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Abstract: Membranes are used for guided bone regeneration (GBR) in bone defects. Resorbable
membranes of collagen or aliphatic polyesters that do not require secondary surgery for removal,
unlike non-resorbable membranes, have been marketed for GBR. Platelet rich fibrin membrane
and silk-based membranes have recently been assessed as membranes for GBR. Studies have been
conducted on resorbable membranes with new materials to improve physical properties and bone
regeneration without any adverse inflammatory reactions. However, clinical research data remain
limited. More studies are needed to commercialize such membranes.
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1. Introduction

Guided bone regeneration (GBR) is a widely used technique for bone regeneration on alveolar
bone defects [1,2]. GBR uses a membrane as a physical barrier to prevent epithelial and connective
tissue in the bone defect [3—6]. The selection criteria for a membrane used for GBR are important [7].

Ideal membrane characteristics include tissue integration, cell occlusivity, clinical manageability,
space-making, and biocompatibility [8,9]. However, no membrane satisfies all of these conditions [9].

GBR membranes can be divided into two types—resorbable and non-resorbable—depending on
their degradation characteristics [10]. Non-resorbable membranes have the disadvantage of requiring
secondary surgery for removal that can cause additional pain, discomfort, infection, and economic
burden [3]. Resorbable membranes have been developed to overcome this problem [1].

The purpose of this paper is to selectively review new resorbable membrane materials used for
GBR. In this paper, the changes in characteristics of membranes by adding additives to commercial
membranes are described, unlike previous papers.

2. Collagen

Collagen has been used as a resorbable membrane for GBR [11]. Collagen membrane has the
advantages of low antigenicity, high biocompatibility, and excellent cell affinity, but pure collagen has
the disadvantage of being difficult to handle due to a paucity of physical properties, and it is degraded
quickly [12-14].

Cross-linking methods improve the physical properties of the collagen membrane and effectively
extend the absorption time [12,15,16]. Among the chemical cross-linking agents, glutaraldehyde
is the most widely used, but it has been reported to be cytotoxic [17,18]. To overcome the
drawbacks of this method, other cross-linking agents with low cytotoxicity have been developed.
Diphenylphosphorylazide (DPPA) provides biocompatibility and good handling characteristics without
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any cytotoxic effects [19,20]. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) cross-linked
collagen membrane has a high resistance to enzymatic digestion and low cytotoxicity [21,22].
Epigallocatechin-3-gallate (EGCG) cross-linked collagen membrane has better mechanical properties
and anti-inflammatory effects [23,24].

Several studies have reported changes in mechanical properties and outcomes of GBR by adding
additives to collagen membrane (Table 1).

Table 1. Experimental studies evaluating the performance of modified collagen membranes.

Experimental

Experimental Groups

Model (Membrane with/without New Material) Main Findings Reference
(i) Sham
(ii) Commercial collagen membrane
(GenDerm)
(iii) Mineralized polyanionic collagen The percentage of new bone
. membrane (PAC), without impregnation formation in (iii), (iv), and (v) was
525 drgfemc tc(ila‘;)aml with HA and cross-linked higher than (i) and (ii) [13]
with glutaraldehyde No significant difference in bone
(iv) PAC, impregnated with 25 cycles of HA formation among (iii), (iv), and (v)
and cross-linked with glutaraldehyde
(v) PAC, impregnated with 75 cycles of HA
and cross-linked with glutaraldehyde
(i)  Untreated collagen membranes The thickness of the regenerated
5 mm Calvarial (ii) EGCG cross-linked collagen membranes bone was significantly higher in (iv)
defect (rat) (iii) Nano-HA modified collagen membranes than in (ii) and (iii) [25]
(iv) Nano-HA modified (ii) and (iii) exhibited less bone
EGCG-collagen membranes regenerative ability than (i) and (iv)
(i) No membrane
5 mm Calvarial (ii) Collagen-HA single-layer dense membrane No significant difference between [26]
defect (rat) (iii) Collagen-HA double-layer membrane (iv) and (ii)/ (iii)
(iv) Collagen membrane (Bio-Gide)
The tensile strength and elastic
. modulus of (ii) increased by ~2 and
Osteoblast cell line EI)) %(:llagf D/Hﬁ memErane 3 times, compared to (i) [27]
(MC3T3-E1) 1) Chr.fe' ayere ‘;‘em rane (i) had better flexibility than (i)
(i) Hosan membrane The cells on (ii) proliferated to
significantly higher degrees than (iii)
Chitosan concentrations up to 2%
and B-TCP concentrations up to 29%
and 38% enhanced the tear
Osteoblast cell line  Three different chitosan concentrations (0.5%, 1%, resistance and flexural strength of
(MG-64 and and 2%) and five different concentrations of collagen membrane [11]
MC3T3-E1) B-TCP (0%, 17%, 29%, 38%, and 44%) Cells had favorable viability on
B-TCP/chitosan/collagen
composite membrane as well as
chitosan-coated collagen membrane
(i) Collagen membrane .
(ii) Collagen membrane treated with BMP-2 ‘(:Ile)elrg trl:eev\llagire;t ;ﬂi‘;‘;?i;gfﬁ;t
8 mm Calvarial (iif) Hep a}rir}izeg collgg];l\rjﬂr)nsmbrane (iv) we;e similar 28]
defect (rat) ) contau.ur.lg oun i After 8 weeks, (iv) had the largest
(iv) Heparinized collagen membrane new bone area, followed by (i)
containing bound BMP-7 and treated d (i) §
with BMP-2 and
(i) No treatment o
(i) Collagen membrane (iii) and (iv) significantly enhanced
8 . ) bone regeneration compared to (i)
(iii) Collagen membrane containing low-dose and (ii)
05 ug of PDGF (v) and (vi) significantly accelerated
4 mm Mandibular  (iv) Collagen membrane containing high-dose 1 & y
ramus defect (rat) g of PDGF bone regeneration to an even greater [29]
. extent than (iii) and (iv)
) g()o ﬂ;g:fn(;;? 5b rane containing low-dose The enhanced bone formation had

(vi) Collagen membrane containing high-dose
60 pg of GDF-5

a dose-dependent response (vi > v >
iv > iii)
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Collagen/hydroxyapatite (HA) membrane is known to have good biocompatibility, osteoconductivity,
and a similar composition and structure to natural bone [25,27]. However, collagen/HA membrane does
not have a substantially positive effect on bone regeneration [13,25,26].

[-Tricalcium phosphate (3-TCP)/chitosan/collagen membrane possesses good cell viability and
superior mechanical properties, as 3-TCP improves mechanical properties related to space maintenance
and stability, and chitosan chemically connects 3-TCP and collagen [11,27]. Only in vitro studies have
been conducted; additional in vivo studies on the effects of bone regeneration are required.

Bone morphogenetic proteins (BMPs), members of the transforming growth factor- (TGF-f3)
superfamily, are multifunctional growth factors. BMP-2 and BMP-7, in particular, play important roles
in osteoblast differentiation [28]. BMP-2 treated collagen membrane showed significantly more new
bone formation than collagen membrane. Furthermore, heparinized collagen membrane containing
bound BMP-7 and treated with BMP-2 resulted in significantly more new bone formation than collagen
membrane [28].

The released growth/differentiation factor 5 (GDF-5), a member of the TGF-f3 superfamily, from
collagen membrane, significantly increased cell proliferation and osteogenic gene expression. Collagen
membrane with GDEF-5 significantly enhanced and accelerated bone regeneration compared to the
platelet-derived growth factor (PDFG), without cytotoxicity [29].

3. Aliphatic Polyesters

Aliphatic polyesters, such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA),
poly(e-caprolactone) (PCL), poly(hydroxy valeric acid), poly(hydroxy butyric acid), and their
copolymers, are another category of synthetic polymers and have been used as preparation materials
for GBR membrane [4,30,31]. The advantages of aliphatic polyesters are that they are bioresorbable,
and possess good processability and manageability, but their disadvantages include a lack of rigidity
and stability [31]. Studies have been conducted to increase their advantages and reduce their
disadvantages by modifying, mixing, and adding additives rather than using aliphatic polyesters

alone (Table 2).

Table 2. Experimental studies evaluating the performance of modified aliphatic polyester membranes.

Experimental Groups

Experimental Model (Membrane with/without New Material) Main Findings Reference
e  Thesolid layer of (ii) was thicker
than (i); comparatively, (iii) had
(i)  Bi-layer PLGA membrane (—30 °C cooling) a, SOhj s}flrﬁc‘j a.nd }f{mfor;n layer
5 mm Calvarial defect (ii)  Bi-layer PLGA membrane (—70 °C cooling) ° _(1) an (lcli) al signt ;Fant fy | [32]
(rat) (iii) PLGA membrane (GC membrane) Increased voiume ratios ot newly .
. formed bone compared to (iii)
(iv) Sham and (iv)
. (i), (ii), and (iii) had similar
biodegradation behaviors
(i) PCL membrane
5 mm Calvarial defect (ii) PCL/PLGA membrane e  Bone regeneration after 2 months [33]
(rat) (iii) PCL/gelatin membrane was significantly higher in (iv) -
(iv) PCL/BCP membrane
e  No difference was observed in
Osteoblast cell line osteogenic differentiation between
MC3T3-E1)/4 x 2 mm i 3D-printed PCL/PLGA/3-TCP membrane i) and (ii) on day 14.
B g [5]
Mandibular peri-implant  (ii) Collagen membrane (i) had similar levels of }
defect (dog) biocompatibility and bone
regeneration to (ii)
7 % 5 % 5 mm (i)  3D-printed PCL membrane (ii) had significantly higher new
Mandibular defect (dog) (ii)  3D-printed PCL/p-TCP membrane bone plus bone substitute [34]
& (iii) Collagen membrane percentages values than (i) and (iii)
() Nomembrane (iii) exhibited the greatest amount of
: . o . new bone formation, followed by (ii)
8 mm Calvarial defect (ii)  3D-printed PCL/PLGA/B-TCP membrane and (i) at 4 and 8 weeks [35]

(rabbit)

(iif)

3D-printed
PCL/PLGA/B-TCP/rhBMP-2 membrane

post-implantation, and these were
significantly different
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Poly(lactic-co-glycolic acid) (PLGA) is a copolymer that can be prepared in different forms
of copolymer depending on the ratio of PLA and PGA, with the advantages of biocompatibility,
biodegradability, and processability [7,36]. Bi-layer PLGA membrane is composed of a thin dense film
that prevents the ingrowth of epithelial cells and a thick micro-fibrous layer that stabilizes blood clots
and helps cell colonization and bone regeneration [37]. Its mechanical properties are sufficient for
clinical use and it has a similar absorption rate to PLGA membrane and a higher rate of new bone
formation than PLGA membrane [32].

The blended PCL/biphasic calcium phosphate (BCP) membrane produced significantly higher
bone regeneration than PCL membrane, due to the osteoconductivity of BCP [33]. BCP consists of
HA and p-TCP, which affects the bioactivity and substitution rate depending on the ratio of HA and
B-TCP [38].

Many studies have been conducted recently on membranes using three-dimensional (3D)
printing technology to produce freeform membranes. A study of 3D-printed PCL/PLGA/B-TCP
membrane showed similar biocompatibility and bone regeneration compared to collagen membrane [5].
PCL/PLGA/B-TCP membrane has the biological advantage of PLGA with good cell affinity, the
mechanical advantage of PCL with good physical properties, and the osteoconductivity of 3-TCP [5,39].
PCL/PLGA/B-TCP membrane had satisfactory flexibility, space-making ability, and sufficient
physical properties for use in GBR [6]. In another study, 3D-printed PCL/-TCP membrane had
better biocompatibility and bone regeneration than PCL membrane and collagen membrane [34].
Recombinant human (rh) BMP-2-loaded PCL/PLGA /3-TCP membrane fabricated via 3D printing
showed better bone regeneration than the control and PCL/PLGA /-TCP membrane due to thBMP-2
with osteoinductivity [35].

4. Platelet Rich Fibrin

Platelet rich fibrin (PRF) is a second-generation platelet concentrate consisting of fibrin membrane
enriched with platelets, leukocytes, growth factors, and cytokines [40,41]. PRF is autologous in
nature, gradually resorbed over time, and healing biomaterial with potential for bone and soft tissue
regeneration [41]. PRF is simpler and faster to prepare compared to platelet rich plasma (PRP), because
it is only centrifuged blood without any additives such as anticoagulant, bovine thrombin, and any
other gelling agent [42,43]. It is also more suitable for manipulation or suturing [42]. In addition, it is
cost effective and carries no risk of allergic reaction [43,44]. The method of preparation of PRF is shown
in Figure 1 [40]. At this time, centrifugation should begin within 90 s, since the size decreases as the
time from the blood draw to the start of centrifugation is delayed [45].

N
N

<+— Acellular Plasma layer
10 minutes

Centrifuge .
at 3000 rpm <+— Fibrin clot
(Platelet rich fibrin layer)

<+— Red corpuscules base
(Red blood cell layer)

Figure 1. The method of preparation of platelet rich fibrin. A blood sample is taken in 10 mL tubes
without anticoagulants and immediately centrifuged at 3000 rpm for 10 min. A Fibrin clot is then
obtained in the middle of the tube, between the red corpuscles and the acellular plasma.

PRF could easily be compressed into PRF membrane, by pressing the PRF clot between two pieces
of surgical gauze [41,44]. PRF membrane has been successful in oral mucosal defects [44,46], periodontal
bone defects [41,47], gingival recession defects [42], and tympanic membrane perforation [48]. PRF
membrane offers acceptable elasticity and may stretch to some extent to cover wound edges, but it
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lacks rigidity and needs to be carefully handled to prevent tearing [41,44]. Because PRF membrane is
resorbed within two weeks or less at the implantation site, it can barely maintain sufficient space for
bone regeneration [49].

Several studies have been conducted to overcome these drawbacks. Heat-compression of the
PRF membrane results in delayed degradation up to 4 weeks without sacrificing its biocompatibility
by reducing the porosity and surface area, and it could easily be prepared at chair-side and applied
as a barrier membrane [49]. In addition, Ankaferd Blood Stopper, a standardized herbal extract
approved for external bleeding hemostasis, loaded PRF improved mechanical properties by reducing
porosity similar to heat compressed PRF membrane [50]. However, advanced research is required on
its biological properties.

As an improved formulation of PRF, concentration growth factor (CGF) was introduced by Sacco
in 2006 [51,52]. It is considered as a new fibrin matrix block made by separating it from a centrifuged
blood sample using a special device in a manner similar to PRF [52]. CGF is a bigger fibrin matrix with
a higher concentration of growth factors because of the different centrifugation speed [52]. Clinically,
CGF has showed good bone regeneration ability in maxillary sinus and alveolar bone augmentation,
and it was reported that the use of CGF membrane showed bone regeneration similar to collagen
membrane in GBR [53,54].

5. Silk-Based Materials

Silk, a natural macromolecule produced by Bombyx mori, has been used as a suturing material [55].
Silk membrane has excellent biocompatibility and mechanical strength, and a competitive price
without the risk of disease transmission of mammalian origin [1,56,57]. Since silk degrades very slowly,
it can generally be considered to be non-degradable [58]. However, alterations in silk processing can
accelerate degradation to meet the clinical requirements by changing the conformation of the protein
structure [58,59]. Thus, silk has been developed as a novel degradable membrane.

Silk fibers are composed of sericin, a glue-like protein that encases and binds fibroin fibers
together, and fibroin, which is the core filament responsible for the elasticity of silk [58,60]. Sericin
has been reported to cause adverse effects in those with biocompatibility and hypersensitivity to
silk [58]. Therefore, silk fibroin membranes from which sericin was removed via degumming have
been studied [55,57,59,61-65]. Silk fibroin has the advantages of low inflammation, and excellent
biocompatibility and mechanical properties [1,62]. Silk fibroin membrane, combined with other
biomaterials, has also been reported to improve bone regeneration (Table 3).

Table 3. Experimental studies evaluating the performance of modified silk membranes.

Experimental Experimental Groups

Model (Membrane with/without new Material) Main Findings Reference
8 mm Calvarial (i)  Chitosan/fibroin-HA membrane e Significant difference in bone volume and
defect (rat) (ii) Collagen membrane (Bio-Gide) bone mineral density between (i)/(ii) and (iii) [62]
(iii) No membrane e No significant difference between (i) and (ii)
8 mm Calvarial (i)  Chitin/fibroin-HA membrane e  Significant difference in bone volume and
defect (rat) (ii) Collagen membrane (Bio-Gide) bone mineral density between (i)/(ii) and (iii) [63]
(iii) No membrane e No significant difference between (i) and (ii)
e (i) and (ii) produced significantly higher bone
(i)  4-HR-incorporated silk regeneration than (iii)
8 mm Calvarial fabric membrane e  However, there was no significant difference [61]
defect (rabbit) (ii)  Silk fabric membrane between (i) and (ii)
(iii) No membrane e The amount of residual membrane was
significantly higher in (ii) than in (i)
3 x 5mm . . L
peri-implant defect (i) Nomembrane e  The gained bone volume was significantly 6]

(Rabbit tibia) (ii)  Silk fibroin with 4-HR membrane higher in (ii) than in (i)

Chitosan/fibroin/HA membrane, with osteoconductivity of HA, has been reported to produce
similar bone regeneration to collagen membrane. Chitosan, derived from the natural polymer
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chitin, is a polyheterosaccharide with flexibility, antibacterial activity, and a hydrophilic surface
that promotes cell adhesion, proliferation, and differentiation [62]. Fibroin/HA membrane containing
chitin, an acetylated chitosan with antibacterial and anti-inflammatory activity, instead of chitosan,
also has significant effects on new bone formation [63].

Silk fibroin membrane with 4-hexylresorcinol (4-HR) produced significantly more new bone
formation than an unfilled control group [61,66]. 4-HR is an antimicrobial agent that inhibits the
inflammatory response and accelerates the partial degradation of the silk membrane [65-67].

Silk membrane is manufactured using various methods such as electrospinning [1,64,68],
casting [55-57,63,66], and simple separation [68,69]. Scanning electron microscope images of silk
membranes manufactured by each technique are shown in Figure 2. Regardless of the production
method, silk membranes produce effective bone regeneration without inflammation.

20kV X300 50pm HanbatRIC

(b)

Figure 2. Scanning electron microscope (SEM) images of silk membranes manufactured using each
technique: (a) electrospinning; (b) casting; and (c) simple separation. Images were taken after sample
preparation using SU-70 (Hitachi, Japan) at 5 keV.

Electrospinning produces nanofibers using high voltage [70]. Silk fibroin nanofibrous membrane
thus exhibited significantly higher tensile strength than collagen membrane and improved new bone
regeneration without any adverse inflammatory reactions by promoting early osteogenesis [1,64].

The casting technique produces a transparent silk fibroin membrane, and this film type membrane
showed higher new bone formation than the unfilled control group [55]. Compared to collagen
membrane, the film type of membrane produced similar bone regeneration without any adverse
inflammatory reactions [57].

The simple separation technique separates the silk cocoon, which consists of multiple layers,
through mechanical peeling to obtain membranes of various thicknesses [69,71]. It was recently
reported that sericin does not cause inflammation [72], and studies have been conducted on membranes
using whole silk without degumming. The middle layer of a silk cocoon was more effective at bone
regeneration than unprocessed silk cocoon [69]. Furthermore, a thicker silk membrane was superior
for bone regeneration compared to the various thicknesses of silk membrane [68]. Silk membrane
produced via the simple separation technique has no risk of residual bio-hazard salts such as those
added during the degumming process. However, it is not possible to produce large membranes using
this technique, because the size of the silk membrane produced depends on the size of the cocoon [14].
Therefore, further studies are required on the fabrication of silk membranes of various sizes.

6. Conclusions

Several commercial resorbable membranes have advantages and disadvantages. Studies on new
materials have been conducted to overcome the disadvantages and to improve the bone regeneration
ability of these membranes. Further research is necessary to commercialize these membranes using
new materials.
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