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A B S T R A C T

The capacity to simulate the construction of natural extracellular matrix is an effective approach to guided bone
regeneration (GBR). Here, novel nanocomposite fibrous membranes of silk fibroin (SF)-Laponite® (LAP) were
developed through electrospinning approach. The membranes were considered according to the physical and
mechanical characteristics, degradation rate, in vitro bioactivity evaluation and biological properties. Results
showed that the optimized nanocomposite fibrous membrane with meaningfully enhanced tensile strength,
toughness and elastic modules was obtained via incorporation of 5 wt% LAP nanoplates into SF membrane. LAP
nanoplates incorporation in the SF membrane promoted its hydrophilicity, swelling ratio, and degradation rate,
while induced apatite mineralization in simulated body fluid. Moreover, nanocomposite fibrous membranes
revealed meaningfully superior cellular responses compared to SF membrane. Consequently, nanocomposite SF-
LAP fibrous membranes anticipated to being appealing for GBR applications.

1. Introduction

Periodontal disease is an infectious sickness causing the destruction
of tissue attachment to the teeth, connection of periodontal ligament
(PDL) to the root cementum surface and tooth mobility which finally
leads to tooth loss (Armitage, 2004). Various regeneration approaches
have been applied to control the pathogenic factors, and promote the
reconstruction of periodontal tissue (Pihlstrom et al., 2005; Sundaram
et al., 2016). The most comprehensive way for reconstruction of teeth
and jaw bone as well as the treatment of periodontal disease is guided
bone regeneration (GBR). In this therapy, a barrier membrane is used to
support new bone regeneration in the deserted site whilst limiting fi-
brous tissue formation (Farzad and Mohammadi, 2012; Tal et al.,
2012). To promote bone regeneration, GBR membranes should have
several characteristics, comprising biocompatibility, appropriate me-
chanical properties for space conservation, ability to avoid epithelial
cell migration and proper degradation rate to support bone regenera-
tion. Natural polymers like collagen (Tal et al., 2012), silk fibroin (Lee
and Kim, 2014) and gelatin (Kim et al., 2005a) and synthetic polymers
like polylactic acid (PLA) (Zhang et al., 2013), polycaprolactone (PCL)
(Kharaziha et al., 2013) and polyethylene glycol (PEG) (Wang et al.,
2016) have been widely used in GBR applications. Among them, silk
fibroin with good biocompatibility, biodegradability, anti-thrombo-
genicity, and suitable mechanical properties is a promising choice for
bioresorbable GBR membranes (Kim et al., 2005b). Silk is a polypeptide

consists of two protein: sericin (28%) and fibroin (72%) (Zafar and Al-
Samadani, 2014). Fibroin is a large protein macromolecule consists of
crystalline (66%) and amorphous (33%) sections (Song et al., 2011).
Kim et al. (Kim et al., 2005b) applied electrospun silk fibroin for GBR
application and showed that this membrane possessed good bio-
compatibility without any evidence of inflammatory reaction. How-
ever, the limitation of silk fibroin like weak bone regeneration ability
led to development of composite structures using bioactive ceramics
such as hydroxyapatite (Bhumiratana et al., 2011), forsterite (Teimouri
et al., 2014), diopside (Ghorbanian et al., 2013) and wollastonite (Zhu
et al., 2010). Combination of a polymer and a bioactive ceramic could
promote mechanical properties and hydrophilicity and while improved
its bioactivity leading to superior cellular affinity (Kharaziha et al.,
2013).

One of the biocompatible ceramics, which has recently been applied
for bone tissue engineering and drug delivery system, is Laponite®
(LAP) (Roozbahani et al., 2017; Viseras et al., 2010). LAP is a kind of
silicate based nanoparticles with chemical formula
(Mg,Li)3Si4O10(OH)2Na3 and disc-shaped morphology with the dia-
meter of 25 nm and the thickness of 1 nm. LAP consists of negative face
charge and feebly positive edge charge leading to strong interaction
with polymers to develop nanocomposites with excellent physical and
mechanical properties (Tan et al., 2017). Previous studies revealed that
clay based nanocomposites could simultaneously improve durability,
mechanical strength, thermal stability, gas-barrier properties, surface
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characteristics and biocompatibility making them promising for various
tissue engineering applications (Villaça et al., 2017). For instance, re-
searches demonstrated that LAP nanoplates could promote cell pro-
liferation and encourage the osteogenic differentiation of human me-
senchymal stem cells (MSCs) in the lack of osteoinductive functions
(Gaharwar et al., 2013). Moreover, results demonstrated LAP nano-
plates could induce formation of apatite layer on the surface confirming
its bioactivity. Gaharwar et al. (Gaharwar et al., 2011a) applied LAP
nanoplates in order to improve the mechanical properties of poly-
ethylene oxide (PEO). Moreover, they showed the presence of LAP
nanoplates could promote cellular affinities and rate of degradability.
In another study, Wang et al. (Wang et al., 2013) fabricated LAP na-
noplates-poly lactic-co-glycolic acid (PLGA) nanofibers through elec-
trospinning method. The results showed that LAP nanoplates enhanced
the protein adsorption capacity, mechanical toughness, and bioactivity
of the PLGA membranes. Silva et al. (Silva et al., 2019) developed semi-
transparent and flexible nanocomposites of cellulose nanofibers and
LAP nanoplates. They revealed improved thermal resistance, and water
vapor permeability compared to pristine CNF film making it appro-
priate for tissue engineering application.

Despite the wide researches on the development of nanocomposite
membranes based on LAP-polymer, according to our knowledge, there
is no study on the fabrication of silk-LAP nanocomposites for various
applications. Herein, we developed novel nanocomposite silk-LAP fi-
brous membranes through electrospinning technique and evaluated
mechanical, chemical and biological properties of the membranes. It is
hypothesized that incorporation of LAP could simultaneously improve
mechanical properties, degradation rate and bioactivity of silk fibrous
membrane.

2. Materials and methods

2.1. Materials

High quality raw cocoons of silkworm, Bombyx mori was supplied by
Noghan company. Dialysis membrane with 12–14 kDa MWCO, Na2CO3

and LiBr was purchased from Sigma. Ethanol and formic acid (98%)
were purchased from Merck Co. Synthetic silicate nanoplates
(Laponite® RDS) containing SiO2 (59.5%), MgO (27.5%), Na2O (2.8%)
and Li2O (0.8%) with low heavy metals content was acquired from
Rockwood Additives Limited, UK.

2.2. Silk fibroin degumming process

Silk fibroin degumming was performed according to the previous
report (Teimouri et al., 2014). Briefly, Bombyx mori silkworm cocoons
were boiled in 0.02M Na2CO3 aqueous solution for 3 h, rinsed three
times with distilled water and then dried for 24 h. After dissolution in
9.3 M LiBr at 60 °C for 4 h, the solution was dialyzed against distilled
water for 3 days. Water was daily refreshed to remove ions and other
impurities. Consequently, the solution was collected by centrifugation
at 6000 rpm for 15min. Finally, the fibroin solution was lyophilized
and kept at −20 °C for next experiments.

2.3. Fabrication of Silk-LAP fibrous membranes

Nanocomposite Silk-LAP fibrous membranes consisting of various
concentrations of LAP nanoplates (0, 2, 5 and 10wt%) were fabricated
through electrospinning technique. After preparation of 17 wt% silk
fibrin solution in formic acid (98%), LAP nanoplates were added to it.
Following sonication treatment for 2 h, electrospinning process was
performed using a standard syringe equipped with a 23-G blunted
stainless steel needle. The electrospinning parameters consisting of flow
rate (5 ml/h), the needle-collector distance (20 cm) and the voltage
(30 kV) were kept constant. The fabricated membranes were subse-
quently dried overnight in a desiccator. Consequently, the membranes

were immersed in 99% ethanol for 30min to chemically crosslink silk
fibroin. Subsequently, the membranes were washed with distilled water
and dried for further characterizations. According to the composition of
LAP nanoparticles (0, 2, 5 and 10wt%) in the fibrous membranes, the
samples were named as SF-0LAP, SF-2LAP, SF-5LAP and SF-10LAP,
respectively.

2.4. Characterization of Silk-LAP fibrous membranes

The surface morphology of the fibrous membranes and the dis-
tribution of LAP nanoplates in the silk matrix was characterized by
scanning electron microscope equipped with energy-dispersive spec-
troscopy (SEM-EDS, Philips XL30). The average diameter of fibers
(n=50) was calculated using SEM images along with Image J software.
Furthermore, transmission electron microscopy (TEM, Philips EM208S
100 kV) was employed to investigate the morphology and particles size
of LAP as well as their distribution in the silk matrix.
Thermogravimetric analysis was performed on a BAHR thermal analysis
STA503 system (NETZSCH Instruments Co., Ltd., Germany). The
membranes were heated from room temperature to 800 °C with a
heating rate of 20 °C.min−1 under air atmosphere. Attenuated Total
Reflectance- Fourier Transform Infrared spectroscopy (ATR-FTIR,
Bruker Tensor-27) and X-ray diffraction (XRD, X'Pert Pro X-ray dif-
fractometer, Phillips, Netherlands) were applied to chemically evaluate
LAP nanoplates, silk fibroin and their composites. Furthermore, the
distance between the layers of LAP was investigated based on XRD
patterns using Bragg̕ s law (Eq. (1)):

=d λ Sinθ/2 (1)

where λ= 0.154 nm, the wavelength of the copper anode, d is the in-
terplanar distance, and θ is the diffraction angle. Moreover, the crys-
tallinity index of the membrane was calculated from FTIR spectra, ac-
cording the Eq. (2) (Lee et al., 1998):

= ×A ACrystallinity index% ( / ) 1001228 1161 (2)

where A1228 and A1161 are the absorbance at 1228 cm−1 and
1161 cm−1, respectively. Furthermore, the percent of β-sheets structure
in the membranes was calculated according to the OriginPro 2018
software using the following Eq. (3) (Shayannia et al., 2017):

− = + ×β A A Asheets% [( /( )] 1001639 1705 1693 (3)

where A1639 and A1705 are the area under the peaks located at
1639 cm−1 and 1705 cm−1, respectively.

The mechanical characteristics of the membranes with a length of
3–5mm and width of 10mm (n=5) were evaluated using uniaxial
tensile testing method (INSTRON, Zwick) at a rate of 2mm/min.
Mechanical properties such as tensile strength, elastic modulus,
toughness and elongation were determined from the stress–strain
curves. Hydrophilicity of membranes was also evaluated based on
water contact angle measurement by means of the static sessile drop
technique. The images of water droplets were taken (n=3), and con-
sequently the water contact angle was estimated using Image J software
and the average values were presented.

2.5. In vitro bioactivity evaluation of Silk-LAP fibrous membranes

Bioactivity of the membranes was evaluated in simulated body fluid
(SBF), prepared via Kokubo protocol (Kokubo et al., 1990). The samples
with size of 1× 1 cm2 were immersed in 10ml of SBF solution in
polyethylene containers at 37 °C for 21 days. The formation of apatite
layer on the surface of membranes was evaluated using SEM and EDS
techniques. Furthermore, the concentration of P and Ca ions were as-
sessed through inductively coupled plasma atomic emission spectro-
scopy (ICP, AES; Varian).
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2.6. Swelling and degradation analysis of membranes

Degradation of the membranes was studied using the mass loss
evaluation of the samples in phosphate buffer saline (PBS) prepared
based on the previous reported protocols (Dulbecco and Vogt, 1954;
Kokubo et al., 1990). The fibrous membranes with dimensions of
1× 1 cm2 were weighted and kept in PBS (pH=7.4) at 37 °C for 1, 7,
14, 21, and 28 days. At the specific time points, the samples were rinsed
in distilled water and dried in desiccator for 24 h. The mass loss of
membranes were calculated according to Eq. (4) (Hosseini et al., 2017):

= − ×W W WMass Loss (%) [( )/ ] 100t (4)

where W and Wt are the dry mass of samples, before and after soaking
in PBS, respectively. Moreover, the swelling (%) of samples was also
investigated based on a previous report (Hosseini et al., 2017). Briefly,
the membranes were cut into 1×1 cm2 were weighted and incubated
in PBS at 37 °C for 1, 7, 21, and 28 days. At specific time points, the
samples were evacuated and the surface water was dried with paper.
Finally, the swelling ratio was estimated according to the following Eq.
(5) (Zhou et al., 2010):

= − ×W W WSwelling (%) [( )/ ] 1000 0 (5)

where W0 and W are the dry and wet mass of the samples, before and
after soaking in water, respectively.

2.7. Cell culture

Biocompatibility of the membranes was also investigated using
Mesenchymal stem cells (MSCs) (passage No 4) obtained from Royan
Institute, Iran. Before cell culture, the membranes were sterilized by
soaking in 70% (v/v) ethanol and ultraviolent (UV) radiation exposure.
Subsequently, the cells were seeded on the samples (n=3) and tissue
culture plate (TCP) (control) with a density of 5000 cells/well and were
cultured in complete culture medium (DMEM-F12 supplemented with
10% (v/v) fetal bovine serum (FBS) and 1%(v/v) streptomycin/peni-
cillin) at 37 °C in a humidified atmosphere containing 5% CO2 for
7 days. All components were supplied by Bioidea, Iran.

The morphology of cells was examined through SEM imaging. After
7 days of culture, the cells were fixed with 2.5% (v/v) glutaraldehyde
(Sigma) for 3 h, washed with PBS, and dehydrated in the graded con-
centrations of ethanol (30–100%(v/v)), respectively. Finally, the sam-
ples were air dried and evaluated using SEM technique.

The viability of cells seeded on the samples and TCP was in-
vestigated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Sigma Co). Briefly, after discarding culture
medium, MTT solution (0.5 mg/ml) was added to the samples and
control (n= 3). After 4 h incubation, as-prepared formazan was dis-
solved in dimethyl sulfoxide (DMSO, Sigma) and finally, the optical
density of the dissolved formazan solution was measured using a mi-
croplate reader (BioTek, Model ELX800, USA) at a wavelength of
630 nm. Finally, the relative cell viability (% control) was calculated

Fig. 1. The morphology of silk-Laponite® membranes: (a) SEM images of membranes containing various amounts of nanoparticles: 0 wt% (SF-0LAP), 2 wt% (SF-
2LAP), 5 wt% (SF-5LAP) and 10wt% (SF-10LAP). (b) TEM image of SF-5LAP membrane. (c) Effect of nanoparticle content on the fiber size of membranes
(*:P < .05).
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based on the Eq. (6) (Mokhtari et al., 2018):

= − − ×X X X XRelative cell survival (%control) [( )/( )] 100Sample b C b

(6)

where XSample, Xb and Xc are the absorbance of the sample, blank
(DMSO) and control (TCP), respectively.

2.8. Statistical analysis

Statistical analysis was done via one-way ANOVA (n≥ 3). To es-
tablish statistically significance differences between groups, Tukey's
post-hoc test was performed using GraphPad Prism Software (V.6)
while a P-value< .05 was used to be significant.

3. Results and discussion

3.1. Characterization of Silk-LAP fibrous membranes

The GBR membranes applied in the defect sites with inadequate
bone mass, should simulate the fibrous structure of bone ECM and af-
ford bioactivity to encourage bone regeneration. Silk fibroin (SF) is one
the natural polymers which has been widely applied for GBR applica-
tions, thanks to its mechanical and physical properties. However, poor
osseointegration of silk fibroin led to development of nanocomposite
fibrous membranes using bioactive ceramics. In this research, LAP na-
noplates were incorporated in silk fibers by electrospinning process.
SEM images of fibrous membranes consisting of various amounts of LAP
nanoplates are presented in Fig. 1(a). All membranes consisted of
randomly-organized and bread-free fibers with smooth surface con-
firming that LAP nanoplates were completely distributed in the fibers
without any agglomeration. According to TEM image of SF-5LAP
(Fig. 1(b)), LAP nanoparticles were encapsulated inside the fibers.
However, the average fiber size and their distribution was modulated as
a function of LAP content. According to Fig. 1(c), while the average
fiber size of SF membrane was 100 ± 30 nm, it was significantly en-
hanced with increasing LAP nanoplates. Noticeably, in the case of SF-
5LAP, the average size of fibers enhanced to 270 ± 40 nm, while the
uniformity of fibers reduced. Teimouri et al. (Teimouri et al., 2016)
similarly developed electrospun SF/diopside membranes and found
that the average diameter of SF fibers gradually increased from
110 ± 50 nm to 360 ± 40 nm, after incorporation of 20 wt% diop-
side. Our results concluded that the spongy topography and the fiber
diameter of SF-LAP membranes were comparable to those of natural
ECM, fascinating cell attachment and proliferation. Generally, the fiber
diameters depended on the crucial parameters of the early suspensions
such as conductivity and viscosity of the spinning dope. The higher
conductivity of the electrospinning solution could prompt extensive
filament stretching throughout jet whipping leading to decreased fiber
size (Bhardwaj and Kundu, 2010). According to previous researches,
incorporation of LAP nanoplates could promote the conductivity of
polymeric solution due to the negative charge originated from anionic
LAP nanoplates (Jatav and Joshi, 2014). However, our results revealed
that incorporation of LAP nanoplates enhanced viscosity of the sus-
pension. Overall, higher spin-dope viscosity led to larger mean fiber
diameter due to the chain entanglement among the polymer chains
(Haider et al., 2015).

The presence of the doped LAP in the SF-10LAP membranes was
further established by TGA analysis (Fig. 2a). Apparently, the silk was
burned out at a high temperature above 400 °C and LAP were left out.
Our results demonstrated that the mass residuals of the SF-0LAP and the
SF-10LAP at 400 °C were estimated to be 15.2% and 24.8%, respec-
tively. The remained mass of SF-10LAP sample was in agreement with
the initial weight of LAP incorporated in the silk mass, suggesting that
the solvent composition did not result in degradation of LAP nano-
plates. This result was similarly reported in previous researches (Wang
et al., 2013; Wang et al., 2012). XRD patterns (Fig. 2(b)) also confirmed

the presence of LAP nanoplates in the silk matrix. XRD pattern of LAP
nanoplates consisted of four reflections related to (001), (02,11), (005)
(20,13) at 7.1, 19.8, 27.8 and 35.3°, respectively. According to eq. (1),
the d-value of the interlayer spacing of these reflections were 1.2, 0.45,
0.32 and 0.25 nm, respectively. These values were similarly reported in
a previous research (Golafshan et al., 2017b). In another word, XRD
pattern of silk fibroin consisted of a broad reflection at 2θ=20° at-
tributed to the β-sheet (silk II) crystalline with d-value parameter of
0.44 nm. This structure was stronger in mechanical properties and less
water-soluble than α-helix (silk I) structure (Zhu et al., 2010). The in-
tensity of this characteristic reflection reduced and this peak was
shifted to a lower degree, after incorporation of LAP nanoplates which
might be due to the interaction between the SF matrix and LAP nano-
plates. Moreover, our result revealed that the characteristic reflection of
LAP nanoplates could be detected only at SF-10LAP sample. The XRD
pattern of SF-10LAP membrane exhibited that in addition to the typical
reflections related to silk II, random coil peaks, two reflections of LAP
nanoplates cantered at 5° and 2θ=33.8° could be detected. According
to Eq. (1), the d-spacing value of these reflections were 1.76 and
0.26 nm, respectively. Therefore, incorporation of LAP nanoplates in
the SF matrix resulted in enhanced the d-value parameter confirming
that the polymer chains positioned between LAP nanoplates. This result
was similarly reported in previous researches (Golafshan et al., 2017b;
Jung et al., 2008). They showed that incorporation LAP in polymeric
matrix increased the interplanar spacing d-value corresponded to LAP
in final composite structure.

The interaction between LAP nanoplates and SF matrix was simi-
larly studied using ATR-FTIR spectroscopy. According to Fig. 2(c), the
spectrum of LAP nanoplates composed of SieO stretching vibration
situated at 1030 cm−1 (Fatnassi et al., 2014). In addition, the broad
peak at 3440 cm−1 (–OH stretching originating from free H2O) and two
sharp groups at 2962 and 2886 cm−1 (CH-stretching vibrations) could
also be recognized confirming the LAP structure (Roozbahani et al.,
2017). Considering the FTIR spectrum of SF-0LAP, the typical absorp-
tion groups at 1639 cm−1 (amide I), 1515 cm−1 (amide II), 1228 cm−1

(amide III) and 1161 cm−1 (amide III) could be detected (Ling et al.,
2011). Moreover, the peaks located at 1228 cm−1 assigned to β-sheet
and the peak at 1161 cm−1 related to random coil conformation, could
be detected. FTIR spectrum of SF-5LAP also consisted of the char-
acteristic absorbance bands of both LAP nanoplates and SF matrix.
However, the position of these peaks was changed and their intensity
was slightly modulated. For instance, the position of amide I (C]O
stretching) (at 1639 cm−1) shifted to 1651 cm−1. In addition, the ab-
sorbance band of amide II (NeH stretching) transferred to 1512 cm−1.
These changes might be due to interaction between polymer matrix and
LAP nanoplates.

According to TEM image (Fig. 2(d)), LAP nanoplates consisted of
disc-like particles with the average diameter and thickness of 25–30 nm
and 1 nm, respectively. This morphology provided a stable negative
charge on the surface due to isomorphous cation like Li+ and Mg2+

substitution in the tetrahedral and/or octahedral sheets and positive
charges due to broken SieO and Mg-OH groups on the edges (Fig. 2(e)).
Therefore, according to the schematic provided in Fig. 2(e), the ionic
interaction could be provided between the negative charge of amide I
(C]O stretching) and the positive charge of Li+ and Mg2+ as well as
the interaction among the positive charge of amide II (NeH stretching)
and negative charge of SieO and Mg-OH. These interactions resulted a
shift in the position of amide I and amide II in the FTIR spectrum. This
result powerfully demonstrated that LAP nanoplates successfully in-
teracted with the SF matrix without any surface modification. This in-
teraction was similarly reported in previous researches (Mousa et al.,
2018; Shalumon et al., 2011).

Based on the FTIR spectra, the role of LAP nanoplates on the crys-
tallinity of the SF matrix was also determined, according the Eq. (2)
(Lee et al., 1998). The results showed that the crystallinity index of SF
in the SF-0LAP membrane was about 90%, confirming that the SF
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crystallized to β-sheet construction via dissolving in formic acid. This
result was similarly reported in previous research (Marelli et al., 2010).
After incorporation of 5 wt% LAP nanoplates, the crystallinity of the SF
enhanced to 96%. The crystallinity values obtained from FTIR spectra
revealed a moderately large difference compared to the XRD patterns
which consisted of a broaden peak. This result was similarly reported in
previous researches and could be due to the difference in identifying
method between X-ray diffractometry and IR spectroscopy (Marelli
et al., 2010; Nadiger and Bhat, 1985; Um et al., 2001). While IR
spectroscopy is sensitive to short-range order, X-ray diffractometry is
sensitive to long-range order. Long-range ordered structure is described
as the crystallite to diffract X-ray radiation, and short-range ordered
structure is too small to diffract X-ray radiation and not display any
diffraction peak in the X-ray diffractograms. Since X-ray diffractometry
could detect the interplanar spacing of crystallites, the crystallinity was
lower than other techniques. Instead, as IR technique estimates the
absorbance relating to the functional groups, the crystallinity index
computed from FTIR was higher value (Um et al., 2001).

Moreover, the peak centered at 1650–1660 cm−1 (amide I) related
to the β-sheet structural conformation and the ratio of the spaces be-
neath these peaks could establish the configuration of the polymer (Eq.
(3)) (Shayannia et al., 2017). According to this equation, the percentage
of β-sheets structure was about 83%. In addition, after incorporation of
5 wt% LAP nanoplates, β-sheet structural conformation changed to
87%. Based to above results, LAP nanoplates not only could provide
strong interaction with the SF, but also could act as a nucleate agent for
the crystallization of β-sheet leading to improved crystallinity of SF
(Fig. 2(e)) (Ning et al., 2007).

This strong interaction with improved crystallinity of SF was re-
sulted in improved mechanical properties of SF matrix. Fig. 3(a) pre-
sents the representative stress–strain curves of membranes consisting of
various LAP contents. Our results revealed that the critical points

(tensile strength, elastic modulus, toughness and elongation) were
significantly depended on the LAP content. The critical points were
extracted from the stress-strain curves (n=5) and are presented in
Fig. 3(b–e). Results showed that incorporation of LAP nanoplates upon
5wt% significantly promoted the mechanical properties of the SF
membranes(P < .05). For instance, incorporation of 5 wt% LAP na-
noplates significantly promoted ultimate tensile strength from
0.54 ± 0.1MPa (SF-0LAP) to 2.2 ± 0.6MPa (SF-5LAP) (P < .05). In
addition, the elastic modulus noticeably enhanced from 6 ± 1MPa
(SF-0LAP) to 70 ± 10 (SF-5LAP) (P < .05). In another word, the
elongation of membranes decreased significantly from 8 ± 1% (at SF-
0LAP) to 3 ± 1% (at SF-5LAP) (P < .05). Lee et al. (Lee et al., 2010)
also established silica meaningfully enriched tensile modules and
strength while elongation reduced compared to those of PCL. The si-
milar trends were also reported for other composite membranes like SF/
diopside (Ghorbanian et al., 2013) and SF/forsterite (Teimouri et al.,
2014). The strong ionic interaction between LAP nanoplates and SF
matrix led to the formation of physical cross-linking among LAP na-
noplates and polymer backbone which improved mechanical strength
and elastic modulus of the nanocomposite membranes via the energy-
dissipating mechanism appearing in the attendance of nanoparticles. As
a result of the interaction between these two components, the applied
force was absorbed by LAP nanoplates, leading to promoted mechanical
strength and elastic modulus of the membranes (Gaharwar et al.,
2011b). As a consequence of this interaction, elongation of the mem-
branes was also reduced. In addition, enhanced crystallinity and β-sheet
content in the presence of LAP nanoplates could also restrict polymer
chain mobility leading to promoted mechanical strength and elastic
modulus. Soest et al. (Vliegenthart et al., 1996) observed that the elastic
modulus and tensile strength of starch increased from 10MPa to
70MPa and from 3MPa to 7MPa, respectively, by increasing the
crystallinity. The toughness trend of the SF-LAP membranes was also

Fig. 2. (a) TGA profiles of silk-Laponite® membranes containing 0wt% (SF-0LAP) and 10 wt% (SF-10LAP) nanoparticles. (b) XRD patterns of LAP as well as silk-
Laponite® membranes. (c) ATR-FTIR spectra of LAP as well as silk-Laponite® membranes containing 0wt% (SF-0LAP) and 5wt% (SF-5LAP) nanoparticles. (d) TEM
image of LAP nanoplates. (e) Schematic representation for the incorporation of silk and LAP.
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similar to those of strength and elastic modulus. In particular, tough-
ness of the SF-5LAP (49 ± 16MPa) was 1.94 folds greater than that of
SF-0LAP membrane (26 ± 16MPa). This plasticization behavior at
higher LAP content was also reported for other fibrous composite
membranes of PLGA/LAP (Wang et al., 2013). Tang et al. (Tang and
Alavi, 2012) similarly found that incorporation of clay nanoparticles
such as LAP nanoplates could also significantly promote the mechanical
strength and toughness of PVA based composite. However, our results
revealed that due to the agglomeration of LAP nanoplates at SF-10LAP
membrane, elastic modulus, tensile strength and toughness were de-
creased. It might be due to non-uniform distribution of LAP in the SF
matrix. LAP nanoplates represented as stress concentrators leading to
less mechanical performance, as similarly reported previously
(Golafshan et al., 2017a). Moreover, compared to the mechanical
properties of previous GBR membranes, it could be concluded that SF-
LAP fibrous membranes were appropriate for this application. For in-
stance, Song et al. (Song et al., 2007) fabricated composite membranes
of collagen-20 wt% apatite with tensile strength and modulus of
1.55MPa and 42MPa, respectively, for GBR application. Moreover,
TBR® as a commercial membrane for GBR applications revealed tensile
strength and modulus of 1.6MPa and 10MPa, respectively (Saska et al.,
2012).

In order to investigate the hydrophilicity of the SF-LAP membranes,
the water contact angle was assessed. The representative water drops as
well as average water contact angle on various membranes are pre-
sented in Fig. 4(a, b). Our results demonstrated that hydrophilicity of
the SF membranes was noticeably improved by incorporation of LAP
nanoplates (P < .05). Results showed that the water contact angle on
the SF membrane was 60 ± 2°. Previous researches were also revealed
that the average contact angle of SF was observed about 54° (Zaharia
et al., 2012). After incorporation of LAP nanoplates upon 10wt%, water
contact angle was significantly reduced to 48 ± 1°. It could be due to
the hydrophilic nature of LAP nanoplates. Wang et al. (Wang et al.,
2013) similarly reported improved hydrophilicity of PLGA from
129 ± 4° to 113 ± 3° by incorporation of 5 wt% LAP nanoplates. The

increased hydrophilicity of membranes may facilitate the proliferation
and spreading of cells on the membrane's surfaces (Wang et al., 2013).
In addition, hydrophilicity could control biodegradation and swelling
ratio of the membranes. According to Fig. 4(c), the swelling ratio of all
samples revealed similar trends. The swelling ratio of the membranes
gradually increased during 7 days of culture, and consequently sus-
tained in a constant value, after 21 days of incubation. Finally, the
swelling ratio slightly enhanced until day 28. However, the swelling
ratio of the membranes enhanced with increasing LAP nanoplates. For
instance, after 28 days of soaking, the swelling ratio of the membranes
enhanced with increasing LAP nanoplates form 130 ± 10%, (at SF-
0LAP) to 290 ± 50% (SF-10LAP). This behavior might be due to the
layer structure of LAP nanoplates which could absorb water. Similarly,
Chang et al. (Chang et al., 2003) found that incorporation of 10 wt%
LAP to polyether ether ketone (PEEK) enhanced the water uptake up to
50%. According to the schematic provided in Fig. 2e, physical inter-
action happened between the negative charge of amide I (C]O
stretching) and the positive charge of Li+ and Mg2+ as well as the
interaction among the positive charge of amide II (NeH stretching) and
negative charge of LAP components (SieO and Mg-OH) led to improved
mechanical properties of nanocomposite membranes consisting of< 5
wt%. Consequently, improved swelling ratio at SF-10LAP membrane
might be due to weak electrostatic interaction between silk matrix and
LAP nanoplates leading interaction between water molecules and LAP
nanoplates and consequently improved swelling ratio of the mem-
branes. Improved swelling ratio resulted in enhanced mass loss of the
membranes. According to Fig. 4(d), while the degradation profile of SF-
LAP membranes consisting of various amounts of LAP nanoplates was
similar to that of SF-0LAP, the mass loss of the membranes enhanced
with both incubation time and LAP content. For instance, while the
final mass loss of SF-0LAP was 8 ± 1%, it was significantly enhanced
to 15 ± 1% in the case of SF-10LAP membrane. This behavior was
similarly observed in a previous study focused on the SF- forsterite
membrane and could be due to hydrophilic nature of bioceramic na-
noparticles (Teimouri et al., 2014). Incorporation of LAP nanoplates

Fig. 3. The mechanical properties of silk-Laponite® membranes containing 0wt% (SF-0LAP), 2 wt%(SF-2LAP), 5 wt% (SF-5LAP) and 10 wt% (SF-10LAP) nano-
particles: (a) Tensile stress–strain curves. (b) Strength, (c) elastic modulus, (d) elongation (%) and (e) toughness of the membranes. (*: P < .05).
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resulted in enhanced water absorption leading to promoted hydrolyses
of the SF fibers and hence, enhanced degradation rate. Biodegradation
rate of membranes is one of the most important issues in GBR appli-
cations. Furthermore, the membranes should keep their structure for at
least 4–6weeks at defeat region to regenerate the periodontal system
successfully (Rehman and Khan, 2011). In this research, degradation
rate of SF could be controlled via modulation of LAP nanoplate in-
corporation.

One of the most important properties of GBR membrane is the
chemical interaction with bone tissue (named as bioactivity) (Soheilifar
et al., 2014). The apatite formation capability on the membranes was
assessed by incubation of the membranes in SBF solution. Our findings
showed that in contrary to SF fibrous membrane, SF-LAP

nanocomposite membranes were bioactive (Fig. 5). SEM images
(Fig. 5(a)) discovered that incorporation of LAP nanoplates into SF fi-
bers resulted in substantial bone-like apatite formation ability com-
pared to that of pure SF membrane. After 21 days of soaking in SBF
solution, spherical-like particles deposited on the surface of mem-
branes. Nevertheless, the fraction of surface deposited with these pre-
cipitations was enhanced with increasing LAP concentration. Our re-
sults revealed that, SF-10LAP was completely covered by the
deposition. According to EDS-mapping analysis of SF-5LAP membrane
(Fig. 5(b)), and supplementary Fig. S1, these precipitations on the
surface of nanocomposite fibrous membranes was bone-like apatite.
Additionally, the EDS analysis revealed the presence of Cl− and Na+

traces on the surface of the membranes, originating from the

Fig. 4. (a) Water contact angle of silk-Laponite® membranes. (b) Swelling (%) and (c) mass loss (%) of the membranes during 28 days of soaking in PBS solution.

Fig. 5. Effects of LAP content on the bioactivity of membranes: (a) SEM images of nanocomposites consisting of various amounts of Laponite® content (0 wt%(SF-
0LAP), 2 wt%(SF-2LAP), 5 wt.(%SF-5LAP) and 10 wt%(SF-10LAP), after 21 days of soaking in simulated buffer solution. (b) Ca and P ion concentration of simulated
buffer solution after 21 days soaking of the membranes. (c) EDS-mapping analysis of SF-10LAP membrane after 21 days soaking.
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supersaturated SBF solution.
In order to explain the role of LAP nanoplates on the bioactivity

mechanism, the concentration of calcium and phosphorus ions, accu-
mulated from SBF on the membranes, were assessed through ICP assay
(Fig. 5(d)). Results demonstrated that after 21 days of soaking in SBF
solution, the concentration of Ca and P ions in the solution was less
than primary SBF solution (Ca ion concentration=2.5mM and P ion
concentration=1mM) (Gheitanchi et al., 2017). It could be concluded
that Ca and P ions were accumulated from SBF on the membrane sur-
faces when LAP nanoplates incorporated in the membranes. Moreover,
we found that Ca and P ions of SBF solution reduced with increasing
LAP concentration, upon 5wt% and then enhanced. Therefore, our
findings demonstrated that the bone-like apatite deposited on the na-
nocomposites fibrous membranes, in contrary to SF-0LAP. Moreover,
between all samples, SF-5LAP membrane exhibited the greatest apatite
mineralization capability. Moreover, we found that incorporation of
LAP nanoplates noticeably promoted bone-like apatite formation
ability, as similarly reported for LAP-polybutylene succinate scaffolds
(Tang et al., 2018). According to the silicate structure of LAP nano-
plates, it was expected that apatite formation and mineralization me-
chanism on the surface of SF-LAP membranes was similar to other si-
licate-based components. Apatite formation mechanism on the surface
of membranes was started via the formation of SieOH rich layer on the
surface of membranes, followed by stimulation of Ca ion deposition,
consequently calcium phosphate nucleation, and bone-like apatite for-
mation (Wang et al., 2014). Moreover, functional groups of amino acids
on the polymer chains were able to support the nucleation and pre-
cipitation of hydroxyl‑carbonate apatite (Mousa et al., 2018). This re-
sult was in agreement with a previous research by Wang et al. (Wang
et al., 2014) who concluded that LAP nanopowder was able to induce
HA deposition onto surface when soaked in SBF solution. Moreover,
Gaharwar et al. (Gaharwar et al., 2014) also showed that incorporation
of LAP to PCL fibrous membrane enhanced CaeP deposition.

To assess the role of LAP nanoplates on the cell behavior, MSCs were
cultured for 7 days on the surface of samples and cell attachment and
proliferation were investigated. Fig. 6 presents the SEM images of the

MSCs cultured on the various nanocomposite membranes for 7 days.
Our results demonstrated that cells spread on whole surface and cov-
ered them. However, the cell spreading was different depending on the
LAP concentration. Increasing the concentration of LAP nanoplates
resulted in enhanced cell spreading owing to improved hydrophilicity
by increasing LAP content.

To investigate the viability of MSCs cultured on the membranes,
MTT assay was performed. Fig. 7 revealed that the proliferation of cells
cultured on the membranes gradually enhanced with increasing culture
time. Specifically, the viability of cells cultured on the SF-10LAP no-
ticeably enhanced from 175 ± 3 (%control) (at day 1) to 280 ± 7 (%
control) (at day 7) (P < .05). Moreover, after 7 days of culture, com-
pared to SF-0LAP, SF-10LAP noticeably (2-folds) enhanced the pro-
liferation of MSCs (P < .05). These results were similarly reported in
the previous studies on the composites of SF with wollastonite and
diopside (Ghorbanian et al., 2013; Zhu et al., 2010). Wang et al. (Wang
et al., 2013) observed that addition of LAP nanoplates to the

Fig. 6. SEM images of mesenchymal stem cells after 7 days of culture on the membranes consisting of 0 wt% (SF-0LAP), 2 wt% (SF-2LAP), 5 wt% (SF-5LAP) and 10wt
% (SF-10LAP) nanoparticles.

Fig. 7. The viability of cells cultured on the membranes measured using MTT
assay after 1, 4 and 7 days of culture. The absorbance was normalized against
the control (TCP) at each time interval (*:P < .05).
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electrospun PLGA membrane could promote cell adhesion and pro-
liferation compared to pure PLGA.

Our results were in agreement with the results of cell morphology
valuation (Fig. 6) and could be due to release of Si(OH)4, Mg2+ and Li+

which could stimulate the proliferation of cells. Magnesium ions are
participated in the activation of osteogenesis-regulating pathways
((HIF-1α and PGC-1α) and are crucial for integrin adhesion to the
material surfaces. Moreover, lithium is also known to activate canonical
Wnt-responsive osteogenic genes through the inhibition of GSK3β
(Mousa et al., 2018).

4. Conclusion

In the present study, novel nanocomposite silk fibroin-LAP fibrous
membranes consisting of various amounts of LAP nanoplates were
successfully fabricated as bioactive substrates for bone tissue en-
gineering. Incorporation of LAP nanoplates upon 5wt% enhanced the
mechanical characteristics (2-folds greater toughness and 4-folds
greater tensile strength) due to strong interaction between these com-
ponents. Additionally, LAP nanoplates significantly promoted hydro-
philicity, bioactivity and degradation ability of silk fibrous membranes.
LAP nanoplates also considerably improved the attachment and pro-
liferation of MSCs. We considered that SF-5LAP fibrous membrane may
have potential applications as GBR membranes.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.clay.2019.03.038.
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