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Abstract: A novel membrane for guided bone regeneration (GBR), constituting silk fibroin (SF) nanofiber from native
silk nanofibril solution, was prepared by electrospinning process. Another barrier membrane, a collagen-type membrane (Bio-Gide®), was used as a comparative sample. Twelve healthy male Sprague-Dawley rats were used in this
study. Bilateral round defects were created in the calvarial bone. The bone regenerative efficacy was evaluated in rat
calvarial defects. Animals were killed at 4 and 12 weeks. Bone regeneration was analyzed using micro-computed tomography and histological analysis. The SF nanofibrous membrane showed superior results with regard to mechanical tensile properties. At 4 weeks, the bone volume and collagen I positive areas in the SF group were greater than in
the Bio-Gide group. At 12 weeks, the defect had completely healed with new bone in both the groups. In conclusion,
the SF nanofibrous membranes showed satisfactory mechanical stability, good biocompatibility, slow degradability,
and improved new bone regeneration without any adverse inflammatory reactions. Considering the low cost and low
risk of disease transmission, the SF nanofibrous membrane is a potential candidate for GBR therapy compared with
the widely used collagen membranes.
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Introduction
Guided bone regeneration (GBR) is a widely
used strategy to preserve and reconstruct alveolar bony defects. The GBR technique uses a
membrane that serves as a barrier to resist the
migration of fast growing epithelial and connective tissues into the bony defect. Meanwhile,
the membrane maintains a secluded space to
allow the necessary time for osteogenic cell
proliferation and new bone formation [1]. The
ideal GBR membrane needs to satisfy the following criteria such as biocompatibility, space
creation and maintenance, ability to exclude
epithelial and connective tissues, osteogenesis, proper rate for degradation, clinical manageability, and cost-effectiveness [2].
In general, two types of GBR membranes (resorbable and nonresorbable) are available based on their degradation characteristics. The

nonresorbable membranes (e.g. expanded polytetrafluoroethylene) have desirable correlation between the level of bone regeneration
and maintenance of space. However, they need
a secondary surgical procedure for removing
the membrane, which may result in additional
discomfort, infection, and increased economic
burden [3]. To overcome these problems, all
types of resorbable membranes have been
developed. These membranes are usually made of polyglycolic acid, polylactic acid, polycaprolactone, and their copolymers or tissue-derived collagens [4]. Although these polymeric
membranes show positive results in clinical
studies, their poor osteogenesis and host immune reactivity are still major drawbacks [5]. In
contrast, collagen membranes show better bone regenerative results due to their excellent
biocompatibility and cell affinity. However, the
collagen derived from animal sources may have
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problems such as disease transmission, increased cost, and ethical and cultural issues.
Moreover, its low mechanical strength and variable rate of degradation are the concerns of
many clinicians [6]. Because of these shortcomings or defects in currently used membranes, new composite biomaterial with better
properties is required.
Silk fibroin (SF) is a promising substrate for
bone tissue engineering because of its useful
properties such as biocompatibility, biodegradability, good oxygen and water vapor permeability, high tensile strength, and noninflammatory
characteristics [7-9]. Recently, some researchers have investigated the SF as a membrane
for GBR, and the SF showed some encouraging
results [10, 11], suggesting that SF can be a
promising biomaterial for GBR membranes. To
improve the biological performance, silk has
been processed into nanofibrous membrane by
electrospinning, which significantly improved
cell adhesion and proliferation in vitro and bone
defect regeneration in vivo [12].
In spite of the numerous advantages of SF
nanofibers as biomedical materials, its application is largely restricted due to its poor mechanical properties resulting from a breakdown of
the peptide chain by specific solvent [13]. Recently, a new strategy to fabricate SF nanofibers with improved mechanical properties by
dissolving silk in calcium chloride-formic acid
(CaCl2-FA), which features preservation of nanofibrils, has been reported [14, 15]. Therefore, it
was hypothesized that SF nanofibrous membranes prepared by this method would have
enough mechanical stability to maintain the
space for bone regeneration and similar or better efficacy than widely used collagen membranes such as Bio-Gide® (Geistlich Pharma
AG, Wolhusen, Switzerland). Bio-Gide is a type
of commercial collagen membrane that has
been successfully used in GBR techniques.
Thus, in this study, the effectiveness of the
novel SF nanofibrous membrane derived from
CaCl2-FA as GBR membrane was evaluated in a
rat model of bone defect repair. Meanwhile,
Bio-Gide membrane was used as a positive
control. Later, surface morphology and mechanical properties were characterized and the efficacy of GBR of SF nanofibrous membranes and
Bio-Gide membranes was compared in rat calvarial defect models.
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Materials and methods
SF nanofibrous membranes
SF nanofibrous membranes were prepared as
per our previous study [14, 15]. Briefly, SF electrospin solution was prepared by dissolving
degummed silk in 98% FA containing 2% lithium bromide (LiBr) at a concentration of 10%
w/v. This SF-LiBr-FA solution was used for electrospinning with the following electrospin parameters: needle spinneret diameter 0.42 mm,
rate of injection 1 mL/h, working distance 10
cm, voltage 15 kV. After 20 h preparation to
obtain 0.4-mm-thick SF nanofibrous membranes, the collected membranes were treated
with 75% v/v ethanol to induce structural transition. Finally, SF nanofibrous membranes were
sterilized using gamma irradiation at standard
dose of 25 kGy for animal experiment.
Morphological observation
The morphology of electrospun SF nanofibrous membranes and Bio-Gide membranes (the
spongy layer) was observed using a scanning
electron microscope (SEM) (S-4800; Hitachi,
Japan) at 20°C, 60% relative humidity (RH).
Structural analysis
The structure of electrospun SF was observed using a Magna spectrometer (NicoLET
5700). The spectra were obtained in the spectral region of 400-4000 cm-1. The powder of
electrospun SF nanofibrous membrane was
pressed into potassium bromide pellets prior to
collection of data.
Mechanical properties
The mechanical properties of electrospun SF
nanofibrous membranes and collagen membranes (Bio-Gide) (25 mm × 13 mm) were obtained using a universal texting machine (Instron 3365; Instron, Norwood, MA) (gauge length: 20 mm; cross-head speed: 0.2 mm/s) at
25±0.5°C, 60±5% RH. At least five measurements for each sample were performed in the
testing.
Animal surgery for in vivo test
Twelve healthy male Sprague-Dawley rats with
a mean weight of 250 g (≈7-8 weeks) were used
in this study. This entire study protocol was
approved by the Animal Care and Experiment
Am J Transl Res 2015;7(11):2244-2253
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Figure 1. SEM images of electrospun SF nanofibrous membranes (A) and Bio-Gide® membranes (B). SEM, scanning
electron microscope; SF, silk fibroin.

ose on the right were covered with Bio-Gide
(Figure 3B). The pericranium and skin were
sutured in layers with 3-0 silk sutures. After
surgery, the rats were caged and received food
and water individually. At different time points
of healing (4 or 12 weeks), the animals were
killed by injecting an overdose of pentobarbital
sodium, and then the calvarial samples including both the defects, the membranes, and the
surrounding tissue were removed from the bodies. These samples were fixed with 4% paraformaldehyde for 24 h at room temperature.
Figure 2. FTIR spectra of SF nanofibrous electrospun
membrane. FTIR, Fourier transform infrared spectroscopy; SF, silk fibroin.

Committee of Institute of Soochow University
(Suzhou, China). Rats were provided general
anesthesia using celiac injections of 4% chloral
hydrate (1 mL/100 g body weight; Sigma-Aldrich). Once fully anesthetized, the site of surgery was shaved and disinfected with povidoneiodine, and a longitudinal incision was made in
the skull from the nasal to the occipital region.
After separating the skin and muscle, the calvarial surface on both sides of the midline was
exposed. A dental-trephine bur (5 mm in diameter; Dentium, Korea) was used to treat bilateral full-thickness calvarial defects under sterile saline irrigation (Figure 3A). During the punching process, great care was taken to avoid
perforation of the dura mater. Later the SF and
Bio-Gide membranes were trimmed into squares (6 mm × 6 mm in size) to fit the calvarial
defects well. The defects on the left were covered with SF nanofibrous membranes, and th-
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Micro-computed tomography analysis
The prepared samples were scanned using
a micro-computed tomography (CT) (SkyScan
1176; Bruker-microCT, Kontich, Belgium). The
scanning conditions were set at voltage 65 kV,
current 100 μA, duration of exposure 600 ms,
and Al filter 1 mm. The width of scanning was
50 mm and the axis of ray was vertical to the
bone defect surface. The system software was
used to reconstruct three-dimensional images.
The upper and lower threshold values for bone
were 255 and 85 grey. Because the initial bone
defect was round and 5 mm diameter, the
region of interest (ROI) was selected to reflect
the initial shape. The ROI of each sample was
analyzed for bone volume (BV) and bone mineral density (BMD).
Histological and immunohistochemical staining
Following micro-CT testing, samples were
decalcified in 10% ethylenediaminetetraacetic
acid for 2-4 weeks and dehydrated in a graded
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Figure 3. Establishment of rat calvarial defect model. (A) Before covering with GBR membranes; (B) SF nanofibrous
membranes (a) and Bio-Gide® membranes (b) covering the bone defect regions. GBR, guided bone regeneration;
SF, silk fibroin.

series of ethanol. Later samples were embedded in paraffin and cut into 5-µm sections from
the central area of the bony defects using a
microtome (Lecia RM2235 microtome; Lecia,
Wetzlar, Germany). For histological staining, the
sections were stained with hematoxylin and
eosin (H&E) and then were evaluated using a
microscope. For immunohistochemical staining, the sections were incubated with primary
rabbit anti-rat collagen I antibody (Biosynthesis
Biotechnology, Beijing, China) at 5 µg/mL for
60 min. Later, the sections were washed with
phosphate-buffered saline three times. The
secondary antibody was accomplished using
the Vectastain Elite ABC kit (Vector, Burlingame,
CA). These stained sections were also evaluated under microscope (Axioveter 40CFL; Zeiss,
Germany). The percentage of positive areas in
each section was calculated using the Image-J
software.
Statistical analysis
All quantitative data were expressed as mean±standard deviation. Comparisons of the data between the groups over time were performed using analysis of variance tests with
Tukey’s post hoc test. Statistical significance
was noted at P<0.05.
Results
Characterization of electrospun SF nanofibrous membrane
SEM images of electrospun SF nanofibrous
membranes and Bio-Gide membranes are shown in Figure 1. The SF nanofibrous membrane
2247

comprises randomly oriented nanofibers. The
nanofibrous diameter was 200 nm to 600 nm.
It has a porous structure, wide distribution of
pore size, and a large surface area to volume
ratio. The spongy layer of Bio-Gide membrane
was denser and less porous than the SF nanofibrous membrane.
The results of the Fourier transform infrared
spectroscopy spectra are shown in Figure 2.
The as-spun SF nanofibrous membrane showed
three absorption peaks at 1655 cm-1 (amide I),
1543 cm-1 (amide II), and 1250 cm-1 (amide III),
which indicates the random coil or helical
conformation.
However, after treatment with 75% v/v, the
structure of the SF nanofibrous membrane
transferred to Silk II with the absorption peaks
at 1633 cm-1 (amide I), 1526 cm-1 (amide II),
and 1232 cm-1 (amide III), which could improve
the stability and mechanical properties.
The results of the tensile testing are shown in
Table 1. The breaking elongation and strength
of the SF nanofibrous membrane (ethanol treated) were 46.5% and 9.4 Mpa, respectively,
compared with 31.35% and 7.78 Mpa in the
Bio-Gide group. The SF nanofibrous membranes had higher tensile strength than BioGide (P<0.05).
General observation of animals
All rats recovered well from the surgery and
remained in good health until the end of the
study. No significant weight reduction, rejection
of the membranes, and other postoperative
infection were noted.
Am J Transl Res 2015;7(11):2244-2253
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Table 1. Mechanical Properties of SF nanofibrous membrane and Bio-Gide® membrane

Discussion

SF is an attractive biomaterial and
has been widely used as bone graft
scaffolds [16] and used as membranes for GBR because of its desirable properties. These properties include good biocompatibility, low inflammation, and immunogenicity as
well as slow rate of degradation and remarkable mechanical properties. Recently, electrospun nanofibers have attracted considerable
interest in tissue regeneration including bone
reconstruction [17]. SF nanofiber prepared by
electrospinning supported mesenchymal stem
cell attachment, proliferation, and deposition
of extracellular matrix (ECM), and significantly
improved new bone formation at the defect
area, showing a potential application for GBR.
However, electrospun SF nanofibers usually suffer from poor tensile strength, which limited its
clinical application. The present study reported
a novel strategy to fabricate SF nanofibrous
membrane with significantly improved mechanical properties by preserving silk nanofibril structure during dissolving process [14, 18], which could be an ideal GBR membrane for bone
defect repair.

Breaking
Breaking
elongation (%) strength (Mpa)
SF nanofibrous membrane
46.5
9.4
Collagen membranes (Bio-Gide®)
31.35
7.78
SF, silk fibroin.

Micro-CT analysis
Data and images from micro-CT analysis are
presented in Figures 4 and 5. Obvious bone
regeneration was found in both groups at 4 and
12 weeks after surgery. At 4 weeks, the BV
value in the SF group was 3.52±0.68 mm3,
which was greater than (2.23±0.89 mm3) that
in the Bio-Gide group. The difference was statistically significant (P<0.05). At 12 weeks, the
BV value in the SF group was 9.38±2.52 mm3
and in the Bio-Gide group it was 10.56±2.08
mm3. However, the difference was not statistically significant (P>0.05). The BMD values in
both groups at 4 and 12 weeks were almost
the same. No statistically significant difference
was noted (P>0.05).
Histological evaluation
H&E staining of rat calvarial defects covered by
the SF or Bio-Gide membranes is shown in
Figure 6. At 4 weeks after surgery, a considerable amount of new bone was found from the
margins of calvarial defects in both the groups.
Additionally, the bone formation seemed to
increase with time, and completely bridged the
defect after 12 weeks. No sign of abnormal tissue response was observed.
The results of collagen I antibody immunostaining are shown in Figures 7 and 8. At 4 weeks
after surgery, moderate collagen I positive signals were found in newly formed woven bone.
The percentage of collagen I positive areas in
the SF group was significantly higher than those
in the Bio-Gide group (P<0.05). After 12 weeks,
strong collagen I signals were found in the both
groups. These two types of staining results
were consistent with micro-CT analysis.
The degradation of the two membranes was
totally different. The Bio-Gide membranes showed clear resorptive sign at 4 weeks, and fully
degraded at 12 weeks. In contrast, the SF
nanofibrous membranes could maintain morphological integrity by the end of 12 weeks.
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A successful biomaterial membrane for GBR
used in bone defect repair should not only
promote bone regeneration, but also alleviate
infection and inflammation. In this study, the
above novel electrospun SF nanofibrous membrane with higher strength and slower degradation was employed for GBR to repair rat calvarial defects. Rat calvarial defect model is often
used to test bone-regenerating materials in
vivo. A critical defect size of 5 mm in rat calvarial has been defined as the smallest bone
defect that does not heal spontaneously in its
lifetime [19]. In the present study, the CT and
histology showed that the defects covered by
the SF or Bio-Gide membranes demonstrated
obvious new bone formation at 4 weeks, and
almost completely healed the defect after 12
weeks. These results confirmed earlier studies
that SF could be used as a GBR membrane in
vivo [10-12, 20, 21]. Meanwhile, at first it was
found that the BV value and collagen I positive
areas in the SF group were greater than that in
the Bio-Gide group at 4 weeks after surgery
(P<0.05). It is indicated that the novel electrospun SF nanofibrous membrane may promote
early osteogenesis and may have better GBR
Am J Transl Res 2015;7(11):2244-2253
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Figure 4. Reconstructions of bone defects using micro-CT. Bone defects were covered by SF nanofibrous membranes (left) and Bio-Gide® membranes (right). (A) The front image of operated specimen at 4 weeks; (B) The front
image of operated specimen at 12 weeks; (C) The ROI image of operated specimen at 4 weeks. (D) The ROI image
of operated specimen at 12 weeks. CT, computed tomography; ROI, region of interest; SF, silk fibroin.

efficacy than collagen membranes at early
stage after surgery.
In addition to the biomaterials used, the preparation technique is another important factor in
affecting the properties and biocompatibility of
membranes [22]. Usually, GBR membranes are
prepared via dynamic filtration [23], particulate
leaching, and film casting [24]. Recently, a new
technique called electrospinning has become
popular for producing nanofiber membranes
[25, 26]. In this study, the electrospun SF nanofibrous membrane (the diameter of the nanofibers ranged from 200 nm to 600 nm) was fabricated. Moreover, it had a porous structure,
wide distribution of pore size, and a large surface area to volume ratio. Thus, the electrospun SF nanofibrous membrane can provide a
biomimetic cellular environment by mimicking
the dimensions of the ECM, which is important
for cellular growth [27, 28]. Kim et al. had
reported that osteoblastic cells attached and
2249

proliferated well on the electrospun SF nanofibrous membrane, and presented more ALP
activity than on culture plate [12]. Other studies have shown that SF could induce bone tissue growth when seeded with bone cells or
stem cells [29, 30]. Based on these earlier results, it was deduced that the novel electrospun SF nanofibrous membrane promoted bone
formation at early stage likely due to cell adhesion and proliferation.
Furthermore, previous studies have demonstrated that the pore size of the electrospun
membranes is smaller than the mean cell size,
which can inhibit the invasion of fibroblast but
allow efficient exchange of nutrients and growth
factors [26, 31]. This feature is able to satisfy
the demand of GBR membranes excellently. Interestingly, another study indicated that increasing the porosity of the membrane may promote early osteogenesis, but may not increase
the final amount of new bone [32]. This concluAm J Transl Res 2015;7(11):2244-2253
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Figure 5. Analysis of new bone formation using micro-CT at 4 weeks and 12 weeks postoperatively. (A) Bone volume;
(B) Bone mineral density. Data are mean±SD (n=6, *P<0.05). CT, computed tomography; SD, standard deviation.

Figure 6. H&E histological staining of rat calvarial defects covered by SF nanofibrous membranes or Bio-Gide®
membranes after 4 and 12 weeks. (A) SF nanofibrous membrane at 4 weeks postoperatively; (B) Bio-Gide membranes at 4 weeks postoperatively; (C) SF nanofibrous membrane at 12 weeks postoperatively; (D) Bio-Gide membranes at 12 weeks postoperatively (magnification × 25). Arrows: membranes; H&E, hematoxylin and eosin; NB:
new bone; OB: original bone; SF, silk fibroin.

sion was consistent with the results of the present study, suggesting that porosity of the membrane is an essential factor for GBR in early
healing stage but that the final BV obtained is
almost the same.

2250

The mechanical stability of GBR membranes is
an essential factor for the clinical success of
GBR therapy. Moreover, the extent and rate of
degradation may influence the new bone formation by changing the mechanical stability of
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Figure 7. Collagen I antibody immunohistological staining of rat calvarial defects covered by SF nanofibrous membranes or Bio-Gide® membranes after 4 and 12 weeks. (A) SF nanofibrous membrane at 4 weeks postoperatively;
(B) Bio-Gide membranes at 4 weeks postoperatively; (C) SF nanofibrous membranes at 12 weeks postoperatively;
(D) Bio-Gide membranes at 12 weeks postoperatively (magnification, × 400). SF, silk fibroin.

[12, 20] for GBR. However, they
were fragile, easily dissolved,
and had no data for comparing
the mechanical stability between
SF and collagen membranes. In
this study, it was found that the
tensile strength of electrospun
SF nanofibrous membrane can
be significantly improved by preserving native silk nanofibrils.
Furthermore, the electrospun SF
nanofibrous membrane showed
significant higher tensile strength
than Bio-Gide. In addition, in histological study, no distortion was
Figure 8. Percentage of collagen I positive areas at 4 and 12 weeks postobserved in the SF nanofibrous
operatively. Data are the mean±SD (n=6, *P<0.05). SD, standard deviamembranes at 12 weeks. They
tion.
could maintain morphological integrity, which provided the space
the membranes used [33]. In previous studies,
for bone formation, and prevented invasion of
SF had been fabricated into types of memsoft tissue. However, Bio-Gide membranes
branes by casting [10, 11] or electrospinning
showed resorptive sign at 4 weeks, and fully
2251

Am J Transl Res 2015;7(11):2244-2253

Silk fibroin guided bone regeneration
degraded at 12 weeks, which may decrease
the space available for bone regeneration. The
SF nanofibrous membranes prepared in this
study show satisfactory mechanical stability,
structural integrity as well as low immune reactivity, and thus have potential for clinical application of GBR.
Conclusion
A novel SF nanofibrous membrane was fabricated from native silk nanofibril solution by the
electrospinning process. In rat calvarial defect
model study, the SF nanofibrous membranes
showed satisfactory mechanical stability, good
biocompatibility, slow degradability, and improved new bone regeneration without any
adverse inflammatory reactions. Considering
the low cost and low risk of disease transmission, the SF nanofibrous membrane is a potential candidate for GBR therapy compared with
the widely used collagen membranes.
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