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a b s t r a c t

Nano-biocomposites that mimics bone’s extracellular matrix with hydroxyapatite as an inorganic and
silk fibroin as organic phase for three different ratios via a simple in-situ co-precipitation method have
been synthesized. The silk fibroin, a biodegradable polymer from cocoons of Bombyx mori silkwormwere
extracted by employing a chemical-free High-Temperature High-Pressure method as a degumming route.
Then followed by the regeneration process which was done by using calcium chloride-formic acid sol-
vent system to replace time-consuming, cost-effective traditional methods. The prepared composites
were structurally analyzed using Fourier Transform Infra-Red spectroscopy (FTIR) and X-ray Diffraction
(XRD) techniques. The morphology and the elemental composition of the nano-biocomposites were
examined using Field Emission Scanning Electron Microscopy (FESEM) and Energy-dispersive X-ray
Spectroscopy (EDX). The in-vitro bioactivity of the bio-composites namely, swelling ratio, biodegradation
and biomineralization ability is monitored in the presence of Simulated Body Fluid (SBF). Our observa-
tion demonstrate that silk fibroin concentration influences the formation of hydroxyapatite.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Over a few decades, major portion of the humankind suffers
from bone defects which is mainly due to aging, tumor, trauma and
other factors like estrogen deficiency [1,2]. One of the most chal-
lenging problem is to empathize the suitable method and material
to mend the bone defects caused to the elderly patients by skeletal
diseases, tumors and traumatic injury. The deficiency of ideal bone
tissue leads to an increase in health issues. Therefore, bone sub-
stitutes or bone defect therapy proves to be a better solution to
solve the problem. Conventional therapies for bone defects or bone
substitution consist of autografts and allografts that provide a fast
osteointegration with the surrounding tissues after implantation
[3e6]. However, conventional bone therapy has encountered some
limitations such as the threat of infection, immune response and
donor shortage, as well as donor site morbidity. Therefore, an
alternative method is imperative to repair bone defects. Artificial
bone graft is one of the most emerging alternate to repair and
reproduce bone defects, which would be a great advantage in the
jkumar).
field of biomedical engineering. Researches on bone tissue engi-
neering over the past decades have inspired innovation in the field
of artificial scaffold [7]. An artificial scaffold for bone defect must be
biocompatible, biodegradable and should facilitate mechanical
support during repair and regeneration of damaged or diseased
bone tissue. Researchers have focused on the development of the
scaffolds to promote and regenerate the tissues with required
porosity. Artificial scaffold with good porosity efficiently aids the
osteoblast cell proliferation and osteogenesis within a short period
of time [8]. Recently, bioactive calcium phosphate-based scaffolds
are used as bone fillers and bone substitutes [9]. Among various
compositions of calcium phosphate, hydroxyapatite has exquisite
biocompatibility and it is a natural component of bone with similar
chemical ratio [10,11]. In addition, it acts as an excellent temporary
substrate that allows cell in-growth, proliferation and differentia-
tion [12,13]. In recent years, great attention has to be made to
manipulate the properties of hydroxyapatite (HAP) to enhance
stiffness, biodegradability, osteoconductivity, osteoinductivity, etc.,
by modifying the HAP structure employing doping or dispersing
the HAP on polymer or carbon materials [14e16].

Numerous polymeric matrices have been utilized for this
concern including the synthetic biodegradable polymers such as
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poly (lactic acid) (PLA), poly (ε-caprolactone) (PCL), poly (glycolic
acid) (PGA) and natural polymers such as chitosan, hyaluronic acid,
alginate, dextran, collagen, gelatin, elastin and silk fibroin [17e19].
In comparison with other biopolymers, Silk fibroin (SF) has pro-
voked progressive attention in bone tissue engineering application
because of its controllable degradability, abundant hydrophilic
polar groups, biocompatibility, non-toxicity and mechanical prop-
erties [20,21]. Moreover, SF is a natural polymer and it enhances the
osteoconductivity without causing any adverse effect to the sur-
rounding tissues. Due to the presence of degradable material in SF,
it deteriorates itself without any toxic effects and it provides nu-
trients for tissues. Interfacial chemical bonding between HAP and
SF provides exceptional properties to repair the defects. SF proteins
play a vital role in the mineralization of HAP [22]. Thus, it has been
extensively used in biomedical applications such as bone tissue
engineering, skin tissue engineering, drug delivery, wound dressing
and so on.

Most of the composites are fabricated from the simple mixing of
inorganic and organic phases resulting in nanocomposites with
very limited interaction between these two phases [23e27]. To
overcome this problem, we adopted the in-situ biomimetic co-
precipitation method to synthesis HAP/SF nanocomposites. Dur-
ing the formation of the HAP/SF composite, SF act as an organic
matrix to provide active sites for the nucleation and growth of HAP
crystals. The ratio of HAP and silk fibroin nanocomposite is opti-
mized to achieve better bioactivity of the composite. Optical,
structural, morphological and in-vitro bioactivity details of these
composites examined in simulated body fluid (SBF) are discussed
below.

2. Materials and methods

2.1. Degumming of silk fibroin

The degumming process was opted to extract silk fibroin from
cocoons of Bombyx mori (B.mori) by high temperature and high
pressure (HTHP) method [28]. In concise, raw cocoons were
chopped into pieces and autoclaved at 120 �C for 30min with a
material-to-liquid ratio (cocoons: deionized water) of 1:50. The
degummed material was then rinsed thoroughly with warm water
and squeezed out to remove sericin. The extracted silk fibroin were
dried at 40 �C. The degumming ratio of the prepared silk fibroinwas
found to be 27%.

2.2. Regeneration of silk fibroin

In order to acquire regenerated silk fibroin, an aqueous solution
of formic acid-CaCl2 was employed to enhance the mineralization
and degradation properties of silk fibroin [29]. The aforementioned
degummed silk fibroin (SF) was dissolved in the aqueous solution
for about 1 h to get a 6 wt% solution. Then, the SF- CaCl2-formic acid
solutionwas poured into a polystyrene Petri dish to form an SF film.
The system was facilitated with good air circulation for quick
evaporation of formic acid within 24 h. The resultant product was
treated with water for 6 h and dried at room temperature to obtain
the regenerated silk fibroin film.

2.3. Preparation of hydroxyapatite/silk fibroin nanocomposite

HAP/SF nanocomposite was prepared via an in-situ co-
precipitation route from the Calcium (Ca) and Phosphorus (P)
precursors with the stoichiometric ratio of Ca/P ¼ 1.67 [30].
Initially, an aqueous solution of silk fibroin (6wt %) was prepared by
dissolving SF film in formic acid and cross-linked with glutaralde-
hyde (1 v/v %) for 30 min under vigorous stirring. A stoichiometric
amount of Ca and P precursor solution were added one-by-one
dropwise into the SF solution at 60 �C. The pH of the solution was
adjusted to about 10 by a weak base (liquid ammonia). Overnight
stirring was employed and then obtained slurry was left aging for
24 h at room temperature. Finally, the aged samples were centri-
fuged at 3000 rpm and washed several times with water to recover
the HAP/SF composites without any impurities. The obtained silk
fibroin/hydroxyapatite composite was synthesized at three
different ratios of 2:3 (HS-1), 1:1 (HS-2) and 3:2 (HS-3). Pristine
HAP was fabricated by the same procedure without the addition of
silk fibroin.

2.4. Biomineralization of HAP/SF nanocomposites

The formation of biominerals on the surface of a prepared
specimenwas evaluated in the SBF solution. This blood plasma like
solution was prepared as described in the literature [31] by disso-
lution of the following chemicals in the order: NaCl, NaHCO3, KCl,
K2HPO4$3H2O, MgCl2$6H2O, CaCl2 and Na2SO4 in distilled water,
and then buffered to pH 7.40 with tris hydroxymethyl amino-
methane (Tris) and HCl solution at 37 �C. Equi amounts of the
samples were taken to prepare the pellet with uniform size. The
prepared pellets were immersed separately into a plastic bottle
with an equal volume of SBF solution at 37 �C for 15 days during
which the SBF solution was left undisturbed. After 15 days of im-
mersion, the samples were taken out and washed with distilled
water to clear out the adsorbed material. Finally, the specimens
were dried and characterized using FTIR and XRD to affirm the
biomineralization ability.

2.5. Swelling and biodegradation test

The swelling and biodegradation behavior of the scaffold was
investigated by immersing equal shaped disc into the SBF solution
maintained at human body temperature for a different period of
time (1, 6, 11 and 15 days). At the end of each specified time period,
wet weight was calculated after blotting the scaffold with a filter
paper. The swelling ratio is measured from the following equation
[32].

SRð%Þ¼ ½ðww �w0Þ∕w0� � 100 (1)

where, wo and ww are the original and wet weight of the scaffold
respectively.

Biodegradation was measured by calculating the dry weight
after the different incubation periods, which is obtained from the
following equation [33].

WLð%Þ¼ ½ðw0 �wdÞ∕w0� � 100 (2)

where, wo and wd are the original and dry weight of the scaffolds
respectively.

3. Result and discussion

3.1. Structural and morphological analysis

3.1.1. Influence of SF incorporation on the vibrational bands of
hydroxyapatite

FTIR spectroscopy has been carried out to analyze the inter and
intra-molecular bonding between HAP, SF and their composites.
FTIR spectra of the prepared samples are shown in Fig. 1 and the
inset of Fig. 1 depict the vibrational spectrum of Silk fibroin. The
corresponding absorption bands are summarized in Table 1. The
bands of amide-I (C]O stretching) and amide-III (CeN stretching
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Fig. 1. FTIR spectra of Pristine HAP, SF, HS-1, HS-2 and HS-3 nanocomposites.
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and C]O bending) were found at 1651 cm�1 and 1234 cm�1

respectively which is due to a random coil conformation [34]. The
band present at 1519 cm�1 belongs to stretching and bending
modes of amide II (CeH and NeH) group and it confirms the for-
mation of the b-sheet structure [35]. It could be concluded that the
b-sheet and random coil structures coexist in the samples.

The characteristic bands of HAP show four modes of vibration
for PO4

3�. A strong characteristic band at 470 cm�1 attributed to
symmetric bending mode of OePeO and the band appearing at
1010-1120 cm�1 are assigned to asymmetric stretching of PeO in
PO4

3� [36]. A shoulder band at 964 cm�1 represents the symmetric
stretching mode of PeO and bands at 567 cm�1 and 602 cm�1

corresponds to the asymmetric bending mode of OePeO in PO4
3�

[37,38]. The OH� stretching and bending vibration bands are pre-
sent at 3572 cm�1 and 632 cm�1, respectively [39]. A very small
Table-1
FTIR vibrational bands of pristine HAP, SF and their composites.

Wavenumbers (cm�1)

HAP SF HS-1 HS-2

470 e 474 478
567,602 e 563,601 570,601
632 e e e

964 e 963 962
1010e1120 e 1010e1120 1010e1120

e 1234 1234 1230

1421 e 1436 1436

e 1519 1516 1519

1604 e e e

e 1651 1621 1624

3425,3572 e 3394 3375

n e stretching, b e in-plane bending, g e out-of-plane deformation, sym e symmetric, a
band at 1421 cm�1 can be seen which is due to the presence of few
CO3

2� groups and it suggests that the presence of B-type carbonate
apatite along with pure apatite originated from the absorption of
CO2 from the atmosphere [40]. Young bones contain B-type
carbonated apatite which could help the bone maturation [41]. The
band at 3425 cm�1 and 1604 cm�1 are due to OeH stretching and
HeOeH bending modes of vibration which indicates the presence
of water molecules in the HAP.

Comparing the spectra of compositematerials (HS-1, HS-2&HS-
3) with pristine HAP and SF, it could be observed that band asso-
ciatedwith HAP and SF are present with a slight shift in band values
signifying that HAP was incorporated into SF. The band position of
amide-I in HS-1, HS-2, and HS-3 shifted from 1651 cm�1 to 1621,
1624 and 1627 cm�1 which indicates that some random coil con-
verted into the b-sheet structure. It is well known that SFmolecules
can rearrange to form a crystalline structure due to the change in
hydrogen bonding caused by cross-linking agent glutaraldehyde.
The PO4

3� absorbance band (1010-1120 cm�1) is widened and the
intensity of amide bands is decreased in composites. The compos-
ites are less carbonated compared to that of pure HAP which in-
dicates less potential for the carbonation of the HAP phase due to
the highly active interaction between HAP and the polymer matrix
during the process stage. SF contains many carboxyl groups which
provide the nucleation sites for HAP molecules. Initially, Ca2þ ions
bind to the active surface (-COOH) of SF and form -COOCaþ ions.
Afterward, phosphate ions are attached to these groups. Alkaline
solution promotes this action and facilitates apatite deposition and
growth [42].
3.1.2. Influence of SF incorporation on the phase and crystallite size
of the hydroxyapatite

Crystallographic characteristics of pristine HAP, SF and HS
composites were studied by XRD analysis and the results are shown
in Fig (2(aed)). The inset of Fig. 2 confirms the presence of silk-II (b-
sheet) and silk-I (random coil) structure of SF at 2q ¼ 20.6� and
24.2�, respectively [43,44]. The typical diffraction peaks of
hexagonal-HAP have been noticed at 26.0�, 28.2�, 29.0�, 31.9�,
32.3�, 34.1�, 39.9� and 46.9� which are in good agreement with the
standard database (ICDD card no. 09e0432). They also reveal the
unique crystalline phase of HAP and the absence of no processing
residues or secondary phase (TCP) in the sample [45,46]. The sharp
and high intense peaks with a slight shift in the peak position
without change in the HA phase were obtained after incorporation
of SF. The characteristic planes (211) and (300) of HAP were sharp
and distinct in pristine HAP. In the case of composites, these two
peaks were companied into a broad peak which implies the poor
crystalline nature of the prepared composites due to the size effect
Vibrational assignment Reference

HS-3

478 bsymO-P-O [36]
567,605 basymO-P-O [38]
e gO-H [39]
965 nsymP-O [37]
1010e1120 nasymP-O [36]
1234 Amide-III [34]

1436 nCO3
2- [40]

1519 Amide-II [35]

e bsymH-O-H
1627 Amide-I [34]

3390 nO-H [39]

sym e asymmetric.



Fig. 2. XRD pattern of Pristine HAP, SF, HS-1, HS-2 and HS-3 nanocomposites.

Fig. 3. Morphology of (a) pristine HAP (b) HS-1 (c) HS-2 and (d) HS-3 nanocomposites.
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of HAP during in-situ crystal formation on the polymer matrix.
Composites exhibit a broad halo peak at 20.1� arose from the
conversion of some random coil structure into the b-sheet structure
during the chemical cross-linking process. This peak was very weak
in the diffraction pattern of HS-3 and almost vanishes in HS-1 likely
due to the decrease in SF content. The difference in the peak in-
tensity with SF ratio confirms the successful addition of HAP in SF
matrix. A decrease in the peak intensity and broadening of peaks
leads to an increase in the surface area of the composite. From the
literature, the low crystalline nature of the composites preferen-
tially enhances the new bone formation [47]. Crystallite size (D) of
the samples were calculated using the Scherrer formula [48].

D¼ ½kl∕bcosq� (3)

The calculated average crystallite size of the pristine HAP, HS-1,
HS-2, and HS-3 were 30, 22, 17 and 14 nm, respectively. The crys-
tallite size of the nanocomposites decreases with increase in the SF
ratio. The decrease in the crystallite size of the composite enhances
cell proliferation, integration and degradation.
3.1.3. Influence of SF incorporation on the morphology of
hydroxyapatite

The surface morphology of the prepared nanocomposites with
different weight ratios of three dissimilar composites and pristine
HAP were analyzed using FESEM and shown in Fig. 3. Pristine HAP
particles are in needle-like structure with a length of 90e120 nm
and width of 10e20 nm. The majority of the rod-like nanoparticles
were of regular shape with some agglomeration [49]. The
morphology of HAP nanoparticles is significantly affected by the
addition of silk fibroin. In all composites, HAP particles are aggre-
gated and heterogeneously distributed in SF fibrils but there were
no obvious boundaries between the organic phase and inorganic
phase. Also, SF played a vital role in controlling the HAP size
compared to pristine HAP. This shows the higher affinity of inor-
ganic particles towards organic matrix which is only achieved by
the in-situ precipitation method. HS-2 and HS-3 composites have
some interconnected pores which are beneficial for the circulation
of the physiological fluid and tissue in-growth [50]. Due to the
presence of higher concentration of HAP, the surface of HS-1
composite consisted of densely packed particles without pores. In
composite formation, polar and charged side chains present in silk
fibroin acts as the nucleation site. Initially, positively charged cal-
cium ions bindwith the SFmolecules and the phosphate groups are
attracted towards calcium ions through electrostatic interaction.
Finally, HAP is formed on the surface of the polymer matrix. This
close bonding between the inorganic and organic phases may help
to improve the biomineralization ability of the composite.

The EDX spectrum for the HAP nanoparticles and HS nano-
composites are shown in Fig. 4. The spectrum clearly depicts the
presence of main constituents of hydroxyapatite such as Ca, P and O
in the structure of HAP nanoparticles along with C. The existence of
C may come from the environmental CO2. The difference in the
atomic ratio of Ca/P (1.64) is mainly due to the presence of
carbonated HAP [51]. Meanwhile, the EDX spectra of the nano-
composites confirm the presence of Ca, O, P and C which indicates
that the composite is composed of HA and SF.

3.2. In-vitro biological analysis

3.2.1. Influence of SF incorporation on the biodegradation of
hydroxyapatite

The effect of soaking time and concentration of polymers in-
fluences the degradation rate of the scaffolds as shown in Fig. 5.
After the specified time period (1, 6, 11 and 15 days), all scaffolds
exhibit some amount of weight loss. Overall weight loss of all
scaffolds was less than 12% after 15 days. The degradation rate of
pristine HAP was witnessed to be slow on comparing with the
composites [52]. After incorporation of SF, the weight loss of the
composite was increased with increase in the SF ratio that may due
to the presence of degradable hydrophilic block in the polymer.
Initially, the degradation rate of the HS-3 was higher than 11%, it
decreased with increase in the soaking time period. After 15 days,
degradation rate was approximately 0.5%, 5%, 7% and 8% for pristine
HAP, HS-1, HS-2 and HS-3 scaffolds, respectively. Due to the
mineralization process, all the scaffolds exhibited a decreased
weight loss with an increase in the soaking time period in the SBF
solution. Hu Y et al., reported that the difference in the weight of
biodegradable polymer-HAP based scaffolds were attributed to the
two competing processes of scaffold degradation and



Fig. 4. EDX spectra of pristine HAP and HS nanocomposites.

Fig. 5. Degradation rate of (a) pristine HAP (b) HS-1 (c) HS-2 and (d) HS-3 nano-
composites post immersion in SBF solution.

Fig. 6. Swelling ratio of (a) Pristine HAP (b) HS-1 (c) HS-2 and (d) HS-3 nano-
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mineralization of apatite [53]. Hence, the decrease in the degra-
dation rate of scaffolds confirms the deposition rates of apatite
were greatly increased, which indicates the bioactivity of the pre-
pared composites. The difference in the degradation of the scaffolds
is mainly due to the presence of water-soluble random coil struc-
ture (silk-I) in it [54]. In the HS-3 scaffold, the amount of SF is higher
than the HAP, so it significantly enhances the degradation rate of
the HS-3 scaffold compared with other scaffolds. The degraded
products of SF were amino acids that can be absorbed either by in-
vitro or in-vivo which is favorable in biomedical applications.
3.2.2. Influence of SF incorporation on the swelling ratio of HAP
The swelling ability of the material was the key factor for

transmitting nutrients and minerals to enhance bone cell growth.
Moreover, the degree of swelling plays the most important role in
artificial scaffolds [55]. Fig. 6 shows the swelling ability of the
nanocomposite scaffolds in SBF medium.

From the figure, it is evident that the absorption ability of the
nanocomposites was higher in comparison with pristine HAP. Also,
it was confirmed that the swelling ratio of SF increased with the SF
concentration. This result was in good agreement with the degra-
dation results. The swelling ratio of the nanocomposites scaffolds is
reduced after 15 days that may due to the formation of minerals on
the surface of the scaffold. An increase in the swelling ratio of the
nanocomposite scaffolds are mainly due to the higher hydrophilic
surface nature of SF in the HS-3 [56]. Silk fibroin contains both
hydrophilic (random coil), and hydrophobic (b-sheet) blocks of
amino acids, which were confirmed by the FTIR results. Hydro-
phobic block was responsible for the stability of the scaffold, while
the hydrophilic block was responsible for the cell adhesion, pro-
liferation and swelling ability of the scaffold. The presence of nano-
sized pores particle in the nanocomposite’s scaffolds enhance the
swelling ratio through cell infusion into the scaffolds as well as cell
adhesion [57].

3.2.3. Influence of SF incorporation on the biomineralization of
hydroxyapatite

Bioactivity of the scaffolds was tested using the in-vitro bio-
mineralization study. Different HAP/SF ratio nanocomposite pellet
was immersed in SBF for 15 days to confirm the biomineralization
ability of the nanocomposite scaffolds. A remarkable difference in
the weight of the pellet has been observed with the prolongation of
the incubation time. The deposition of the apatite shows the
obvious weight increase of the scaffold. Meanwhile, it was also seen
that the weight of the scaffolds improved with an increase in the SF
concentration for the same incubation period. It might be due to the
presence of densely occupied hydroxyl groups in the nano-
composite scaffolds [58]. Those hydroxyl groups ionize in the SBF to
form a negatively charged surface to initiate the initial nucleation
site which attracts the calcium ions. Further, the pellets were
collected and dried, then studied using FTIR and XRD analysis.

FTIR spectra of pristine HAP and composites were depicted in
composites post immersion in SBF solution.
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Fig. 7. The FTIR spectra clearly shows all the scaffolds precipitate,
apatite minerals from the SBF solution which was evident from the
increased intensity of phosphate and OH groups in all scaffolds.
XRD characterization technique was used to confirm the crystalline
structure of the mineral formed in the SBF solution after 15 days of
immersion period and the results are shown in Fig. 8. During the
immersion period, the peak intensity of all the scaffolds was
increased. There was no evidence of peaks other than HAP. Peak
broadening was attributed to the amorphous nature of apatite.

The in-vitro study shows that among all scaffolds, the HS-3
scaffold showed considerable degradation along with the high
rate of mineralization. SBF was a meta-stable solution that had ion
concentrations equal to human blood plasma, supersaturated with
respect to apatite. In SBF solution mineralizationwas induced by an
external stimulus because the barrier for homogeneous nucleation
of apatite was high since both HAP and SF acts as a nucleation site
for mineral deposition. It reveals that the biological activity of
artificial scaffolds is closely related to their structural characteris-
tics. Biodegradability and biomineralization of the scaffolds are
highly depended on the content of the secondary structure of silk
fibroin. The results of the current study consistently showed that
the presence of SF is effective in supporting the proliferation of new
cells through the production of specific proteins which results in a
large amount of mineralized tissue formation.
Fig. 8. XRD pattern of each fabricated samples in SBF solutions on day 15.

4. Conclusion

A potentially bioactive HAP/SF nanocompositewere prepared by
the in-situ co-precipitation method to determine its bioactivity for
bone tissue engineering. The FTIR spectra of the HAP/SF composites
confirmed the presence of PO4

3� in all the composites with silk-I and
silk-II groups. The formation of b-sheet structure from random coil
was confirmed from shift in the band position of amide-I from
1651 cm�1 to 1621, 1624 and 1627 cm�1 in HS-1, HS-2 and HS-3
Fig. 7. FTIR spectra of prepared samples after 15 days of incubation in SBF solution.
composites respectively. The decrease in the crystallite size of HS-
3 nanocomposite (14 nm) in comparison with pristine HAP
(30 nm) reflects the obstructive role of SF, resulting in constrained
growth of HAP and successful formation of HS nanocomposite. The
surface morphology of HAP from needle-like rod to spongy
spherical shaped particles confirms the presence of SF and HAP in
the HS nanocomposite with decreased size. In-vitro bioactivity of
the HS composite reveals the hike in the biodegradation, swelling
and biomineralization ability with an increase in SF content that
favors cell adhesion. The degradation rate of HS-3 composite
decreased from 11% to 8% in the SBF solution which can be asso-
ciated with the biomineralization due to an increase in SF content.
The SF to HAP ratio in HS-3 composite was found to be higher than
the others which substantially improved the biodegradation and
biomineralization of the scaffold. Thus, the incorporation of SF into
HAP proves to be a more efficient way in the production of better
scaffolds for bone tissue engineering.
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