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Abstract

Aim: To review the knowledge on the mechanisms controlling membrane-host inter-
actions in guided bone regeneration (GBR) and investigate the possible role of GBR
membranes as bioactive compartments in addition to their established role as
barriers.

Materials and Methods: A narrative review was utilized based on in vitro, in vivo and
available clinical studies on the cellular and molecular mechanisms underlying GBR
and the possible bioactive role of membranes.

Results: Emerging data demonstrate that the membrane contributes bioactively to
the regeneration of underlying defects. The cellular and molecular activities in the
membrane are intimately linked to the promoted bone regeneration in the underlying
defect. Along with the native bioactivity of GBR membranes, incorporating growth
factors and cells in membranes or with graft materials may augment the regenerative
processes in underlying defects.

Conclusion: In parallel with its barrier function, the membrane plays an active role in
hosting and modulating the molecular activities of the membrane-associated cells
during GBR. The biological events in the membrane are linked to the bone regenera-
tive and remodelling processes in the underlying defect. Furthermore, the bone-
promoting environments in the two compartments can likely be boosted by strategies

targeting both material aspects of the membrane and host tissue responses.

or grafting materials underneath the membrane (Dahlin, Sennerby,
Lekholm, Linde, & Nyman, 1989; Dahlin et al., 1988; Schenk, Buser,
Hardwick, & Dahlin, 1994). The advantage of the barrier membrane

The original hypothesis of guided bone regeneration (GBR) was intro-
duced almost three decades ago (Dahlin, Linde, Gottlow, & Nyman,
1988), implying that a non-resorbable or biodegradable barrier could
be placed to exclude certain cell types, such as rapidly proliferat-
ing epithelium and connective tissue, thus promoting the growth
of slower-growing cells capable of forming bone (Figure 1a). Hence,
osteoprogenitors would be exclusively allowed to repopulate the
bone defect site by preventing the entry of non-osteogenic tissues
(Dahlin et al., 1988; Dimitriou, Mataliotakis, Calori, & Giannoudis,
2012; Retzepi & Donos, 2010).

The early experimental studies on GBR were conducted using

barrier membranes without the administration of bone substitute

alone was then verified clinically, where bone fenestrations at titanium
implants treated with PTFE membranes demonstrated higher amount
of new bone formation compared to the control fenestration sites, left
underneath the periosteum without membrane (Dahlin, Andersson, &
Linde, 1991). Following the clinical introduction of the GBR concept, it
has been realized that the addition of membrane-supporting materials
or grafts in combination with membranes may provide synergistic ef-
fects for the regenerative outcome (Donos, Mardas, & Chadha, 2008;
Hermann & Buser, 1996). This has also been confirmed in multiple
experimental studies (Dahlin, Alberius, & Linde, 1991; Stavropoulos,
Dahlin, Ruskin, & Johansson, 2004). Nevertheless, some variable
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results have been obtained regarding the combined use of bone re-
placement grafts with the membrane when compared to the use of
the membrane alone. The potential role of graft materials in conjunc-
tion with membrane placement will be discussed in this review.
Guided bone regeneration is considered the most clinically used
(Khojasteh, Kheiri, Motamedian, & Khoshkam, 2017) and docu-
mented (Aghaloo & Moy, 2007) technique for local augmentation
and defect restitution in the jaw bone in conjunction with oral im-
plant treatment. Further, several reports have demonstrated that
the survival rates of implants placed in the augmented sites by GBR
are similar to those of implants placed into pristine bone (Clementini,
Morlupi, Canullo, Agrestini, & Barlattani, 2012; Donos et al., 2008;
Jensen & Terheyden, 2009). Moreover, data from a large cohort clin-
ical report revealed that up to 40% of implant patients required the
GBR procedure as part of the implant therapy (Bornstein, Halbritter,
Harnisch, Weber, & Buser, 2008). In line with the clinical data, a
considerable number of histological studies in different animal mod-
els show the promotion of bone formation in experimental defects
treated with different types of GBR barrier membranes (Ahn, Kim,
Kim, Oh, & Lim, 2012; Al-Hezaimi et al., 2013; Benic et al., 2015;
Bernabe et al., 2012; Busenlechner et al., 2005; Cho et al., 1998; De
Marco, Jardini, Modolo, Nunes, & de Lima, 2012; Donos, Graziani,
Mardas, & Kostopoulos, 2011; Donos, Kostopoulos, & Karring,
2002; Ge, Feng, & Wang, 2011; Guda et al., 2013; Jardini, De Marco,
& Lima, 2005; Jung et al., 2013; Kim et al., 2008; Koerdt, Ristow,
Wannhoff, Kubler, & Reuther, 2014; Kostopoulos & Karring, 1994;
Lundgren, Lundgren, Sennerby, & Nyman, 1995; Melo, Nagata,
Bosco, Ribeiro, & Leite, 2005; Queiroz, Hochuli-Vieira, Gabrielli, &
Cancian, 2006; Ramalingam et al., 2016; Schlegel, Donath, & Weida,
1998; Schwarz, Mihatovic, Golubovic, Hegewald, & Becker, 2012;
Simion et al., 2007; Stetzer et al., 2002; Sverzut et al., 2008; Taga,
Granjeiro, Cestari, & Taga, 2008; Thomaidis et al., 2008; Ueyama
et al., 2002; Weng et al., 2009; Zubery, Goldlust, Alves, & Nir, 2007).
A variety of synthetic and naturally derived materials has been
used clinically as GBR membranes (Table 1a). Further, several
materials and material modifications, including metals and com-
posites, have been experimentally investigated as potential GBR
membranes (Elgali, Omar, Dahlin, & Thomsen, 2017). In addition,
strategies to incorporate biological substances, cells and anti-
bacterial agents, into the membrane or into the defect under the
membrane, have been explored. During the course of GBR evolve-
ment, a set of requirements for the membrane has been defined
(Dahlin, 2010): (a) Biocompatibility: the material shall perform with
an appropriate tissue response (Williams, 2017). Thus, the inter-
action between the material and the tissues should not adversely
affect the surrounding tissues, the intended healing result or pa-
tient safety; (b) Occlusive properties: the material should prevent
soft tissue invasion and provide some degree of protection from
bacterial invasion if the membrane becomes exposed to the oral
environment; (c) Space-making capacity: the membrane should
provide a suitable space in which the regeneration of bone can
take place; (d) Attachment to or integration with the surrounding tis-
sues: the integration of the membrane with the tissues stabilizes

Clinical Relevance

Scientific rationale for the study: The GBR membrane has
been mainly considered as a passive barrier, whereas the po-
tential bioactive role has scarcely been documented.
Principal findings: The biological events in both the mem-
brane and the underlying defect are important for bone re-
generation. The membrane has direct bone promotive
effects, by virtue of hosting cells that express and secrete
pro-osteogenic and bone-promoting factors, which are
linked to the bone regeneration and restitution of the un-
derlying defect. This bioactive effect has also been shown
with cell and molecules intentionally incorporated in the
membrane and/or in the underlying defect, with or without
the bone grafting materials. Practical implications: The evolv-
ing knowledge of the bioactive role of GBR membranes in
modulating cellular and molecular events in membrane-
associated cells and adjacent regenerating tissues underpins
the development of a new generation of GBR membranes.
Further optimization of membrane properties is proposed,
focusing on improving membrane bioactivity via well-
selected and scientifically documented biological cues,
thereby developing novel GBR membranes suited for large

oral bone defects and compromised cases.

the wound healing environment and further contributes to the
creation of a barrier between the soft tissue and the bone defect;
(e) Manageability: the membrane must be clinically manageable.
Over time, the search for the optimal set of properties has led to
the development of GBR membranes that possess several of the
characteristics listed above. A summary of the membrane classi-
fications and material compositions is found in Table 1b. It is be-
yond the scope of this article to review the classes of membrane
materials, the modifications of membrane physicochemical prop-
erties and the documented biological effects. Instead, for these
topics, the reader is referred to a recent review (Elgali et al., 2017).
To date, the choice of membrane has been dictated by the defect
anatomy, the need for augmentation in horizontal or vertical direc-
tions, and the use of a predictable clinical protocol (Donos et al.,
2008) (Figure 1b-e).

Despite the significant clinical use and documentation of GBR,
which is supported by experimental histological evidence, the cellu-
lar and molecular mechanisms that govern the sequence of biological
events during GBR and the possible bioactive role of the GBR mem-
brane in modulating these events have been scarcely investigated.
With the advent of cellular and molecular techniques, a correlative
approach to deciphering the molecular and morphological basis of
GBR has emerged. In a previous review focused on the membrane
properties and their modifications, the cellular and molecular events
of GBR have been highlighted (Elgali et al., 2017). In the present

review, via a narrative approach, a comprehensive and up-to-date
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FIGURE 1 Schematic diagram and clinical photographs of guided bone regeneration. (a) Simple schematic diagram showing the
membrane and defect compartments in the guided bone regeneration procedure. (b-e) Serial clinical photographs of a horizontal bone
defect treated by guided bone regeneration using a barrier membrane (titanium-reinforced polytetrafluoroethylene (PTFE)): (b) the anterior
maxilla with predominant bone loss is exposed, and a titanium tenting screw is inserted. (c) The titanium-reinforced PTFE membrane is
positioned and stabilized above the defect area. (d) After 7 months, the membrane is removed, and the previous defect has now been filled
with bone. (e) Two titanium implants are inserted in the regenerated region and are subsequently connected with abutments and restored

with final crowns (Courtesy of Drs Miranda-Burgos & Dabhlin)

survey of the available scientific literature is mainly focused on the
in vivo biological mechanisms related to GBR and the potential active
role of the membrane. The aims of this review were (a) to summa-
rize the current knowledge on the cellular and molecular processes
of bone healing and regeneration in association with GBR, (b) to
determine available evidence on the biological events in the mem-
brane and their possible relationships with the biological processes
in the underlying defect compartment, (c) to evaluate the role of the
exogenous administration of biological cues (including growth fac-
tors and cells) to the membrane or bone grafts (in combination with
membranes) to promote bone formation in the defect, and finally (d)

to highlight potential strategies for future GBR optimization.

2 | LITERATURE SEARCH AND INCLUSION
CRITERIA

For this narrative review, the literature survey was conducted
using the MEDLINE/PubMed electronic database, without lim-
iting the years of publication. Only papers written in English

were included. The search was restricted to in vitro, in vivo and

human studies that reported data on GBR (and selected papers
on guided tissue regeneration (GTR)). Papers published before
October 2018 and relevant to the topic were included. Keywords
based on MeSH terms as well as free text were used with the aim
to determine published in vivo, in vitro and clinical studies that in-
vestigated cellular and molecular events during GBR and the pos-
sible bioactive role of the membrane. The following keywords were
used in different combinations: “Guided bone regeneration,” “GBR,”
“Guided tissue regeneration,” “GTR,” “Barrier,” “Active/Bioactive,”
“PTFE,”

“Collagen,” “Non-resorbable,” “Resorbable,” “Synthetic,” “Natural,”

“Membrane,” “Materials,” “Polytetrafluoroethylene,”
“Naturally derived,” “Mechanisms,” “Cellular/molecular events,”
“Cellular/molecular activities,” “Adherent cells,” “Associated cells,”
“Membrane cells,” “Bone defect,” “In vivo,” In vitro,” “Gene expres-
sion,” “Immunohistochemistry,” “Histology,” “Histomorphometry,”
“Cell recruitment,” “Inflammation,” “Bone formation,” “Bone remod-
eling/remodelling,” Cytokines,” “Growth factors,” “Osteoinductive”
and “Drug delivery.” Since the focus of this narrative review is on
the role of membranes during GBR, only selected studies on GTR
were included (i.e. GTR studies that addressed cellular and molecular

events in relation to the membrane).
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TABLE 1 Membranes for guided bone regeneration

a) Examples of clinically used membranes, presented according to resorbability, material and commercial name

Class Material

Non-resorbable, synthetic Polytetrafluorethylene (PTFE)

Titanium

Resorbable, naturally derived Non-cross-linked collagen

Cross-linked collagen

Resorbable, synthetic Aliphatic polyesters

b) Classes of materials used as GBR membranes in experimental studies

Description®

Expanded PTFE

Dense PTFE

Dual textured expanded PTFE

Titanium-reinforced PTFE

Titanium mesh

Type | collagen

Type | and Il collagen

Type |, lll, 1V, VI and other proteins
Collagen with intermingled elastin

Cross-linked type | collagen

Cross-linked type | and type Ill

Poly-D, L-lactide-co-glycolide

D, D-L, L polylactic acid

Poly-D, L-lactide and poly-L-lactide,
blended with acetyl tri-n-butyl citrate

Polyglycolide, poly-D, L-lactide-co-
glycosides, poly-L-lactide

Examples of clinically
used membranes

Gore-Tex®
Cytoplast™ TXT-200
NeoGen®

Gore-Tex-Ti; Cytoplast”™
Ti-250; NeoGen®
Ti-Reinforced

Frios® BoneShields;
Ridge-Form Mesh”

CoIIaTape®; Tutodent®
BioGide®; botiss Jason®
DynaMatrix®

Creos xenoprotect

BioMend®; OSSIX®
PLUS; OsseoGuard®

OsseoGuard Flex®; EZ
Curew; MatrixDerm"
EXT

Resolut adapt®
Epi-Guide®

Guidor®

BioMesh®-S

Synthetic polymers Natural polymers
Expanded polytetrafluorethylene Collagen and extracellular
(e-PTFE) matrices
Dense polytetrafluorethylene Chitosan
(d-PTFE) Alginate

Aliphatic polyesters
o Poly(lactic acid) (PLA)
o Poly(glycolic acid) (PGA)
o Poly(epsilon-caprolactone)
(PCL)

Metals

Titanium and titanium alloys

Cobalt-chromium alloys

Inorganic compounds

Calcium sulphate

Calcium phosphate

“The information on the composition of the commercially available membranes is derived from the web pages of the producers. The degree of details
and supporting information vary. Hence, the information should be treated carefully.

3 | RESULTS OF THE LITERATURE SURVEY

3.1 | Cellular and molecular mechanisms during
GBR

Most of the available information on bone healing and regeneration
beneath a GBR membrane is based on histological studies. While the
histological data are a fundamental proof of concept for this regen-
erative procedure, they do not fully reveal the sequential cellular and
molecular cascades of cell recruitment, inflammation, bone forma-
tion and remodelling in membrane-treated defects. Moreover, these

data do not explain the exact role of the membrane in promoting

the healing events within defect leading to the considerable filling
of the membrane-covered defect. Therefore, it is important to re-
late the membrane-induced molecular patterns in the defect both to
the recruitment and differentiation of different cell types involved
in bone healing and regeneration and to the structural restitution of
the membrane-covered defect.

A pertinent question regards the biological role of the mem-
brane in addition to its barrier function. Originally, the role of the
membrane was hypothesized to be a physical barrier (Figure 2) for
preventing the invasion of undesired soft tissue and providing and

maintaining space for osteogenic cells to migrate and form bone
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FIGURE 2 Guided bone regeneration (GBR) using a synthetic, polytetrafluorethylene (PTFE) barrier membrane. The histological images
(a and b) represent undecalcified, resin-embedded and toluidine blue-stained sections showing GBR using a titanium-reinforced PTFE barrier
membrane on a surgically created mandible defect in the dog model. (a) An orofacial section showing the pattern of bone formation under
the membrane after 4 months of healing. The newly regenerated bone (NB) is formed in direct continuity with the host old bone (OB) under
the barrier membrane, which separated the bone from the overlying oral mucosa (epithelium and connective tissue). (b) Under the periphery
of the PTFE membrane, NB is formed on the porous surface of the PTFE. (c) The bar chart shows the amounts of radiopaque new bone
within a rabbit 15-mm cranial defect treated with a PTFE membrane and evaluated on radiographs at 1, 2, 3 and 5 weeks after surgery. The

spatial analysis reveals the progressive increase in the amount of regenerated bone with respect to the amounts of total new bone (white
bars), bone originating at the defect borders (hatched bars) and new bone formed as islands in the central region of the defect (black bars).
The images (a and b) are adapted and republished with the permission of Quintessence Publishing Company Inc. from the Int J Oral Maxillofac
Implants: Healing pattern of bone regeneration in membrane-protected defects: a histological study in the canine mandible., Schenk RK,
Buser D, Hardwick WR, Dahlin C., 9 (1), 1994; permission conveyed through the Copyright Clearance Center, Inc. The image in (c) is adapted
and reprinted from the J Oral Maxillofac Surg, 53 (2), Hammerle CH, Schmid J, Lang NP, Olah AJ., Temporal dynamics of healing in rabbit
cranial defects using guided bone regeneration, 167-74, copyright (1995), with permission from Elsevier [via the Copyright Clearance Center]

in the defect (Dahlin et al., 1988; Retzepi & Donos, 2010). Further,
histological observations suggested a biomechanical role for the
non-resorbable, relatively stiff, PTFE membrane in stabilizing and
protecting the nascent clot and promoting vascularity and osteogen-
esis, especially in the central region of the membrane-covered bone
defect (Hammerle, Schmid, Lang, & Olah, 1995; Figure 2). An orga-
nized blood clot provides an intermediate tissue with appropriate
mechanical properties necessary for osteogenesis (Hammerle et al.,
1995). Further, notwithstanding that bone healing and regeneration
is a complex process, it is plausible that the regenerative processes
are influenced by the local microenvironment in the defect, of which
the stability of the initially formed haematoma and blood clot may
influence the migration of cells, vascularization and osteogenesis
(Liu & Kerns, 2014). Nonetheless, few studies that addressed the bi-

ological processes within the membrane provided evidence that the

membrane per se could play a biologically active role in bone regen-
eration in the defect beneath the membrane.

3.1.1 | Therole of GBR membrane

Non-resorbable membranes

An experimental study revealed that compared with no treatment,
the application of a non-resorbable PTFE membrane promoted ear-
lier generation and a higher number of core-binding factor alpha 1/
runt-related transcription factor 2 (Cbfal/Runx2)-positive osteo-
progenitor cells in rat tibia defects, particularly in the upper region
of the defects, after 6 days of healing (Tanaka, Matsuzaka, Sato, &
Inoue, 2007). At 8 and 10 days of healing, the presence of the PTFE
membrane enhanced the expression of the bone-related gene os-

teocalcin (OC) in the underlying defect compared to the expression
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in the untreated sham defect (Tanaka et al., 2007). These data cor-
roborated the observation that the presence of a PTFE membrane
progressively promoted a higher percentage of newly formed bone
at 6, 8 and 10 days, especially in the upper part of the defect, than
in the sham defect (Matsuzaka, Shimono, & Inoue, 2001). Further,
the immunoreactivity of the cell proliferation marker proliferating
cell nuclear antigen (PCNA) did not differ between the membrane
and sham groups, suggesting that the promotion of early bone for-
mation under the PTFE membrane was due to enhanced osteogenic
differentiation rather than the proliferation of osteoprogenitor cells.
Another study also documented enhanced osteogenic activity in the
regenerating tissue directly underneath the PTFE membrane in an
experimental periodontal bone defect model in Rhesus monkeys
(Amar et al., 1997). The latter study demonstrated high immunore-
activity of bone morphogenetic proteins (BMPs) (BMP-2, BMP-4,
and BMP-7), osteonectin (ON) and bone sialoprotein (BSP) as well
as higher mRNA transcript levels of BMP-2 and BMP-4 in the tis-
sue formed directly underneath the PTFE membrane compared to
the undetectable or very low reactivity in untreated defects after
6 weeks of healing. Further, in rat calvarial model, although no con-
trol defect without membrane was included, the application of PTFE
membrane was associated with positive upregulation of Wnt sig-
nalling pathway at day 7 compared to day 15, whereas the day 15
was characterized by overexpression of genes encoding inhibitors
of the Wnt pathway, but overexpression of multiple growth factors,
including insulin-like growth factor-1 (IGF-1) and BMPs, in the un-
derlying defect (Al-Kattan, Retzepi, Calciolari, & Donos, 2017). The
latter findings indicate that different pathways involved in bone re-
generation are temporally regulated in the defect under the PTFE
membrane.

The aforementioned experimental findings were corroborated
in a human study comparing the GTR procedure using a PTFE mem-
brane with flap surgery alone, without a membrane, for periodon-
tal bone defects (Lima, Goncalves, Sallum, Casati, & Nociti, 2008).
Gene expression analysis showed that the PTFE membrane led to
a significant upregulation of bone formation genes, including os-
teopontin (OP), BSP and alkaline phosphatase (ALP), in the under-
lying defect after 3 weeks of healing, compared to the expression
of these genes in the control defect (flap surgery without a mem-
brane) (Lima et al., 2008). Moreover, the PTFE membrane-induced
effects in the defects not only promoted osteogenic activity but
also enhanced the expression of genes encoding growth factors
(fibroblast growth factor-2 (FGF-2)), inflammatory cytokines (in-
terleukin (IL)-6 and IL-1) and proteins involved in bone and tissue
remodelling (receptor activator of nuclear factor kappa B ligand
(RANKL), osteoprotegerin (OPG) and matrix metallopeptidases
(MMP-2 and MMP-9)), in the defect underneath the barrier mem-
brane (Lima et al., 2008).

Resorbable membranes

As observed with non-resorbable PTFE membranes, naturally de-
rived, resorbable, collagen membranes promote an early coupled
upregulation of genes related to bone formation (OC) and bone

remodelling (the calcitonin receptor (CTR), cathepsin K (CatK) and
RANKL)) in the underlying defect compared to the expression of
these genes in the untreated sham defect in the rat femur (Turri
et al., 2016; Figure 3). Further, the presence of a collagen membrane
above the defect appeared to fine-tune the expression of the pro-
inflammatory cytokine tumour necrosis factor alpha (TNF-«) during
the different phases of GBR, as indicated by the early peak of TNF-«
at day 3 followed by significant downregulation at day 6 and a sec-
ond peak at day 28 in the defect treated with the collagen membrane
(Turri et al., 2016). Despite the controversy regarding the role of in-
flammation and pro-inflammatory cytokines during bone healing,
TNF-a is crucial for intra-membranous bone formation (Gerstenfeld
et al,, 2001), and the observed early increase in TNF-a expression in
the membrane-treated defect may positively impact the recruitment
of cells, including mesenchymal stem cells (MSCs) (Bocker et al.,
2008; Fu et al., 2009), and the osteogenic differentiation of these
cells (Hess, Ushmorov, Fiedler, Brenner, & Wirth, 2009). However,
the second peak in TNF-a expression may be related to osteoclas-
tic bone remodelling (Azuma, Kaji, Katogi, Takeshita, & Kudo, 2000;
Katagiri & Takahashi, 2002). The multiple effects of the collagen
membrane on different cellular activities in the underlying defect
may explain the higher percentage of well-remodelled mature bone
in the defect under the membrane and the eventual higher degree
of restitution of the membrane-treated defect than in the untreated
sham defect (Turri et al., 2016; Figure 3).

The original hypothesis of the barrier function of the GBR mem-
brane suggested that the secluded space created by the membrane
allows the migration of osteogenic cells and their subsequent differ-
entiation to bone-forming cells (Dahlin et al., 1988; Retzepi & Donos,
2010), but the molecular mechanisms underlying such an effect long
remained undetermined. Recent studies using a collagen membrane
provided, at least in part, a molecular explanation; the presence of
the collagen membrane prompted an early (3 days) and late (28 days)
promotion of the expression of cell recruitment mediators (CXC
chemokine receptor 4 (CXCR4) and monocyte chemoattractant
protein-1 (MCP-1)) in the underlying defect (Turri et al., 2016). The
chemokine receptor CXCR4 plays a major role in the recruitment
of MSCs and osteoprogenitors (Ceradini et al., 2004; Karp & Leng
Teo, 2009; Kitaori et al., 2009), while MCP-1 has multiple chemotac-
tic activities, including major roles in the recruitment of osteoclast
progenitors (Binder et al., 2009; Xing et al., 2010). Further, exper-
imental data revealed an important role for MCP-1 in osteoclastic
bone remodelling during fracture healing (Binder et al., 2009; Xing
et al.,, 2010). For instance, the depletion of the CCR2 (the recep-
tor for MCP-1) gene in mice (CCR2-null mice) resulted in a reduced
macrophage number (at day 3), impaired vascularization and bone
formation (at days 7 and 14, respectively), and delayed overall re-
modelling and fracture healing (at day 21) compared to these pro-
cesses in normal mice (Binder et al., 2009; Xing et al., 2010). Taken
together, these cellular and molecular findings, supported by histo-
logical observations, show that the GBR membrane evokes a local
environment in the defect that favours the recruitment and differen-
tiation of multiple cell types, including osteoblasts and osteoclasts.
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FIGURE 3 Cellular, molecular and structural events during guided bone regeneration (GBR) by collagen-based membranes on surgically
created bone defects in a rat model. (A) Immunohistochemical findings in decalcified and paraffin-embedded sections showing GBR using

a porcine type I/Ill collagen membrane consisting of a “compact” top part (*) and a “porous” bottom part (**) placed on a surgically created
maxillary defect in the rat model after 2 weeks of healing. In (A), abundant newly formed bone (NB) is observed filling the defect, and an
abundant cell infiltrate is observed in the porous part of the membrane facing the defect. The insert shows that the cells infiltrating the
porous part of the porcine type I/lll collagen membrane are positively stained for the bone proteins (a) alkaline phosphatase (ALP), (b)
osteopontin (OPN) and (c) osteocalcin (OC), suggesting the active participation of the membrane-associated cells in the bone regeneration
process. (B and C) Histological images of undecalcified, resin-embedded and toluidine blue-stained sections showing that the application

of a collagen membrane (derived from porcine small intestine extracellular matrix (ECM)) to a rat femur bone defect (B) results in structural
restitution of the underlying defect with newly formed bone compared to the lesser restitution in the untreated defect (C). In the untreated
sham defect (C), soft tissue invasion and poor restitution of the defect are evident. The histomorphometric analysis of the different regions
of the defect (D and E) demonstrates a higher proportion of newly regenerated bone in the defect treated with the ECM collagen membrane
than in the untreated sham defect, specifically in the top region of the defect directly underneath the membrane. The immunohistochemical
analyses show that during GBR (exemplified here at 3 days), different cell types, including CDé8-positive macrophages (F) and periostin-
positive osteoprogenitor cells (G), are recruited and hosted within the ECM collagen membrane above the defect. Moreover, the
immunohistochemical analysis reveals positive protein reactivity for the pro-osteogenic, bone-promoting growth factors FGF-2 (H) and
BMP-2 (1) inside the membrane. The molecular analysis (qPCR) confirms the progressively increasing expression of the bone-promoting
growth factors FGF-2 (J) and BMP-2 (K) in conjunction with a temporal downregulation of the vascularization growth factor VEGF (L) in the
membrane-associated cells. The corresponding molecular gPCR analysis of the underlying defect reveals that the application of the ECM
collagen membrane modulates the molecular activities of different healing processes, exemplified here by the pro-inflammatory cytokine
TNF-a (M) and the bone formation gene OC (N), providing molecular evidence for membrane-promoted bone healing and regeneration in
the underlying defect. The significant correlations between the gene expression in the membrane and the gene expression in the underlying
defect (insert table) demonstrate that the molecular activities in the two compartments are linked during the course of GBR. The upper
panel of the figure (A and a, b ¢) is adapted and reprinted from Biomaterials, 26 (31), Taguchi Y, Amizuka N, Nakadate M, Ohnishi H, Fujii

N, Oda K, Nomura S, Maeda T., A histological evaluation for guided bone regeneration induced by a collagenous membrane., 6158-66,
copyright (2005), with permission from Elsevier [via the Copyright Clearance Center]. The lower panel of the figure is adapted and reprinted
from the Eur J Oral Sci, 125 (5), Elgali I, Omar O, Dahlin C, Thomsen P, Guided bone regeneration: materials and biological mechanisms
revisited., 315-337, copyright (2017), published by John Wiley & Sons Ltd. under a Creative Commons license (CC-BY-NC-ND): https://
creativecommons.org/licenses/by-nc-nd/4.0/
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Moreover, the environment created by the membrane is conducive
to the molecular mechanisms underlying coupled bone formation

and remodelling in the defect underneath the membrane.

3.1.2 | The role of scaffolds/grafts in combination
with the GBR membrane

GBR membrane and bone graft/substitute materials are commonly
applied together. The membrane isolates the bone defect site from
non-osteogenic soft tissue, whereas the bone substitute constitutes
a three-dimensional scaffold that supports osteogenic cells and the
promotion of bone formation during healing as well as prevents the
membrane from collapsing. Therefore, one of the major strategies to
improve the results of GBR is to improve the properties of the bone
grafts and the synthetic bone substitute materials.

Different types of bone filling materials, including autografts, al-
lografts, xenografts, and alloplastic or synthetic bone substitutes, have
been used. There is agreement that autogenous bone, the gold stan-
dard for bone augmentation, improves the outcome of GBR in both ex-
perimental (Sverzut et al., 2008) and clinical (Mattout & Mattout, 2000;
Meijndert, Raghoebar, Schupbach, Meijer, & Vissink, 2005; Schlegel
et al., 1998) studies. However, controversial data have been reported
regarding other types of bone substitutes. On the one hand, syner-
gistic effects have been suggested in several experimental (Bernabe
et al., 2012; Hammerle, Chiantella, Karring, & Lang, 1998; Jung et al.,
2011; Kohal et al., 1998; Martinez, Balboa, Gasamans, Otero-Cepeda,
& Guitian, 2015; Park et al., 2015; Sverzut et al., 2008) and clinical (De
Angelis et al., 2011; Luczyszyn et al., 2005) studies. On the other hand,
other reports have not demonstrated significant beneficial effect of
combining bone substitutes with membranes in either experimental
(Becker etal., 1992; Buser et al., 1998; Cho et al., 1998; Dupoirieux,
Neves, & Pourquier, 2000; Stavropoulos, Kostopoulos, Mardas,
Nyengaard, & Karring, 2001) or clinical (Dies, Etienne, Abboud, &
Ouhayoun, 1996; Guarnieri, Stefanelli et al., 2017; Guarnieri, Testarelli
et al.,, 2017; Mattout, Nowzari, & Mattout, 1995) contexts. The differ-
ences between the results of different studies might be attributed to
differences in the experimental animal species and model; study design;
defect site, size and configuration; and evaluation time. Furthermore,
the manufacturing and preparation of the same type of bone substitute
could be different or not standardized, which may affect the material
properties and consequently the final results of each study.

Non-resorbable membranes

Variable results have been reported when combining non-resorbable
membranes with different types of bone substitutes. For example,
the combination of two different commercial types of allogeneic
demineralized freeze-dried bone matrix (DFDB) with e-PTFE led to
diverse results when used in conjunction with implants. Whereas
one type reduced the bone gain in dehiscence defects related to
titanium implants (Becker etal., 1992), the other type increased
the bone-implant contact (Kohal et al., 1998). These observations
suggest that the osteoinductivity of DFDB is largely dependent
on the extent of decalcification, the donor age and the size of the

allograft particles. Xenografts (e.g. deproteinized or demineralized
bovine bone) and synthetic bone substitutes (e.g. hydroxyapatite
(HA)) are the most studied bone substitutes in combination with
GBR. Interestingly, in studies on bone formation outside the rat
skeleton, deproteinized bovine bone inhibited osseous healing, and
applying only a dome-shaped PTFE membrane led to better bone
formation (Stavropoulos, Kostopoulos, Nyengaard, & Karring, 2003;
Stavropoulos et al.,, 2001). Similarly, Buser et al. (1998) showed in
minipigs that another type of natural HA (coral-derived HA) did not
enhance bone regeneration guided by an e-PTFE membrane (Buser
etal.,, 1998). In contrast, an experimental study showed that the
combination of deproteinized bovine bone with dome-shaped PTFE
membrane maintained higher proportion of newly formed bone, for
a prolonged period of time, compared to dome-shaped PTFE mem-
brane filled with blood in rabbit calvarial defect model (Okazaki,
Shimizu, Xu, & Ooya, 2005). Further, a study in dog revealed that the
combination of anorganic bovine bone matrix (ABM) with an e-PTFE
membrane enhanced the osseointegration of implants placed into

extraction sockets (Tehemar, Hanes, & Sharawy, 2003).

Resorbable membranes

As observed with non-resorbable membranes, controversial results
have been reported on the combination of resorbable membranes
with bone substitutes. Experimental study used resorbable polymeric
dome membrane, with and without deproteinized bovine mineral on
calvarial defects, concluded that whereas the deproteinized bovine
mineral contributed to accelerate initial bone neogenesis, it did not
contribute to increasing bone volume or bone height at later observa-
tion stages (Schmid et al., 1997). Moreover, experimental studies on
the early events in bone healing and the cellular activities in response
to the combination of deproteinized bovine bone or HA and a col-
lagen membrane demonstrated no added bone formation in the de-
fect in association with either substitute material (Elgali et al., 2016).
However, when the HA substitute was doped with strontium ions and
used with the same collagen membrane, the formation of new bone
was significantly increased in the defect. This increase was attributed
to the inhibition of osteoclast numbers and activity as well as a reduc-
tion in coupling between osteoblasts and osteoclasts, which was not
shown in the presence of deproteinized bovine bone and stoichio-
metric HA (Elgali et al., 2016). Furthermore, the experimental finding
that the collagen membrane alone was sufficient to promote bone
formation without the addition of deproteinized bovine bone agrees
with clinical data showing similar clinical and histological findings
using collagen membrane alone or collagen membrane in combina-
tion with anorganic porcine-derived bone mineral matrix (Guarnieri,
Stefanelli et al., 2017; Guarnieri, Testarelli et al., 2017).

In contrast to several of these studies, a beneficial effect of
deproteinized bovine bone was observed when it was combined
with different types of resorbable membranes (Jung et al., 2011).
Interestingly, in rat calvarial defect model, whereas the application
of collagen membrane alone gained higher proportion of new bone
compared to a combination of the collagen membrane and anorganic
bovine minerals/cell-binding peptide (P-15) graft, the combined
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group (membrane + graft) showed greater vertical augmentation
height in the central area (Artzi et al., 2008) compared to the mem-
brane alone. The latter experimental findings have been corrobo-
rated by clinical data showing that the combination of resorbable
acellular dermal matrix membrane with either anorganic bovine
minerals/cell-binding peptide (P-15) graft (Fernandes et al., 2011) or
HA (Luczyszyn et al., 2005) improved the preservation of the alve-
olar ridge compared to the use of the membrane alone. Moreover,
in humans, the addition of deproteinized bovine bone granules with
a collagen membrane results in increased bone regeneration in de-
fects around post-extraction implants and improves the aesthetic
outcome of GBR (De Angelis et al., 2011).

3.2 | The cellular and molecular events in the
membrane and their relationships with the biological
processes in the underlying defect compartment

3.2.1 | The active involvement of the membrane
in the regenerative process

Non-resorbable membranes

Several indications in the literature support the assumption that
PTFE membranes actively contribute to the healing and regenera-
tive processes in the underlying defect. To this end, cells adherent to
clinically retrieved PTFE membranes (in GTR and/or GBR procedures)
were analysed. In one study, ex vivo culturing of the retrieved mem-
branes in osteogenic media showed that PTFE membrane-associated
cells produce higher ALP activity than ex vivo-cultured gingival cells
harvested from the same patient cohort (Kuru, Griffiths, Petrie, &
Olsen, 1999). In another study using the same approach, the host
cells adherent to the retrieved PTFE membranes produced mineral-
ized nodules when cultured ex vivo in osteogenic media for a rela-
tively long time (Wakabayashi, lha, Niu, & Johnson, 1997). Further,
the latter study revealed that cells adherent to the PTFE membranes
in either the GTR or GBR procedures express IL-1a and IL-4 cytokines,
whereas the expression of IL-1p was detected only in cells adherent
to the PTFE membrane used in GTR (Wakabayashi et al., 1997). Taken
together, the data from the few available studies investigating PTFE
membrane-associated cells indicate that the non-resorbable synthetic
PTFE membrane surface becomes populated with cells that not only
possess regenerative capacity but also convey inflammatory signals.

Resorbable membranes

Previous immunohistochemical observations suggested that col-
lagen membranes participate in the bone regenerative process, as
indicated by the positive immunoreactivity for bone proteins (ALP,
OP and OC) within the lower side of the membrane that interfaces
with the underlying tibia bone defect (Figure 3; Taguchi et al., 2005).
The immunohistochemical observations are corroborated by recent
histological and electron microscopy findings showing bone forma-
tion and mineralization within the lower porous part of a similar col-
lagen membrane, covering calvarial bone defect, after 4 weeks of
healing (Kuchler et al., 2018). Recently, the emerging hypothesis of a
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bioactive role of the GBR membrane has been addressed in vivo with
a collagen membrane derived from the porcine small intestinal sub-
mucosa (Turri et al., 2016). Using a combination of gene expression
analysis, Western blotting, histology and immunohistochemistry, this
study demonstrated that during GBR, the collagen membrane hosts
different cell phenotypes, and these cells increasingly express and re-
lease important pro-osteogenic factors, including BMP-2 (Turri et al.,
2016). Importantly, the correlation analysis revealed a strong rela-
tionship between the expression of growth factors (BMP-2, FGF-2
and transforming growth factor-beta (TGF-)) in the membrane and
the molecular activities of bone formation and remodelling in the de-
fect underneath the membrane (Turri et al., 2016) (Figure 3). Thus,
scientific evidence indicates that the GBR membrane is actively in-
volved in promoting the healing and regenerative processes in the
defect by stimulating the recruited cells that migrate into and/or be-
come associated with the membrane. Concomitantly, the membrane
enables the signals from the membrane-associated cells to be com-
municated to cells in the underlying defect, thus creating a local en-

vironment conducive to bone formation and remodelling (Figure 3).

3.2.2 | Cells associated with the membrane during
GBR may exhibit features distinct from the cellular
component in the underlying defect

The assumption that the cells in the membrane and in the underlying
defect may differ with respect to their phenotype and secretory behav-
iour derives from two independent studies that explored and compared
the two cellular compartments (i.e. cells associated with the membrane
vs. cells in the defect compartment underneath the membrane).

Non-resorbable membranes

In one study, cells associated with PTFE membranes from GTR proce-
dures, clinically retrieved after 6 weeks, had a lower proliferation rate
and larger size and expressed higher levels of collagen 1 and fibronec-
tin than cells in the regenerated tissue underneath the membrane,
the periodontal ligament tissue or the gingival tissue retrieved from
the same cohort of patients (Kuru, Parkar, Griffiths, & Olsen, 2001).

Resorbable membranes

In another study, site-specific immunohistochemical evaluation re-
vealed comparable immunoreactivity for bone proteins (OC, OP and
BSP) in the collagen membrane and the underlying defect; however,
the cells in the collagen membrane exhibited higher collagenase ac-
tivity (for MMP-1 and MMP-8) than the cells in the underlying defect
(Calciolari, Ravanetti et al., 2018).

3.2.3 | Different membranes may have different
potentials to harbour and activate the membrane-
associated cells

Recent studies provide scientific evidence that the membrane is
biologically active in the promotion of regenerative processes dur-
ing GBR instead of being mainly a passive barrier. Moreover, a few
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reports show that different membranes may have different poten-
tials to harbour and activate membrane-associated cells, which then

promote different degrees of defect restitution.

Non-resorbable membranes

Proteomic data on non-resorbable synthetic GBR materials with dif-
ferent properties revealed that a titanium dome with a hydrophilic
surface promotes the activity of pathways involved in an enhanced
osteogenic response and reduced inflammatory response during GBR
in rabbit parietal bone (Calciolari, Mardas et al., 2018). Recently, dual-
sided, expanded PTFE with different texture configurations on each
side of the membrane was compared with solid, dense PTFE in a rat
femoral defect (Omar, Trobos et al., 2018). Preliminary findings re-
vealed several molecular differences between the two types of PTFE
membrane, but the differences were mainly observed in the overly-
ing soft tissue and not in the underlying bone defects. For example,
whereas a higher expression of the pro-inflammatory cytokine TNF-«
was detected in the soft tissue covering the expanded PTFE mem-
brane than in the tissue covering the dense PTFE membrane or the
sham after 6 days, both the expanded and dense PTFE membranes
lowered TNF-a expression in the overlying soft tissue compared to
that in the sham site after 28 days of healing. Moreover, after 28 days,
the expression of growth factor (FGF-2) and vascularity (vascular en-
dothelial growth factor (VEGF)) genes in the overlying soft tissue was
upregulated only with the expanded PTFE membrane (Omar, Trobos
etal., 2018).

Resorbable membranes

In a recent study, two different naturally derived collagen membranes
appeared to contribute differently to the pattern of bone formation
during GBR when both membranes were combined with a depro-
teinized bovine bone (DBB) substitute in a rat femoral defect (Omar,
Dahlin, Gasser, & Dahlin, 2018): compared to the membrane derived
from type I/1ll porcine collagen (BG), the membrane derived from por-
cine collagen intermingled with porcine elastin (CXP) triggered higher
expression of BMP-2 and higher temporal increase in the expression
of bone remodelling genes (CTR and CatK) in the underlying defects
(Omar, Dahlin et al., 2018), along with a higher proportion of bone in
the central region of the defect. Furthermore, the analysis of cells re-
cruited into the membrane after 3 days of healing demonstrated the
expression of several growth factors and cytokines in both collagen
membranes; however, the expression of BMP-2 and FGF-2 in the
membranes was primarily correlated with the expression of BMP-2
and inflammatory cytokines, respectively, in the underlying defects.
However, one discrepancy was that the BG membrane, which stimu-
lated higher expression of BMP-2 in the membrane-associated cells
at 3 days, exhibited a lower proportion of bone in the central region
of the defect than did the CXP membrane. Similarly, a novel resorb-
able polymeric (Diplen-Gam) membrane revealed enhanced BMP-2
immunoreactivity during GBR in a rat calvarial defect (Ge et al., 2011).
However, the defect treated with this novel membrane revealed lower
bone formation after 12 weeks than a defect treated with a porcine-
derived collagen membrane.

3.3 | Incorporation of biological cues, natural
elements and synthetic bioactive materials
during GBR

3.3.1 | Incorporation of biological cues, natural
elements and synthetic bioactive materials
in the membrane

The incorporation of biological cues (growth factors or cells)
and antibacterial agents in the membrane has been suggested
as a promising approach in order to increase the bone promo-
tive effects and/or providing the membrane with antibacterial
properties.

Incorporation of biological cues to increase the bone
promotive effects

Different growth factors have received the most attention because
of their multiple functions during bone healing, including cell recruit-
ment, proliferation and differentiation (Fei, Gronowicz, & Hurley,
2013; Poniatowski, Wojdasiewicz, Gasik, & Szukiewicz, 2015; Shah,
Keppler, & Rutkowski, 2014). The majority of in vitro studies have
used MSCs, osteoblast cell lines and endothelial cells to determine
the effects of bone-forming peptide-1 (Lee et al., 2013), basic fibro-
blast growth factor (bFGF)/FGF-2 (Lee, Lee, Cho, Kim, & Shin, 2015)
and stromal cell-derived factor-1la (SDF-1a) (Ji et al., 2013) immobi-
lized on the membranes (Table 2). In general, these in vitro studies
demonstrated increased spreading, proliferation, migration and os-
teogenic differentiation depending on the immobilized molecule.

In vivo animal experiments have compared the bone regenerative
effects of native membranes and membranes immobilized or loaded
with recombinant human BMP-2 (rhBMP-2) (Shim et al., 2014), rhB-
MP-2 with a collagen-binding domain (Lai, Zhou, Wang, Lu, & Gao,
2013), BMP-7 (Jo et al., 2015), a combination of BMP-2 and BMP-7
(Jo etal., 2015), bFGF/FGF-2 (Lee et al., 2015), FGF-2 (Hong et al.,
2010), PDGF (Park, Ku, Chung, & Lee, 1998) and bone-forming pep-
tide-1 (BFP1) (Lee et al., 2013) (a peptide sequence from the immature
region of BMP-7) (Kim et al., 2008) (examples are provided in Table 3).
Most experimental in vivo studies have been performed with degrad-
able membranes/materials in rodent calvarial defects. Compared with
native membranes, membranes immobilized or loaded with these
different growth factors/peptides demonstrate increased in vivo
bone regeneration (Hong et al., 2010; Jo et al., 2015; Lai et al., 2013;
Lee et al,, 2013, 2015; Park et al., 1998; Shim et al., 2014) (Table 3).
Moreover, a polycaprolactone (PCL)/gelatin membrane functional-
ized with CXCL12/SDF-1a, which stimulated bone marrow stromal
cell (BMSC) chemotaxis in vitro, promoted a sixfold increase in bone
formation compared to that afforded by the native membrane after
8 weeks in vivo (Ji et al., 2013). The immobilization of proteins such as
collagen, decorin and fibronectin derived from rat BMSC conditioned
medium on a poly(lactide-co-glycolide) (PLGA) membrane enhanced
cell proliferation and ALP activity in rat BMSCs in vitro and promoted
more bone formation than the PLGA membrane in vivo (Tsuchiya

et al., 2015). Further, dexamethasone has been shown to induce bone
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TABLE 2 |nvitro studies evaluating cellular activities in response to membranes with incorporated biological/antimicrobial factors

Modification Cell type
Incorporation of Human MSCs
biological
molecules
Human MSCs

Incorporation of
antibiotics or
antimicrobial
agents

Human HUVECs

Rat BMSCs

Rat foetal calvarial
osteoblasts

L929 fibroblast cells

Human PDLFs

ROS cells

Anaerobic bacterium
Fusobacterium
nucleatum

Osteoblast-like cells
(MG63)

Staphylococcus aureus
Osteoblastic cells

Experimental groups
(membrane materials)

PLGA

BFP1-immobilized PLGA

PCL/gelatin

PCL/gelatin immobilized

with 50 or 100 ng/ml
bFGF

PCL/gelatin SDF-1a loaded

PCL/gelatin

PLLA

Tetracycline-loaded PLLA

TCP

PCL nanofibres incorpo-

rated with different

concentrations of MNA (O,
1,5, 10, 20, 30 and 40) (wt

%)

Polystyrene surface
nHA-PA66

Silver-nHA/TiO(2)/PA66

PLA/siloxane/calcium
carbonate composite

(MC3T3-E1) containing mercapto
groups (PSC-SH)
Silver-PSC-SH
Osteoblast-like cells e-PTFE
(MG63) nHA-PA66

Silver-nHA-nTiO(2)/(PA66)

nanocomposite

Main findings References
Immobilization of BFP1 in PLGA increased Lee et al.
hMSC spreading, ALP production and calcium (2013)

deposition

Incorporation of bFGF in the PCL/gelatin Lee et al.
composite fibre mesh enhanced the prolifera- (2015)
tion and migration of human MSCs as well as
the tubule formation of HUVECs

The presence of SDF-1« in PCL/gelatin Jietal
membranes induced chemotactic migration of (2013)
BMSCs

The level of cell attachment was higher on the Park et al.
tetracycline-loaded membranes than on the (2000)
unloaded membranes

In L929 cell culture, a membrane loaded with Xue et al.
30% MNA showed the best cell proliferation (2014)
rate among the membrane groups, but cell
proliferation on this membrane was still lower
than that on a polystyrene surface

A 30% MNA membrane and a TCP surface
showed a comparable level of cell proliferation
when tested in human PDLFs and ROS cell
cultures

A dose-dependent inhibition of bacterial
growth was found for MNA concentrations of
between 5 and 40 wt%

All groups showed comparable cell viability, Lietal.
proliferation and osteogenic differentiation (2012)

The presence of silver in the membrane Tokuda et al.
reduced the number of bacteria after 24 hr of (2009)
culture

Silver did not affect the proliferation of
osteoblast-like cells

Cell viability on the silver-nHA-nTiO(2)/PA66 Ye et al.

membrane was significantly lower than that on (2011)
the other membranes

The ALP activity and Ca concentration did not
differ among the different types of membranes

Note. ALP: alkaline phosphatase; bFGF: basic fibroblast growth factor; BFP1: bone-forming peptide-1; BMSCs: bone marrow stromal cells; Ca: calcium;
e-PTFE: expanded tetrafluoroethylene; MNA: metronidazole; MSCs: Mesenchymal stem cells; nHA: nanohydroxyapatite; PA66: polyamide-66; PCL: poly-
caprolactone; PDLFs: periodontal ligament fibroblasts; PLA: polylactic acid; PLGA: poly(lactide-co-glycolide); PLLA: poly(l-lactic acid); ROS: rat osteogen-
esis sample; SDF-1a: stromal cell-derived factor-1; TCP: tissue culture polystyrene; TiO(2): titanium dioxide; UVECs: umbilical vein endothelial cells

regeneration when immobilized onto the surface of a collagen mem-
brane (Piao et al., 2014).

Incorporation of antimicrobial agents and antibiotics in the
membrane

Antibiotics and silver may change the cellular and tissue responses as
well as the propensity of bacteria to adhere to and colonize the mem-
brane. The incorporation of antimicrobial agents, for example tetracy-
clines (Kutan et al., 2016; Park et al., 2000), metronidazole (Xue et al.,
2014) and silver ions (Li et al., 2012; Tokuda, Obata, & Kasuga, 2009;
Ye et al., 2011; Zhang et al., 2010), into the membrane may inhibit

bacterial infection, for example in conjunction with membrane expo-
sure. In vitro studies (Table 2) demonstrate a reduction in S. aureus and
similar proliferation of osteoblast cell lines after exposure to silver-
loaded poly(lactic acid) (PLA)/siloxane/calcium carbonate composite
membranes compared with the S. aureus population and osteoblast
proliferation with native membranes (Tokuda et al., 2009). A reduced
viability but similar osteogenic differentiation of an osteoblast cell line
has also been shown for nanoHA/titanium dioxide (TiO)/polyamide 66
(PA66) composite membranes loaded with silver (Ye et al., 2011).

In vivo studies (Table 3) demonstrate increased bone regenera-

tion with membranes containing tetracyclines (Kutan et al., 2016;
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Park et al., 2000), whereas compared to non-silver-containing control
(nanoHA-PA66) membranes, silver-loaded membranes do not reduce
bone growth (Li et al., 2012). Similar bone filling of cranial defects
in rats has been shown for silver-HA-titanium/polyamide nanocom-
posite membranes and e-PTFE membranes (Zhang et al., 2010). In

TABLE 3

Experimental

Modification model

Calvarial defect
(rabbit)

Incorporation of
growth factors
and other
biological

molecules Calvarial defect

(rat)

Calvarial defect
(rat)

Titanium cylinder
fixed into calvarial
bone (rabbit)

Calvarial defect
(mouse)

Calvarial defect
(rat)

Calvarial defect
(mouse)

Calvarial defect
(rat)

Calvarial defect
(rat)

Calvarial defect
(rat)

OMAR ET AL.

Experimental groups (membrane
and/or graft materials)

PCL/PLGA/B-TCP membranePCL/
PLGA/B-TCP membrane loaded
with rhBMP-2

PLLA membrane
PDGF-BB-loaded PLLA
membrane

Sham
Collagen membrane
Collagen-nBG membrane
Collagen-nBG-FGF-2 membrane

MBM without a membrane
Collagen membrane + MBM
rhBMP-2-collagen mem-
brane + MBM
rhBMP-2/CBD-collagen
membrane + MBM

Sham
PLGA membrane
Polydopamine-coated PLGA
membrane
BFP1-immobilized PLGA
membrane

Collagen membrane
BMP-2-collagen membrane
BMP-7-heparinized collagen
membrane
BMP-7/BMP-2-heparinized
collagen membrane

PCL/gelatin membrane
PCL/gelatin membrane immobi-
lized with 50 or 100 ng/mL bFGF

PCL/gelatin membraneSDF-1a-
loaded PCL/gelatin membrane

PLGA membrane treated with:
PBS
PBS and NaOH
Bone marrow stromal cell (BMSC)
conditioned medium (CM)
PBS, NaOH and CM

Collagen membrane
Collagen membrane combined
with DEX-loaded microparticles

In vivo studies evaluating the performance of membranes with incorporated biological/antimicrobial factors

Main findings

More bone formation was observed in
association with the rhBMP-2 loaded
membrane than the native membrane after 4
and 8 weeks of implantation

The PDGF-BB-loaded membrane showed
markedly increased new bone formation in
rat calvarial defects, and bony reunion was
completed after 2 weeks of implantation

The presence of nBG in the collagen
membrane enhanced the level of bone
regeneration, which was further improved
after the addition of FGF-2

Loading the membrane with rhBMP-2/CBD
strongly induced vertical bone formation
after 6 weeks of implantation, whereas the
presence of rhBMP-2 alone in the collagen
membrane did not show any added
beneficial effect

Incorporation of polydopamine or BFP1 into
the PLGA improved membrane integration
with the host tissue and enhanced the level
of bone formation after 2 months of healing

The presence of BMP-2 or BMP-7 in the
collagen membrane enhanced the level of
bone regeneration at 2 and 8 weeks of
healing
The BMP-7/BMP-2-heparinized collagen
membrane (combination of both growth
factors) showed the highest level of bone
regeneration

The presence of bFGF in the membrane
enhanced bone formation after 2 weeks
The increase in the bone quantity was
dependent on the bFGF dose

Combining SDF-1a with the membrane
promoted a sixfold increase in the amount of
bone formation after 8 weeks of healing

The membrane treated with PBS, NaOH and
CM showed the highest bone formation,
which was attributed to the higher level of
immobilized proteins (e.g. collagen, decorin,
and fibronectin) on the membrane after the
hydrophilic treatment

The presence of DEX-loaded microparticles in
the collagen membrane enhanced the
volume and quality of new bone formation

addition, reduced inflammation in soft tissues has been demonstrated
for PCL membranes with incorporated metronidazole (Xue et al.,
2014). However, few membrane-targeted antibacterial strategies have
been evaluated for efficacy in reducing microbial adhesion and infec-
tion in vivo. One exception is a study showing that the placement of
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TABLE 3 (Continued)
Experimental Experimental groups (membrane
Modification model and/or graft materials) Main findings References
Incorporation of Tibial defect Collagen membrane + bone graft The use of a doxycycline-releasing membrane Kutan et al.
antibiotics or (bacteria- Doxycycline-collagen mem- reduced bacterial overgrowth in the (2016)
antimicrobial contaminated) brane + bone graft contaminated defect and led to significantly
agents (rat) higher bone formation
Calvarial defect PLLA membrane Tetracycline-loaded membranes markedly Park et al.
(rat) Tetracycline-PLLA membrane increased new bone formation after 2 weeks (2000)
of implantation
Subcutaneous PCL The MNA-loaded membrane invoked a lower Xue et al.
pocket (rabbit) PCL incorporated with 30% MNA inflammatory response than the pure PCL (2014)
membrane
Calvarial defect Sham Incorporation of nHA with or without Ag and Lietal.
(rat) Polyamide 66 membrane TiO(2) resulted in higher bone formation in (2012)
nHA-PA66 membrane the treated defect than sham and polyamide
Silver-nHA/TiO(2)/PA66 membrane
membrane
Subcutaneous e-PTFE membrane The nAg-HA-TiO(2)/PA membrane showed Zhang et al.
pocket (rat) nAg-HA-TiO(2)/PA less granulation tissue and a higher serum (2010)
Calvarial defect ALP level compared to the e-PTFE mem-
(rat) brane

No differences were observed between the
two membranes in the amount and optical
density of newly formed bone

Note. p-TCP: beta-tricalcium phosphate; bFGF: basic fibroblast growth factor; BFP1: bone-forming peptide-1; BMP: bone morphogenetic protein; CBD:
collagen-binding domain; DEX: dexamethasone; FGF-2: fibroblast growth factor-2; MBM: mineralized bone matrix; MNA: metronidazole; NaOH: so-
dium hydroxide; nBG: nano-bioactive glass.; nHA: nanohydroxyapatite; PA66: polyamide 66; PBS: phosphate-buffered saline; PCL: Polycaprolactone;
PDGF-BB: platelet-derived growth factor-BB; PLGA: poly(lactide-co-glycolide); PLLA: poly(l-lactic acid); rhBMP-2: recombinant bone morphogenetic
protein BMP-2; SDF-1a: stromal cell-derived factor-1; TiO(2): titanium dioxide

a doxycycline-releasing collagen membrane in a model of a bacteria-
contaminated rat tibial defect significantly reduced bacterial growth
at the defect site and promoted osteogenesis (Kutan et al., 2016). In
addition to the relatively scant experimental evidence that a local an-
tibacterial strategy would work for GBR, there are general concerns
about an excessive use of antibiotics, for example, broad-spectrum an-
tibiotics, and the risk for the development of multi-resistant bacterial
strains. In contrast to several studies on infected periodontal defects
locally treated with antibiotics and GTR membranes, no specific anti-
microbial strategy for GBR has yet been evaluated clinically.

Bone regeneration and restitution of defects and the subsequent
integration of implants is today an accepted clinical treatment, merely
by using non-resorbable or resorbable GBR materials, without exog-
enously administered cells or bone inductive cues. The incorpora-
tion of growth factors, cells or antibacterial agents in the membrane
is yet a promising approach to promote bone formation, especially
for challenging clinical situations (e.g. large defects or sites prone
to exposure and subsequent bacterial contamination) as well as in
patients with bone compromising conditions. However, despite the
promising results observed in vitro and in preclinical animal models,
the clinical value of incorporating biological cues for bone promotion
and antibacterial strategies has not yet been demonstrated. Barriers
to clinical translation may relate to the need for cost-effective pro-
tocols that meet the regulatory requirements. It is urgent to facil-

itate technology spread and enable effective and reproducible

clinical outcomes. Randomized, clinical trials are required in order to
determine the safety and clinical efficacy of novel innovative GBR
procedures.

3.3.2 | Incorporation of biological cues, natural
elements and synthetic bioactive materials into the
defect in combination with the membrane

The administration of growth factors or cells into the defect com-
partment in conjunction with the placement of a GBR membrane is
based on the hypothesis that the presence of biological cues in the
secluded space can trigger the development of a favourable recipi-
ent bone microenvironment and promote bone regeneration. Hence,
growth factors have not only been incorporated into membranes to
enhance membrane bioactivity (see Incorporation of biological cues,
natural elements and synthetic bioactive materials in the membrane)
but have also been delivered locally to the defect via injection or in
combination with a biocompatible carrier (e.g. bone graft or substi-
tute). The administration of growth factors or cells into the defects
has been explored with both non-resorbable and resorbable GBR
membrane.

Non-resorbable membranes
One of the earliest experiments was conducted by Becker etal.

(1992) in a dog model. The study compared the bone promotion

85U80|7 SUOWWOD 3AeaID 8|qed![dde 8y} Aq pauseAob ae S9pple YO ‘88N JO SN 10} A%eiq18uljuO 8|1 UO (SUOTIPUOD-pUe-SW.BI W0 A8 1M ARe.d Ul |uo//:Sdny) SUORIPUOD pue slue 1 8y &S *[920z/70/zz] uo AreiqiTauliuo A8|IM ‘NONVYE3 T-IdYNIH Aq 890€T8d0l/TTTT 0T/I0p/woo A3 AfeIq1jul|uoy/:sdny woly papeojumoq ‘TzS ‘6T0Z ‘XTS0009T



OMAR ET AL.

116
= Lwiey- (R

around titanium implants, which were inserted in intentionally cre-
ated defects in extraction sockets simultaneously with the placement
of e-PTFE membranes alone or e-PTFE membranes in combination
with a mixture of platelet-derived growth factor-BB (PDGF) and
insulin-like growth factor-I (PDGF/IGF-I) (Becker et al., 1992). The
results showed that combination of the e-PTFE membrane plus
PDGF-BB/IGF-I (administered into the defect) promoted higher
bone regeneration around the implant (bone area and bone-implant
contact) compared to defects receiving e-PTFE membranes alone.
Similarly, in rat mandibular defect model, the combination of rhBMP-
2 (delivered into the defect) with an e-PTFE membrane (covering the
defect) demonstrated better bone healing as well as maintenance of
the bone contour compared with e-PTFE membrane alone at both
12 and 24 days of healing (Linde & Hedner, 1995). The added bone
promotive effect of rhBMP-2 has also been demonstrated in another
study using dog mandible model (Wikesjo et al., 2004). In the latter
study, rhBMP-2 was loaded on acellular collagen sponge (ACS) carrier
and administrated into surgical defect around titanium implant and
covered with macro-porous e-PTFE membrane, whereas the control
was the ACS covered with similar membrane (Wikesjo et al., 2004).
The study revealed significantly enhanced bone formation under
the membrane in defects receiving rhBMP-2/ACS compared to ACS
(without rhBMP-2). Moreover, the efficacy of synthetic biphasic cal-
cium phosphate (BCP) in promoting peri-implant defect regeneration
was increased after a coating of rhBMP-2 under titanium mesh mem-
brane compared to BCP only under the membrane (Shin et al., 2014).
The transplantation of progenitor cells to the defect site to en-
hance GBRis another interesting strategy that could be implemented
with either non-resorbable or resorbable membranes and with bio-
active factors. For instance, there is experimental evidence that the
injection of a mixture of autologous MSCs and platelet-rich fibrin
into the bone defect, in conjunction with the placement of porous
high-density polyethylene membrane, increases bone formation
compared to the membrane alone (Liao, Chen, Chen, Chen, & Tsai,
2011). Moreover, the delivery of adipose-derived stem cells with
anorganic bovine bone beneath calvarial titanium dome barriers has
been shown to increase vertical bone regeneration and implant osse-
ointegration as compared to the dome barriers with anorganic bovine
bone alone (Pieri et al., 2010). Similarly, in a secluded space created
by the placement of a gold dome on a rat calvarial bone and filled with
synthetic B-TCP, the administration of peripheral blood-derived en-
dothelial progenitor cells and/or bone marrow-derived MSCs signifi-
cantly promoted bone regeneration (Zigdon-Giladi, Bick, Lewinson,
& Machtei, 2014, 2015; Zigdon-Giladi, Bick, Morgan, Lewinson, &
Machtei, 2015; Zigdon-Giladi, Lewinson, Bick, & Machtei, 2013).

Resorbable membranes

As observed with the non-resorbable membranes, there are existing
data showing bone promotive effect of growth factors administered
into the defects in conjunction with the placement of resorbable
GBR membranes. For example, mandibular ridge defects in dogs
filled with rhPDGF-loaded BCP and covered with a collagen mem-
brane exhibited a higher degree of angiogenesis and bone formation

compared to that observed in other defects filled with BCP and
covered with the same membrane, but without rhPDGF (Schwarz,
Sager, Ferrari, Mihatovic, & Becker, 2009). It has also been shown
that the local administration of basic fibroblast growth factor (bFGF)
with collagen sponge into dog mandible defect and covered with
poly(lactic acid-co-glycolic acid-co-e-caprolactone) membrane pro-
motes higher bone volume compared with defect treated with simi-
lar membrane and collagen sponge without bFGF (Matsumoto et al.,
2012). Moreover, the positive data related to BMP-2 agree with clini-
cal findings showing that the addition of rhBMP-2 to deproteinized
bovine bone improves GBR for lateral ridge augmentation under
collagen membrane in human jawbone defects (Jung et al., 2013). In
fact, experimental study in dogs showed that the horizontal GBR was
as effective in bone defect treated with a rhBMP-2-loaded bovine
hydroxyapatite/collagen graft and covered with collagen membrane
as in defects treated with bovine hydroxyapatite/collagen graft and
covered with a rhBMP-2-loaded collagen membrane (Chang et al.,
2015). Interestingly, in the latter study, while more bone appeared in
contact with the graft material in the rhBMP-2-loaded graft group,
more bone projected and approached the membrane in the rhBMP-
2-loaded collagen membrane group.

Likewise, the application of cell therapy in defects treated
with resorbable membranes appears to promote the regenerative
outcome of GBR. For example, in a rabbit model, compared with
cell-free control, tibial periosteal cells loaded in a collagen scaffold
and transplanted to a calvarial defect under polymeric dome bar-
rier were shown to induce higher proportion of mineralized bone
under the polymeric barrier (Miyamoto, Tsuboi, Takahashi, Hyon,
& lizuka, 2004). In another GBR model in minipigs, the addition
of porcine MSCs to a platelet-rich plasma-fluorohydroxyapatite
bone substitute enhanced bone formation in collagen membrane-
treated defects compared to similar treatment, but without the
MSCs (Pieri et al., 2009). Interestingly, a cell therapeutic approach
has recently been applied for the regeneration of craniofacial bone
in humans. Kaigler et al. (2013) performed the first human trial to
evaluate stem cell therapy or the transplantation of tissue repair
cells vs. the GBR procedure for the treatment of localized peri-
implant defects. The extraction sockets were treated with collagen
sponges with or without autologous bone marrow-derived progen-
itor cells, the implants were placed, and all defects were covered
with collagen membranes. The clinical and histomorphometric
analyses at 6 and 12 weeks following treatment showed that the
cell therapy approach reduced the implant bony dehiscence ex-
posure (residual bone defects) and accelerated bone regeneration
(Kaigler et al., 2013).

The strategies of administering growth factors and cells into
the bone defect in conjunction with the GBR membrane have pro-
vided very interesting and promising experimental results. Clinical
evidence for and the exploitation of the growth factor strategy in
conjunction with GBR have yet to be realized. For example, this
strategy is largely hampered by potential long-term and serious ad-
verse events and by regulatory and financial constraints. Similarly,
the cell therapy approach needs additional experimental and clinical
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3. Incorporation of antibiotics
and antibacterial agents

+ Porosity tive materials in the membrane + Tetracycline
+ Structure and thickness « Growth factors « Silver

+ Rigidity and plasticity « Strontium, zinc - efc.

- etc. « Bioceramic materials (e.g hydroxyapa-

tite and bioactive glass)
- efc.

4. Administration of osteoconductive and osteoin-
ductive scaffolds/graft materials into the bone defect

* Autogenous bone
+ Allogeneic bone
+ Xenogenic bone

5. Administration of biological
cues into the bone defect

« Growth factors

+ Osteoprogenitor cells

« Calcium phosphates (natural or synthetic) with or without

natural elements

FIGURE 4 Schematic showing the membrane and bone defect compartments, both of which are amenable to potential strategies to
enhance the clinical results of the GBR technique. The strategies include (1) the optimization of membrane material properties, (2) the
incorporation of biological factors, natural elements and synthetic bioactive materials in the membrane, (3) the incorporation of antibiotic
and antibacterial agents in the membrane, (4) the administration of osteoconductive and osteoinductive scaffolds/graft materials into the
bone defect, and (5) the administration of biological cues into the bone defect. The figure is adapted and reprinted from Eur J Oral Sci, 125
(5), Elgali I, Omar O, Dahlin C, Thomsen P, Guided bone regeneration: materials and biological mechanisms revisited., 315-337, copyright
(2017), published by John Wiley & Sons Ltd. under a Creative Commons licence (CC-BY-NC-ND): https://creativecommons.org/licenses/by-

nc-nd/4.0/

investigation. Practical considerations, the occurrence of adverse
events, and regulatory and financial constraints may slow the devel-

opment of this approach.

4 | SUMMARY AND FUTURE
PERSPECTIVES

The application of a membrane to exclude the entry of soft tis-
sue cells to the underlying bone defect is an established principle
that has been successfully implemented clinically. Careful scrutiny
of the published literature on GBR indicates that biological events
in both the membrane and the underlying defect are important for
bone regeneration. The bone-promoting environments in the two
compartments can likely be optimized by several strategies target-
ing both material aspects and host tissue responses (Figure 4). The
membrane, the main component of GBR, can be modified differ-
ently according to the functional requirements and the involved
biological mechanism. These modifications include the following:

(a) optimizing the physicochemical and mechanical properties, for
example the porosity, structure, thickness, rigidity and plastic-
ity; (b) incorporating biological factors (e.g. bFGF, BMP-2, BMP-7,
PDGF, BFP1 and SDF-1a) and synthetic bioactive materials (e.g.
HA, B-TCP and bioactive glass); (c) incorporating antibacterial
agents (e.g. silver) and antibiotics (e.g. tetracycline and metroni-
dazole); and furthermore, in order to stimulate a bone-promoting
environment during GBR, targeting the bone defect with (d) osteo-
conductive and osteoinductive materials, with or without natural
elements (e.g. strontium and zinc) introduced into be bone defect
or (e) by delivering biological cues (e.g. growth factors and progeni-
tor cells) into the bone defect. It is envisioned that several of the
above strategies can be combined.

The relative importance of the barrier and the bioactive mem-
brane compartment has yet to be determined. Further, the relative
importance of the barrier and bioactive membrane compared with
exogenously administered grafts and bioactive compounds in the
bone defect remains to be established. From scientific, developmen-
tal and clinical perspectives, the challenge of the barrier concept by
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new scientific data on the mechanisms of GBR as well as results from
tissue engineering and drug delivery approaches stimulates new re-
search questions and may expand future clinical opportunities for
GBR.
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