **
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24 The correlation analysis, performed by pooling the expression levels for all
experimental time-points, revealed robust interplay between the pro-
osteogenic growth factors expressed in the membrane with the bone related
genes within the underlying defect. Taken together, the present results
suggested an active role for this specific membrane during GBR. Its
immunomodulatory actions might be the result of favorable biological and
physicochemical properties that allow the inward migration of cells, which
acquire specific phenotypes and rapidly trigger angiogenesis and osteogenesis
in the bone defect. It is noteworthy to mention that previous research, based on
histochemical evaluations, confirmed that another type of collagenous
membrane could actively participate in osteogenesis serving as a scaffold for
migrating cells and bone matrix proteins 2%,

522 NONRESORBABLE MEMBRANES

Cellular and molecular healing events in the bone compartment:

As observed with naturally derived collagen resorbable membranes, PTFE
non-resorbable membranes with different surface configurations promote an
increase activity of genes associated with bone formation (OC) and bone
remodeling (CTR) in trabecular bone defects. Although the expression of
osteogenic genes was not significantly higher when compared to the untreated
sham defects, the histological data from Study IV revealed a superior structural
restitution of bone at the upper portion of the membrane-covered defects.
These findings are in line with previous observations that reported higher
percentage of new bone in the secluded compartment underneath a membrane
than in sham defects **°. An experimental study investigated the expression of
OC, VEGF and core-binding factor alpha-1 (cbfa-1), that is known as
transcriptional activator of osteoblast differentiation "°, in rat tibia defects
during GBR with e-PTFE membrane in comparison to uncovered defects >’
A higher ratio of cbfa-1 positive cells was detected in the upper portion of the
defects in the experimental groups after 6 days. At a later stage of healing (8
and 10 days), the bone-related gene osteocalcin increased significantly with
time in the underlying membrane-covered defect compared to its expression in
the sham defect. Another study documented the expression of genes and
signaling pathways modulating the healing dynamics following GBR
procedure in calvarial critical size defects **. Despite no control group was
included and no histological analysis was performed, the results indicated that
several genes, that may have an important role in regulating osteogenesis, were
temporally expressed at different healing stages in the defect under the PTFE
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membrane. Interestingly, the immune and inflammatory responses were
distinctly upregulated after 7 days, together with a positive regulation of the
canonical Wnt pathway, which is known to play a crucial role in skeletal
development, osteoblast differentiation and bone formation **°. In a clinical
study, where the molecular mechanisms of the periodontal wound-healing
process were investigated, thirty patients with deep infrabony defects around
teeth were selected and treated either by flap surgery alone (control group) or
by guided tissue regeneration (GTR) with a non-resorbable e-PTFE membrane
(test group) **. Molecular regulators of bone metabolism, including alkaline
phosphatase, osteopontin, osteoprotegerin and RANKL, were upregulated in
the test group at the end of the study. Furthermore, higher expressions of genes
associated with the inflammatory response were reported to induce
osteoclastogenesis by modulating RANKL expression **!, such as IL-1 and IL-
6, and were also found in membrane-covered healing defects as compared to
nonprotected surgical periodontal healing sites.

Cellular and molecular healing events in the membrane compartment.

Complexity of wound-healing response after GBR involves the interaction of
distinct tissues with the interposed barrier membrane and diversity in the
activities of cells. Data from Study IV investigating PTFE-associated cells
revealed that the membrane surfaces became populated with cells that exhibit
regenerative capability and forward inflammatory signals. Nevertheless,
differences in the modulation of various genes were observed between d-PTFE
and e-PTFE membranes, exclusively at a late time-point (28 days). For
example, the temporal expression of TNF-a was significantly downregulated
regardless of membrane type, while the downregulation of IL-6 was detected
only in the cells associated with the dual e-PTFE. Notably, the expression of
both pro-inflammatory cytokines was significantly lower in the cells adherent
to the dual e-PTFE than to the d-PTFE membrane. The inflammatory response
is a decisive step of the healing process when biomaterials are surgically
inserted in the body, and the level of this response relies on the material of
choice and the location of implantation *****. The host-guest interaction attracts
macrophages as key elements ***, which have been shown to release both pro-
inflammatory and anti-inflammatory cytokines depending on the material
properties such as surface topography and/or surface chemistry **2%. It is
believed that the successful clinical application of a biomaterial is
characterized by an anti-inflammatory macrophage (M2) polarization to
promote tissue remodeling response, inhibit fibrous encapsulation, and
improve the integration with the surrounding tissue '**?*7. It has been
demonstrated that TNF-o and IL-6 persistence is detrimental for regeneration
and repair, culminating in redundant and chronic inflammation #2432 More
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specifically, it has been shown that the topographical features of PTFE greatly
affect the type and number of cytokines released by the macrophages in a time
dependent manner and can be a crucial variable for the FBGCs formation
6068251233 Tn a recent study, the response of macrophages to different structures
of PTFE (flat, expanded, and electrospun) was investigated >*’. The electrospun
PTFE with continuously running fibers and the highest surface roughness was
characterized by the least adhesion and activation of macrophages, coupled
with the lowest secretion level of TNF-a. The authors speculated that, since
the macrophages are typically 3-20um in size and the diameter of the fibers in
the electrospun PTFE is much smaller (0.5-3um), this would have resulted in
a space-impediment for the cells to predictably adhere into the surface.
Moreover, the larger interfiber distance as compared to the expanded PTFE
would have prevented the macrophages from extending their cytoplasmic
projections and increasing the cell-material contact area that is generally
needed to allow proper cell activation ®*?**. Despite a lack of characterization
of the non-resorbable membranes in Study IV, the topographical differences
between the d-PTFE and the dual e-PTFE were based on previous results from
our research group **°. Hence, the molecular events of the GBR healing
analyzed at the “membrane-level” of the experimental site - but only based on
the different pattern of production of pro-inflammatory cytokines TNF-a and
IL-6 - might indicate that the dense, fibril-free structure of the d-PTFE
membrane may favor the adhesion, activation, and potential FBGC formation
of the macrophages in contrast to the dual e-PTFE, which appears to act as a
more attenuated inflammatory microenvironment. The collective findings on
PTFE membrane-associated cells showed that other cytokines and growth
factors - such as BMP-2, FGF-2, COL1A1l, VEGF — were significantly
upregulated in the dual e-PTFE membrane compartment as opposed to the d-
PTFE. Several studies suggest the key role of BMP-2 in promoting
differentiation of mesenchymal cells into osteoblasts by regulating
transcription of osteogenic genes such as ALP, type I collagen, osteocalcin,
and bone sialoprotein ****°, Additionally, it has been demonstrated that BMP
signaling is important for FGF-induced osteoblast differentiation and
proliferation ***?**, Disruption of the FGF-2 gene in mice results in an
impairment of BMP-2 expression with a consequent reduction of bone mass
63 FGFs are also influential players in stimulating angiogenesis, and for the
proliferation of fibroblasts in the early wound healing process 23231264266 The
COLI1AL gene produces a component of type I collagen, which constitutes the
main part of the bone extracellular matrix during osteoblast maturation and
hence, like ALP, is considered an initial marker of osteoblast differentiation
267268~ Further, VEGF figures prominently in proliferation, migration, and
activation of endothelial cells, not only to enhance the microcirculation in soft
tissue wound healing but also for bone regeneration ****’°. Along with
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endothelial cells, osteoblasts, and osteoclasts also express VEGF receptors
2112712 'Mice with deletion of VEGF receptors in osteoblasts exhibited decreased
bone mass two weeks after birth and fewer osteoprogenitor cells was observed
in the bone marrow *”. It has been demonstrated that redundant VEGF
recruited exuberant numbers of osteoclasts, leading to resorption of newly
formed bone *"**”. Differently, normal VEGF levels are necessary for the
recruitment of osteoclasts and for maintaining regular bone remodeling. In a
mouse femur fracture model, suppression of VEGF resulted in decreased callus
volume at different phases of repair, including bone remodeling, whereas the
addition of exogeneous VEGF elevated the amount of vascularity and mineral
density in the calcified callus *®. Although in Study IV only two time periods
were considered and the outcomes interpreted in the context of histological
findings and up/downregulation of genes, it was interesting to observe higher
expression of several genes in cells adherent to dual e-PTFE after 28 days,
while no major differences in terms of osteogenic gene expression and bone
formation could be observed in the bone defects underneath both d-PTFE and
e-PTFE at the same healing period. Taken together, it is evident that the diverse
topographical features of PTFE (i.e., presence and size and orientation of
fibers, porosity, interfiber distance) might affect the characteristics of the cells
interacting with the membranes, along with the production of cytokines and
growth factors, suggesting a time dependent behavior of osseous regeneration.

Cellular and molecular healing events in the soft tissue compartment:

Membrane-complications related to soft tissue dehiscence still represent a
major distress in GBR ''*. Studies have shown that the soft tissue seal above a
barrier membrane plays a crucial role for the successful outcome of bone
regeneration. It has been shown that, in the presence of membrane exposure,
there might be six times less bone formation compared to nonexposed sites *”’.
If the soft tissue management during GBR *’***" is inadequate, no tight sealing
protects the underlying membrane and bone from the negative influence of the
oral bacteria '”. When a membrane is inserted into the oral cavity
microorganisms and eukaryotic cells compete for the settlement on the
biomaterial **!2*3_ If bacteria can strongly adhere to the membrane and produce
a biofilm of critical size, the successful integration of the soft tissue on the
material surface by fibroblasts and endothelial cells is jeopardized *****.
Scaffold architecture influences cell attachment and migration ''’. A recent in
vitro study on the soft tissue integration of dental implant abutments
demonstrated a higher expression of ICAM-1 on the cell surface of human
gingival fibroblasts, when microstructured surfaces were compared to flat ones
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%4 ICAM-1 is an intercellular adhesion molecule involved in stabilizing cell-

to-cell interactions and signal transduction. By applying microgrooves to the
abutment surfaces, a dense layer of unidirectional oriented cells could also be
observed already after 8 hours of incubation, indicating an acceleration and
settlement process of fibroblasts. Hence, cell adhesion influences the soft
tissue healing efficacy of biomaterials. Despite the absence of detailed
information on the topographical characteristics of the PTFE membranes in
Study IV, it was observed a significant early upregulation of pro-inflammatory
cytokines TNF-a and IL-6 and a late upregulation of genes such as FGF-2,
VEGF and FOXO-1 in the soft tissue covering the dual e-PTFE compared to
the overlying tissues of the sham and d-PTFE groups. In vitro studies have
shown that FGF-2 participates in the synthesis and deposition of ECM
components and stimulates fibroblasts to migrate as well as to increase
collagenase production, thus activating the tissue remodeling process ***. More
evidence indicate that many growth factors exhibit synergistic effects on the
cellular activities when present in the microenvironment of wound healing. It
has been suggested that the vascularization process induced by acellular
collagen matrices was accelerated due to the simultaneous expression of genes
encoding the angiogenic factor VEGF-A and FGF-2 %, The crosstalk among
FGFs, VEGFs and inflammatory cytokines might be important in the
modulation of blood vessel growth in various physiological and pathological
conditions **’. Pro-inflammatory mediators such as TNF-o and IL-1 promote
angiogenesis through increased recruitment of macrophages that subsequently
secrete VEGF-A, or via induction of endothelial tip cell formation and
proliferation *****_ Interestingly, also IL-6 can positively regulate the
sprouting angiogenic function of endothelial cells via the autocrine IL-6 classic
signaling **. Taken together, these molecular observations confirm an active
role, especially of the dual e-PTFE membrane, in creating a favorable soft
tissue-healing environment, and the potential contribution to achieve a
successful soft tissue response during GBR is corroborated by a general
evaluation of the physical characteristics of the PTFE membranes in relation
to the current clinical and histological evidence. Among the numerous physico-
chemical characteristics to consider, the pore size of a barrier membrane is
crucial to facilitate angiogenesis and promote vascular supply *'. The d-PTFE
membrane has tiny porosity of 0.2um ** that would not allow proper
vascularized soft tissue formation which may subsequently lead to insufficient
flap adhesion and a higher risk of membrane exposure **. Conversely, the e-
PTFE membrane facing the soft tissue compartment has a “semi-open” fibrillar
structure with higher porosity (5-30um °****), more suitable for angiogenesis,
soft tissue remodeling and wound stability. Previous research compared the
effect of three types of e-PTFE, differing in permeability and surface
microstructure, with regard to soft tissue integration and bone regeneration .
The clinical and histological findings revealed that the membrane
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characterized by two extremely rough external layers separated by a totally
occlusive internal layer increased the mechanical locking into the tissues, being
firmly attached to the soft tissue and adherent to the underlying bone
regenerated tissue. Additional evidence confirming the positive impact of the
dual e-PTFE on soft tissue healing, comes from the significant upregulation of
the forkhead box O1 transcription factor in the soft tissue compartment after
28 days. Several studies in the last decade have confirmed the important role
of FOXOL1 in regulating wound healing and tissue regeneration, although its
exact function has not been fully elucidated ***°. It has been found that
FOXOL1 deletion resulted in a reduction of TGF-f1 expression in keratinocytes,
with consequent reduced mucosal epithelial migration and defective re-
epithelialization *’. Another in vivo study demonstrated that FOXO1 deletion
in keratinocytes caused a defective wound healing because of induced lower
expression of VEGF, which might affect not only angiogenesis but also other
parts of the wound healing cascade such as re-epithelialization, granulation
tissue formation, and collagen deposition **®. Furthermore, it has been shown
that FOXO1 exhibited a favorable inhibitory effect on fibroblast activation and
extracellular matrix production, thus mitigating the overgrowth of fibrotic
tissue in numerous organs >, Since FOXO1 appears to function as molecular
control in wound healing, its target during GBR might help rewire the process
of soft tissue repair.

Microbiological observations using PTFE membranes:

The traditional view of e-PTFE behavior in GBR/GTR procedures is that the
membrane contamination and/or exposure to the oral cavity during or after
surgery is sometimes inevitable and is responsible for partial failure of the
regenerating tissues '”. Poor soft tissue management during GBR * together
with the alloplastic material surface are key factors predisposing to microbial
proliferation and the onset of an inflammatory response that impairs the wound
healing process *”’. A series of early studies indicated that oral microorganisms
could contaminate the e-PTFE surface and pass through the thickness of the
open microstructure of the membranes '*'%3%! " with subsequent membrane
retrieval 4-6 weeks after periodontal and implant surgery '*'*2°?, Conversely,
it has been claimed that high-density PTFE barriers with low porosity (<
0.3um) provide a superior resistance to bacterial penetration **. The use of
scanning electron microscopy to analyze d-PTFE membranes, which had been
exposed for 21 days in the oral cavity, revealed colonies of bacteria and
scattered fibroblast-like cells on the superior surface of the membranes, and
total absence of microorganisms on the inferior surface facing the bone
compartment ***. Although the design of d-PTFE might prevent migration of
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bacteria into the membrane structure thus leading to successful regeneration,
controversy arises regarding the lack of fibroblast adhesion to facilitate wound
stability and its limited evidence of efficacy in “open GBR procedures” **. A
recent in vitro study consisting of an experimental membrane-permeability
setup *°, confirmed the ability of d-PTFE membranes to impede S. oralis cells
from moving across the barrier structure. However, this study demonstrated
also that a new generation of e-PTFE membranes was effective against
bacterial infiltration. While the first generation of e-PTFE membranes
consisted of rectangular solid and smooth nodes linked together by a fibrillar
structure facing both the soft and hard tissues with different pore size on the
outer and inner portions ', the new generation was achieved by modifying the
layer thickness as well as the degree and direction of expansion of e-PTFE
fibers, resulting in a dual-layer configuration.

Study III was designed to further verify the influence of different surface
topography of PTFE membranes in association with bacterial colonization and
biofilm formation. Among the plethora of plaque biofilm collection methods,
we have selected the model system that was thought to best address our
experimental questions and needs. One of the most important criterions for our
in vivo grown plaque method, was the effect of the intraoral device on the
volunteer’s comfort for a valid compliance over the entire duration of the
study. The barrier specimens applied on the tooth surfaces were relatively
small, with the result of not being troublesome regarding esthetics and
phonetics. Differently, two independent research groups in Italy '***** studied
plaque accumulation on different barrier devices fixed to removable acrylic
dentures. The model designed by these authors has the advantage of avoiding
the pre-treatment of specific teeth, reducing the possible damage or
demineralization process of the enamel like those observed after orthodontic
treatments **. On the other hand, acrylic removable devices are rather bulky.
The participants may not be able to eat properly and may change their diet,
producing a bias in the growing biofilm or risking dropouts from the study **¢
% Despite no self-perception questionnaire was given to the subjects
participating in study III, it was observed that the biofilm-substrate membrane
did not create any major wearing discomfort. A compelling finding using this
model system was that no bond failure of the membranes was reported.
Accidentally unsticking of samples is an important issue, not only for the
accuracy of the study that will lose a specimen, but also for medical reasons
due to the potential ingestion and inhalation complications that might require
immediate action and, in some cases, even hospitalization ***!°. Aspiration or
ingestion of foreign materials during dental procedures is a relatively
uncommon risk *''. Despite almost 90% of the ingested foreign objects could
pass the gastrointestinal tract without complications, it is reported that
approximately 10% will require endoscopic removal *'2, In study III, this risk
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was taken into consideration and a written medical emergency protocol was
included in the informed consent form at the beginning of the trial *'*. It is
well-known from the orthodontic literature that successful attachment of metal
brackets on tooth surfaces requires effective bonding protocols and adequate
bracket base design. More specifically, bracket base morphology has large
recesses such as grooves and undercuts to provide a strong mechanical bonding
to the adhesive resin. Such macro-mechanical retentive features were not
present on the PTFE-membranes, thus generating a challenge in the
performance and success of their direct bonding on tooth enamel. One may
speculate that the absence of bonding failures is a result of the short duration
of the study (24h) in relation to the underlying adhesion strategy. A
cyanoacrylate adhesive (SmartBond®, Gestenco International AB) was
selected for the purpose of our investigation. This is a “moisture-active” light-
curing bonding system which showed shear bond strength within the accepted
clinical range of 6-8 megapascals (MPa) after being exposed to 5.25% sodium
hypochlorite (NaOCI) for 1 minute *'*. From a clinical perspective, this means
that it is necessary that this adhesive work in a wet environment in order for
the uncured monomer to be converted into the more stable and cured polymer
315 Modeling the in vivo oral biofilm development was still far from being
considered ideal since several limitations were encountered. The interaction
between the e-PTFE specimens and muscular activity (cheek, tongue) might
have partially dislodged or deflected the appliances, thus disturbing the biofilm
formation, together with the mechanical removal of the specimens from the
tooth surfaces by using small forceps and pliers. On the other hand, the quality
of the biofilm collected from the specimens should be considered as illustrative
since each volunteer acted as own control (spilt-mouth design) and because
there was also a comparison with the tooth-formed biofilm (dental plaque) at
all different time-points.

The results of Study III demonstrated that the configuration of the PTFE
(expanded vs. dense) does not influence the degree of colonization by aerobes
and anaerobes since no differences in CFU counting between membrane
groups were found at the early (4h) and late time points (24h). Nevertheless,
the pattern of bacterial colonization and 3D biofilm structure as measured by
confocal scanning laser microscopy were different and significantly higher on
d-PTFE specimens, especially 4 hours after exposure to the oral microflora.
Apparently, morphological structures such as micron-range fibril network on
the e-PTFE and dimples on the top surface of d-PTFE may have equally
contributed to biofilm formation but could also explain the early mode of
action of the two membranes regarding total biofilm biomass, average
thickness of the live and dead cell populations, and ratio between the surface
area and the volume of live bacteria. Previous research has been shown that
microtopographic confinements can facilitate bacterial adhesion and biofilm
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formation *'®. However, additional physicochemical characteristics related to
biomaterials (surface roughness, hydrophilicity, surface free energy, surface
wettability) and chemical properties are recognized as critical for bacterial
adherence and early biofilm development *'"*?2, An in vitro study compared
the ability of Staphylococcus epidermidis to form biofilm at an early stage on
the surface of different orthopedic implant biomaterials, ruling out the effect
of surface roughness *2*. Whereas no difference was observed among the five
materials after culturing for 2 and 4 hours, a significantly lower biofilm
coverage rate for Co-Cr-Mo alloy was detected after culturing for 6 hours,
suggesting that wettability and surface free energy might have a negative
impact on the horizontal expansion of early biofilm development. Although in
Study III it was not plausible to pinpoint specific effects on bacterial adhesion
to one specific property of the two PTFE membranes, it was interesting to
notice a more homogeneous distribution of live bacteria on the e-PTFE
specimen at both time points, as revealed by the increased surface area to
volume ratio. This observation agrees with data from a recent in vitro study on
the adhesion of Streptococcus oralis on three e-PTFE membranes of distinct
microstructure and one d-PTFE membrane **°. The analysis and visualization
of biofilm architecture at 24 hours disclosed homogeneous and evenly
distributed monolayers of bacterial cells in a “carpet-like” arrangement on the
different e-PTFE membranes, whereas thicker biofilm “tower formations”
were observed within surface indentations of d-PTFE. Whether these early
interactions of microorganisms with biomaterial surface characteristics would
be of clinical relevance is unknown. Nonetheless, Study III has contributed
with useful results in assessing the initial stages of biofilm formation, despite
the complex phenomena that occur during GBR were not precisely reproduced.
Finally, the microbiological detection of low counts for Staphylococcus spp.
on both PTFE surfaces is not unusual, considering the polymicrobial nature
and complexity of the biofilm communities. The opportunistic pathogen S.
aureus is an asymptomatic colonizer of human nares **, is a frequent isolate
of the oral cavity ****° and it is well-known to be the most difficult
microorganism to deal with in traumatic, surgical and burn wound infections.
In Study III, its frequent identification should not be overrated since its danger
in wound infection or delayed healing could be validated only in case of pure
monomicrobial flora 3%,
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6 SUMMARY AND CONCLUSION

e The retrospective Study I on single-tooth implant rehabilitation
provided an insight into the clinical arena of GBR, unveiling
interesting observations. First, a favorable long-term outcome in
terms of implant survival rate was found, but the initial high drop-
out figure from the original cohort population must be kept in mind.
Second, the registered clinical complications, especially after the
first year of implant function, left open to interpretation the real
effectiveness of the chosen treatments. Finally, the potential impact
of certain factors on the long-term stability of marginal bone levels
was disclosed. Thus, the bone defect morphology, the simultaneous
approach GBR-implant placement, and the onset of early and late
complications seemed to have a negative impact on the crestal bone
in a relatively young patient population.

e Experimental Study II demonstrated that naturally derived collagen-
based membrane promoted bone formation in bone defects. This
included the migration of different cell phenotypes (e.g.,
monocytes/macrophages and  osteoprogenitors) from the
surrounding tissue into the membrane. The cells in the membrane
expressed and released factors crucial for bone formation and bone
remodeling (BMP-2, FGF-2, VEGF, and TGF-). This influenced
the bone regeneration process in the defect by stimulating the
activity of osteoblasts and osteoclasts, the main cells of bone
remodeling. The cellular and molecular activities inside the
membrane strongly correlated with pro-osteogenic and bone
remodeling in the defect, hence promoting a higher degree of bone
regeneration and restitution of the defect.

In Study III a clinical human model was developed, and different
analytical procedures were employed to characterize the early stages
of biofilm formation on nonresorbable barrier membranes. The dual
e-PTFE and d-PTFE membranes were not manufactured to exert an
antibacterial effect, and the short exposure to the oral cavity did not
reproduce the real GBR conditions to anaerobic microorganisms
and mature biofilm development. Nonetheless, a different pattern of
bacterial colonization was found, most likely depending on the
topographical differences between the membranes. Less biofilm
biomass accumulation and biofilm thickness were detected on the
surface of the dual e-PTFE in contrast to d-PTFE membranes.
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Furthermore, a distinctive presence of Staphylococcus spp. was
detected when the materials were introduced in the oral environment
as compared to their original colonization of tooth surfaces.

In experimental Study IV, the experimental platform was
implemented, and the analytical techniques were also applied for
studying the cellular and molecular events in the soft tissue
compartment above nonresorbable PTFE membranes with distinct
topographical characteristics. No difference in terms of induced-
bone regeneration process could be found in the underlying bone
defect between dual e-PTFE and d-PTFE membranes. Conversely,
the downregulation of pro-inflammatory mediators (TNF-a, IL-6)
and the upregulation of factors related to angiogenic, and
proliferative responses (VEGF, FOXO-1, and FGF-2) suggest a
positive and active influence of the dual e-PTFE on the soft tissue
healing as compared to d-PTFE membranes.

It is concluded that the GBR membrane, besides its known barrier
properties, also acts as a bioactive compartment which affects both
the overlying soft tissue and the underlying bone defect. These
novel findings indicate a potential for additional and potentially
improved tissue regenerative strategies.
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7 FUTURE PERSPECTIVES

The market for GBR is expected to grow in response to the increasing demand
for dental implants, especially amongst the population of developing countries.
Despite major efforts in tissue engineering development for the optimal
membrane design, the current biomaterials used for bone regenerative
procedures are often selected based on their clinical manageability rather than
an appropriate systematic approach to enhance the biological outcomes.

The present thesis demonstrated that different types of membranes, which are
usually selected in the clinic for their “passive” barrier properties in relation to
the morphology of the bone defect to be regenerated, display a more complex
biological behavior, actively interacting with the surrounding injured tissues
and, to a certain extent, fine-tuning the cascade of molecular and cellular events
that regulate the wound healing dynamics.

Notably, the application of the g-PCR analytical technique in the in vivo studies
might be seen as a properly standardized methodological platform that could
be applied to generate consistent and reproducible gene expression data in case
of new membranes and indeed bone grafting materials to be tested, where
modifications of physicochemical and mechanical properties (porosity,
scaffold architecture, thickness, wettability) as well as the incorporation of
biological factors (e.g.; FGF, BMP-2, BMP-7, PDGF) and antibacterial agents
could be evaluated in a methodical way. On this matter, it would also be of
interest to increase more information and knowledge on the bacteria related to
biomaterial associated complications since their role for the short- and long-
term outcomes of GBR procedures remains to be elucidated
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