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1 | INTRODUCTION

Missing teeth have posed a major challenge throughout dental his-
tory. The introduction of dental implants revolutionized the number
of treatment possibilities for restoring form, function, and esthetics.
Implant placement depends on the availability of sufficient residual
bone. In many cases, lack of sufficient bone or ridge collapse, both
horizontally and vertically, is a common outcome of advanced peri-
odontal disease,"? trauma or tooth loss. It was estimated that more
than 40% of patients require bone augmentation procedure for op-
timal implant placement.® In these situations, reconstructive surgical
techniques have been developed for creating new sufficient bone
that will enable implant placement either simultaneously or with a
delayed approach. To date, guided bone regeneration (GBR) consti-
tutes a predictable and successful approach for lateral and vertical
bone augmentation of atrophic ridges before or in conjunction with
implant placement®> with a success rate of approximately 95%.61°
To ensure predictable results, it is of utmost importance to maintain
four major biological principles: primary wound closure, angiogen-
esis, space creation/maintenance and stability of the initial blood
clot.® To achieve these principles, the use of barrier membranes has
been suggested.4 The hypothesis was based on the idea that differ-
ent cellular components have distinct migration rates during wound
healing, therefore, the membrane would help to maintain space, al-
lowing the arrival of slow migrating osteogenic cells to the defect,
while fast migrating epithelial and connective tissue cells will be ex-

cluded.* Etymologically, a membrane is defined as any thin pliable

sheet of material,!* while a barrier is an object or layer that physi-
cally prevents something from moving from one place to another.!!
Historically, the importance of space maintaining and barrier mem-
branes was first described by Hurley et al.»2 in the late 50s for the
treatment of spinal fusion. Orthopedic surgeons described then “os-
teosynthesis in the spine was surely achieved if the paraspinal mus-
cles were elevated from the decorticated laminae, creating a space in
which bone-forming granulation tissue could grow.” Research in this
field was first described for the field of dentistry by Nyman et al.*%in
which a Millipore® filter was used as a membrane to maintain space
and separate the bone defect around a periodontal tooth from the

1.1 created a stan-

surrounding soft tissue. Subsequently, Dahlin et a
dard size bone defect in the angle of rat jaws and covered one side
with a Teflon® membrane, while the other uncovered side served as
a control. After 6weeks, the membrane-covered defects resulted in
complete bone healing, while little or no sign of bone formation took
place in the control defects, with a follow-up of 22 weeks. This is the
first recorded description of the foundation principles of GBR. From
these early studies, we can define barrier membrane as a physical
barrier placed over a bony defect to prevent soft tissue ingrowth and
promote bone regeneration.

Since barrier membranes have a fundamental role in bone re-
generation during GBR, ideal membrane characteristics, other than
the barrier effect, include (a) biocompatibility, (b) biological activity,
(c) porosity/occlusive properties, (d) mechanical properties, (e) expo-
sure tolerance, and (f) biodegradability.15 From a mechanical point

of view, the ideal membrane for GBR should be sufficiently rigid to
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withstand the compression of the overlying tissues for a long dura-
tion, should possess simple handling properties such as elastic mem-
ory and plasticity, and they should be easily contoured and mold to
adapt to the shape of the desired bone gain.*®* In pursuit of finding
the perfect membrane, several materials had been suggested in the
past. The first generation of membranes consisted of non-resorbable
materials such as expanded polytetrafluoroethylene (e-PTFE) and
high-density polytetrafluoroethylene (d-PTFE),*® with e-PTFE mem-
branes being widely utilized during the 1990s and considered as the
gold standard.'? While the first generation of membranes possessed
excellent space-maintaining ability, they had major drawbacks such
as relatively high exposure and bacterial infection rates and resulted
in the need for a second surgery for membrane removal. To over-
come these disadvantages, resorbable natural and synthetic mem-
branes were fabricated, eliminating the need for a second surgery,
decreasing patient morbidity, increasing cost-effectiveness,” and
in some cases, avoiding soft tissue complications.’®?° The second-
generation membranes used presently include resorbable colla-
gen membranes, non-cross-linked collagen membranes (NCLM),
cross-linked collagen membranes (CLM), and resorbable synthetic
membranes.'”?! These membranes have variable resorption times,
mechanical and biological properties and outcomes that are differ-
ent from those of the non-resorbable, first-generation membranes.
This review will focus on the characteristics, advantages, and disad-

vantages of available occlusive barrier membranes.

2 | METHODS

Electronic searches in Medline (PubMed) and in CrossRef databases
were performed and complimented by manual searches of relevant
recent articles representing original research or review papers. The
search included the following key words: barrier membrane, guided
bone regeneration, bone augmentation, and terms related to each of
the membranes described below. Data were retrieved from in vitro,
in vivo, preclinical, and clinical studies. Thorough reading of the
articles included herein was done by the coauthors. Due to the vast
number of published articles in the field, references were selected
based on scientific and/or clinical relevance. No systematic search,
meta-analysis, or statistic calculation were performed due to the
descriptive nature of this review.

3 | NON-RESORBABLE MEMBRANES
3.1 | PTFE membranes

Polytetrafluoroethylene (PTFE), commonly known as Teflon®, was
discovered in the late 1930s by Dr. Roy J. Plunkett at DuPont's
Jackson Laboratory in New Jersey. While DuPont's laboratory
was working with chlorofluorocarbon refrigerants, Dr. Plunkett
discovered that tetrafluoroethylene (TET) polymerized spontane-
ously into a white, waxy solid form of PTFE. Since then, PTFE has

been used in a wide variety of industries ranging from cooking pan
coatings to aerospace crafts.??

Polytetrafluoroethylene is used extensively as a medical ma-
terial due to its high biocompatibility, inertness, and resistance to
breakdown.'®?3 In dentistry, e-PTFE or d-PTFE, with or without ti-
tanium reinforcement, are available in various forms and are used
to manufacture products such as barrier membranes (Table 1A,B).
The first e-PTFE membrane (Gore-Tex®) consisted of two different
parts: an open microstructure portion (100-300um porosity) and
an occlusive portion (<8 pm porosity). The open microstructure pro-
motes an ingrowth of collagen fibrils on its surface, enhancing mem-
brane stability, and allows for the diffusion of nutrients through the
pores. The occlusive portion, relatively impermeable to fluids and
cells, blocks the migration of soft tissue cells into the area of bone
growth.z“’25 All e-PTFE membranes consist of a network of dense
nodes interconnected by PTFE fibrils. The more multidirectional
the fibril orientation is, the more open the structure becomes.?
e-PTFE membranes also have good tissue integration, thereby pos-
sessing the ability to adhere to the surrounding connective tissue.
Simion et al.?’ used SEM to demonstrate interlacing connective
tissue within the membrane, and simultaneously observed a lim-
ited number of neutrophils. In addition to the aforementioned uses,
expanded membranes have been applied extensively in periodontal
and bone regeneration. During the 1990s, Hammerle et al.'’
sidered e-PTFE membrane to be the gold standard for GBR, and

suggested that new membranes should be compared to it. One of

con-

the main drawbacks of e-PTFE is that, if exposed during the healing
process, an early bacterial infection can occur, affecting the out-
come of regeneration.* This disadvantage led to the development
of the d-PTFE membrane. This membrane is non-expandable, has
high density structure, with very low porosity ranging from 0.2 to
0.3 pm,28 and a thickness that ranges from 0.13 to 0.25 mm.%’ It con-
tains a smooth surface that minimizes cell and fiber attachment.*°
Due to this characteristic, it integrates weakly into tissue or fails to
integrate, although manufacturers created a textured outer surface,
aiming for stability in tissues (Table 1A,B). The advantage of d-PTFE
is that, due to its very low porosity, it is impervious to bacteria.?3%
In light of this, some investigators and manufacturers claim that soft
tissue coverage of d-PTFE is not needed since even if exposed to
the oral cavity the risk of complications remains low, compared to
e-PTFE membranes.®**® However, the low porosity of d-PTFE mem-
branes can limit blood supply to the healing area.

Biologically, the balance between occlusive properties and po-
rosity is extremely important. The desired effect is only achieved
if the membrane is able to prevent unwanted cell migration into
the bone chamber, without preventing the diffusion of oxygen,
fluids, nutrients, and bioactive substances. Hence, the pore size
has a direct impact on bone formation in the scaffold. Lundgren
et al.%” showed in a rat calvarial defect model, using e-PTFE mem-
branes with increasing pore size, that pore sizes above 10 um have
no effect on the amount of augmented mineralized bone, whereas
smaller pore size resulted in delayed bone formation. Zellin et al.%t
demonstrated that the rate of bone neogenesis is dependent upon
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TABLE 1B Non-resorbable synthetic membranes. Biological and mechanical characteristics.

Mechanical characteristics

Biological characteristics

Handling/tissue adaptation

Fixation?®

Resistance in exposure

Immunogenicity

Commercial name

Easy handling, tear-resistant

Pins and screws

High resistance

Bio-inert material

Cytoflex Tef-Guard®, Unicare Biomedical, USA

Easy handling, tear-resistant

Very high resistance

Cytoplast™ TXT-200, Osteogenics Biomedical,

Lubbock, USA

NeoGen®, neoss, England

permamem®, Botiss Medical AG, Germany
OsseoGuard PTFE®, Zimmer Biomet, USA

Very high resistance Easy handling, tear-resistant, some elastic

Cytoplast Ti-150 or Ti-250®, Osteogenics

memory, difficult tissue adaptation

Biomedical, Lubbock, USA

NeoGen Ti-reinforced ®, neoss, England

MIZRAJI €T AL.

OsseoGuard PTFE Ti-reinforced®, Zimmer

Biomet, USA

Cytoflex Ti-reinforced®, Unicare Biomedical,

USA

#According to the manufacturer.

membrane porosity, however, differences in pore size did not af-
fect final bone volume. They concluded that lower porosity drives
less efficient tissue integration, and may inhibit initial clot forma-
tion, wound stabilization, and membrane stability,?’ reaffirming
the need for membrane fixation. It was reported that, due to the
lack of tissue integration, it is easier to remove an exposed d-PTFE
membrane without raising the flap. When elevation of the flap is
needed, easier removal of d-PTFE compared to e-PTFE membrane
was described.®® d-PTFE has been proposed for use in regions
with large ridge atrophies to prevent graft contamination in the
case of undesired exposure of the membrane.®’ Another reported
advantage of the d-PTFE membrane is the ability to preserve
the full width of keratinized mucosa after GBR, while leaving the
membrane intentionally exposed.®**° This occurs by virtue of the
fact that the flap margins remain in their original anatomic posi-
tion rather than being advanced over the socket or surgical site to
achieve primary closure. Nevertheless, after 3-6 weeks, the mem-
brane should be removed.

Experimental studies show that in large defects, PTFE mem-
branes can be partially compressed by the soft tissue during the
healing phase.‘”’44 To prevent this from occurring, a titanium
framework was included in between two layers of the membrane,’
providing additional membrane stability during treatment of non-
space-maintaining bone defects.*>*¢ The main advantage of these
barriers is space maintenance. Additionally, the titanium framework
allows the membrane to shape and adapt to the defect, according to

the desired final ridge volume.

3.1.1 | Bacterial contamination

As previously mentioned, bacterial contamination may lead to worse
clinical outcome and sometimes results in failure of the overall pro-
cedure.*** In vitro experiments showed that PTFE membranes ac-
cumulate less bacteria than collagen membranes.*® Nevertheless,
De Sanctis et al.*’ demonstrated that e-PTFE-exposed membranes
contained high bacterial colonization. Interestingly, they also found
that 66% of unexposed membranes were also colonized with bacte-
ria. Simion et al.?” showed, in vivo, that following membrane expo-
sure, bacteria were found on both sides of the e-PTFE membrane,
providing evidence that microorganisms do, indeed, migrate across
it. Donos et al.>° demonstrated in a murine model of GBR, that ex-
posure of e-PTFE membranes was associated with substantial graft
resorption and lack of bone continuity between the bone graft
and the native bone at the recipient site, probably due to bacterial
contamination.

Due to their low porosity, d-PTFE membranes are thought
to harbor less bacteria than e-PTFE membranes.??3%35 Krauser
et al.>* demonstrated that 21 days after exposure of d-PTFE mem-
brane, low bacterial colonization was found at the outer side of
the membrane, while no bacteria were found attached to the
inner surface. However, some reports showed that d-PTFE mem-
branes exposed to oral biofilm accumulate greater biofilm biomass
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and thickness during initial exposure compared to e-PTFE mem-
branes.’? Zlikman et al.>® in an in vitro setting comparing oral
bacterial accumulation on different d-PTFE membranes, demon-
strated that different commercial membranes may have varying
impact on bacterial growth of Streptococcus sanguinis, and no
effect on Fusobacterium nucleatum. Trobos et al.2 found no cor-
relation between membrane characteristics (wettability, surface
roughness) and the adhesion and growth of Streptococcus oralis
(early colonizer bacteria) on both d-PTFE and e-PTFE membranes,
whereas, they found more accumulation of Streptococcus oralis on
d-PTFE membranes than on e-PTFE. Regardless of the structural
differences, indications for the use of either e-PTFE or d-PTFE are

similar.??

4 | RESORBABLE MEMBRANES
4.1 | Natural membranes

A resorbable natural membrane is made from natural materials and is
designed to be gradually absorbed by the body over time. Depending
on the source of the material, it is possible to classify them as allo-
grafts or xenografts. An allograft is a tissue graft obtained from a
donor of the same species as the recipient but not genetically identi-
cal. A xenograft is a tissue graft obtained from a donor of a different

species of the recipient.

41.1 | Collagen membranes

Natural resorbable collagen membranes are widely used in GBR pro-
cedures. Since collagen is a principal component of the connective
tissue, it is biocompatible, causes low immunogenicity,54 and en-
hances wound healing. Moreover, it promotes hemostasis and chem-
otaxis of periodontal ligament and gingival fibroblasts.>>>¢ The main
components of currently available collagen membranes are collagen
type | and/or type lll, derived mostly from bovine or porcine tissues.
They contain a wide range of porosity, allowing selective cell migra-
tion and the passage of chemicals, biomolecules, and viruses. In gen-
eral, the porosity ranges from micro-porosity (5-20 pm) to moderate
porosity (non-resorbable materials of <100pum that allow the pas-
sage of bacteria, cells, and tissue integration/migration, which oc-
curs at 230-40pum) to macro-porosity (non-resorbable materials of
>100pum, which permit unrestricted passage of chemicals, biomol-
ecules, viruses, bacteria, cells in addition to enabling tissue integra-
tion and migration). The pore size may increase during the process of
membrane degradation and affect its occlusive function.®
Available collagen membranes have different structures and
thickness. The membranes consist of either a homogenous collag-
enous matrix or a bilayer structure. For example, some membranes
consist of differently oriented collagen fibers that create a comb-like
structure, characterized by strong multidirectional linking. Others
have a bilayer structure with a compact outer layer that prevents

ooy ) AR

infiltration of epithelial cells and a porous inner layer of collagen fiber
bundles that allows tissue integration.® The membranes described
above differ not only in their architecture but also in their thickness
(Table 1A,B), which may affect bone formation. Bubalo et al.>” evalu-
ated the way in which the thickness of resorbable membranes affect
bone formation in extraction sockets in dogs by covering defects with
either 100 or 200 um resorbable membranes; the third defect was left
empty as a control. The results demonstrated that the thicker mem-
brane showed the least soft tissue ingrowth and promoted better
bone formation at 6 months. It is important to remember that mem-
branes and their materials do not function solely as passive barriers,
but may influence the process of bone regeneration through the char-

acteristics that promote better osteoblastic cell migration.”®

Biological aspects

Biocompatibility. The ideal membrane should be biocompatible,
meaning that the material should not assert an adverse effect on
the surrounding tissues, the intended healing result, or the safety
of the patient. Ideally, biomaterials should be inherently bioactive
in promoting the bone regeneration process®® by supporting rapid
recruitment of advantageous cell types into the defect, including
osteoblastic and osteoclastic phenotypes. More importantly, the
membrane should promote an environment that is conducive for the
molecular cascade of bone formation coupled with remodeling in
the underlying defect.’® Rothamel et al. tested the biocompatibility
of various collagen membranes in cultures of human periodontal
ligament (PDL) fibroblasts and human osteoblast-like cells, and
demonstrated that Bio-Gide® and Ossix® had significantly more
PDL fibroblasts adhere to the membrane than Tutodent® and each
of these three had significantly more than Biomend®. Osteoblast-
like cells adhered significantly better to Bio-Gide® and Tutodent®
than to Ossix®. Interestingly, there were no osteoblast-like cells
detectable on the Biomend® membrane.”’ Bio-Gide® exhibited
excellent cytocompatibility in cultures of human PDL fibroblasts and
Sa0s-2 osteoblasts.®© While in some studies, collagen membranes
exhibited no signs of pronounced inflammatory reactions in the

adjacent tissue,®?

in other studies, infiltration of inflammatory cells
was observed in the adjacent tissue to the collagen membranes
at 2 and 4weeks after surgery. These findings are attributed to
the membrane degradation process. Eight weeks post-surgery,
the infiltration of inflammatory cells was markedly reduced.®?¢®
Collagen-based membranes are considered not only biocompatible,
they also are bioactive, as they provide binding sites for migrating
wound-healing cells which ultimately results in microenvironmental
cues for promoting tissue regeneration, fostering a hospitable

environment following surgical intervention.>%4%5

Vascularization. Angiogenesis is an important factor that strongly
influences the positive outcome of GBR procedures. Schmid et
al.®® showed in a rabbit model that formation of blood capillaries
precedes the formation of new bone. Adequate vascularization
from the surrounding soft tissue is important in order to provide

a substrate for the osteogenic cells and to promote bone
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regeneration.” Lack of vascular supply may be a plausible
explanation for membrane exposure.!® Rothamel et al. found in
a rat model that NCLM membranes exhibit faster vascularization
than CLM membranes and there is also a rate difference within the
groups. Native collagen membranes revealed a nearly complete
homogenous vascularization of the membrane body after 2weeks,
while glutaraldehyde cross-linked collagen membranes showed
only slight superficial vascularization at the same timepoint. After
4 weeks, glutaraldehyde cross-linked collagen membranes revealed
nearly complete vascularization.®® In contrast, sugar-based cross-
linked membranes exhibited only superficial vascularization after
24weeks.®! The angiogenesis pattern is related to the specific
structure of each membrane. The porous membrane properties
of some NCLM membranes seem to be most suitable for the
development of a premature transmembranous formation of blood
vessels, as observed 2weeks following implantation. In contrast,
CLM membranes have a more stratified appearance and a dense
membrane body, hence vascularization and biodegradation of
chemical and enzymatic cross-linked collagen membranes were

slower as compared to non-cross-linked membranes.®%¢8

Degradation. One of the major drawbacks of resorbable membranes is
the rate of degradation, resulting in an early loss of barrier function®””°
that may impede the osseous formation during GBR.! During the
wound healing process, collagen undergoes degradation, which is
mediated by the enzymatic activity of matrix metalloproteases (MMP),
that are released by recruited macrophages, neutrophils, eosinophils,
and fibroblasts.”>7° It has been proposed that an ideal GBR membrane
should preserve its barrier function for 16-24weeks.”® The available
collagen membranes that are used for regeneration possess different
degradation times (Table 2A,B). Histomorphometric analysis shows
that the thickness of the membrane significantly decreases 2-4weeks
post-surgery, partial degradation of the membrane is observed 1
month after implantation and severe degradation is detected at
3-4months.” Among the available membranes in the market, some
of the NCLM membranes begin the degradation process as early
as 2-4weeks following surgery74 (Table 2A,B), while in others, the
degradation process begins at 8weeks (Table 2A,B).60616867 Ag
the degradation process begins, there is a breach in the integrity
of the membranes, and its occlusive properties cease to exist. To
prolong the resorption time of the native collagen, various cross-
linking techniques have been developed. Cross-linking involves
the multiplication of naturally occurring links between collagen
molecules. This leads to stiffer collagen membranes and slows down
the enzymatic degradation. There are various cross-linking techniques,
such as ultraviolet light,”” hexamethylene diisocyanate (HMDIC),’®
glutaraldehyde plus irradiation,”’ diphenyl phosphorylazide,®® and
glycation sugar-derived cross-links.882 The glutaraldehyde technique
was reported to leave cytotoxic residue during the process and those
residues caused inflammation at the site of surgery.5*8 Although CLM
degradation time is usually longer than NCLM, there are membranes
that show decreased membrane thickness, 8 weeks postop, while
others did not result in reduction of thickness even after 6 months

(Table 2A,B).6%616869 | general, CLM membranes were found to
be more resistant to degradation than NCLM. In this regard, it was
reported that, in cases of submerged healing, sugar-based CLM
exhibited bone apposition and ossification within the membrane.8%84
Brunel et al. evaluated the effect of different degrees of cross-linking
on GBR. Their results confirm earlier studies demonstrating a positive
correlation between the degree of cross-linking and the resorption
rate. However, no statistically significant difference in bone fill was
observed between membranes with different cross-linking degrees.80
Moreover, a higher degree of cross-linking may lead to membrane
exposure and compromised healing.85 Other ways to prolong the
degradation time or to increase the stability of the collagen membrane
have been suggested, namely, application of a double layer of
membrane”® or systemic administration of tetracycline.®

In some cases, collagen membranes may be unintentionally ex-
posed to the oral cavity. In such cases, bacterial proteases and col-

87 concomitantly with an

lagenases increase the degradation rate,
increased inflammatory reaction in the adjacent tissues, that pro-
motes the enzymatic activity of macrophages and neutrophils re-
cruited to the area. This, in turn, affects the structural integrity of
the membrane, causing decreased barrier function and less bone
regeneration or bone fill.%% Sela et al. demonstrated that both CLM
and NCLM membranes were degraded in a dose-dependent man-
ner by Porphyromonas gingivalis and Treponema denticola. Moreover,
both types of collagen membranes were cleaved by Porphyromonas
gingivalis-associated proteases. Porphyromonas gingivalis produces
large amounts of Arg-gingipain (Rgp) and Lys-gingipain (Kgp), which
were both shown to have the ability to degrade extracellular matrix
proteins like collagen (type | and 1V), fibronectin, and laminin. In addi-
tion, Porphyromonas gingivalis peptidases, capable of hydrolyzing pep-
tide bonds containing proline residues, have been described. These
peptidases have the potential to hydrolyze collagen-derived oligopep-
tides rich in proline residues generated by collagenases.89 To date, the
data regarding the degradation rate of exposed CLM and NCLM are
controversial; while several studies show that some CLM are more
resistant to resorption than NCLM when left exposed to the oral
environment,47° Klinger et al?! showed no difference. Paul et al.”?
found that collagen membranes which were exposed to the oral en-
vironment were resorbed after 1 week. Therapeutic concentrations
of antibacterial and antibiotics such as chlorhexidine, cetylpyridinium
chloride, minocycline, and doxycycline were found to partially inhibit
the enzymatic breakdown of the membranes.”® However, in order to
try delaying the degradation process of membranes by using these

agents during GBR, further studies should be performed.

4.1.2 | Dehydrated human amnion chorion
membrane (dHACM)

HAC is a tissue derived from the placenta, an organ that develops in
the uterus during pregnancy. This structure provides oxygen and nu-
trients to the growing fetus. It consists of two fetal sheets: the outer
chorionic sheet, and the inner amnion membrane.”* Each layer harbors
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different cell populations and variable plasticity. Amnion tissue is rich
in collagen types Ill, IV, and VI, while the chorionic layer is abundant in
collagen types I, I, IV, V and VI, glycoproteins, and proteoglycan. It
contains angiogenic growth factors and induces endothelial cell pro-
liferation and migration.% The human amniotic membrane expresses
growth factors such as epidermal growth factor (EGF), keratinocyte
growth factor (KGF), hepatocyte growth factor (HGF), and B-fibroblast
growth factor (B-FGF) that may benefit the epithelialization process.”’
In vitro experiments showed bactericidal properties of the dHACM,
in which this membrane inhibited oral bacterial growth within 24h
after placement, similar to tetracycline administration, while a colla-
gen membrane failed to do s0.7 Kobb et al.”” showed that dehydrated
HACM has quantifiable levels of growth factors (PDGF, TGFp, FGF,
and GCSF) and cytokines (Interleukin-4, -6, -8, and -10). They also
pointed out that, in an in vivo model of skin flap, dHACM promoted
migration and recruitment of mesenchymal stem cells to the wound
site, 7days after injury. This group also demonstrated that dHACM
promotes amplification of angiogenic cues by inducing endothelial
cell proliferation, that are likely to be responsible for neovasculariza-
tion and healing of chronic wounds.”® In periodontal defects created
in rats, dHACM enhanced healing times due to the promotion of cell
proliferation and migration, and induced angiogenesis.100

In the medical field, amnion, chorion, and amnion-chorion mem-
branes have been successfully used to treat ulcers'®%102 hyrns103104
and chronic wounds in the oral mucosa®®® due to their efficacy in
wound healing and epithelialization.'°® dHACM is also available for
dental applications. According to the manufacturer, this membrane
resorbs between 8 and 12weeks. Clinical reports and case studies

t,107

successfully used dHACM for peri-implantitis treatmen alveolar

108-110 maxillary sinus membrane repair,'** peri-

112) 113,114 114,115
,

ridge preservation
odontal regeneration (reviewed in root coverage,
and GBR. A case series of three cases of lateral ridge augmentation
was reported by Yu.'* In this study, the dHACM membrane was
left exposed intentionally (2-3mm gap) and, after 1 week, the mem-
brane could be observed between the flaps, healing was uneventful,
and bone gain was reached as expected.

In another study by Hassan et al., a dHACM was left intention-
ally exposed during ridge preservation and compared to a d-PTFE
membrane. After 3 months, no difference was found between the
two groups, as measured by clinical and radiographic ridge dimen-
sion. However, postoperative visual analog scale (VAS) scores were
significantly lower in the dHACM cohort.}'° Miller et al. reported
uneventful healing after intentionally leaving dHACM exposed in
one case of alveolar ridge preservation and in one case of GBR. Both
cases resulted in good clinical outcome without the need for further
augmentation, 4 months posttreatment, and culminating in stable

implants, 5years after placement.!*’

4.1.3 | Safety issues

The risk of disease transmission using a natural origin material (ei-
ther allogeneic or xenogeneic) is a matter of concern. In order to

ooy ) AR

make these materials safe for use, the membranes may undergo a
myriad of sterilization processes. Different protocols are used: heat
treatment, irradiation (Gamma, E-beam, and UV), plasma and chemi-
cal sterilization (EtO, peracetic acid, ethanol, and iodine). These pro-
tocols are able to inactivate bacteria, bacteria spores, fungi and even

118,119

prions (all but the irradiation protocols). Itisimportant to men-

tion that some commonly used collagen membranes undergo sterili-

zation through irradiation protocols only. Kim et al.*?°

reported in a
systematic review that bovine-derived graft biomaterials may carry
a risk of bovine spongiform encephalopathy prion transmission to
patients, although the risk cannot be quantified. Despite that, to the
best of the authors knowledge, there is no evidence in the literature
of prions transmission disease by autogenous and or xenogenous
collagen and or bone substitutes in the dental field.

The use of membranes (or grafts) from natural origin may im-
pact the relationship with some social groups and blood donor
patients. Several health regulators (Food and Drug Administration
- USA, European Commission Public Health - Europe, World Health
Organization (WHQO)) unanimously state that patients who received
xenografts for alveolar reconstructions are categorized as defini-
tively ineligible for blood donation. These regulations are based on
the risk of prionic disease transmission to the host. Moreover, the
WHO recommend that patients that received allogeneic graft since
1980 are ineligible to donate blood.'?! Additionally, patients with
certain religious and behavioral beliefs (like vegans or vegetarians)
may exclude, partially or totally, the use of animal-based products.

In these cases, the use of synthetic materials may be considered.

4.2 | Synthetic membranes
4.21 | Polylactic acid (PLA)

PLA, a semicrystalline and aliphatic polyester which is obtained from
lactic acid, is one of the most common and widely used polymers in
GBR applications. While PLA is highly biocompatible, its mechanical
properties have been improved by homogenous bending of poly-
D,L-lactic acid and poly-L-lactic acid. Owing to its good processabil-
ity, the latter modification is also used to manufacture bone screws
for membrane fixation.?? PLA can also form a copolymer with poly
glycolic acid (PGA) to form polylactic-co-glycolic acid (PLGA).}%
Interestingly, while PLA requires a longer time (>4 years) to degrade
than PGA, copolymerization with PGA decreases the resorption
time of PLA to less than 1 year.*?*

The stiffness of PLA and PLGA membranes limit their manipula-
tion abilities during surgical procedures. This limitation was minimized
by application of various softeners, including N-methyl-2-pyrrolidone
(NMP) or lauric acid.}?® Finally, their ability to trigger a foreign body
response due to their acidic degradation by-products has been sup-
pressed by blending these membranes with hydroxyapatite.'?®

Earlier studies show clinical advantages of PLA membranes in
terms of new tissue attachment and bone gain around intrabony de-
fects; however, these results were similar to the clinical outcomes of
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127,128 5nd notably, e-PTFE membranes demon-

e-PTFE membranes,
strated higher amounts of bone regeneration.'?” Interestingly,
Schliephake et al. found that the vertical extension of the regener-
ated bone observed 3 months post-surgery, which occurred when
using PLA and e-PTFE membranes, disappeared in the PLA group
after 6 months. The success rate in PLA/PGA membranes depends
on the time of resorption; when completion of resorption occurs too
early, the repopulation of bone progenitor cells may not take place,
which usually requires 3-4 weeks. Accordingly, Donos et al.*?? found
in an animal model that early exposure of a PLA/PRA copolymer re-
sorbable membranes led to extensive graft resorption. Immediate
postsurgical exposures are common in both resorbable and non-
resorbable membranes, yet membrane exposure rates were con-
flicting; some studies observed membrane exposure less frequently
in PLA groups (six out of 10 cases) than in e-PTFE membranes (nine

out of 10 cases),**°

while opposite results, less frequent exposures
in the e-PTFE group than in the PLA group were also reported.'®!
According to Zybutz et al.*?® rates of marginal membrane exposure
in guided tissue regeneration (GTR) treatment using either PLA and
e-PTFE membranes are approximately 30%, 2weeks post-therapy.
One advantage of PLA/PGA membranes is their complete resorp-
tion within 3-4 weeks, thereby avoiding membrane removal surgery

and resulting in no disruption of the healing process.!?

4.2.2 | Polycaprolactone (PCL)

PCL contains an aliphatic semicrystalline polyester structure. As
compared to PLA or PLGA membranes, its main advantages are the
lack of an acidic environment during its degradation and its cytocom-
patibility. Owing to these properties, PCL has been used success-
fully as surgical sutures and root canal fillings in dental medicine.'%®
However, its long degradation time, (usually more than 24 months)'34
and high hydrophobicity, which suppresses cellular adhesion, are its
main limitations. The preferred method to overcome these limita-
tions is plasma treatment, which does not alter its advantageous
mechanical properties.’®> While it is generally accepted that PCL
has good mechanical properties, it does have limitations in its ability
to withstand mechanical loads.**¢ An emulsion templating method
has been proposed as a new manufacturing technique to promote
cell migration and growth.'®” Finally, the biological properties of PCL
have been continuously developed by implementing gelatin micro-

138 139

particles, > p-tricalcium phosphate,™” or magnesium oxide.*® Data

on utilization of PCL for GBR, especially information on membrane

exposure and bacterial contamination, are limited.?

4.2.3 | Polyethylene glycol (PEG)

Polyethylene glycol is a non-ionic, mucoadhesive, and biocompatible
material, and has high cell-occlusive and biodegradable properties.
PEG membranes are composed of two liquid PEG compound that
react upon mixing and form a hydrogel, that with time polymerize and

become rigid. Studies comparing PEG to collagen membranes for the
treatment of bone dehiscence defects in bone level implants produced
similar results.*#? Equal amounts of new bone was observed in both
groups, 4 weeks post—surgery.143 PEG membranes were as effective as
e-PTFE membranes in their ability to maintain space as the membrane
collapses, which is a common shortcoming of GBR membranes.#3144
Finally, prevention of soft tissue collapses and ingrowth of epithelial
cells and fibroblasts were found to be similar in defects that were
covered with either PGE or PLA membranes.!** Nevertheless, there
are various cross-linking techniques in the production of PEG and
each method can affect the biological and mechanical properties of
the resulting material.X*> Zambon et al.**¢ demonstrated in a mini-pig
bone dehiscence model, that PEG hydrogel membrane may fracture
after polymerization, impairing wound healing and leading to lack of
implant osseointegration. Moreover, use of PEG membranes together
with freeze-dried bone xenograft failed to support new bone forma-
tion, indicating that not all graft and PEG membrane combinations may
be clinically functional.**” Clinical implant studies did not only demon-
strate PEG membrane exposure induced bacterial contamination,'#®
but also buccal dehiscence defects with implant shoulder exposures
were noticed in three of the nine cases (33%) in the PEG hydrogel

membrane group.*4?

4.3 | Otherresorbable membranes
4.3.1 | Chitosan

Chitosan is a chitin-derivative polysaccharide with antimicrobial,
biodegradable, and biocompatible properties. Its chemical structure
allows it to be processed into membranes and gels. Human stud-
ies using chitosan membranes did not show any toxic or allergic re-
actions for the length of the 12-week study.150 When grafted into
rat subcutaneous tissue, chitosan maintained its shape until post-
operative week 6.1°! However, chitosan may have unsatisfactory
rigidity and strength, which could eventually cause membrane col-
lapse.’>? The explanation behind these conflicting results might be
associated with the preparation methods that have significant ef-
fects on biological properties of chitosan, including its degradation
rate. A study on beagle dogs described insignificant differences be-
tween standard collagen membranes and chitosan in terms of their
bone regeneration enhancement abilities.?>® Results of membrane

exposure were not described in this study.

4.3.2 | Cellulose

Alkali-cellulose membranes were first described and developed
by Novaes et al.®* in 1995. Subsequently, various studies have
described equal bone formation-supporting ability of these mem-
branes to the gold standard e-PTFE membranes. 116 Yet, e-PTFE
membranes are still first choice for GBR due to their superior ma-
nipulation and degradation characteristics.2>® Bacterial cellulose, or
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its oxidized form, has been used in production of commercial resorb-
able membranes.'®’ Notably, bacterial cellulose can be combined
with various other compounds, including collagen, gelatin, fibroin,
or chitosan.'*® During degradation, however, cellulose may present
itself as an indigestible foreign material, which may activate a more
extensive and severe inflammatory response.*>®

4.3.3 | Alginate

Alginate is a salt derivative of alginic acid. Due to its poor mechani-
cal strength, alginate membranes are not produced from pure algi-
nate.}° Rather, commercial alginate membranes are mainly formed
of sodium alginate (Na-Alg) or calcium alginate (Ca-Alg), and have
been extensively used in the field of medicine, mainly due to their
abundance, low price, low toxicity, and scaffold-forming ability.16?
Self-setting alginate membranes were initially introduced by a
Japanese group.®? The principle behind the self-setting alginate
membrane is to fill the bone defect with aqueous Na-Alg solution,
followed by drops of aqueous CaCl, solution. This chemical reac-
tion forms an alginate membrane on top of the bone defect, while
the defect continues to be filled with aqueous Na-Alg solution. The
authors demonstrated successful outcomes, especially when they
compared their results to ready-made membranes.'¢*%%* Successful
results were also produced upon application of Na-Alg and chitosan/
tricalcium phosphate microparticles to bone defects in the form of a
self-setting composite.165 Oxidized Na-Alg also has favorable prop-
erties for bone engineering, including improved biodegradability,
structural stability, thermostability, and hydrophilic character.*

4.3.4 | Agarose

Agarose is a biodegradable natural polymer. Its ability to form a three-
dimensional network has been advantageous in bone regeneration
studies. Moreover, its mechanical properties can be improved in con-
junction with other materials, such as hydroxyapatite, to increase os-
teogenic behavior of mesenchymal stem cells.**® Membranes formed
of agarose acetate and Poly(D, L-lactide) have been used for femur
defect regeneration in rabbits.*®” Yet, information on the use of aga-
rose membranes on GBR applications is very limited.

5 | EFFECTS OF THE TYPE OF
MEMBRANE ON CLINICAL RESULTS

5.1 | Survival rate of implants with different
membranes

There is a high level of evidence that survival rate of dental implants
placed simultaneously with or as a second stage after bone augmen-

tation with resorbable or non-resorbable membranes is similar to the

 perocartaogy 2000 SUINSEER

survival rate of implants placed into pristine bone.**®%? jung et al.*°
evaluated the performance of implants placed simultaneously with
GBR using NCLM or non-resorbable membranes compared to im-
plants placed in pristine bone. With a follow-up of 22-24 years, the
survival rate was 89.3% in the resorbable membrane group, 90.2%
in the non-resorbable membrane group and 93.8% in the pristine
bone group, resulting in no significant difference between the three
groups. Implant placement with GBR procedures, either with resorb-
able or non-resorbable membranes, provides treatment outcomes
with favorable implant survival rates of 89%-94% after 23.5years.'°
Zitzmann et al. conducted a prospective study regarding implants
placed with GBR using NCLM and non-resorbable membrane and
implants placed in pristine bone. One hundred and twelve implants
were treated with collagen membranes, 41 implants were aug-
mented by applying e-PTFE membranes, and 112 implants were in-
serted without bone regeneration. The survival rates in the three
groups were as follows: collagen membrane 95.4%, e-PTFE mem-
brane 92.6%, and controls lacking bone regeneration 97.3%. There
was no significant difference between the groups.® Overall, the data
show that the type of membrane used in GBR, whether resorbable

or not resorbable, did not affect the survival rate of implants.

5.2 | Bone gain with different membranes

Collagen membranes are being successfully used to increase both
lateral and vertical bone volume.**”%"! Mordenfeld et al.}’? evalu-
ated volumetric changes after lateral augmentation with a bone
graft and an NCLM in edentulous sites. Bone gain was 3.5mm, when
measured 3mm from the top of the bone crest, following a healing

period of 7.5months. Hammerle et al.}”®

reported a mean bone gain
of 3.6 mm after lateral augmentation with a bone graft and an NCLM
and Urban et al.'”* reported a mean bone gain of 5.6 mm after hori-
zontal bone augmentation with an NCLM and a particulated bone
graft. Thoma et al. evaluated the efficacy of lateral bone augmenta-
tion performed simultaneously with implant placement in a meta-
analysis. The results show that the mean defect resolution was 81%,
with a range of 56.4%-97.1%, and that the defect height reduction
was significant in favor of CLM and NCLM as compared to an e-
PTFE membrane (Table 3).7° Beitlitum et al.!”® evaluated the clini-
cal outcomes of vertical bone augmentation with the use of bone
substitute covered by a CLM membrane applied in a bilayered tech-
nique and found a mean vertical bone gain of 3.5mm. Llambes et al.
performed vertical ridge augmentation simultaneously with implant
placement in a tenting technique. The implants were covered with
autogenous bone and a CLM membrane. The mean height of the ex-
posed implant was 3.5mm at stage 1 surgery and 0.5mm at 2 stage
surgery. The mean bone gain was 3mm, which represented 83% of
the exposed implant at stage 1. One year after loading, the implants
showed a mean bone loss of 1.4mm. Histology from one success-
ful case showed new trabecular bone development with large cel-

lular marrow spaces in the regenerated area.!’’ Cardaropoli et al.
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evaluated the treatment of alveolar bone deficiencies combined
with dental implant placement. The bone regeneration procedures
were performed using a combination of bovine bone-derived min-
eral stabilized with a fibrin-fibronectin sealing system and covered
with a bilayer NCLM, resulting in a mean bone gain of 3.95mm.%’®

Sanz-Sanchez et al.”?

evaluated the effect of lateral ridge augmen-
tation (both simultaneously with implant placement or as a staged
procedure) on peri-implant health or disease, the results showed
that when lateral GBR with bone substitute and a collagen mem-
brane was compared to spontaneous healing in the treatment of
dehiscence defects, the spontaneous healing resulted in a greater
amount of bone loss (Table 3). Thoma et al.'”® evaluated the effect
of lateral bone augmentation procedures in relation to defect resolu-
tion in cases of horizontal ridge deficiencies after implant placement,
and found that GBR performed in the presence of a membrane had
a significantly more favorable outcome than bone substitute alone

(Table 3).

5.3 | Membrane exposure and its impact on
bone gain

In the clinical practice, despite a perfect surgical technique, dehis-
cence in the soft tissue may appear, leaving the membrane exposed
to the oral cavity. Membrane exposure and its subsequent bacte-
rial contamination may hamper the regenerative outcome. When a
membrane is combined with biomaterials, the incidence of bacterial
infection may increase.’®> Membrane exposure in GBR procedures
occurs when using either resorbable or non-resorbable membranes.
Wessing et al.% found an overall exposure rate of 23%, while the
exposure rate for CLM was 50% higher than NCLM. On the other
hand, Garcia et al.’®! found that after horizontal GBR, the relative
risk for membrane exposure was 1.43 without significant difference
between NCLM and CLM. Other studies investigated the difference
of membrane exposure and other complications between resorb-
able and non-resorbable membranes. Thoma et al.?’® found an over-

1.182 reported that

all membrane exposure rate of 23% and Lim et a
the overall soft tissue complications, including membrane exposure,
soft tissue dehiscence, and infection/abscess was 16.8%, and were
not significantly different between resorbable and non-resorbable
membranes. In a systematic review, Donos et al.*®% concluded that
the most common complication was flap dehiscence/membrane ex-
posure, which was present in 16.3% of the implants treated with a
collagen membrane and varied from 11.1% to 24.4% of the implants
treated with an e-PTFE membrane. Garcia et al. performed a meta-
analysis, evaluating the effect of membrane exposure on lateral GBR
with resorbable or non-resorbable membranes. The authors con-
cluded that there was 76.2% more bone gain at edentulous ridges
without exposure. At peri-implant bone dehiscence, there was
27.2% more defect reduction when the membrane was not exposed.
It was found that, while exposures of resorbable membranes de-
crease bone gain, exposures of non-resorbable membranes did not
affect the results significantly, probably due to the large variance in

the results of the studies that used non-resorbable membranes and
were included in the meta-analysis (Table 3). The data suggest that
there is no significant difference in the outcome of GBR following
exposure of resorbable membranes compared to exposure of non-
resorbable membranes.’®* Tay et al. investigated healing complica-
tions and their detrimental effects on bone gain in horizontal*®® and
vertical’® GBR with resorbable and non-resorbable membranes.
During lateral GBR, the type of membrane had no statistically sig-
nificant influence on any postsurgical complications. Staged or si-
multaneous approach did not significantly affect the complication
incidence, however, there was a trend toward more complications
with the staged approach.®® In vertical GBR, the results show that
the RoM (ratio of means) of vertical bone gain was 0.65 when mem-
brane exposure without suppuration occurred, versus uneventful
healing, regardless of the type of membrane used.'® This systematic
review also found that resorbable collagen membranes resulted in a
significantly greater incidence of membrane exposures without sup-

puration than non-resorbable membranes (Table 3).18¢

6 | DISCUSSION

In 1993, Lindhe stated the indications for GBR: treatment of dehis-
cence and fenestration defects at implant installation, immediate
installation of implants in fresh extraction sockets and augmenta-
tion of bone volume prior to implant placement.®” These indica-
tions for GBR are still relevant today, with the use of membranes
expanding into other indications, such as GTR after mandibular third
molar extraction, endodontic surgeries, and surgical treatment of
peri-implantitis.'88

Successful osseous regeneration by GBR depends on the mi-
gration of pluripotential and osteogenic cells into an empty space
(bone defect), and on the exclusion of epithelial cells and fibro-
blasts.'*18%17° The rate of regeneration must exceed the fibrogen-
esis rates of the surrounding tissues.'?! Without intervention, this
process is unpredictable. Hence, the role of an occlusive mem-
brane seems to be critical in order to ensure successful bone for-
mation. The first membranes used in dentistry by Nyman et al.
were cellulose acetate filters manufactured by MiIIipore‘13 Since
then, a wide range of membranes have been developed. In 1984,
the same research group introduced the Gore-Tex® e-PTFE mem-
brane to the dental field.}”? e-PTFE membranes were considered
the gold standard for GBR during the 1990s* due to their high
biocompatibility, inertness, and resistance to breakdown.'®%® At
present, e-PTFE dental membranes are rarely used,®® although d-
PTFE membranes were shown to be as effective, or perhaps better
in particular clinical indications. The main advantage of d-PTFE is
that bacteria are not able to penetrate this membrane, thus it may
be left intentionally exposed. The main disadvantage of PTFE non-
resorbable membranes is the need for a second surgery, increasing
patient morbidity, chair time, and decreasing cost-effectiveness.
Although PTFE and titanium are non-resorbable and require a
second surgery, surgeons continue their use due to its surgical
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handling properties, malleability, structural rigidity in preventing
collapse, and space maintenance for large ridge defects.”® The
timing of membrane removal is also important, because prema-
ture removal can lead to resorption of regenerated bone, whereas
late removal can increase the risks of bacterial contamination and
infection.!”®

Resorbable (natural or synthetic) membranes were introduced
at a later stage, eliminating the need for a second surgery. The use
of either cross-linked or non-cross-linked collagen, membranes,
is well-documented. They are composed mostly of porcine- or
bovine-derived collagen type | and/or Ill. The available membranes
used for GBR have wide range of porosity, allowing selective cell
migration, and the passage of chemicals, biomolecules, and viruses.
Collagen membranes are highly biocompatible in vitro and in vivo;
however, the degradation process may initiate some inflammatory
response. The unpredictable degree and time of resorption of all re-
sorbable membrane is still a matter of concern. CLM degradation
time is usually longer than NCLM.%%¢1849 |5 some cases, the col-
lagen membrane may be unintentionally exposed to the oral cavity.
In such cases, the presence of bacterial proteases and collagenases
increases the degradation rate.” It was shown that augmentation
at implant dehiscence defects using bioresorbable membranes en-
hances bone regeneration, mostly, in conjunction with the use of
supporting graft material 1?4175

dHACM seems to have promising biological properties. This
membrane, composed mainly by different collagen types that re-
semble the basement membrane of oral mucosa, provide an effi-
cient barrier function. Additionally, it contains growth factors and
cytokines, converting this membrane into a biologically active com-
ponent that promotes epithelialization, angiogenesis, and wound
healing.99 Lastly, it was shown to contain antimicrobial factors, re-
ducing the risk of infection.”® dHACM is a most promising material.
This membrane is commercialized only in USA and Canada (internal
communication with the company). dHACM has been successfully
used in dentistry for a variety of purposes including peri-implantitis

t 107 108-110 axillary sinus mem-

113,114 114,115

treatmen alveolar ridge preservation

brane repair,'*! periodontal regeneration, root coverage,
and GBR.™® More clinical research is needed to thoroughly validate
its indications. The main disadvantage of these resorbable mem-
branes is their relatively low mechanical strength, hence, they are
susceptible to tearing and collapsing into the defect.!?47”

GBR is a well-established and predictable technique to augment
deficient ridges.”® There is much evidence showing that survival rate
of dental implants placed simultaneously with or at a second stage
following bone augmentation with resorbable or non-resorbable
membranes is similar to the survival rate of implants placed into
pristine bone.}¢81¢? Regarding bone gain, we can conclude that ei-
ther non-resorbable or resorbable membranes are able to reach high
amount of new bone formation, without significant differences be-
tween the membranes. Despite the good results, sometimes healing
complications may occur. According to recent systematic reviews,
membrane exposure is a common event with a reported mean inci-

% 180,183,186

dence that ranges from 11% to 23 It is clear from these

 perocartaogy 2000 SUINSEES

studies that membrane exposure, with or without infection, damp-
ens the overall bone gain. Resorbable and non-resorbable mem-
branes seem to have the same overall incidence of exposure. Yet, in
vertical augmentation procedures, surprisingly, collagen membranes
have higher exposure rate than PTFE devices.?’*'8 Among collagen
membranes, cross-linked membranes have higher exposure rates
compared to non-cross-linked membranes.’* Those differences may
be related to the specific structure of each membrane. Non-cross-
linked membranes are more affordable for premature transmembra-
nous formation of blood vessels than cross-linked membranes,®+?°
hence improving early blood supply of the soft tissues.®®”? Other
possible explanations for the higher exposure rate with cross-linking
membranes include inflammation induction by several types of
cross-linked membranes, lack of cell adhesion, and interference in
the inflammatory reaction and soft tissue healing.él'200 Additionally,
cross-link membranes are more resistant to degradation than the
non-cross-link membranes, so they are more likely to be exposed
to oral environments over the same follow-up period.!®! Regarding
the differences in exposure rate of PTFE and collagen membrane,
in which the last has significantly higher exposure rate, while col-
lagen membranes allow blood supply from the regenerated area to
the soft tissues, PTFE membranes are completely hermetic. We can
hypothesize that the degradation process of resorbable membranes
may hamper the epithelization process above them leading, in some
cases, to unintentional exposure in higher rates when comparing to
PTFE membrane Despite the increasing amount of research on GBR,
there is no clear superiority of one membrane above the others. In
addition, upon membrane exposure, there is no study comparing
bone gain among different membranes.

We now clearly understand that barrier membranes are more
than a mere occlusive foil. Rather, they play an active role in hosting
and modulating bone regeneration during GBR.?°! Along with the
native bioactivity of GBR membranes, incorporating growth factors
and specific cell types in membranes or in conjunction with graft
materials may augment the regenerative processes in underlying
defects. New trends in membrane research aim to improve the bi-
ological characteristics. For example, the addition of antimicrobial
substances such as antibiotics or silver ions may improve healing and
potentially avoid bacterial-related complications. Yet, bacterial re-
sistance is still a matter of concern if antibiotics will be incorporated
into the membrane material.?°? Another strategy for membrane
improvement is adding growth factors that favor bone formation.
Growth factors have received much attention due to their multiple
functions during bone healing, including cell recruitment, prolifera-
tion, and differentiation. Positive results have been derived from in
vivo animal experiments using bone morphogenetic proteins (BMP),
fibroblast growth factors (FGF), or platelet-derived growth factor
(PDGF) with resorbable membranes.?’! Other efforts are being
made to improve membranes' properties, such as enhanced biocom-
patibility and controlled degradation. Future research and perspec-
tives in the field includes nanotechnology-based membranes. These
membranes are designed to be made of nanofibers and micropar-
ticles as a way to create improved strength, porosity, antibacterial
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activity, and biocompatibility.2°>?°4 Stem cell-based membranes, or
cell-bearing scaffold membranes can also improve bone regenera-
tion and enhance healing as they provide a source for bone-forming
cells.2%>207 Smart membranes can also be designed to adjust their
properties to changes in the local environment such as pH or tem-
perature. These membranes can improve the efficiency and effec-
tiveness of GBR by delivering drugs or growth factors to the desired
location.2%8

Clinical and scientific evidence strongly suggests that the use of
barrier membranes is mandatory to reach optimal results in GBR. To
date, each available membrane bears inherent advantages and dis-
advantages that were discussed in this review. The choice of mem-
brane is still being dictated by the defect configuration, the need
for augmentation in horizontal or vertical directions, the use of a

1,'83 the clinician's personal experience

predictable clinical protoco
and dexterity, considering patient religious and behavioral beliefs.
The “ideal membrane” is yet to be developed; however, it should be
biocompatible, semipermeable (should prevent epithelial and bac-
terial proliferation, without dampening neovascularization and nu-
trients passage), mechanically stable and easy to handle and adapt,
“tissue friendly” slowly resorbable (without exerting toxic effects on
its surroundings during the process), and actively promote on one
side bone regeneration and on the other side soft tissue prolifera-
tion. Future research should embrace the paradigm shift toward the
idea that the membrane is an active component in GBR rather than

a mere physical barrier.
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