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Membranes for Guided Bone Regeneration: A Road from

Bench to Bedside

Paola Aprile, Didier Letourneur,* and Teresa Simon-Yarza

Bone resorption can negatively influence the osseointegration of dental
implants. Barrier membranes for guided bone regeneration (GBR) are used to
exclude nonosteogenic tissues from influencing the bone healing process. In
addition to the existing barrier membranes available on the market, a growing
variety of membranes for GBR with tailorable physicochemical properties are
under preclinical evaluation. Hence, the aim of this review is to provide a
comprehensive description of materials used for GBR and to report the main
industrial and regulatory aspects allowing the commercialization of these
medical devices (MDs). In particular, a summary of the main attributes
defining a GBR membrane is reported along with a description of
commercially available and under development membranes. Finally, strategies
for the scaling-up of the manufacturing process and the regulatory framework
of the main MD producers (USA, EU, Japan, China, and India) are presented.
The description of the regulatory approval process of GBR membranes is

vertical defect augmentations, or to
preserve alveolar sockets after tooth
extraction.[®%) Barrier membranes for GBR
application play a key role in preventing the
ingress of cells from the surrounding ep-
ithelium and connective tissue (Figure 1),
to favor osteoprogenitor cells to proliferate
and form new bone tissue in the site of
implants.[>10]

Although many different classes of
GBR membranes are commercially avail-
able (discussed in Section 3), these can
be generally divided into two categories:
nonresorbable and resorbable membranes.
Among the nonresorbable membranes, the
expanded polytetrafluoroethylene (ePTFE)
membranes have been accepted as the

representative of the typical path that medium- to high-risk MDs have to
follow for an effective medical translation, which is of fundamental
importance to increase the impact of biomedical research on public

health.

1. Introduction

Long-term integration for osteointegrated devices implanted in
the alveolar ridge is a key goal in dental implantology. How-
ever, bone resorption or loss as a result of edentulism, traumas,
and tumors can jeopardize the osseointegration of prosthetic-
replaced teeth.[?] Different techniques are available to augment
alveolar bone insufficiency such as, onlay and inlay grafting, free
vascularized autografts, distraction osteogenesis, grafting of the
maxillary sinus, ridge splitting, and guided bone regeneration
(GBR).’l However, among these strategies for alveolar ridge aug-
mentation, GBR is the most documented with long-term follow-
up studies yielding positive comparable outcomes.*! Currently,
GBR is one of the most common technique for horizontal and
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gold standard material for their mechan-
ical stability, biocompatibility, and ability
to facilitate bone regeneration in many
clinical studies.”) However, nonresorbable
membranes suffer from various drawbacks,
as their stiffness may cause soft tissue de-
hiscence, which can lead to the membrane
exposure and subsequent infection.['1:12]
Additionally, a second surgery is needed to remove nonresorbable
membranes, resulting in patient discomfort and higher eco-
nomic burden.['*!* Synthetic and naturally derived resorbable
membranes have been developed to avoid the need for a second
surgical intervention and to reduce the risks of membrane ex-
posure. However, the variability in resorption rate and poor me-
chanical properties of the resorbable membranes are significant
limiting factors.[>] Therefore, to improve the clinical outcomes of
the GBR approach, a new generation of active barrier membranes
with enhanced regenerative properties has been proposed. In this
context, a growing body of preclinical studies (described in Sec-
tion 4) focuses on membrane’s structural modifications and di-
rect or indirect loading of active compounds (i.e., growth factors,
cytokines, inorganic compounds, and anti-inflammatory agents).
Moreover, recent work highlights how barrier membranes can
be strategically combined to therapeutic approaches targeting
bone healing disorders (i.e., osteoporosis) to meet patient-specific
needs. Altogether, the preclinical studies herein reported aim to
depict new GBR strategies employing classic and new generation
GBR membranes and their impact on bone tissue engineering
approaches.

The successful regeneration of bone defects in the alveolar
ridge is a timely regulated process. It has been proposed that
an ideal GBR membrane should preserve its barrier function for

© 2020 Wiley-VCH GmbH
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Figure 1. Schematic of GBR application through the use of bone filler and a barrier membrane.

16-24 weeks.['] The regenerative timeline dictates the tempo-
ral window of action of the hypothetical medical devices (MDs)
destined for GBR applications and determines material compo-
sition, manufacture process, and regulatory pathway. For exam-
ple, the European classification of MDs takes into account not
only potential hazards and risks of failure, but also the length of
time the MDs will stay in contact with the body (hence, its degree
of invasiveness) and whether the effect is local or systemic.!”]
Although the process by which medium- to high-risk MDs find
their way from bench to bedside is well-defined in most coun-
tries, the differences among them are not always well edited.
Manufacturers are subjected to different regulations depending
on the country, and these rules are evolving over the years. Al-
though one must comply with a set of directives in continuous
development, these are not the only aspects to be considered as
limiting factors on the road for the commercialization. Indeed,
an often-overlooked aspect is the industrialization of the man-
ufacturing process. The repeatability and reliability of the pro-
duction process need to be confirmed before transferring the de-
sign to the manufacturing process. The production process relies
on multiple factors; quantity to be produced, surface finishing,
post machining and cleaning process, and sterilization process.
Finally, the packaging, instruction for use, and labeling printing
requirements need to be carefully planned in order to produce
the final product.[*8]

The aim of this review is to present the latest advancement
in GBR membranes and to describe the process leading to the
industrial development of materials for such biomedical appli-
cations. Therefore, the focus is initially set on the description of
the medical requirements to design functional GBR membranes.
Then, commercially available membranes and those currently
under preclinical evaluation, are described from both a medi-
cal and a regulatory point of view. Regulatory requirements to
develop these MDs are listed for USA, Europe, Japan, China,
and India. Finally, a discussion on MD production scale-up and
industrialization that brings MDs from bench to bedside, is
also presented. Understanding the commercialization process of
medium-/high-risk MDs (according to the European MD clas-
sification; the details of the regulatory requirements in differ-
ent countries are reported in Section 6) such as a membrane for
GBR applications, would aid scientists to integrate this informa-
tion into the product development process from an early stage.
A strategic approach is key for an effective medical translation of
MDs, which is fundamental to increase the public health impact
of biomedical research.
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Figure 2. Schematic of the main criteria for the design of a barrier mem-
brane for GBR applications.['°]

2. Medical Requirements for the Design of GBR
Membranes

Diseases, trauma, and congenital defects can lead to tissue dam-
age or loss, hence the need to replace missing form and func-
tion. GBR is a fundamental procedure in dental implantology
and periodontology where barrier membranes have a crucial role
in isolating soft tissue to favor bone tissue growth. Although
the membranes employed for GBR greatly differ in their origin
and structure, they should fulfill a number of criteria. Indeed,
a meta-analysis on recently published works employing GBR
membranes identified five main criteria and their order of impor-
tance (Figure 2).') A successful design of a functional product
to deploy as GBR membrane should take into account the follow-
ing characteristics: 1) biocompatibility, 2) space maintaining, 3)
occlusive function, 4) easy handling, and 5) bioactivation friendly
property.11920]

1) GBR membrane is defined as biocompatible when the inter-
action with the host does not impair the surrounding tissue,
the healing process, or the safety of the patient. In particu-
lar, if the membrane is resorbable, it should either degrade or
integrate with the host tissue.[1¢21]

2) The space maintenance ability of a GBR membrane, which
correlates to the mechanical stability of the product, is re-
quired to avoid collapse within the defect during the healing

© 2020 Wiley-VCH GmbH
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Table 1. Membranes used in the clinical practice organized by material composition.

Family Material Commercial name Characteristics
Polytetrafluoroethylene - Expanded PTFE - Gore-Tex Synthetic Nonresorbable
(PTFE) - Dense PTFE - Cytoplast TXT-200
- Dual textured expanded PTFE - NeoGen
- Titanium-reinforced PTFE - Gore-Tex-Ti; Cytoplast
Ti-250; NeoGen
Ti-reinforced
Titanium Titanium Frios BoneShields; Ridge-Form Mesh Metallic
Collagen - Type | collagen - CollaTape; Tutodent; Cova MAX; Parasorb Natural Resorbable
- Atelocollagen from type | collagen Resodont
- Type | and Il collagen - Koken Tissue Guide; Terudermis;
- Type |, 111, IV, VI collagen and other protein - BioGide; Botiss Jason
- Not specified type of collagen - DynaMatrix
- Collagen and elastin - Heal-All Biomembrane
- Cross-linked type | collagen - Creos xenoprotect
- Cross-linked type I and type Il collagen - BioMend; OSSIX PLUS; OsseoGuard
- Porcine pericardium - OsseoGuard Flex; EZ Cure; MatrixDerm EXT
- Vitala Porcine Pericardium Collagen Membrane
Polyesters - Poly-p, L-lactide-co-glycolide - Gore Resolut adapt; GC Membrane Synthetic

- D,D-L,L-polylactic acid

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

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

poly-L-lactide

- Epi-Guide; Atrisorb

- BioMesh-S; Tisseos; Vicryl; GORE RESOLUT ADAPT
Regenerative Membrane

process and must be able to protect the defect space for new
bone formation.??!

The barrier membrane needs to prevent the invasion of cells
from the mucosa into the defect space, without compromis-
ing the oxygen and nutrient exchange (i.e., occlusivity).[*]
Therefore, occlusivity is strongly linked to porosity, as such
larger pore size will allow cells from the surrounding con-
nective tissue to migrate and proliferate into the defect area
inhibiting the activity of bone forming cells.[>*] The overall
dimension of the pores could influence cell adhesion. Small
pores could limit cell migration and enhance collagen deposi-
tion, reducing the ability of blood vessels to infiltrate the area
of interest.[?”]

A GBR membrane would need to be easily handled during
surgery (i.e., easy handling), without being excessively rigid,
which could compromise tissue integration or lead to dehis-
cence of the soft tissues.[?!

Although the role of the membrane was initially intended as
a passive barrier, this concept could be reconsidered in the
context of the next-generation membranes. Indeed, a growing
number of studies are developing new strategies for bone re-
generation incorporating bioactive compounds into the mem-
brane, giving it an active role in the regeneration process (i.e.,
bioactivation friendly property).[2627]

3. Commercially Available Membranes

The history of membranes for GBR is linked to the develop-
ment of membranes for guided tissue regeneration (GTR), which
started in the late 1960s. One of the first attempts in the GTR
field was reported by Cohen and Funakoshi in 1971 using a Mil-
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lipore membrane.!?®] This material was used preclinically!®’! and
clinically®®! in 1982 by Nyman et al. to evaluate bone regenera-
tion mediated by periodontal ligament cells. Two years later, Got-
tlow et al.BY confirmed the benefits of guided tissue regenera-
tion in animals using a Millipore filter and ePTFE (Gore-Tex —
W.L. Gore and ASSOC, Flagstaff, AZ, USA) membrane. In 1986,
Gottlow et al. performed a clinical study with 10 patients im-
planted with PTFE (Teflon).[3?] The first membranes proposed for
GBR were conceived to act solely as occlusive membranes. They
were placed between the patient’s bone or the bone filler and the
gum to provide a mechanical barrier to avoid soft tissue growth
into the osseous defect. Since then, four families of materials are
mainly used for guided regeneration in the clinical practice. 1)
PTFE derivatives, including ePTFE and high-density PTFE, used
alone or reinforced with titanium;®}! 2) titanium membranes; 3)
collagen resorbable natural membranes; 4) synthetic resorbable
membranes made of polyesters. Table 1 outlines, according to
their composition, many of the membranes already used clin-
ically. In this section, the main characteristics of those mem-
branes will be presented following the chronological order of de-
velopment.

The choice of the material is determined by the characteris-
tics of the bone defect. Commercial membranes for GBR are in-
tended for use during the process of GBR and guided tissue re-
generation and the indications for use may be numerous, such as
bone augmentation around implants placed in immediate or/and
delayed extraction sockets, localized ridge augmentation for later
implantation, alveolar ridge reconstruction for prosthetic treat-
ment, alveolar ridge preservation consequent to tooth extraction,
filling of bone defects after root resection, cystectomy, removal
or retained teeth, etc. Critical-size defects require long struc-
tural integrity of the membrane for the entire healing period.

© 2020 Wiley-VCH GmbH
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As such, both resorbablel** and nonresorbablel**) membranes
have been employed for vertical and/or horizontal critical-size de-
fects. Particularly in the case of the nonresorbable membranes,
ePTFE porosity is believed to enhance regeneration by improv-
ing wound stability. However, the stiffness of this material is
often responsible of soft tissue dehiscence, causing membrane
exposure and early bacterial infection.*] In case of soft tissue
dehiscence, bacteria from the oral cavity can penetrate into the
defect site, impairing the regenerative outcomes. For example,
Lang et al.3] reported a study in which 6 patients out of 19 had
infections that led to the removal of the implant after only 3-
5 months. Consequently, bone regeneration observed in these
patients was variable, between 0% and 60%.0”) By contrast, the
low porosity of high-density PTFE is known to prevent cell and
bacteria adhesion and therefore is generally associated with a re-
duced risk of infection.''] However, a clinical trial conducted by
Ronda et al.3¥! did not show any difference between ePTFE and
high-density PTFE membranes. Incorporating flexible titanium
in PTFE membranes allows the surgeon to shape the membrane
to adapt it to the implant area. When compared to PTFE alone,
titanium-reinforced PTFE could provide superior stability of the
material for some types of bone defects, such as in supracrestal
bone defects and in sites with buccal dehiscence.[?>39] It has also
been proposed as an alternative to PTFE in cases involving ad-
vanced bone loss, due to increased provision of space.[*]

The main drawback of the nonresorbable membranes is the
need of a secondary removal surgery. Apart from the cost and
inconvenience for the patient, extreme care should be used dur-
ing the surgery to prevent damaging the underlying new granu-
lar tissue. Concerning the clinical outcome using different PTFE,
some clinical trials have demonstrated similar results for several
indications, such as vertical ridge augmentation around dental
implants.[*®]

Collagen is the only material from animal origin used as main
component of GBR membranes (Table 1).') Among the differ-
ent collagens, type I is the most prevalent (>90%) and the best
described and used, followed by type III collagen. Less com-
mon is the use of collagen type IV and VI. Collagen used for
clinical membranes is frequently of bovine or porcine origin,
and in only few cases from equine origin. BioMend Membrane
(Zimmer Biomet Dental, Palm Beach Gardens, FL, USA) was
released in 1995 in the United States, it was the first collagen-
based membrane produced for guided tissue and bone regen-
eration application.[*!! Natural collagen is obtained by decellu-
larization process followed by “cleaning” steps to remove anti-
genic components. This helps to preserve the native structure
of collagen leading to membranes easy to handle and with ca-
pacity to adapt to the application area. An advantage of col-
lagen versus nonresorbable materials is the biodegradation of
the implant through local collagenases and proteases. Degrada-
tion time of these membranes is generally considered as short,
but this depends on the tissue origin and manufacture process.
For example, Collatape (Integra LifeSciences Corp., Plainsboro,
NJ, USA) made of bovine collagen presents a barrier effect of
1-2 weeks, whereas Botiss Jason (Botiss Biomaterials GmbH,
Zossen, Germany) made of porcine pericardium and Copios Ex-
tend (Zimmer Biomet Dental, Palm Beach Gardens, FL, USA)
made of porcine dermis present a barrier effect of 8-12 and 24—
36 weeks, respectively.!'! Degradation time is important to pro-
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vide a barrier that lasts during the whole healing process and
this is why strategies to retard collagen degradation after implan-
tation are proposed, such as cross-linking or larger and thicker
membranes.[*?] Different ways to cross-link collagen are based
on physical (UV irradiation),!*}] chemical (glutaraldehyde,!** hex-
amethylene diisocyanate,[*! diphenylphosphorylazidel*), and
enzymatic (ribose)*’! interactions. Increasing cross-linking ra-
tio causes longer degradation times but clinical trials and meta-
analysis have demonstrated similar efficacy in terms of tissue
regeneration compared to non-cross-linked membranes. On the
contrary, natural membranes showed better tissue integration,
less postoperative complications, and better biocompatibility.[?]

Synthetic resorbable membranes appear as an alterna-
tive to collagen membranes and synthetic nonresorbable
membranes.[*®] Their advantage lies in the ability to adjust the
chemistry and the preparation method to control physicochem-
ical properties of the membranes, i.e., size, shape, porosity, me-
chanical properties, degradability.*’! Almost all the commer-
cially available membranes of this type are composed of aliphatic
polyesters polylactic acid (PLA), polyglycolide acid (PGA), poly-
caprolactone (PCL), and their copolymers, widely used in sutures.
PLA can be used alone or copolymerized with PGA, for example.
The rational beyond this is that polyester degradation is mainly
due to hydrolysis and therefore dependent on the hydrophobic-
ity of the polymer.[**>!] PLA being more hydrophobic than PGA,
degradation time is much longer. Indeed, in vivo degradation of
PLA lasts for more than 4 years but copolymerization with PGA
or PCL reduces resorption time to less than 1 year, which is bet-
ter for GBR.[>2] As an example, Resolute Adapt (W.L. Gore and
ASSOC, Flagstaff, AZ, USA) membrane is made of polylactic-
co-glycolic acid (PLGA) and resorption time is between 5 and 6
months. One should not confound resorption time and persis-
tence of barrier effect, that is always at least 2 times shorter.[*?]
Most membranes provide good barrier effect during at least 6
weeks and up to 24 weeks, like in the case of PLGA membrane
Resolut Adapt LT (W.L. Gore and ASSOC, Flagstaff, AZ, USA),
whose degradation time is 3 times longer than the barrier ef-
fect. Other material properties with an impact on hydrolysis are
molecular weight, crystallinity, and material processing. This is
why two membranes made of PLGA, in the case of Resolut Adapt
and Resolut Adapt LT (W.L. Gore and ASSOC, Flagstaff, AZ,
USA), present, respectively, 8-10 and 16-34 weeks barrier effect.

Processing of the material is a parameter to control tis-
sue regeneration and many strategies are proposed by
manufacturers.’?) Combination of several layers with differ-
ent pore sizes to prepare multiphasic scaffolds is frequently
proposed: less porous side acts as a barrier, preventing epithe-
lial cell infiltration, and the other side in contact with bone
defect allows tissue integration.>3] This approach is used in
Guidor Matrix Barrier and Resolut (Sunstar Americas, Inc.,
Schaumburg, IL, USA) and Resolut (W.L. Gore and ASSOC,
Flagstaff, AZ, USA). Membranes can also be constituted by
woven fibers,> like in the case of Vicryl Periodontal Mesh
(Ethicon, Inc., Somerville, NJ, USA), or by a polymer solution
to be dissolved during the surgical procedure and molded in a
cassette to form the Atrisorb membrane (Atrix Laboratories, Inc.,
Fort Collins, CO, USA).I>°l The small number of clinical studies
carried out with this membranes makes it difficult to conclude
about their advantages compared to other membranes.

© 2020 Wiley-VCH GmbH
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The large number of clinically available resorbable synthetic
membranes offers surgeons a wide range of physicochemical
properties that can impact tissue regeneration.[**) Even if clini-
cal trials have been conducted to compare the outcomes of some
of the materials,*®%”] results do not allow to predict which mem-
brane would be the best option for each patient. Clinical trials
often differ in important aspects such as, the selection criteria
of the patients, the type of defect to be treated, the way of ex-
ecuting the treatment, the duration, and the evaluation crite-
ria. The clinical outcomes would depend not only on the type
of membrane but also on the surgeon’s experience and exper-
tise, the patient’s clinical history and life habits, such as smoking
and oral hygiene. Therefore, any indirect comparison of clinical
trial outcomes should be established through rigorous metadata
analysis.[%8]

To conclude for the choice of materials, when comparing col-
lagen membranes to nonresorbable membranes, apart from the
unique surgery previously mentioned, it has been extensively
shown that collagen membranes actively participate in the regen-
eration process: they attract cells that secrete factors involved in
bone formation and remodeling and they retain growth factors.
This is also true when comparing to resorbable synthetic mem-
branes. Numerous studies demonstrate low immunogenicity of
natural resorbable membranes, consequently, more than three
quarters of the membranes used in the dental field are collagen
membranes.>?) There is a large number of marketed collagen
membranes with different physicochemical properties depend-
ing on the cross-linking, but also on the collagen origin and the
manufacturing process. These parameters have to be examined
to choose the best membrane for each indication. Current pre-
clinical studies aim to improve bioactivity and biocompatibility of
membranes following strategies where materials are combined
with bioactive molecules to overcome these limitations. Advance-
ments in this field are described in the next section.

4. GBR Strategies and New Membranes under
Preclinical Evaluation

4.1. In Vivo Evaluation of GBR Membranes in Combination with
Biological Cues, Natural Elements, and Synthetic Active
Materials

Many strategies have been developed to enhance the efficacy of
GBR membranes, which involve structural modifications and/or
the incorporation of biological cues to elicit bone regeneration. In
particular, this section describes how the regenerative potential of
the GBR approach can be improved by either indirect (i.e., at the
defect site) or direct (i.e., functionalized membrane) loading of
active compounds. Examples of in vivo investigations employing
such approaches are reported in Table 2.

4.1.1. Conditioned Media
Transplanted stem cells are promoters of tissue regeneration for

their ability to release cytokines and growth factors. However
their use for tissue regeneration is heavily regulated, and has sev-
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eral limitations associated to high costs and strict requirements
for safety and quality management.[®*¢!] Therapies using mes-
enchymal stem cells (MSCs), known as mesenchymal stromal
or multipotent stromal cells, are a heterogeneous class of cellu-
lar treatments. Indeed, the immunomodulatory and/or immuno-
suppressive properties associated to stromal cell populations are
not yet fully understood, as well as how the interactions between
cellular niches drive cell fate.[®-%¢] To overcome the limitations
associated with the direct use of these cell populations, it has
been proposed the use of the conditioned medium from bone-
marrow-derived MSCs to enhance bone and periodontal tissue
regeneration.[®-%] In particular, Katagiri et al.7%! reported a first-
in-human study on the use of conditioned media from human
MSCs for bone augmentation prior to dental implant placement.
In this work, MSC-conditioned media was loaded into a scaffold
made of beta-tricalcium phosphate (f-TCP, Osferion, Olympus
Terumo Biomaterials, Tokyo, Japan) and covered with a PLGA
membrane (GC Membrane, GC, Tokyo, Japan). After six months,
some remnants of f-TCP and newly formed bone were found
covering the lateral window almost completely. Moreover, radio-
graphic analysis showed early bone formation in all the eight pa-
tients, five of which were GBR cases. Despite this study showing
the safety of the conditioned media application, the efficacy of
this approach would need to be evaluated in a separate clinical
trial. Although the application of the conditioned media was di-
rected to the scaffold placed into the bone defect, such approach
could be also directly applied to the barrier membrane for the
development of third generation GBR membranes, opening new
avenues for bone regeneration strategies.

4.1.2. Cytokines and Growth Factors

Cytokine and growth factor delivery for bone healing has been
tested not only when incorporated into membranes, but also
when administered locally to the defect by injection or in com-
bination with biocompatible carriers (i.e., bone fillers). In the
vast majority of the studies, the combined effect of growth fac-
tors and bone filler increases to a greater extent in presence of a
barrier membrane that protects the defect area from soft tissue
ingrowth. A growing body of literature shows that bone regenera-
tion could be enhanced by exposing the treated area to a number
of different growth factors, such as platelet-derived growth factor
(PDGF),”Y platelet-rich growth factor (PRGF),/”?] transforming
growth factor beta-1 (TGF-$1),l”*] and fibroblast growth factor-
2 (FGF-2).7" The regeneration of bone defects depends on the
recruitment of progenitor cells from bone marrow or present
at the defect site, which subsequently differentiate to form ma-
ture bone tissue.[””! The osteogenic growth peptide (OGP) and
its C-terminal pentapeptide OGP(10-14) stimulate the differen-
tiation, proliferation, alkaline phosphatase activity, and matrix
mineralization of osteoblastic cells.l’®] A biopolymer-based mem-
brane made of bacterial cellulose and collagen functionalized
with OGP(10-14) showed high osteoinductive properties in a rat
femoral defect.l”’] In the context of active compounds delivery,
the chemical link between the active compound and the bioma-
terial used for GBR membranes is of fundamental importance
for in situ tissue regeneration. Indeed, the correlation between

© 2020 Wiley-VCH GmbH
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Table 2. Preclinical studies exploring the effect of GBR membranes on bone healing. Abbreviations: rhBMP-2, recombinant human bone morphogenetic
protein 2; rhTGF-$1, recombinant human transforming growth factor beta 1; FGF-2, fibroblast growth factor; DBBM, deproteinized bovine bone min-
eral; Zn, zing; Ti, titanium; Sr, strontium; CM, collagen membrane; HA, hydroxyapatite; BCP, biphasic calcium phosphate; rhBMP-9, recombinant hu-
man bone morphogenetic protein9; f-TCP, beta tricalcium phosphate; PRGF, platelet-rich growth factor; SDF-1a, stromal cell-derived factor-1 alpha;
L-PRF, Leukocyte- and platelet-rich fibrin; PGS, polyglycerol sebacate; cmRNA, chemically modified RNA; scCO,, supercritical CO,; mSIS, multilaminate
small intestinal submucosa; hAM, human amniotic membrane; PBSGL, copolyester—poly (butylene succinate-co-glycolate); PLA95, poly-50/95L-lactide;

EGCG, epigallocatechin-3-gallate; SIS, small intestinal submucosa; OGP, osteogenic growth peptide.

Characteristics

Animal models

Experimental groups

Loading of growth factors ~ Canine
into the defect Alveolar ridge

augmentation

Canine
Alveolar ridge

augmentation

Canine

Dehiscence defects

Canine
Alveolar ridge
augmentation

Canine
Alveolar ridge
augmentation

Canine
Alveolar ridge
augmentation

Loading of growth factors  Rat
or cytokines into the Calvarial defects

membrane

Rat
Femural defect

Rat
Calvarial defect

- Collagen sponge soaked in rhBMP-2,
covered with CM

- Collagen sponge soaked in DBBM, covered
with CM

- Collagen sponge alone, covered with CM

- PRGF adsorbed in f-TCP and covered with
aCM
- PRGF adsorbed in g-TCP

- Sham

- ePTFE membrane (MEM)

- Biphasic calcium phosphate (BCP)

- Cyanoacrylate-combined calcium
phosphate (CCP)

- BCP + MEM

- CCP + MEM

- Deproteinized bovine bone block in
combination with a collagen barrier
membrane

- Deproteinized bovine bone block infused
with recombinant human platelet-derived
growth factor (rhPDGF-BB)

- Deproteinized bovine bone block infused
with rhPDGF-BB, plus a collagen
resorbable barrier membrane

- Calcium carbonate and hydroxyethyl starch
loaded with 2.5 pg mL~! rhTGF-41
covered or not with ePTFE membrane

- Calcium carbonate and hydroxyethyl starch
loaded with 25 pyg mL™" rhTGF-$1 covered
or not with ePTFE membrane

- Collagen minipellets containing FGF-2
covered with ePTFE membrane

- Collagen minipellets covered with ePTFE
membrane

- Bio-Oss + CM with SDF-1a physically
adsorbed

- Bio-Oss + CM with SDF-1a chemically
cross-linked

- Bio-Oss + bone marrow stem cells
(BMSCs)

- Bio-Oss + CM

- Bacterial cellulose

- Bacterial cellulose + OGP

- Bacterial cellulose + collagen

- Bacterial cellulose + collagen + OGP

- Empty defect

- Perforated CM (Bio-Gide) + pDNA for
BMP-9

- Perforated CM + cmRNA for BMP-9

- Empty defect

Main findings Ref.
Collagen sponge soaked in rhBMP-2 provided [B1Similarly:
the greatest bone fill among the three using
treatment procedures. titanium
mesh or
ePTFE[82:83]

The presence of the CM did not affect bone 172]
regeneration nor implant osseointegration.
All the MEM groups showed more bone [203]
formation. BCP + MEM and CCP + MEM
showed
greater bone formation within the defect and on
top of the implant; the bone regeneration
heights
averaged 3.96 + 2.86 and 5.45 + 0.25 mm
for the BCP + MEM, CCP + MEM, respectively.

rhPDGF-BB combined with deproteinized 71
bovine block without barrier membrane
showed to regenerate significant amounts of
new bone in severe mandibular ridge defects.

rhTGF-B1 + barrier membrane greatly 73]

enhanced bone regeneration in osseous oral
defects

Controlled application of FGF-2 [74]
accelerates bone regeneration in membrane-
protected bone defects

Bio-Oss + CM chemically conjugated with [78]Similar:10]
SDF-1a promoted new ectopic bone and
microvessels formation compared to SDF-Ta
physically adsorbed and showed similar
effects on new bone formation compared to
Bio-Oss + BMSC group.

All the groups promoted higher levels of bone 1771
regeneration than the control group. The
bacterial cellulose + collagen + OGP group
showed more bone tissue in the repaired area
at 2 and 4 weeks than other membranes.

The CM could be used to deliver functional 187]
pDNA and cmRNA in vitro and in vivo. After 4
weeks in vivo, CM + pDNA and CM + cmRNA
resulted in higher bone volume to tissue
volume ratio when compared to empty defect.
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Characteristics

Animal models Experimental groups

Main findings Ref.

Loading of inorganic
compounds into the
membrane

Rabbit
Calvarial defect

- CM (Bio-Gide)

- DBBM (Bio-Oss)

- CM loaded with rhBMP-9

- DBBM loaded with rhBMP-9

- Empty defect

- CM (GENOSS) with DBBM (Bio-Oss)

- PCL/PLGA/B-TCP membrane with DBBM
(Bio-Oss)

Canine
Dehiscence defect

Rabbit
Calvarial defect

- Chitosan-magnesium membrane

- CM (Heal All)

- Empty control

Rat - Gelatin membrane coated with Zn—-HA
Calvarial defect powder

- Koken Tissue Guide

- Empty control

CM + rhBMP-9 induced a greater volume of 186]
native host bone and a complete horizontal
bone defect closure in absence of
multinucleated giant cells.

In vitro and in vivo studies demonstrated that 198]

PCL/PLGA/B-TCP membranes have similar

levels of biocompatibility and bone

regeneration as CM. The 3D printed

membrane showed higher tensile strength

both in wet and dry states, the tensile

property of collagen was reduced by 99%

under wet conditions.

No significant differences between the mm

chitosan—-magnesium membrane and
Heal-All groups were observed.
The Zn-HA gelatin membrane group yielded (1]
significantly greater bone formation
compared to the collagen membrane and the

unfilled control group.

Rabbit - BCP + strontium (Sr) HA-containing Mineralized new bone significantly increased in ~ [1%°]
Calvarial defect collagen membrane Sr/BCP from 12 to 24 weeks, with less
- Bio-Oss + Sr residual grafting material
- Bio-Oss + Bio-Guide
Membrane loaded with Rat - EGCG-Collagen membrane- CM The highest bone-healing efficacy was observed ~ [1?7]
anti-inflammatory Calvarial defect in EGCG—Collagen membrane group after 8
weeks of implantation. EGCG-Collagen
membrane in vivo induced the recruitment of
M2 macrophages, promoting secretion of
growth factors (VEGF and BMP-2) and the
expression of osteogenic markers (RUNX-2
and OPN).
Membranes structurally Dog - HA bone graft covered with microporous Ti ~ The microporous Ti mesh overall showed a 1153]
modified Alveolar ridge mesh (50 pm pore diameter) higher degree of new bone volume in the
augmentation - HA bone graft covered with macroporous defect site.
Ti mesh (1700 pm pore diameter)
Rat - Zn membrane without pores Zn membrane with 300 ym pores showed to [150]
Calvarial critical-size - Zn membrane with 300 pm pores drive better osteogenesis.
defect - Zn membrane with 1000 pm pores
- Ti membrane without pores as control
RabbitTibia defect - PGS membrane with 25 pm pores After 4 weeks in vivo, the PGS membrane with 1152]
- PGS membrane with 53 pm pores 25 pm pores was showing the highest bone
- CM (Bio-Gide) volume to tissue volume ratio, and after 12
- Empty defect weeks, it was almost completely covered by
new bone.
RabbitCalvarial defect - Electrospun PBSGL of increasing glycolate ~ PBSGL membrane with higher glycolate ratio [149]
ratio: 0, 10, 20, 40 support more new bone formation, with no
adverse inflammatory response.
Pig - Electrospun PLA95/43-TCP Increased cementum and bone height were 1204]
Alveolar ridge - PLA membrane (Epi-Guide) observed between empty control and the ES
augmentation - Empty defect PLA95/p-TCP membrane.
RatCalvarial defect -CM Mineralized-CM with controllable surface [143]
- Mineralized-CM-48 h stiffness promoted the adhesion,
- Empty defect proliferation, and osteogenic differentiation
of mesenchymal stem cells. In vivo, the defect
was almost completely covered by the new
bone tissue in the Mineralized-CM-48 group.
(Continued)
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Table 2. Continued.
Characteristics Animal models Experimental groups Main findings Ref.

Naturally derived
membranes

Effect of sterilization on
membrane

Membranes in
osteoporotic models

RabbitCalvarial defect

RatCalvarial defect

RabbitCalvarial defect

Dog
Alveolar ridge
augmentation

RabbitMandibular
defect

MouseCalvarial defect

Dog
Class Il furcation
defect

Diabetic rats
Calvarial subcutaneous

Osteoporotic
ratsCalvarial defects

3D printed resorbable PCL membranes with:

- 130 pm pore size + Bone grafting material
(Bio-C)

- 300 pm pore size + Bone grafting material
(Bio-C)

- 700 pm pore size + Bone grafting material
(Bio-C)

- Bone grafting material (Bio-C)

- Bilayered PLGA membrane

- Empty defect

- Gore-Tex
- Autologous pedicle periosteum layer

- Nonresorbable membrane with DBBM

- Nonresorbable membrane with g-TCP

- Resorbable membrane with DBBM

- Resorbable membrane with -TCP

- L-PRF with DBBM

- L-PRF with g-TCP

- DBBM (Bio-Oss)

- DBBM + mSIS

- DBBM + CM (Bio-Gide)

- Empty defect

First in vivo study:

- hAM fresh

- hAM cryopreserved

- CM (Bio-Gide)

Second in vivo:

- Defect filled with HA

- Defect filled with HA + BMP-2

- Defect filled with HA and covered with
cryo-hAM

- Defect filled with HA + BMP-2 and covered
with cryo-hAM

- Defect filled with HA and covered with CM

- Defect filled with HA + BMP-2 and covered
CcM

- CM (Vitala)

-CM + s5cCO,

- Empty defect

Hyaluronic acid adsorbed CM from porcine
pericardium

- Heparinized mineralized SIS loaded with
BMP2-related peptide P28 (mSIS/P28)
- mSIS- SIS

The 130 ym pore size group showed a
significantly
high level of new bone formation.

The solid layer inhibited connective tissue
invasion, while the inner layer promoted
proliferation, osteogenic differentiation, and
bone regeneration in vivo.

After 12 weeks, defects covered either by the
periosteum or by the membrane were almost
completely closed. Pedicle periosteum
enhances regeneration by acting as a barrier
and source of osteogenic components.

The L-PRF with DBBM showed a higher amount
of new bone formation. L-PRF demonstrated
to be more efficient than resorbable and

nonresorbable membranes.

mSIS showed longer degradation time (3
months). The overall volume and maturation
of new bone production were similar to the
commercial CM.

Cryo-hAM was linked to more bone formation
when the mesenchymal side of the tissue was
covering the defect site, however when
compared to CM in vivo, hAM showed limited
bone regeneration properties in presence of
bone substitute.

The supplementary scCO, treatment on the CM
did not impact the biocompatibility, allowing
for the infiltration of cells and degradation
over time. In vivo, the

CM + scCO, presented similar performance in
GTR toCM.

Induced diabetes significantly reduced the
thickness of the CM, while hyaluronic acid
delays membrane degradation in
uncontrolled diabetic compared with
normoglycemic rats.

mSIS-heparin-P28 greatly enhanced
osteoporotic bone regeneration

[151]

[154]

[139]

[140]

[141]

[142]

[144]

[164]

[162]
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Characteristics Animal models

Experimental groups

Main findings Ref.

Osteoporotic rats
Calvarial critical-size
defects
- healthy control
- sham operated

Defect treated with dPTFE membrane.
Osteoporosis was induced by ovariectomy
(OVX) and calcium-deficient diet:

d-PTFE membranes favored bone regeneration 1111

in osteoporotic and healthy rats.

- OVX rats treated with a single dose of

zolendronic acid

- OVX rats with no treatment

Rat A Ti microimplant covered with a

Alveolar ridge
augmentation

- streptozotocin-induced diabetes
- insulin-controlled diabetes- healthy

Diabetic miceCalvarial
defect membranes

- Membrane alone

Ti-reinforced ePTFE membrane was
implanted in three experimental groups:

- FGF-2-loaded polyglycolate:polylactide

Significant de novo bone formation can be [163]

achieved via GBR treatment in presence of
uncontrolled diabetes. Insulin-mediated
metabolic control may reverse these adverse
effects.

Membranes containing FGF-2 [166]

enhanced bone formation in diabetic animals
to near normal levels.

active compounds’ release dynamics and their paracrine activ-
ity needs to be evaluated accordingly to the biological activity in-
tended for the defect model in use. In this context, a collagen
membrane chemically conjugated to stromal-cell-derived factor-
1 alpha (SDF-1a) and combined with deproteinized bovine bone
mineral (DBBM, Bio-Oss, Geistlich, Wolhusen, Switzerland) was
able to significantly increase new bone production and microves-
sel sprouting than a collagen membrane physically adsorbed with
SDF-1a.I8] SDF-1« is a strong chemoattractant often used for re-
generative medicine applications.”®! In another study, a sixfold
increase in newly formed bone volume was observed when SDF-
la was loaded onto a PCL/gelatin electrospun membrane and
implanted with a titanium scaffold into a 5 mm skull defect in
nude rats.®] A group of growth factors that is widely used for
GBR applications is represented by the bone morphogenetic pro-
teins (BMPs). The local administration of bone morphogenetic
protein-2 (BMP-2) was able to enhance the osseointegration of
dental implants.[®!! In a canine model of saddle-type ridge defect,
a collagen sponge previously soaked with BMP-2 was placed into
the damaged area and covered with a collagen membrane, this
surgical procedure provided a higher degree of bone regeneration
when compared to the same collagen sponge loaded with DBBM
or without supplements. After 12 weeks from the surgery, the
bone fill percentage ranged from 79% to 92.5% in defects treated
with BMP-2 from different manufacturers, Medtronic and Os-
stem, respectively. The analysis of the osseointegration of func-
tionally loaded implants indicated a higher bone-to-implant con-
tact and bone density in BMP-2-treated groups without differ-
ences among manufacturers.[®!]

In other studies, the use of BMP-2 combined with barrier
membranes made of titanium mesh!®?] or ePTFE®! demon-
strated to be beneficial for the underlying bone healing. Fujioka-
Kobayashi et al.3*#5] reported the effect of BMP-9 on bone-
marrow-derived MSCs loaded into a DBBM scaffold (Bio-Oss,
Geistlich, Wolhusen, Switzerland) or into a collagen membrane
(Bio-Gide, Geistlich, Wolhusen, Switzerland). In both cases,
BMP-9 positively influenced the expression of osteoblastic genes,
alkaline phosphatase (ALP) activity, and calcium deposits.[8+8]
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In a model of rabbit calvarial defect, the direct delivery of BMP-
9 into the DBBM scaffold or into the collagen membrane in-
creased the regeneration of new bone and mineralization. How-
ever, only by loading BMP-9 into the collagen membrane caused
a complete horizontal defect closure, therefore giving a more pre-
dictable bone induction outcome.l®! In an alternative delivery ap-
proach, nanoplexes of polyethyleneimine loaded with either plas-
mid DNA (pDNA) or chemically modified RNA (cmRNA) encod-
ing for BMP-9 were loaded into perforated collagen membranes
to heal rat’s calvarial bone defects, both cases demonstrated to
induce high bone volume to tissue volume ratio.l®”] Although the
positive outcomes of these studies, it is important to note that
BMP class of growth factors are commonly applied in supraphysi-
ological doses with the consequent high costs and associated side
effects.®% Thus, there is increasing interest in cytokine- and
growth-factor-free and cell-free biomaterial systems that could
support the endogenous healing capacity through the recruit-
ment of host endogenous stem or progenitor cells to the injury
site.[91-93]

4.1.3. Inorganic Compounds

Synthetic calcium phosphates, including hydroxyapatite (HA), g-
TCP, and their combination into biphasic calcium phosphates
(BCPs), are largely used for orthopedic and dental applications
because of their osteoconductive and osteoinductive properties.
Such class of synthetic ceramics, like other bioactive bone graft
materials (bioglass, bone-derived or coral-derived HA) allow vas-
cular ingress, cellular infiltration and attachment, cartilage for-
mation, and calcified tissue deposition.[**’] The effect on bone
repair of a 3D printed membrane composed of f-TCP, PLGA,
and PCL was compared to a collagen membrane (GENOSS, Su-
won, South Korea) in a canine implant model.[®®! Eight weeks
after the surgery, the histologic and histomorphometric analysis
showed that the PCL/PLGA/S-TCP group did not differ signifi-
cantly from the collagen group. However, the new bone area and
bone-to-implant contact of the PCL/PLGA/-TCP group were
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Figure 3. Histological analysis of implant osseointegration. Red box: selection of the region of interest from the implant shoulder. NB, new bone;
GM, grafting material; MEM, membrane; I, implant (Goldner Trichrome stain; magnification x12.5 and x40. Analysis of A) the collagen group and B)
PCL/PLGA/S-TCP group. Reproduced under the terms of the CC-BY 3.0 license.[*®] Copyright 2016, the Authors. Published by IOP Publishing.

significantly higher than those of the collagen group (Fig-
ure 3).1 In some GBR membranes, synthetic ceramics have
been combined with other inorganic compounds, such as stron-
tium (Sr), zinc (Zn), or magnesium (Mg).”) Sr is involved
in bone mineral metabolism by inducing the expression of
osteogenic-related genes, differentiation markers, proliferation,
and reducing apoptosis levels.l1%-192] Pagqualetti et al.[1%%] have
demonstrated that Sr also affects bone mineralization during
skeletal development in zebrafish embryos. On the other hand,
Zn is involved in the preservation of bone mass by stimulating
bone formation by osteoblasts and inhibition of bone resorption
by osteoclasts.['%l Application of Mg on the surface of dental im-
plants significantly increases the bone—implant fixation in vivo.
Indeed, Mg is strongly involved in bone metabolism, stimulat-
ing osteoblast proliferation and protecting from excessive bone
resorption.!'%-1%8] Rabbit calvarial defects filled with BCP, cov-
ered with a Sr—-HA—collagen membrane and allowed to heal for
24 weeks, yielded increased levels of mineralized new bone and
lower amount of residual grafting material when compared to
a nonmodified collagen membrane (Bio-Gide, Geistlich, Wol-
husen, Switzerland).l'] Similarly, the use of a gelatin membrane
mixed with Zn—-HA led to higher levels of new bone formation in
a model of rat skull defect.'1% A chitosan-Mg membrane able
to stimulate ALP activity in vitro in MG63 cells, showed simi-
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lar levels of efficacy in vivo when compared to a collagen mem-
brane (Heal All, Yantai Zhenghai Biotechnology Co., Shandong,
China).[''! Taken together, these results suggest that membranes
loaded with inorganic compounds could improve implant inte-
gration and new bone regeneration. However, more studies are
needed to clarify the potential of these compounds, whose action
can be influenced by several factors such as dose, loading tech-
nique, and type of membrane associated.

4.1.4. Antimicrobial Drugs

The use of polymer-based MDs which incorporate antimicrobial
drugs are becoming an increasingly routine way of preventing
chronic infection and device failure.l''?] Although the incorpo-
ration into GBR membrane of antimicrobial agents such as sil-
ver ions,!113-116] tetracyclines,!''"1*] metronidazole,'2°122] and
azithromycin!'?*! may inhibit bacterial infection, it is difficult to
determine which antimicrobial agent provides the most appro-
priate infection control.?%) Systems employed for the long-term
release of prophylactic inhibitory or subinhibitory amounts of an-
tibiotics, in absence of strict harmonized guidelines, raise con-
cerns for their weakly proved efficacy and for their possible con-
tribution to enhancing bacterial biofilm formation and selecting
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resistant mutants.['"2] In the context of controlling the foreign
body response, a valid approach is to engineer biomaterials to
immunomodulate the host response to the implant and maxi-
mize the regenerative capacity of progenitor cells.'?*] In a model
of rat calvarial defect, epigallocatechin-3-gallate (EGCG) — an ex-
tract from green tea with proven anti-inflammatory effects!!25:126]
—was able to induce bone healing by recruiting pro-regenerative
M2 macrophages, promoting secretion of growth factors (Vas-
cular Endothelial Growth Factor,VEGF and BMP-2) and the ex-
pression of osteogenic genes (Runt-related transcription factor-2,
RUNX-2 and Osteopontin, OPN).[127:128]

4.1.5. Extracellular-Matrix-Based Membranes

The extracellular matrix (ECM) is a complex network of proteins
and polysaccharides surrounding cells in tissues. The ECM com-
position and resulting mechanical and biochemical properties
vary considerably between different tissue types. In addition to
providing structural support, it influences various cellular pro-
cesses, such as metabolic activity, proliferation, and differentia-
tion. The ECM accomplishes these functions by acting as a sub-
strate for cellular adhesion, polarization, and migration.['?] Bi-
ologic materials composed of mammalian ECM have been ef-
fectively used for the repair and reconstruction of a variety of
tissues, including skeletal muscle, 130132 esophagus,[133-1%] and
heart,[136-138] among others. Barrier membranes for GBR appli-
cations have been successfully fabricated using various biological
sources, such as pedicle periosteum,!'*! leukocyte- and platelet-
rich fibrin (L-PRF),["*) and small intestinal submucosa (SIS). In
particular, multilaminate small intestinal submucosa (mSIS)!#1]
consisted in a stack of eight lyophilized layers of acellular porcine
SIS.*1 When implanted in subcutaneous mice pockets, mSIS
lost 74% of the initial mass after 12 weeks, while the collagen
membrane (Bio-Gide, Geistlich, Wolhusen, Switzerland) control
completely degraded. In a rabbit critical-size mandible defect
model, while the amount of bone regenerated in presence of
mSIS was comparable to the control (collagen membrane), the
preparation process was affected by the variability of the donors,
which directly influenced the final mSIS efficacy. The human
amniotic membrane (hAM) is an abundant and readily available
human tissue used in regenerative medicine for its biological
and mechanical properties. Histologically, hAM is composed of
a layer of epithelial cells and a layer of MSC, this characteristic
makes hAM an interesting candidate for GBR membranes. The
regenerative properties of the two layers of freshly prepared hAM
versus cryopreserved hAM were compared in a model of mice
critical-size calvarial defect.['*?) While no difference was found
between the bone regeneration ability of fresh and cryopreserved
hAM, a greater response was given by covering the defect with the
mesenchymal side of cryo-hAM compared to its epithelial side.
However, bone formation was mainly restricted to the periphery
of the defect and only few small bone nodules were found in-
side the defect area. The introduction of HA particles and BMP-2
into the defect increased bone regeneration in both the presence
of cryo-hAM (MSC side) or of a collagen membrane (Bio-Gide,
Geistlich, Wolhusen, Switzerland). Not all studies in which bio-
logically sourced materials have been used report a positive heal-
ing response. These alternative outcomes have typically been at-
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tributed to variations in manufacturing methods and/or the vari-
ability of the biological source.['"]

4.2. GBR Membranes with Tailored Physical Properties to
Enhance Bone Regeneration

The membrane for GBR is responsible for providing a timely me-
chanical support at the implant site until the new bone is able to
withstand mechanical load. The membrane material should be
sufficiently robust to resist cell traction forces and wound con-
traction forces during tissue healing in vivo,*3] therefore it is
necessary to carefully balance the biomechanical properties with
the degradation kinetics. It is well accepted that sterilization pro-
tocols may potentially alter the structure and characteristics of
biomaterials through degradation and or cross-linking of the nat-
urally derived collagen matrix."**l Sterilization of commercial
GBR membranes is made mostly by gamma irradiation or ethy-
lene oxide (ETO) treatment.'*3] However, sterilization of colla-
gen through irradiation can damage the structure of the mate-
rial, while sterilization by ETO introduces the potential compli-
cation of ETO residuals that must be monitored and controlled.
An alternative sterilization method is the use of supercritical CO,
(scCO,), this method could result in improvements in biological
tissue processing/cleaning/safety with little to no disruption of
the native collagen structure.[**®] Tovar et al.l'*] showed the ef-
fect of scCO, sterilization method on a collagen membrane (Vi-
tala, Osteogenics Biomedical, Inc., Lubbock, TX, USA) used for a
canine class III furcation lesion. After scCO, treatment, the gross
fibrous structure was maintained without significant mass loss.
Both scCO,-treated and nontreated membranes showed partial
resorption after 6 weeks, vascularized new bone and periodontal
regeneration.

Biomimetic approaches to biomaterial design enable molec-
ular, structural, and biological compatibility similar to that of
the tissue being replaced to facilitate the regeneration of com-
plex tissues.['*’] Different approaches to fabricate materials with
properties and features analogous to native bone tissue have also
been investigated. For example, the surface of a collagen mem-
brane has been mineralized intrafibrillary by deposition of amor-
phous calcium phosphate (ACP) stabilized with carboxymethyl
chitosan to increase the stiffness and degradation time.['*] The
biomimetic mineralization process, which consisted in the trans-
formation of ACP nanoparticles into HA, was completed in 48 h.
Within this time frame, the ACP nanoparticles could penetrate
into the grooves of the collagen fibers and react to form plate-like
HA crystals. In this case, the stiffness was directly proportional
to the degree of the HA crystal size, and therefore to the overall
mineralization reaction time. When implanted subcutaneously,
such mineralized membrane seeded with MSCs gave rise to vas-
cularized new bone tissue, while in a model of critical-size rat
calvarial defect, the membrane was able to almost completely
repair the defect in 12 weeks. In another study, Pajoumshariati
et al.1*1 developed an electrospun membrane with tunable me-
chanical properties based on poly(butylene succinate) and PGA
with varying glycolate ratios. In vitro, the increase in the gly-
colate ratio correlated with increased mechanical properties, os-
teogenic gene expression, ALP activity, and calcium content. Sim-
ilarly, in vivo tests on rabbit calvarial defects confirmed more
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bone formation associated to membranes with higher glycolate
ratio.[1*9]

Membrane porosity is a fundamental design consideration as
it directly determines the surface area available for the adhesion
and growth of cells both in vitro and in vivo contexts. Therefore,
the pore network of the biomaterial is linked to the potential for
host tissue ingrowth to penetrate into the central regions, allow-
ing membrane remodeling and degradation. In assessing the sig-
nificance of porosity, several in vivo studies have been conducted
utilizing hard scaffold materials such as Zn,[**%! 3D printed re-
sorbable PCL,[>! polyglycerol sebacate, 52! or titanium!**3! with
defined pore dimensions. Although the pore sizes assessed in
these studies varies from 25 to 1000 pm according to the fab-
rication process, the authors agree that smaller-sized pores are
beneficial for in vivo new bone formation. Gradients of porosity
in GBR membranes have also been achieved with multiple mate-
rial layers. For instance, a PLGA membrane composed of an ex-
ternal solid layer to shield from connective tissue invasion, and
a porous inner layer to allow cell penetration and differentiation,
demonstrated improved vertical new bone formation eight weeks
postimplantation in a rat skull defect.l'> When implanted sepa-
rately, the solid layer could prevent connective tissue infiltration,
while the porous layer collapsed partially upon cell infiltration,
validating the distinct functions of the two architectures.

4.3. GBR Membranes in Pathological Contexts: Preclinical
Studies

GBR is a generally accepted therapeutic application to achieve
bone regeneration and it has been proposed as a promising
strategy to cure osteoporotic fractures. Although several studies
have investigated the regenerative ability of the GBR approach in
healthy bone, only few reports have explored the efficacy of GBR
strategy in osteoporotic bone. Osteoporosis is a metabolic dis-
ease characterized by reduced bone mass and changes in bone
microarchitecture, resulting in increased risk for fractures.!'!
It is reported that 27.6 million people are suffering from osteo-
porosis in Europe in 2010, a higher prevalence is represented by
postmenopausal Caucasian women,['*%] elderly,>”) and diabetic
patients.['>®] Strategies to enhance GBR-driven bone regenera-
tion in osteoporotic patients include the use of drugs, growth fac-
tors, or modification of the membrane architecture.['>) Bisphos-
phonates (e.g., zolendronic acid (ZA)) are among the most widely
prescribed drugs for the treatment of osteoporosis since they are
able to inhibit osteoclast activity and bone resorption.!'®% It has
been reported that a single low dose injection of ZA combined
with a dense PTFE (dPTFE) membrane (Cytoplast, Osteogenics
Biomedical, Inc., Lubbok, TX, USA), successfully enhanced new
bone formation in rat critical-size calvarial defects.'®!] In this
study, osteoporosis was induced in 6-month-old female rats by bi-
lateral ovariectomy and the administration of a calcium-deficient
diet. Similarly, heparinized and mineralized ECM derived from
small intestinal submucosa loaded with BMP-2-related peptide
P28 (SIS/P28), has been proposed for guided osteoporotic bone
regeneration.['?] In vivo, SIS/P28 greatly enhanced the forma-
tion of new bone and accelerated the healing of critical-sized bone
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defects in the osteoporosis model. Several clinical and experi-
mental studies have associated type 1 diabetes mellitus with sup-
pressed bone formation potentially due to decreased osteoblastic
recruitment and activity. Diabetes can be chemically induced by
injection of streptozotocin. In vivo studies indicate that osseoin-
tegration can be successfully achieved in chemically induced di-
abetes, while systemic insulin treatment can reverse the detri-
mental effect on the osseointegration process.l'*}! Since GBR col-
lagen membranes undergo rapid degradation when implanted
in subjects affected by uncontrolled diabetes, a possible strat-
egy to delay the degradation over time, is represented by the in-
troduction of cross-linked hyaluronic acid within the collagen
membrane architecture.['®*] Alternatively, a titanium-reinforced
ePTFE membrane has been employed in a model of chemically
induced diabetic rat for alveolar ridge augmentation.'®*) While
de novo bone formation could be achieved even in the presence
of uncontrolled diabetes, the predictability of the surgery out-
come was significantly lower when compared to healthy subjects,
such that an insulin-mediated metabolic control could benefit
surgery’s efficacy and implant osteointegration. In the context
of growth factor’s release to mitigate the effect of diabetes on
bone regeneration, Santana and Trackman('% evaluated the in-
fluence of FGF-2 in bone healing of mice calvarial defect. FGF-
2-loaded polyglycolate:polylactide membranes significantly stim-
ulated bone formation in diabetic animals to levels close to the
healthy controls. Those are only few preclinical examples show-
ing the versatility of the GBR approach for bone healing. Indeed,
GBR membranes can be combined to therapeutic approaches
aimed to mitigate or correct the effect of bone healing disorders,
leading to new paths for bone tissue regeneration strategies.

5. Industrialization Process

Despite large investments, the number of new tissue engineer-
ing products achieving clinical application and market release is
low.l1%7] Product development involves numerous changes before
reaching the final product design. Early stage design can take up
to 70% of the total product life cycle, influencing 70-85% of the
total product cost.['®] Therefore, it is during the early develop-
ment stages of the product that efforts focused to reduce and
control development risks should be expended.'®! A collabora-
tive network of engineers, researchers, industrial designers, en-
trepreneurs, and regulatory experts could help in validating an
early prototype into an industrial product ready for serial produc-
tion with improved replicability and user-friendliness.l'’% An in-
tegrated approach to the industrialization process not only would
allow to comply with the fundamental requirements in terms of
traceability, reproducibility, efficiency, and safety of the manufac-
turing process, but also highlights solutions to be implemented
for enhancing characteristics that could be overlooked, such as
aesthetics and packaging among others. A valid approach to min-
imize risks and help identify key factors for a successful design
of experiments is represented by the Quality By Design (QbD)
strategy, which implements a statistical method to investigate the
effect of multidimensional combinations and interactions of dif-
ferent parameters on the desired outputs.['7}173]
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5.1. Quality by Design

In the 1990s, Dr. J. Juran published his book on the concept
of QbD.I"*l His aim was to advance product and process qual-
ity in the manufacturing industry, particularly in the automo-
tive industry.['*] QbD was later adopted by the Food and Drug
Administration (FDA) and the International Conference on Har-
monisation as a risk-based approach for drug engineering.['’]
Although the QbD approach is more often seen in industrial
context, it can be introduced in research projects. It represents
an opportunity to deeply understand the product characteristics,
ensure higher quality standards, and reduce costs. In particular,
the specific parameters to be applied to the development of GBR
membranes are strongly dependent on the selected biomateri-
als. As such, the material attributes, the fabrication, and scale-up
process can differ greatly among products with same intended
final use. Although we cannot define standard parameters to ap-
ply specifically for GBR membrane’s development, QbD can de-
scribe a set of rules and priorities that will help defining a risk-
free manufacturing process.

The QbD approach aims to provide a deep understanding of
the product and its manufacturing, hence the identification and
control of all the variables is necessary to ensure the desired qual-
ity. In our experience, a new project implementing the QbD ap-
proach begins with a draft of the target product profile (TPP)
document. The TPP plays a key role in ensuring a clear and effi-
cient product development. Indeed, the TPP document provides
a summary of the product to be developed, its features, a set
of studies that must be done to demonstrate product’s efficacy,
safety, and quality. If used properly, the draft of the TPP document
allows to address issues (e.g., scaling-up of the manufacturing
process, preclinical and clinical studies) early in the product de-
velopment process, preventing late-stage failures. Moreover, this
document should be revisited multiple times over the course of
the development of the product.

Next, a set of variables determining product efficiency and pa-
tient safety need to be assigned and ranked according to their
critical role. Such variables are known as critical quality attributes
(CQAs). These variables need to be kept within a defined range
to ensure the expected quality of the product. Hence, a risk as-
sessment needs to be generated to establish the severity and
the impact of uncertainty on efficacy and safety. Factors influ-
encing variability of CQA are critical manufacturing attributes
(CMAs) and critical process parameters (CPPs), which are asso-
ciated with formulation and production parameters, respectively.
A risk assessment analysis at this stage is fundamental to identify
those parameters. When the effect of the attributes is not known,
their criticality may be estimated using the design of experiments
(DoE).

DoE is a set of statistical approaches to help defining ex-
periment design and analysis. Generally, when experiments are
planned in a research laboratory, only one factor at a time is var-
ied, while all others are held constant. Conversely, in DoE, all the
factors of interest can be examined in a single experiment, mini-
mizing the number of total experiments required and providing
information on key process interactions. This type of informa-
tion on interactions between factors cannot be easily obtained by
investigating the effect of each factor separately. The multidimen-
sional relationship of CMA and CPP able to ensure quality of the
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product and reliability of the process will define the design space
(DS) (Figure 4). Therefore, the use of parameters belonging to the
DS will still generate the same product, while using parameters
outside the DS would lead to a different product, hence it would
initiate a regulatory postapproval-change process. Finally, a pro-
cess analytical technology will measure in real time the critical
attributes and will help control whether the quality attributes are
kept within the previously assigned DS and to monitor the op-
erating conditions (Figure 4). QbD approach not only allows an
efficient use of resources, but also gives detailed analysis and in-
formation on reproducibility and errors. The application of QbD
reduces the size and hence the cost of process validation trials.
The implementation of the QbD approach would provide a strong
framework for guiding the different steps of product develop-
ment, but also it would contribute to establishing a collaborative
network of experts in paving the way to ensure the production
and commercialization of error-free MDs.

5.2. Legal Obligations of Manufacturers

Regulatory bodies in different countries establish the obligations
that manufacturers of MDs should comply with to ensure that
all the MDs produced and placed on the market remain in con-
formity with current regulations. In USA, first, manufacturers
must be registered with the FDA.['7®] Besides, the Code of Fed-
eral Regulation Part 820 establishes Quality System Regulation,
also known as current good manufacturing practices, (Interna-
tional Organization for Standardization (ISO) 9001:2015 “Qual-
ity Management Systems — Requirements”).[”7178] Similarly, the
European Union approved new Regulation 2017/745 on medical
devices (European Union Medical Device Regulation, EU MDR)
obliges manufacturers to register in the Unique Device Identifier
database (for more details, see Section 7). A quality management
system and a postmarket surveillance system are mandatory for
all manufacturers, which is appropriate to the risk class and the
type of device. In addition, a system for risk management and to
report incidents must be established. The quality management
system has to be kept updated and continuously improved.!'””]
Concerning the risk management system, the EU MDR aligns
closely with the EN ISO 14971:2019.['791 A risk management plan
for each device should be completed, identifying possible hazards
associated to each device and estimating the risk associated with
the intended use and misuse. Finally, assessment of production
and postmarket information on the documented risk assessment
are required, as well as changes to control measures based on the
assessment of production and postmarket information.!18]

6. Regulatory Requirements

Membranes for GBR are identified as MDs by health authorities.
In this section, we address important considerations about USA
and EU’s new regulation requirements and pathways for MD ap-
proval. In particular, we focus on classification and the regulatory
requirements of GBR membranes undergoing clinical and pre-
clinical evaluation. Moreover, Table 3 compiles classification and
approval requirements of MDs not only in EU and USA, but also
in three other big MD markets: Japan, China, and India.

© 2020 Wiley-VCH GmbH
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Figure 4. Schematic of the critical quality attributes within the design space. CQA, and CQA,, stand for CQA reference and CQA measures,

respectively.[17°]

6.1. USA Regulation

MD regulation in the US began in 1976 when the Medical De-
vice Regulation Act or Medical Device Amendments of 1976
were approved.!'8!l The FDA office responsible for MD evaluation
and approval is the Center for Devices and Radiological Health
(CDRH) (Table 4). The classification of implants being recog-
nized as MDs depends on the intended use of the device and the
subsequent indications for use, already mentioned in Section 4.
When developing a membrane for GBR, it is essential to iden-
tify the mechanism by which the primary intended purpose is
achieved, as this determines its classification as a MD or drug.
If the membrane is classified as a drug, the documentation and
the regulatory pathway are much more demanding and compli-
cated, and the process can be significantly prolonged over time.
To avoid this, it must be demonstrated that the desired effect of
the membrane is not achieved through chemical action. This can
be controversial and sometimes is at the origin of debates, since
cellular and tissue regeneration processes are always the result
of chemical or biochemical reactions.?!

6.1.1. GBR Membranes: MD Classification

FDA marketing authorizations are public.['¥#183] Membranes for
GBR are in general considered as class II medium risk and,
taking into consideration administrative and documentation re-
quirements, the clearance is obtained by proceeding to the pre-
market notification 510(k).['8*] The aim of this premarket sub-
mission is to demonstrate that is “substantially equivalent” to a
“predicate;” this means, that the device is atleast as safe and effec-
tive as a legally marketed device. In the case of GBR membranes,
this is the most common path to obtain market approval. Nev-
ertheless, FDA approval path includes not only a product com-
ponent, but also a company component, meaning that MD com-
panies are required to have a quality management system that
complies with GMP, as explained in Section 5.2.

6.1.2. GBR Membranes from Animal Origin

Many of the GBR membranes in the market and in clinical or
preclinical studies are made of collagen from animal sources,
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introducing several risks, mainly related to the transmission of
diseases. In light of this, the FDA Department of Health and Hu-
man Services released a “Medical devices utilizing animal tissues
and their derivatives” in 2019, that provides recommendations
to select and handle animal tissues and to evaluate the risk of
pathogen contamination. FDA’s advice is to use ISO 22442 guid-
ance but it clearly states that alternative approaches can be used if
they satisfy the requirement of the regulations.!*®*] When produc-
ing GBR membranes with compounds from animal origin, extra
documentation must be provided in the premarket submission
(510(k), premarket approval (PMA)), including i) data about the
control of animal tissue collection, ii) Information about the man-
ufacturing controls for animal tissue components, iii) data about
sterilization procedures, taking into consideration ISO 11135,
17665-1, 11137-1 and -2, 14160, 14937, iv) relevant information
about transmissible spongiform encephalopathy-specific issues.
In conclusion, GBR membranes from animal origin demand ex-
tra documentation to reduce the risk of pathogen transmission.
Even if the FDA does not impose specific tests, following ISO
22442 Part 1, 2, and 3, as well as indications compiled in the guid-
ance for Industry and FDA Staff published in 2019 seems the best
way to comply with current regulation.

6.1.3. GBR Membranes Containing Drugs/Biologicals

The mechanism by which a MD exerts its principal effect,
through chemical reaction or being metabolized, is key to clas-
sification as a MD. This is particularly important when develop-
ing a combination MD like GBR membranes containing drugs or
biologicals, such as growth factors. Since 2002, the Office of Com-
bination Products serves as a focal point for combination product
issues and for medical product classification and assignment is-
sues for agency staff and industry. The first step is to determine
which are the regulatory pathway and the competent authority
for approval based on the primary mode of action (PMOA), (Sec-
tion 503(g)). Since the CDRH that is responsible of MD approval
is considered the easiest regulatory path through the FDA, it is
frequently suggested to argue that the combination MD PMOA
is mechanical. In the case of GBR membranes containing drugs
or biological products, it is not difficult to demonstrate that the
device has a principal function other than delivering the active
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compound. Nevertheless, even if a combination MD is assigned
to the CDRH, additional requirements are demanded, according
to The Code of Federal Regulations 21 Part 4 Regulation of Com-
bination Products, referred to GMP for Combination Products
(Subpart A) and Postmarketing Safety Reporting for Combina-
tion Products (Subpart B).[18]

India (3.5 billion $)
Family Welfare (MoHFW)
and the Central Drugs

Standard Control
Organization (CDSCO)

India’s Ministry of Health and
Medical Device Rules 2018

6.1.4. General Consideration for Synthetic GBR Membranes and
Manufacturing Processes

Although the regulatory requirements for synthetic GBR mem-
branes can vary dependently on the material used and manu-
facturing technique, there are some general considerations that
can be taken into account. Specification standards are available
in order to guarantee the reproducibility of the material charac-
teristics, for instance: the ASTM F2579-18 standard focuses on
the specification for amorphous PLA and PGA resins for sur-
gical implants, while ASTM F754 — 08(2015) is specific for im-
plantable PTFE. However, these specifications address material
characteristics, some of them may be altered by the manufactur-
ing technique required for the production of the MDs. As such,
the properties of fabricated forms of these materials should be
analyzed independently with appropriate test methods in order
to guarantee safety and efficacy. In the context of the manufac-
turing technique, there is a broad range of different approaches
available, however we will limit our focus to the additive man-
ufacturing process, which is a rapidly growing technology often
used for product research and development in many industries.
A guidance document on “Technical considerations for additive
manufactured medical devices”!'8] is available to outline techni-
cal considerations associated with additive manufacturing pro-
cesses, and suggestions for testing and characterization for de-
vices fabricated with this method. In particular, with the addi-
tive manufacturing process, the starting material may undergo
substantial physical and/or chemical changes and this must be
taken into account when it comes to biocompatibility testing. The
starting material can be exposed to melting and solidification cy-
cles, which may result in undesired material chemistry for some
polymers. In this case, if the biocompatibility is not analyzed
as described by ISO-10993 "Biological Evaluation of Medical De-
vices Part 1: Evaluation and Testing within a Risk Management
Process” or if the test identifies a problem, additional material
chemistry information may be needed. Additionally, based on the
specifics of the material/machine type used, it might be neces-
sary to provide information or testing for polymers to guarantee
that there are not undesired or unintentionally formed chemical
entities that could pose at risk to patient health.

China (20 billion $)
(ex-CFDA, China Food and
Drug Administration)
Management of Medical

Products Administration
Devices 2014

Regulations on Supervisory

NMPA: National Medical

Japan (27 billion $)
Medical Devices (Act on Securing

Quiality, Efficacy and Safety of
Pharmaceuticals, Medical Devices,

Products, Gene Therapy Products,

Regenerative and Cellular Therapy
and Cosmetics) 2014

Welfare (MHLW)
Pharmaceutical and Medical Device

Japan’s Ministry of Health, Labor and
Agency (PMDA)

The Act on Pharmaceuticals and

EU (130 billion $)
and European Medicines

Agency (EMA)

National competent authorities
2017/745

Medical Devices Regulation

US (140 billion $)

6.2. EU Regulation

FDA Center for Devices and
Radiological Health

Medical Device Regulation
Act or Medical Device
Amendments of 1976. Food
and Drug Administration
Modernization Act of 1997

Title 21 Code of federal
regulations subchapter H:
Medical Devices

In 2017, the EU approved the new Regulation 2017/745 on med-
ical devices, amending Directive 2001/83/EC, Regulation (EC)
No 178/2002, and Regulation (EC) No 1223/2009 and repealing
Council Directives 90/385/EEC and 93/42/EEC.'¥] In particu-
lar, the new EU MDR was expected to come into full applica-
tion on May 2020.[7188-1%] However, the date of application has
been postponed by one year due to the COVID-19 crisis.[*!] Sev-
eral changes have now been introduced, mainly related to assess-

Table 4. Regulatory authorities and legislation currently applied. Market size data in US$!1%%1.

Country
Institution
Regulation
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Medical Devices Regulation ((EU) 2017/745) vs. Medical Devices Directive (93/42/EEC)

Viodieations

Scope inclusions

Active implantable MD

Combination MD: with
an ancillary medicinal
product derived from
human blood or
human plasma, or non-
viable tissues or cells of
human origin or their
derivatives

Devices manufactured
utilizing tissues or cells
of animal origin, or
their derivatives, which
are non-viable or are
rendered non-viable

Products specifically
intended for the
cleaning, disinfection
or sterilization of
devices

Some aesthetic
products without an
intended medical
purpose

Declaration of conformity
and CE-marking

More detail about the
information to be
included in the
declaration of
conformity is provided

Reinforcement of the
criteria for designation
and oversight of
Notified Bodies

Post-market
surveillance

Dtailed. requirements
for:

- A post-market
surveillance system
within the
manufacturer’s
qualitity management
system and the uses
for the data gathered

- A Post Market Clinical
Follow-up plan

Specific reports of PMS
are required to be
prepared and updated
periodically at a
frequency dependent
on the device
classification

Vigilance

Information contained
in guidelines is now in
the legal text

Changes in
terminology:
reportable events are
now called serious
incidents, and non-
reportable events are
now incidents or non-
serious incidents

The exemption rules
have been reduced:
the only exclusion
remaining is for
expected side-effects
that are clearly
detailed in the product
information and
contained in the
technical
documentation

The timelines for

reporting events has
been decreased

Open
Database

The new open
database
EUDAMED is
conceived as a
registration system
and alsoas a
collaborative
system, a
notification system,
a dissemination
system (open to
the public), and
interoperable

It was expected to
be operative in
2020 but the date
has been posposed
to 2022

Unique Device
Identification System

UDI device identifier
(‘UDI-DI’) specific to a
manufacturer and a
device, providing
access to the
information

UDI production
identifier (‘UDI-PI’)
that identifies the
unit of device
production and if
applicable the
packaged devices

Establishment of an
electronic database
for Unique Device
Identification (the
‘UDI database’),
which is part of the
EUDAMED database

Implant Card

Information to be
provided by the
manufacturer:
device name and
type; serial number
or lot or batch
number; UDI;
name, address and
website of the
manufacturer.

Blank fields to be
filled: patient ID;
name and address
of the healthcare
institution which
performed the
implantation; date
of implantation

Figure 5. Schematic showing the main modifications and novelties included in the MDR compared to the medical device directiv

ment of safety and performance, transparency of information to
patients on the benefits and risks, trading between EU member
states, and the responsibilities of Notified Bodies, that need to
be designated under the EU MDR (Figure 5).2%] Considering
the novelty of EU MDR, Figure 6 summarizes the main steps
to follow for CE marking of GBR membranes and the following
subsections compile the main requirements of the new Regula-
tion 2017/745 that refer to GBR membranes.?*®! Similar to USA
rules, the EU Regulation 2017/745 defines a GBR membrane as
a MD according to its intended mechanism of action. EU regu-
lation, nevertheless, is more precise, and refers to pharmacolog-
ical, immunological, or metabolic means, and not only chemical
action.

6.2.1. GBR Membranes: MD Classification

Taking into consideration EU classification, membranes for GBR
are classified as IIb or III, according to Rule 8: “all implantable
devices and long-term surgically invasive devices are classified
as class IIb unless they are active implantable devices or their
accessories, in which cases they are classified as class III.” Of
note, Regulation defines “long-term” as continuous use for more
than 30 days. In practice, most GBR membranes in the market
are considered as medium to high risk, equivalent to class IIb.
Requirements are in all cases conformity assessment based on
a quality management system and on assessment of technical
documentation after a notified body evaluation (major steps are
listed in Figure 6).
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e.1207]

6.2.2. GBR Membranes from Animal Origin

Membranes derived from animal origin follow under the scope
of Regulation 2017/745, that states “Regulation does apply to de-
vices manufactured utilizing tissues or cells of animal origin, or
their derivatives, which are nonviable or are rendered nonviable.”
Requirements in this case include document information about
the sourcing animals, such as geographical origin and veterinary
controls. Besides, tissue extraction and manipulation must be
done so as to assure safety for humans entering in contact with
the device, including safety with regard to viruses and other trans-
missible agents. In this context, particular attention has to be paid
to viral inactivation, except when the use of such methods would
lead to unacceptable degradation compromising the clinical ben-
efit of the device. Moreover, when membranes for GBR derived
from bovine, ovine, and caprine species, which is generally the
case, Regulation 722/2012 concerning particular requirements
with respect to active implantable MDs and MDs manufactured
utilizing tissues of animal origin apply.['*?) In practice, extra re-
quirements are demanded: including a) a risk analysis and risk
management process from the manufacturer, b) a justification
for the use of animal derivatives or tissues, having taken into ac-
count synthetic alternatives or lower risk tissues, c) the results of
elimination and inactivation studies or results of the analysis of
relevant literature, d) a quality control of the sources of raw mate-
rials, finished products, production process, testing, and subcon-
tractors, e) the need to audit matters related to the sourcing and
processing of animal tissues and derivatives, processes to elim-
inate or inactivate pathogens, including those activities carried
out by suppliers.
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Medical Device Regulation:

From May 2021 all MD have to comply with new MDR to obtain CE marking

GBR membrane:
Class llb or Il

Implementa  According to Annex VIII
QMs

According to Classification Criteria in MDR Annex VII

Most companies apply EN 1SO 13485

According to Annex II: information about the GBRm and its
intended use + testing reports, Clinical Evaluation Report, risk
e management plan, labelling...

Obtention of a UDI

L HVBZAVIZE  Obtention of a single Registration Number

QUL Obtention of CE marking and 1SO 13485

I l - QMS and Technical file must be audited by a NB
Notifi
Declaration of conformity
Affix CE marking

Register the GBRm and its UDI in
the EUDAMED database

certificate

Annual audition by a NB to ensure ongoing compliance with the MDR

Clinical evaluation, Post-Market surveilance and Post-Market Clinical Follow-up are required

Figure 6. CE Marking regulatory process for GBR membranes according to MDR 2017/745.1206]

6.2.3. GBR Membranes Containing Drugs/Biologicals

In the case of combination products, the European Commission
states, similarly to the FDA, that if the action of the medicinal
substance is ancillary to support the proper functioning of the
device, this one falls under MDR. Besides, the notified body shall
seek a scientific opinion from one of the competent authorities
on the quality and safety of the ancillary substance before it can
issue a CE certificate. This can cause important delays in the pro-
cedure since the consulted authority has 150-210 days to provide
its opinion. If the action of the medicinal substance is consid-
ered nonancillary, combination products are regulated by Direc-
tive 2001/83/EC.'%}] The Committee for Medicinal Products for
Human Use has recently published a Guideline on the quality
requirements for drug-device combinations.!**]

6.3. Regulation in Asian Countries

The Asian market of MDs is exponentially growing.'*! As a con-

sequence, MD policies have been recently modified and changes

will be introduced in the coming years. The three most relevant

MD markets in Asia nowadays are Japan, China, and India.['¢]
In Japan, the authority responsible of MD regulation is the

Ministry of Health, Labor and Welfare together with the Pharma-

Adv. Healthcare Mater. 2020, 9, 2000707

2000707 (19 of 24)

ceutical and Medical Device Agency. The Act of Pharmaceuticals
and Medical Devices was released in 2014 and introduced a classi-
fication based on the risk to patients in the event of malfunction
(Table 3).1] According to this classification, GBR membranes
may be considered Specially Controlled Devices associated to rel-
ative high risk. In the case of devices with an associate certifi-
cation standard, the MD is reviewed by a registered certification
body (this pathway is known as “Ninsho”). In the absence of certi-
fication standards, the MD has to follow the more complex Phar-
maceutical and Medical Devices Agency approval process (path-
way “Shonin”).[1%]

In 2014, the Regulations on Supervisory Management of Med-
ical Devices were approved in China. According to this new reg-
ulation, one of the critical points with GBR membranes that are
considered class II or III MD, is that they must have local clini-
cal trials in a certified center. Since most of the manufacturers of
GBR membranes come from countries other than China, this is
a great challenge that makes approval for marketing longer and
tougher. China’s State Council proposed in 2017 new regulations
for drugs and devices. Although these regulations have not yet
taken effect as laws, they expect modifications to be introduced
in the coming years. One of the novelties is the acceptance of for-
eign clinical trials that must however meet the standards of the
National Medical Products Administration (NMPA).[1]

Since 2018, MDs in India are regulated by the Medical Device
Rules. According to this, GBR membranes are classified as class

© 2020 Wiley-VCH GmbH
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B (low moderate risk) or class C (moderate high risk) devices and
therefore approval is done by Central Government.[?%! The new
regulation states that the only requirement to import and market
MDs is to apply for an import license (in the past, a registration
license was also demanded); licenses granted under the Medi-
cal Devices Rules are perpetual. Moreover, for GBR membranes
manufactured in regulated jurisdictions, that is, USA, EU, Aus-
tralia, Canada, and Japan, they do not require prior official inspec-
tion, contrary to MDs from Unregulated Jurisdictions, simplify-
ing the process and reducing the time for approval.

7. Conclusion

The application of a barrier membrane to shield the bone defect
from soft tissue ingrowth is an established strategy that has been
successfully implemented clinically. However, the costs associ-
ated with the development of this high-risk MD and the com-
plexity of a dynamic regulatory framework prevent new barrier
membranes to reach the clinical stages and finally the market.
The aim of this review was to provide a comprehensive overview
of commercially available GBR membranes and the latest preclin-
ical advancements in the context of the regulatory frameworks
of different countries, in order to shorten the path that brings
research from bench to bedside. The advantages of a QbD ap-
proach are reported to highlight the benefits of an integrated and
risk-free approach to the industrialization process. A multidisci-
plinary network of experts would not only inspire future investi-
gations, but also aid the translation of scientific knowledge and
rise the impact of biomedical research on the public healthcare
system.
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