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Abstract: Silk derived from the silkworm is known for its excellent biological and mechanical
properties. It has been used in various fields as a biomaterial, especially in bone tissue engineering
scaffolding. Recently, silk protein-based biomaterial has been used as a barrier membrane scaffolding
for guided bone regeneration (GBR). GBR promotes bone regeneration in bone defect areas using
special barrier membranes. GBR membranes should have biocompatibility, biodegradability, cell
occlusion, the mechanical properties of space-making, and easy clinical handling. Silk-based
biomaterial has excellent biologic and mechanical properties that make it a good candidate to
be used as GBR membranes. Recently, various forms of silk protein-based membranes have been
introduced, demonstrating excellent bone regeneration ability, including osteogenic cell proliferation
and osteogenic gene expression, and promoting new bone regeneration in vivo. In this article, we
introduced the characteristics of silk protein as bone tissue engineering scaffolding and the recent
application of such silk material as a GBR membrane. We also suggested future studies exploring
additional uses of silk-based materials as GBR membranes.
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1. Introduction

Guided bone regeneration (GBR) promotes new bone formation in bone defects using the barrier
membrane [1]. The barrier membrane prevents the infiltration of the epithelial cells and the down
growth of the connective tissue in the defect area [2]. It secures the space for the migration of
osteoblasts and osteogenic cells and for new bone to grow in [2]. The barrier membrane must have
several beneficial properties, such as biocompatibility, biodegradability without immune reaction,
cell occlusion to prevent epithelial cell migration, the mechanical property for space making, tissue
integration, and easy clinical handling [3]. However, there is no ideal barrier membrane that satisfies
all of these properties. Generally, two types of the membrane have been used for GBR: resorbable and
non-resorbable membranes [4].

Non-resorbable membranes, such as titanium mesh and titanium-reinforced
expanded-polytetrafluoroethylene (e-PTFE), have high biocompatibility, mechanical properties, and
stability [5]. They can stably maintain the form of grafted bone material and secure the space for bone
growth [6]. The e-PTFE membrane effectively occludes the soft tissue cell invasion [7]. Even though
non-resorbable membranes have had successful clinical outcomes in GBR, they can be more easily
exposed in the oral cavity and lead to wound dehiscence compared with resorbable membranes [8],
causing bacterial contamination on the membrane and potentially leading to the failure of the bone
graft. Therefore, when membrane exposure occurs, it should be removed immediately [9]. Resorbable
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membranes have been widely used in clinical practice due to their advantages with similar results as
the non-resorbable membranes [10]. As the main source of the resorbable membrane, collagen has
good biocompatibility, low risk of membrane exposure and donor site infection, and no need of a
secondary surgery for removal [11]. However, collagen membranes have weak mechanical properties,
rapid biodegradation, and lower space-making ability compared to non-resorbable membranes [10].
To overcome this problem, cross-linking membranes have been manufactured, but the agent used in
the cross-linking can be cytotoxic during degradation [12,13].

Silk derived from the silkworm Bombyx mori (B. mori) is a natural biopolymer [14]. Silk is
mainly composed of fibroin and sericin [14]. Silk fibroin (SF) has been used as a biomaterial after the
removal of sericin by the degumming process [15]. Several types of SF material have been used for
bone tissue engineering scaffolding, such as sponge, film, and hydrogel forms [16]. SF has excellent
biocompatibility, biodegradation, oxygen and water permeability, and tissue integration [16]. Recently,
the application of silk protein-based biomaterial for the GBR membrane has been reported [17,18].
SF membranes have good osteogenic cell adhesion and induce new bone formation [17]. Although SF
has excellent biological benefits as GBR membranes, it has weak mechanical properties and is difficult
to handle [19]. The silk mat from cocoons, which is not the result of the degumming process, shows
excellent mechanical properties [20]. This silk mat can be separated in different layers by eco-friendly
methods [20,21]. As a GBR membrane, it shows excellent tensile strength and comparable new bone
regeneration in vivo [20,22].

The clinical indication of the GBR procedure has been increased in the maxillofacial bone
region [23]. GBR membranes are applied to the areas of bone defect after cyst and tumor excision,
tooth extraction, and deficient alveolar bone for implant installation [11,24]. However, commercially
available GBR membranes have limitations according to their material, properties, and high prices [25].
The ideal GBR membrane has biological and mechanical properties, easy handling, and reasonable
pricing [26]. Previously, various forms of silk protein-based membrane have been introduced for use
in GBR [19]. Silk protein-based membranes have excellent osteogenic and mechanical properties and
show potential as GBR membranes [17,21]. In this review, we investigated the characteristics of silk
protein and introduced the recent study of the application of silk material as a GBR membrane. The
bone regeneration ability of silk-based membranes was reviewed, and future studies are suggested for
the use of silk membrane in the GBR technique.

2. Silk Material Proteins

Silk, as a protein polymer containing repetitive amino acids, is spun into fiber from the secretory
gland of Lepidoptera larvae, such as silkworms, spiders, bees, and flies [27]. The composition and
structure of silk differs depending on the species [28]. Silk derived from silkworms has been popularly
used in the textile industry for centuries and in biomedical suture material for decades due to its
excellent mechanical properties and biocompatibility [28]. Silk derived from silkworms consists of
two major proteins, fibroin (72–81%) and sericin (19–38%) [14]. Both proteins contain the same 18
amino acids, including glycine, alanine, and serine in different ratios [14]. Fibroin composes the core
of silk filament, and sericin coats the fibroin fiber (Figure 1). Sericin is a glue-like protein that makes
two fibroin fibers bind together [29]. Sericin is a water-soluble protein, and generally, it is removed
by the thermochemical treatment known as the degumming process [15]. Silk-based biomaterial has
been used as a suture material for wound treatment, and recently, it has been widely used as the
major component of biomaterials, including bone tissue scaffolding, wound dressing materials, drug
delivery, and vascular patches [27,30]. Silk material has suitable properties for use as bone scaffolding
material, and it can be easily obtained and processed in various forms of scaffolding [29].
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Figure 1. Scanning electron microscopic view of cocoon fiber. (a) The silk mat is composed of 
interconnecting strings. Each string has two main fibers (F) and surrounding bonding proteins (S). (b) 
After the removal of sericin (S), two fibers composed of silk fibroin (F) remain. 

2.1. Fibroin 

SF is hydrophobic protein and forms the core of silk filament [31]. It is approximately 10–25 µ in 
diameter and consists of two different proteins, which are heavy (H) and light (L) chain [32]. H and 
L chains connect with a single disulfide bond and have molecular weights of 325 and 25 kDa, 
respectively [33]. The P25 glycoprotein (25 kDa) is linked to the H and L complex with a non-covalent 
bond [33]. The H and L chains and P25 appear in SF with a 6:6:1 ratio [32]. The amino acid sequence 
of the H chain contains the repetitive hexapeptide of Gly-Ala-Gly-Ala-Gly-Ser and dipeptide of Gly-
Ala/Ser/Tyr, and it forms a more stable anti-parallel β-sheet crystallites structure [34]. While the H 
chain contains the repetitive peptide and is more hydrophobic, the L chain is non-repetitive and more 
hydrophilic [35]. The secondary structure of SF is the random coil and the anti-parallel β-sheet 
structure, which is connected to each peptide by a hydrogen bond [36]. The main crystal structure of 
SF is silk I and II. Silk I contains the random coil and amorphous structures, and silk II has an anti-
parallel β-sheet structure with hydrogen bonds [35]. These strong hydrogen bonds with adjacent 
chains contributes to the mechanical and tensile strength of SF [16,35,37]. 

SF is purified from sericin by the degumming process, which consists of boiling silk cocoons in 
alkaline solution [14]. It provides the mechanical properties of strength and toughness of silk fibers 
[14]. It also shows excellent biocompatibility, biodegradation, and differentiation of mesenchymal 
cells [33]. SF was recognized as a biomaterial by the United States (US) Food and Drug 
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easily processed by casting or an electrospinning technique using a SF solution [27,38]. Degummed 
silk cocoons are dissolved in the solvent mixture [16], and the mixture is dialyzed and formed into 
the aqueous SF solution [16,27]. SF membranes are obtained by casting this solution on a specific dish 
or plate, and it is transparent, rapidly soluble, and brittle in its dry state [19]. Electrospinning 
nanofibers have been used for the manufacture of SF membranes [39]. These membranes show 
improved mechanical properties and slow degradability [38,39]. Both SF membranes show excellent 
osteogenic cell affinity and induce the new bone regeneration on the animal calvarial defect as a 
barrier membrane [19,39,40].  
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Figure 1. Scanning electron microscopic view of cocoon fiber. (a) The silk mat is composed of
interconnecting strings. Each string has two main fibers (F) and surrounding bonding proteins (S).
(b) After the removal of sericin (S), two fibers composed of silk fibroin (F) remain.

2.1. Fibroin

SF is hydrophobic protein and forms the core of silk filament [31]. It is approximately 10–25
µ in diameter and consists of two different proteins, which are heavy (H) and light (L) chain [32].
H and L chains connect with a single disulfide bond and have molecular weights of 325 and 25 kDa,
respectively [33]. The P25 glycoprotein (25 kDa) is linked to the H and L complex with a non-covalent
bond [33]. The H and L chains and P25 appear in SF with a 6:6:1 ratio [32]. The amino acid sequence
of the H chain contains the repetitive hexapeptide of Gly-Ala-Gly-Ala-Gly-Ser and dipeptide of
Gly-Ala/Ser/Tyr, and it forms a more stable anti-parallel β-sheet crystallites structure [34]. While the
H chain contains the repetitive peptide and is more hydrophobic, the L chain is non-repetitive and
more hydrophilic [35]. The secondary structure of SF is the random coil and the anti-parallel β-sheet
structure, which is connected to each peptide by a hydrogen bond [36]. The main crystal structure
of SF is silk I and II. Silk I contains the random coil and amorphous structures, and silk II has an
anti-parallel β-sheet structure with hydrogen bonds [35]. These strong hydrogen bonds with adjacent
chains contributes to the mechanical and tensile strength of SF [16,35,37].

SF is purified from sericin by the degumming process, which consists of boiling silk cocoons in
alkaline solution [14]. It provides the mechanical properties of strength and toughness of silk fibers [14].
It also shows excellent biocompatibility, biodegradation, and differentiation of mesenchymal cells [33].
SF was recognized as a biomaterial by the United States (US) Food and Drug Administration (FDA) in
1993 [35]. SF has been used as a natural biopolymer for scaffolding for bone substitute materials [35].
Several types of SF materials have been manufactured for bone tissue engineering scaffolding, such
as sponges, films, hydrogels, and membranes [16]. SF membranes are easily processed by casting or
an electrospinning technique using a SF solution [27,38]. Degummed silk cocoons are dissolved in
the solvent mixture [16], and the mixture is dialyzed and formed into the aqueous SF solution [16,27].
SF membranes are obtained by casting this solution on a specific dish or plate, and it is transparent,
rapidly soluble, and brittle in its dry state [19]. Electrospinning nanofibers have been used for the
manufacture of SF membranes [39]. These membranes show improved mechanical properties and
slow degradability [38,39]. Both SF membranes show excellent osteogenic cell affinity and induce the
new bone regeneration on the animal calvarial defect as a barrier membrane [19,39,40].

2.2. Sericin

Sericin is a natural protein produced from the middle silk gland of the silkworm [41]. It coats the
fibroin fiber and acts as an adhesive to hold two fibroin fibers together [41]. It is composed of 18 amino
acids and serine, aspartic acid, and glycine in proportions of approximately 33.4%, 16.7%, and 13.5%,
respectively [42,43]. Sericin is a hydrophilic protein mainly composed of an amorphous random coil
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structure and less β-sheet structure [44]. Sericin has been considered to be a by-product of the silk
cocoon and discarded by the degumming process. However, a recent study has shown that sericin
has favorable biologic properties and the potential to be used as a biomaterial component [45]. Sericin
has biocompatibility, biodegradability, antibacterial activity, and resistance to oxidative stress and
ultraviolet radiation [46,47]. The immunologic response is a major concern when considering using
sericin as a biomaterial. However, sericin is known as a biocompatible polymer and induces a very
weak immunologic response when used alone [48]. Sericin is now used in various fields, including
pharmacologic, cosmetic, and biomedical applications [45].

Sericin has been suggested as a biomaterial for tissue regeneration [41]. Sericin is more hydrophilic
than fibroin and can more effectively induce collagen synthesis in dermal tissue. It is a good candidate
for use in tissue engineering scaffolding as a dressing material or skin substitute [49]. Sericin film
increases the proliferation of human skin keratinocytes and fibroblasts, and it accelerates wound
healing [49]. Sericin also has antimicrobial, antioxidant, and photo-protective ability from ultraviolet
radiation, so it has been effectively used as a dressing material for skin protection [50,51]. Sericin shows
potential as a bone tissue engineering scaffolding material. Hydroxyapatite (HA) and sericin composite
improves cell viability and increases the differentiation of osteogenic cells [52,53], and sericin coating
on a titanium implant induces the adhesion, differentiation, and proliferation of osteoblast cells on
the implant’s surface [54]. It may enhance osseointegration of titanium implants and bone healing.
Silk cocoon membranes containing fibroin and sericin have been studied as GBR membranes [20].
Silk cocoons may be separated into different layers, and the composition of sericin gradually increases
from the inner layer to the outer layer [20]. Low concentration and release of sericin from the middle
layer of silk cocoons induce increased osteogenic gene expression and affect the new bone regeneration
without immune reaction in vivo [20,55].

3. Silk Fibroin Membrane

3.1. Silk Fibroin Only Membrane

SF as natural biomaterial has been studied for use in the scaffolding of bone tissue engineering [35].
SF has been known as a biocompatible and biodegradable biomaterial [29]. However, SF is a
high-molecule natural polymer and can induce an inflammatory reaction when implanted in the
human body. Therefore, low molecular SF power is used as a bone graft scaffold [56]. Low molecular
SF power shows favorable osteogenic cell properties in in vitro studies. It increases the expression of
osteogenic genes, including alkaline phosphatase (ALP), collagen type 1, and transforming growth
factor-β1, and the ALP activity in MG-63 cells [56]. In vivo, the low molecular SF power combined
with Choukroun platelet-rich fibrin showed rapid bone regeneration compared with the empty defect
in a rabbit calvarial defect and a rabbit tibia peri-implant defect [57,58].

SF can be manufactured as a membrane-type scaffold for use as a GBR membrane [59]. GBR
membranes should have several properties, such as biocompatibility, mechanical properties for space
maintenance, cell occlusion of connective tissue cells, and biodegradability without inflammatory
reaction [10]. SF membranes can be made by an electrospinning and casting technique [27].
SF membrane has shown cell and tissue compatibility and the increase of osteogenic cell proliferation
(Figure 2) [17]. The electrospinning SF nanofiber membrane increased osteoblast-like cell attachment
and proliferation according to the culture period, and the expression of osteocalcin and ALP activity
were increased [38]. SF nanofiber membrane in a rabbit calvarial defect showed significantly increased
new bone regeneration compared with the empty defect without inflammatory reaction [38]. Compared
with commercial collagen membranes, SF nanofiber membranes have shown satisfactory mechanical
stability and new bone regeneration ability in a rat calvarial defect [39]. In clinical application,
SF nanofiber membranes have shown similar bone regeneration ability compared with polylactic
acid/poly(lactic/glycolic) acid (PLA/PLGA) membranes in tooth extraction defects [60,61].
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antimutagenic activity [62]. It has been used as a food additive for preventing the enzymatic 
browning of fruit and seafood [63]. Medically, it has been used as an antiparasitic and antiseptic 
agent, and now, it is used as a topical antiseptic ingredient for skin and throat lozenges [64,65]. 4-HR 
has an anticancer effect through the suppression of the transglutaminase and inhibition of the nuclear 
factor-κB (NF-κB) pathways [66]. The NF-κB pathway is related to osteoclast differentiation, and the 
NF-κB pathway inhibitor can impair the osteoclast activation [67,68]. As a result, 4-HR can inhibit the 
osteoclast activation, and it may contribute to new bone regeneration.  

4-HR has been used as an ingredient of bone graft material, and it has shown favorable results 
in new bone regeneration [69]. The 4-HR and HA combined graft material has shown higher initial 
bone regeneration in a rabbit calvarial defect [70]. 4-HR is coated on the titanium alloy surface and 

Figure 2. Scanning electron microscopy (SEM) images of cell attachment on the surface of silk fibroin
(SF) membranes. (A) SEM image shows the SF membrane surface for day 0; (B) the cells gradually filled
across the fiber texture, covering approximately 10–20% of the SF membrane surface; (C) at 5 days,
the gap between the SF membrane fibers was filled and covered by the cell attachment; (D) at 7 days,
the surface of the SF membrane was nearly filled and covered with cells (reproduced from previous
publication by permission) [17].

The SF membrane manufactured by the casting technique showed higher new bone regeneration
ability than the uncovered defect in a rabbit calvarial defect (Figure 3) [19], and compared with the
collagen membrane, it shows comparable new bone regeneration without inflammatory reaction [40].
However, the casting SF membrane has weak mechanical properties and is brittle in its dry state [19].
Despite their low mechanical properties and difficult handling, SF membranes can be suitable barrier
membranes for GBR due to their low cost and biocompatibility [40]. In the previously reported study,
the silk-based membranes showed their potential as GBR membranes. They have favorable osteogenic
cell compatibility and new bone regeneration ability with low immune reaction.

Appl. Sci. 2018, 8, x 5 of 16 

 
Figure 2. Scanning electron microscopy (SEM) images of cell attachment on the surface of silk fibroin 
(SF) membranes. (A) SEM image shows the SF membrane surface for day 0; (B) the cells gradually 
filled across the fiber texture, covering approximately 10–20% of the SF membrane surface; (C) at 5 
days, the gap between the SF membrane fibers was filled and covered by the cell attachment; (D) at 7 
days, the surface of the SF membrane was nearly filled and covered with cells (reproduced from 
previous publication by permission) [17]. 

The SF membrane manufactured by the casting technique showed higher new bone regeneration 
ability than the uncovered defect in a rabbit calvarial defect (Figure 3) [19], and compared with the 
collagen membrane, it shows comparable new bone regeneration without inflammatory reaction [40]. 
However, the casting SF membrane has weak mechanical properties and is brittle in its dry state [19]. 
Despite their low mechanical properties and difficult handling, SF membranes can be suitable barrier 
membranes for GBR due to their low cost and biocompatibility [40]. In the previously reported study, 
the silk-based membranes showed their potential as GBR membranes. They have favorable 
osteogenic cell compatibility and new bone regeneration ability with low immune reaction.  

   
(a) (b) (c) 

Figure 3. Micro-computerized tomography (CT) image at 8 weeks after operation [19]. SF membrane 
was applied on the rabbit calvarial defect. (a) Unfilled defect in the control group; (b) SF membrane 
group; (c) bone volume analysis of the micro-CT. New bone formation was significantly higher in the 
SF membrane group than the control (* p < 0.05). (“*” means significant difference). 

3.2. Silk Fibroin Membrane with Other Components 

3.2.1. 4-Hexylresorcinol 

4-hexylresorcinol (4-HR) is natural phenolic compound that has antimicrobial, antioxidant, and 
antimutagenic activity [62]. It has been used as a food additive for preventing the enzymatic 
browning of fruit and seafood [63]. Medically, it has been used as an antiparasitic and antiseptic 
agent, and now, it is used as a topical antiseptic ingredient for skin and throat lozenges [64,65]. 4-HR 
has an anticancer effect through the suppression of the transglutaminase and inhibition of the nuclear 
factor-κB (NF-κB) pathways [66]. The NF-κB pathway is related to osteoclast differentiation, and the 
NF-κB pathway inhibitor can impair the osteoclast activation [67,68]. As a result, 4-HR can inhibit the 
osteoclast activation, and it may contribute to new bone regeneration.  

4-HR has been used as an ingredient of bone graft material, and it has shown favorable results 
in new bone regeneration [69]. The 4-HR and HA combined graft material has shown higher initial 
bone regeneration in a rabbit calvarial defect [70]. 4-HR is coated on the titanium alloy surface and 

Figure 3. Micro-computerized tomography (CT) image at 8 weeks after operation [19]. SF membrane
was applied on the rabbit calvarial defect. (a) Unfilled defect in the control group; (b) SF membrane
group; (c) bone volume analysis of the micro-CT. New bone formation was significantly higher in the
SF membrane group than the control (* p < 0.05). (“*” means significant difference).

3.2. Silk Fibroin Membrane with Other Components

3.2.1. 4-Hexylresorcinol

4-hexylresorcinol (4-HR) is natural phenolic compound that has antimicrobial, antioxidant, and
antimutagenic activity [62]. It has been used as a food additive for preventing the enzymatic browning
of fruit and seafood [63]. Medically, it has been used as an antiparasitic and antiseptic agent, and now,
it is used as a topical antiseptic ingredient for skin and throat lozenges [64,65]. 4-HR has an anticancer
effect through the suppression of the transglutaminase and inhibition of the nuclear factor-κB (NF-κB)
pathways [66]. The NF-κB pathway is related to osteoclast differentiation, and the NF-κB pathway
inhibitor can impair the osteoclast activation [67,68]. As a result, 4-HR can inhibit the osteoclast
activation, and it may contribute to new bone regeneration.
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4-HR has been used as an ingredient of bone graft material, and it has shown favorable results in
new bone regeneration [69]. The 4-HR and HA combined graft material has shown higher initial bone
regeneration in a rabbit calvarial defect [70]. 4-HR is coated on the titanium alloy surface and induces
the osteogenic cell proliferation and contributes to the osseointegration of the implant. The 4-HR and
HA coating titanium surface shows more rapid cell proliferation and higher osteocalcin expression
and ALP activity than the HA-only surface coating. The HA and 4-HR coating implant requires
higher torque for removal and shows more bone contact area than the HA-only implant coating [71].
The antiseptic property and inhibition of osteoclastogenesis of 4-HR may contribute to the osteogenic
marker expression and osseointegration of the implant.

4-HR is a component of silk-based membranes for the GBR technique, and it shows higher bone
regeneration ability in bone defects [72]. 4-HR-incorporated silk membranes are used in the calvarial
defect, and they show more new bone regeneration compared with silk-only membranes [73], and the
3% 4-HR-loaded silk membrane showed more new bone formation compared with the commercial
collagen membrane in the rabbit calvarial defect (Figure 4) [72,74]. In peri-implant defects, 4-HR stably
maintains the space for new bone growth and effectively induces new bone regeneration around the
implant (Figure 5) [18]. 4-HR has antiseptic and osteoclast inactivation activity and can be used as
major component of the silk membrane for the GBR technique.
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Figure 5. Silk fibroin + 4-HR membrane was applied in a peri-implant defect [18]. Histological images
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group shows new bone regeneration in the peri-implant defect. Residual membrane (black arrow).

Grafted biomaterial can induce the foreign body reaction and giant cell formation in the implanted
site [75]. 4-HR inhibits the foreign body reaction through suppression of diacylglycerol kinase
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(DAGK) expression [76]. 4-HR decreases giant cell formation and phagocytosis in raw cells. Silk
graft material treated with 4-HR shows increased biodegradation and bone formation with less
foreign body reaction [76]. From a previous study, 4-HR shows antimicrobial activity and inhibits the
foreign body reaction and osteoclast inactivation [66,67]. 4-HR can be stably incorporated with a silk
membrane, so it can be effectively used as a component of the barrier membrane for preventing the
foreign body reaction of the GBR membranes [18].

3.2.2. Tetracycline

Tetracycline (TC) is a broad-spectrum antibiotic that is effective against gram-positive and negative
bacteria [77]. It inhibits the protein synthesis of bacteria and has bacteriostatic activity [77]. TC has
an affinity to the mineralizing tissue of bone and tooth and causes the proliferation of osteoblastic
cell [78]. It decreases the degradation of the collagen matrix and bone resorption and has been used for
the treatment of periodontal disease [79,80]. Using its antimicrobial and therapeutic activity, TC has
been used as a component of the SF membrane for new bone regeneration [81].

TC has different osteogenesis effects depending on the concentration [80]. In vitro, the 1% and 5%
TC-loaded SF membranes showed more proliferation and osteogenic potential in a gingiva-derived
mesenchymal cell compared with that of 10% TC. The 1%, 5%, and 10% TC-loaded SF membranes
in a rat calvarial defect showed more bone formation compared with the SF-only membrane, and
significantly higher bone formation was observed in the 5% TC-loaded membrane (Figure 6 and
Table 1) [81]. In another study, the 1% TC-loaded SF membrane showed increased new bone formation
compared with the SF-only membrane [82]. The antibiotic activity of TC helps to prevent bacterial
infection, and the osteogenic property of TC leads to the increase of new bone formation in the defect
area [82]. However, the TC-loaded SF membranes are brittle and weak in their dry states and are
difficult to handle, such as in the casting of the SF membrane [82]. Weak mechanical properties
should be improved for clinical use as GBR membranes. In high concentrations, TC can inhibit the
proliferation of osteoblasts [83]. The optimal concentration should be established for the use of TC as a
component of the GBR membrane.
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membrane was applied on a rabbit calvarial defect [81]. (a) SF membrane; (b) 1% TC-loaded SF
membrane; (c) 5% TC-loaded SF membrane; (d) 10% TC-loaded SF membrane.

Table 1. Micro-computed tomographic analysis.

Group SFM TC1 TC5 TC10

Bone volume (mm3) 2.00 ± 1.81 3.65 ± 2.86 9.87 ± 3.80 4.86 ± 1.86

(SFM: Silk fibroin membrane, TC1: 1% tetracycline-loaded SFM, TC5: 5% tetracycline-loaded SFM, TC10: 10%
tetracycline loaded-SFM).



Appl. Sci. 2018, 8, 1214 8 of 17

3.2.3. Chitosan, Hydroxyapatite, and Growth Factors

Chitosan is a natural polysaccharide derived from chitin that is known for its excellent biologic
properties, including biodegradability, biocompatibility, and antimicrobial activity [84]. Chitosan
has been used in biomedical and pharmaceutical applications, such as in wound healing, drug
carriers, and tissue engineering scaffolding [85]. Chitosan is blended with SF and widely used in
the tissue engineering scaffolding of bone and cartilage and skin healing [86]. Various forms of
chitosan-blended SF scaffolds can be manufactured for bone tissue engineering, such as film, nanofiber,
and membranes, and it shows good osteogenic properties by increasing osteogenic cell proliferation
and gene expression [84,87,88].

HA is blended with chitosan-SF membrane to strengthen its mechanical properties [87]. HA is the
main inorganic component of natural bone and has biocompatible, biodegradable, and osteoconductive
properties [89,90]. It provides higher mechanic strength and stability in the membrane [91].
Chitosan–fibroin–HA membranes have shown comparable new bone regeneration with commercial
collagen membranes in a rat calvarial defect [92,93]. They have not shown any obvious inflammatory
reaction, and they have the potential to be used as a GBR membrane [93].

Growth factors play an important role in bone tissue repair and remodeling [94,95]. Growth
factors, such as bone morphogenetic protein (BMP) and vascular endothelial growth factor
(VEGF), are combined with the chitosan–fibroin scaffold to promote bone regeneration [96,97].
Chitosan–fibroin–HA membranes have biocompatibility and mechanical properties, and BMP has
osteoinductive activity [98]. BMP has been successfully incorporated in the core of chitosan–fibroin–HA
nanofiber membranes, and these membranes have increased osteogenic cell differentiation and gene
expression [96]. VEGF is a major regulator of angiogenesis and supports osteogenesis [99,100]. VEGF
combined with a chitosan–SF scaffold has enhanced osteoblast cell proliferation and has shown its
potential as a scaffold of bone tissue engineering [97]. BMP and VEGF provide osteogenic benefits to
the scaffolding, and chitosan–fibroin is expected to be an ideal bone tissue engineering scaffold.

4. Silk Mat as GBR Membrane

Silkworm cocoons have a multi-layered structure (Figure 7), and the silk mat is produced from
silkworm cocoons by cutting and peeling off [20]. As it is produced manually without any chemical
treatment, its production is eco-friendly [20]. As the size of the cocoon is limited, the size of the silk
mat is also limited. Because silkworm cocoons have a layered structure, their separation into thin
membranes is easy. By manual separation, their thickness can be 0.01–0.2 mm. This silk mat shows
good tensile strength in wetting conditions [20,22]. Considering the oral environment, high tensile
strength in wetting conditions is an advantage.
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4.1. Composition of Silk Mat

The composition of the silk mat is different from its origin in the cocoon. The composition of silk
fibroin is almost consistent from the innermost to the outermost layers of the silkworm cocoon [101].
Silk sericin is considered as a bonding protein among hydrophilic silk fibers. The content of silk sericin
is different from the innermost layer to the outermost layer. The amount of sericin in the silk mat
increases from the inner to outer layers [102]. The sericin in the innermost layer is more or less 15%,
and in the outermost layer, it is 25% [102]. Seroin is considered to be an anti-septic protein, and its
content decreases from the inner to the outer layers [101]. The amount of various protease inhibitors is
also different according to the layer [103]. However, the detailed biological significance of each cocoon
protein has been largely unknown. The removal of the bonding proteins is called degumming [45,47].
The product of degumming is mostly sericin, but it is basically a heat-denatured protein. The natural
state has rarely been studied.

4.2. Physical Properties of Silk Mat

The silk mat has shown better physical properties compared with collagen or e-PTFE
membranes [22]. The tensile strength of the silk mat in the middle layer is 27.6 MPa, but those
of collagen membranes and e-PTFE are 3.5 MPa and 4.3 MPa, respectively [22]. Pore and fiber size is
increased from the inner layer to the outer layer (Figure 8).
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Figure 8. Scanning electron microscopic view of a silkworm cocoon. (a) The silk mat from the innermost
layer. The dense fibrotic network is shown with a small pore size; (b) the silk mat from the outermost
layer. The pore size and fiber thickness are larger than those in the innermost layer.

The silk mat from the middle layer and outer layer shows more water compatibility compared
with that from the inner layer (Figure 9).
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4.3. In Vitro Properties of Silk Mat

SF has been considered a cyto-compatible material [10]. Recently, sericin has been widely studied
as a biomaterial, and most results seem to be promising [48,54]. However, most papers studied sericin
as a degumming by-product [45,47]. Accordingly, they denatured sericin by boiling. Silk mat is mostly
composed of silk fibroin and sericin [20]. As SF is hydrophobic and surrounded by bonding proteins,
the fibroin effect on cellular culture is minimal in the silk mat. Natural sericin is fragmented in an
aqueous solution and solubilized in water. The fragmented natural sericin is a biologically important
component in the silk mat when it is used as a biomaterial [55]. The silk mat also has abundant
protease inhibitors, which are released from the silk mat [103].

When degumming products are given to RAW264.7 cells, TNF-α (tumor necrosis factor-α) is
increased in a dose-dependent manner [55]. As TNF-α is important in acute and chronic inflammation,
degumming products should be used in a controlled manner. In the case of the silk mat, natural sericin
will be released in a fragmented form. In addition, the content of sericin is different from the layers of
the cocoon [101]. Considering dose-dependent TNF-α induction by denatured sericin [55], the sericin
content in the silk mat should be small. As the content of sericin is increased from the inner to the
outer layers, the silk mat from the inner layer may be better than that from the outer layer. There are
other bonding proteins to sericin, such as seroin and protease inhibitors [101]. Although few studies
have been conducted on these proteins, they may induce TNF-α-like sericin. In the case of seroin, it
is abundant in the inner layer [101]. When TNF-α induction experiments are done for the silk mat
leaching solution, the least TNF-α-induced silk mat comes from the middle layer of the silkworm
cocoon [55].

Silk sericin has been used as dressing materials and cosmetics [45,47]. Implants coated with silk
sericin show better bone formation than those without [54]. Accordingly, silk sericin may be beneficial
for wound healing and bone regeneration [48,54]. However, detailed characterization of silk sericin in
previous studies has been largely unclear. Most studies categorize silk sericin as a whole silk industrial
by-product from the degumming process; however, it may be different from silk sericin protein.
In detail, silk sericin itself would also vary from species to species in silkworms. These differences may
cause difficulty in reproducing the results of previous papers. The silk mat from the middle layer of
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B. mori has been used for a toxicological survey by the Korea Food and Drug Administration (KFDA),
and permission to export was received. B. mori cannot eat any contaminated mulberry leaves [104].
Chemically contaminated leaves are toxic for B. mori [104]. No micro-organism has been identified
that can infect both human and B. mori [104]. In addition, infected larva cannot form cocoons [104].
Collectively, the silk mat from silkworm cocoons is a highly safe source of biomaterials compared with
any materials from mammals.

4.4. Animal Experiment and Clinical Trials

Cellular experiments have indicated that the silk mat from the middle layer of the cocoon has an
advantage to the others, and this hypothesis has been studied in an animal model. The silk mat from
the middle layer was compared to collagen and e-PTFE membranes in a rat calvarial defect model [22].
The silk mat showed bone regeneration similar to collagen and superior to e-PTFE membranes [22].
When the whole layer of cocoon was used for the GBR membrane, its bone formation ability was
inferior to the silk mat from the middle layer [21]. If silkworm cocoons are separated into four silk
mats of even thickness, the middle two groups showed better bone formation than the innermost and
outermost groups [55].

Based on cellular and animal model results, the KFDA approved clinical trials for silk mat as a
GBR technique (SPENSER-TS101, approved on 27 November 2015, Figure 10). These clinical trials were
also approved by the institutional review board of Hallym Medical Center (2016-S016). A total of 25
patients having bilaterally impacted third molars were enrolled. Patients received e-PTFE membranes
and silk mat membranes after tooth removal, and the application side was selected randomly. A single
patient received both type of membranes, the comparison between membrane groups was done by
paired samples t-test. When bone regeneration was evaluated at 6 months after the operation, there
was no significant difference between the groups (Figure 10; p > 0.05). In addition, both groups
showed significant bone gain when compared immediately after the extraction and 6 months after
the extraction (p < 0.05). The amount of bone gain was approximately 4 mm. When the bone defect
after the removal of a deeply impacted mandibular third molar was allowed to heal naturally, the
amount of bone gain was approximately 2 mm. The differences between application groups were
also statistically significant (p < 0.05). There were no serious complications in the silk mat application.
When the silk mat was exposed to an oral cavity by wound dehiscence, it could be contaminated by
foods and cause inflammation, similar to other types of membranes. However, wound dehiscence was
surgical-technique sensitive and not caused by the material.
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molars. Silk mat was applied to the right, and titanium-reinforced expanded-polytetrafluoroethylene
(e-PTFE) was applied to the left by random assignment; (b) six months after extraction. Both wounds
were healed without any event.

5. Conclusions

Silk derived from silkworms as a biomaterial has been used in various forms of bone tissue
engineering scaffolding. Silk has excellent biological and mechanical properties as a GBR membrane.
SF obtained from the degumming process has been manufactured as a barrier membrane. SF membrane
shows excellent osteogenic cell differentiation and proliferation and new bone regeneration ability.
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The SF membrane is stably incorporated with antimicrobial agents, biomaterials, and growth factors,
and it shows the synergistic effect of new bone regeneration. Although SF membranes have weak
mechanical properties and difficult clinical handling, they show a potential as a GBR membrane. Silk
mat has excellent mechanical strength and stability. It can be easily separated into different layers
from the cocoon. The middle layer of the silk mat shows more strength and new bone regeneration
ability compared with a commercial membrane. The middle layer shows less immunological reaction
compared with the outer and inner layers and shows a great potential as a GBR membrane in
clinical trials. Various forms and combinations of silk-based membranes have been developed.
Although it shows excellent potential as a GBR membrane, more biocompatible and biodegradable
silk-based membrane scaffolding should be developed that is free from the foreign body reaction.
The improvement of clinical handling and incorporation with other biomaterials, growth factors, and
medial agents were discussed for further development. Further study is needed for the clinical use of
silk-based membrane in the GBR technique.
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