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Abstract: A simple and effective approach was developed to synthesize chitosan-silk sericin /hydroxyapatite

nanocomposites by in situ precipitation and two ways of alkali diffusion were carried out in this study. The objective of

this paper was to investigate the different properties of the nanocomposites. SEM showed that the rod-like

hydroxyapatite particles with a diameter of 20-50 nm were distributed homogeneously within the chitosan-silk sericin

matrix, and the formation mechanism was also investigated. The results of FTIR and XRD indicated that the inorganic

phase in the nanocomposite was carbonate-substituted hydroxyapatite with low crystallinity. In terms of mechanical

properties, chitosan-silk sericin/hydroxyapatite nanocomposites exhibited a higher elastic modulus and compressive

strength than that of the chitosan/hydroxyapatite nanocomposites. /n vitro cytocompatibility of the nanocomposite was

evaluated by CCK-8 assay and SEM through MG63 osteoblast cells cultured on the samples, which demonstrated that

they are non-toxic and support cell growth. These results suggest that the chitosan-silk sericin/hydroxyapatite

nanocomposites are promising biomaterials for bone tissue engineering.

Keywords: chitosan; silk sericin; hydroxyapatite; bone tissue engineering
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1 Introduction

Autograft and allograft are considered ultimate for bone grafting procedure providing osteoconductive and

osteoinductive growth factors. However, limitations in donor site, additional surgery, disease transmission and

expenditure poses a need to develop alternatives to autograft and allograft [1,2]. Bone tissue engineering is an emerging

technique that offers potential solutions to these problems. Bone tissue engineering is a rapidly developing discipline

used in order to repair, replace and regenerate injured bone tissue [3]. In bone tissue the extracellular matrix (ECM)

consists of an organic phase made of type I and type III collagen and glycosaminoglycans (GAGs) and an inorganic

phase made up of hydroxyapatite [4].

Chitosan (CS) is a linear polysaccharide derived by partial N-deacetylationof chitin, which is the primary structural

polymer in arthropod exoskeletons, shells of crustaceans, or the cuticles of insects [5]. CS is widely applied in bone

tissue engineering because of its special characteristics, such as structural similarity to the various glycosaminoglycans

found in the ECM of bone, osteoconductivity to enhance bone formation both in vitro and in vivo, good biodegradability,

and excellent biocompatibility [6-8]. Moreover, the cationic nature of CS allows for mimicking the ECM-rich

environment of bone tissue through the formation of insoluble ionic complexes with anionic molecules, for instance,

glycosaminoglycans, proteoglycans and growth factors, which promote cell growth, proliferation, differentiation and

tissue formation [9, 10]. However, its bioactivity isn’t good enough for bone tissue engineering and it is frequently

combined with biologically active materials like collagen, silk sericin and hydroxyapatite [11]. Hydroxyapatite (HA,

Cay (PO4)¢(OH),), is one of the known biocompatible ceramic which has significant chemical, compositional,

biological, and crystal structure resemblance to the mineral constituents of human skeleton [12]. It is well known that

HA has been currently used in bone tissue engineering due to its excellent bioactivity and biocompatibility [13].

Furthermore, the osteoconduction, non-inflammation and non-toxicity of HA enable osteoblast adhesion, proliferation

and differentiation. HA has a unique ability of binding to the natural bone through biochemical bonding, which

promotes the interaction between host bone and grafted material [14, 15]. Currently, there are some techniques

3
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concerning preparing CS/HA composite materials, including co-precipitation [16], alternate soaking [17] and

mechanical mixing [ 18]. Among these methods, there is a common shortcoming that inorganic particles cannot be

distributed homogeneously in the organic matrices at nanolevel, which leads to poor mechanical properties and limits

their applications.

Though collagen had the similar organic constitution to the natural bone, the collagen derived from animal tissues

may cause many concerns related to the purity, quality and some diseases. In addition, the mechanical strength of the

collagen is not high enough and its degradation rate is too fast. Therefore, selecting a noncollagen protein as the organic

matrix is also an ideal way. In comparison with collagen, Silk sericin (SS) can be more easily extracted, and is more

accessible because of wide range of sources as well as its low cost. SS is a protein secreted from the middle silk gland

of a mature silkworm larva and acts as the glue for adhesion of fibroin based fibers during cocoon formation [19,20].

The glue-like protein is composed of random coil and -sheet secondary structures with a high abundance of

hydrophilic amino acids that confers water solubility [21-23]. Moreover, recent studies have found unique

characteristics of SS, such as heterogeneous nucleation of apatite [24], and induce collagen production [25,26] without

the activation of pro-inflammatory cytokines [27]. Especially, it has been proved that silk sericin supports cell adhesion

and proliferation when used in pure form and blended in matrices [28]. Minoura et al [29] reported that silk sericin

enhances the attachment and growth of mouse fibroblast when used as a substratum as high as collagen. In a dose

dependent manner, SS accelerates proliferation of mammalian cells line in culture [30]. In addition, SS has been also

shown to enhance functionality in promoting osteoblast adhesion, proliferation, and alkaline phosphatase activity [31].

Hence, SS was introduced into the CS/HA system to enhance the cytocompatibility of CS/HA nanocomposite.

However, SS has received less attention in tissue engineering applications because of its weak structural properties

(difficult to form shapes) and high water solubility. Formerly, many attempts were used to solve the problem on

fabrication of the SS, for example, cross-linking [32-34], blending [35], or copolymerization it with other substances

[36]. Silk sericin consists of polar side chain made of hydroxyl, carboxyl and amino groups that enable sensitivity to

4
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chemical modification [37]. In order to improve SS’s weak structural properties, combining chitosan and silk sericin

with hydroxyapatite and cross-linking method were adopted in this research.

The purpose of this study was to fabricate homogeneous CS-SS/HA nanocomposites by the in situ precipitation

approach, which is totally different from the traditional ones and rarely reported in the synthesis of CS-SS/HA

composites. Compared with other methods, the superiority of in situ precipitation is unique morphology and ultrafine

HA particles can be produced, and moreover, distributed homogeneously within the organic template. What’s more, it is

worth noting that this method had another important merit that the products had no other impure inorganic component

except HA in composition by comparison with other in situ precipitation methods. In the present study chitosan-silk

sericin hydrogel cross-linked by genipin was constructed. To our knowledge, chemical crosslinkers were now applied in

the crosslinking of CS, including glutaraldehyde [38], epichlorohydrin [39], EDC [40], ethylene glycol diglycidyl ether

[41] and so forth. Nevertheless, these crosslinking agents are toxic and may impair the biocompatibility of biomaterials.

Genipin exhibits low cytotoxicity as compared to other crosslinking reagents, and has also been reported as a

crosslinker for CS [42-45]. Unlike the previous work [46-48], two ways of alkali diffusion were carried out in this study.

The morphology and composition of as-synthesized nanocomposites were mainly analyzed by Fourier transform

infrared spectroscopy (FT-IR), X-ray diffraction (XRD), field emission scanning electron microscopy (SEM), and

transmission electron microscopy (TEM). The mechanical performance of these samples was also investigated. The

cytotoxicity of silk sericin was finally evaluated based on MG63 osteoblast cells morphologic changes and the CKK-8

assay evaluation.

2 Materials and Methods

2.1 Materials

Chitosan (Mw 1,000,000) was obtained from Golden-Shell Biochemical Co. (Zhejiang, China) with 95% degree of

the deacetylation. Bombyx mori silk sericin (Mw=30,000) was purchased from Huzhou Xintiansi Biotechnology Co.,
5
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Ltd. (China). Genpin was purchased from Chengdu ConBon Bio-tech CO., Ltd. (China). Calcium nitrate tetrahydrate
(Ca(NO;), 4H,0), diammonium hydrogen phosphate ((NH4),HPO,), acetic acid and ammonia were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All the reagents used in this work were of analytical grade
(AR) and used without any further purification. Deionized ultrapure water was used throughout the experiment.
2.2 Methods
2.2.1 Synthesis of CS-SS/HA-s nanocomposites by in situ precipitation

CS solution was prepared by dissolving CS in 40 ml of acetic acid solution (2 vol.%) with continuously stirring at 45
°C until it became perfectly transparent. Then SS powder was added into the CS solution and stirred at 45 °C for 30 min.
Afterwards, Ca(NO3),-4H,0 and (NH,4),HPO, (Ca/P=1.67) were together added to the mixed solution under agitation
until the salts were entirely dissolved. Subsequently, 0.048 g genpin was added to the previous mixed solution as a
crosslinking agent. The solution was continuously stirred until a blue hydrogel formed. The resulting hydrogel was then
stored under ambient conditions for 24 h to reach complete crosslinking. Ammonia solution was then poured on the top
of the blue hydrogel at room temperature. Under this alkaline condition, HA precipitated within the hydrogel gradually.
The in situ precipitation method can be represented by the following chemical reaction:

10Ca?" + 6HPO,* + 80H+ Ca;o(PO4)s(OH)(]) + 6H,O  (pH > 10)

The nanocomposite was finally washed with disilled water until the pH of eluate was about 7, followed by drying at
room temperature to obtain the solid nanocomposite. The starting content of all reagents was scaled according to the
final organic/HA weight ratio of 70/30, 60/40, 50/50, 40/60 and 30/70. and the initial amounts of the reagents used in
this work are listed in Table 1. The weights of HA, Ca(NOs3), 4H,0 and (NH,4),HPO, were calculated according to
above equation. The synthetic routes for the preparation of CS-SS/HA-s nanocomposites were shown in Fig. 1.
2.2.2 Synthesis of CS/HA-s nanocomposites by in situ precipitation

CS/HA nanocomposites with different organic/inorganic weight ratios as control samples were also prepared through

in situ precipitation. The above-mentioned process has been repeated in the absence of SS to fabricate the CS/HA-s

6
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nanocomposites. The starting content of all reagents was scaled according to the final organic/HA weight ratio of 70/30,
60/40, 50/50, 40/60 and 30/70. and the initial amounts of the reagents used in this work are listed in Table 1. The
weights of HA, Ca(NO;),-4H,0 and (NH,4),HPO, were calculated according to above equation.
2.2.3 Synthesis of CS-SS/HA-g nanocomposites by in situ precipitation

The preparing procedures are the same as described in Section 2.2.1, but the way of alkali diffusion was changed.
The blue hydrogel and ammonia solution were together put into a closed environment through ammonia volatilization.
The nanocomposite was finally washed with disilled water until the pH of eluate was about 7, followed by drying at
room temperature to obtain the solid nanocomposite. The starting content of all reagents was scaled according to the
final organic/HA weight ratio of 70/30, 60/40, 50/50, 40/60 and 30/70. and the initial amounts of the reagents used in
this work are listed in Table 1. The weights of HA, Ca(NO3),-4H,0 and (NH,4),HPO, were calculated according to
above equation. The process for the fabrication of CS-SS/HA-g nanocomposites was displayed in Fig. 1.
2.2.4 Characterization

Morphology of inorganic/organic composite was observed using Environmental Scanning Electron Microscopy
(SEM, Quanta200, FEI, Holland and SEM, Sigma, Zeiss, Germany) and field emission transmission electron
microscope (2010FEF, JOEL, Japan). The crystalline phase and component of obtained products were identified using
wide angle X-ray diffraction analysis (XRD, X pert PRO, Panalytical, Holland) and Fourier Transform Infrared
Spectrometer (FT-IR, Nicolet5700, America). Amino acid composition analysis was performed by a HITACHI-835
Amino Acid Analyzer. Samples were hydrolyzed with 6 M HCl at 110 °C for 24 h. The hydrolyzate was diluted with
water to 25 mg/ml and the diluted solution was analyzed.

Mechanical properties tests were measured at room temperature by a universal testing machine (SHIMADZU, AGS-J,
Japan) at a crosshead speed of 0.5 mm min™". Elastic modulus was calculated as the slope of the initial linear portion of
the stress—strain curve.

Samples of CS-SS/HA-s, CS/HA-s and CS-SS/HA-g nanocomposites were made into circular discs suitably sized
7
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(diameter 10 mm, height 1 mm). The MG63 cells (2.0 x 10* cells/well) were seeded on each discs placed in the 24-well
plates (Corning Life Sciences). Cells cultivated in the same wells without samples were used as a control. Plates were
incubated in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) at 37 °C in a 5%
CO, incubator for 7 days, and the cell viability was studied using cell counting kit-8 assay (CCK-8; Dojindo
Laboratories, Japan) according to the manufacturer’s instructions. After 1, 3 and 7 days of culture, nanocomposites were
gently washed with PBS and then 2 ml of DMEM containing 10% CCK-8 was added per well. The disks were
incubated at 37 °C for 2 h. After incubation, the supernatant was transferred to a 96-well plate and the optical density
(0.D.) was measured at 450 nm using an ELX808 Ultra Microplate Reader (Bio-Tek Instruments, Inc., America).
Behaviors of MG63 cells on various CS-SS/HA-s, CS/HA-s and CS-SS/HA-g nanocomposites were studied by
SEM. After cultivation for 3 days, composites grown with cells were washed twice with PBS, and cells were fixed with
2.5 wt.% glutaraldehyde under 4 °C overnight. Fixed samples were dehydrated by ethanol in an increasing
concentration gradient (30, 50, 70, 90 and 100 vol.%), followed by lyophilization. The dried samples were glued onto

copper stubs, and sputter coated with gold prior to SEM observation.

3 Results and discussion
3.1 Chemical interaction of CS-SS/HA (CS-SS/HA-s and CS-SS/HA-g) nanocomposites and their inorganic phase

Total amino acids in sericin raw material, CS-SS/HA-s and CS-SS/HA-g nanocomposite are provided in Table 2. It is
shown that the majority of amino acids in sericin raw material are serine, aspartic acid, threonine and glycine as 25.24%,
14.88%, 7.08% and 6.85%, respectively, which was similar to those in literature report [49-52]. Glutamate and aspartic
acid are acidic amino acid present in the sericin. Serine and threonine amino acids that contain hydroxyl side chains
together contribute about 41% of the total amino acids present in this sericin. Bulky amino acids such as tyrosine are
present in very less amount. Most of the residues present in the protein are either hydrophilic or does not have

hydrophobic side groups making the sericin a water-soluble protein. As listed in Table 2, the amino acids in both

8
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CS-SS/HA-s and CS-SS/HA-g nanocomposites mainly consist of serine, aspartic acid, threonine and glycine, which
indicated that SS was successfully introduced in the CS-SS/HA-s and CS-SS/HA-g nanocomposites system. Moreover,
serine, aspartic acid, threonine and glycine account for 32.36%, 19.08%, 9.08% and 8.78% respectively, of the total
amino acids present in this sericin. However, they fall to 27.49%, 18.87%, 7.00% and 8.63% respectively, in
CS-SS/HA-s nanocomposite, and descend to 23.08%, 16.57%, 6.21% and 7.10% respectively, in CS-SS/HA-g
nanocomposite. Therefore, it could be concluded that the interaction between these amino acids and inorganic
hydroxyapatite occurred after composition, which resulted from that these four kinds of amino acids contain hydroxyl
and carboxyl side chains that could induce the nucleation and regulated the growth of HA.

Fig. 2a-c shows the FTIR spectra of the CS-SS/HA-s (Fig. 2a), the inorganic phase of the CS-SS/HA-s
nanocomposite (Fig. 2b) and CS-SS/HA-g nanocomposite (Fig. 2¢). In Fig. 2a-c, the characteristic peaks of HA were
captured at around 1096 cm !, 1037 cm ™! and 965 cm !, which were ascribed to the P-O stretching vibration modes,
whereas the bands at 603 cm™' and 567 cm™! to the O—P—O bending mode, both were considered to be from the PO;*
group in HA crystals. The bands at 3570 cm™ and 632 cm™ represented hydroxyl group as stretching and bending
vibration, while the peaks at around 870 cm ', 1418 cm ' and 1456 cm™' were ascribable to the C—O stretching
vibration mode on the CO;*" group, which agreed with the fact that HA crystals prepared using the precipitation method
contained carbonate ions [53].

FTIR is a powerful tool for the study of secondary and tertiary structure and conformational transitions of
polypeptides and proteins [54]. As shown in Fig. 3a, the characteristic amide peaks of the SS appear at 1656 cm™
(amide I), 1542 cm™ (amide II) and 1246 cm™ (amide IIT), which were ascribed to the typical peaks of random coil
structure. In SS, the amide I absorption band was primarily derived from the C=O stretching vibration of the amide
groups . The amide II absorption band was due to the N-H bending and C—N stretching vibrations, and the amide III
aroused from the C—N stretching and C=0 bending vibrations. Another two bands at 1398 cm ™' and 1075 cm ™' were

assignable to the C—H and O-H bending vibrations and the C—OH stretching vibration, respectively, both of which were
9
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due to the side-chain of abundant serine residues in the sericin [55]. When compared with the amide I (-CONH,) and
amide I (C=0) band in the FTIR spectrum of pure CS (Fig. 3b) at 1642 cm ' and 1600 cm ', the appearance of the
characteristic absorption peak in the spectrum of the CS-SS/HA-s nanocomposite (Fig. 3c) at 1634 cm ™' (amide I) and
1542 ¢cm ' (amide IT) was remarkable, indicating that SS was successfully introduced in the CS-SS/HA-s nanocomposite
system. Based on the literature report [56] and the above FTIR analysis of SS, it could be concluded that the
characteristic absorption bands at 1634 cm™ and 1542 cm™ corresponded to B-sheet conformation and random coil
structure respectively. In the CS-SS/HA-s nanocomposite system, SS may participate in the intermolecular crosslinking
reaction of CS after the addition of genpin. The formation of the intermolecular crosslinking network structure resulting
from the crosslinking reaction between abundant serine residues of SS and CS may limit the intramolecular crosslinking
of SS to a certain extent. The structure of SS molecules in the hydrogel may transform into f-sheet when intramolecular
cross-linking occurred [49]. However, the B-sheet and random coil structure coexist in CS-SS/HA-s nanocomposite,
indicating that SS molecules partially involved in the intermolecular crosslinking while a part of SS molecules were
concerned in intramolecular crosslinking as a result of hydrogen bond interaction. Moreover, the peak of amide III
almost disappeared in the CS-SS/HA-s (Fig. 3¢) and CS-SS/HA-g nanocomposites (Fig. 3d) by comparison between
pure SS (Fig. 3a) and composites, which suggested that the carbonyl (C=0) bonds could serve as the initial nucleation
site of crystals [57].

Inorganic phase composition of CS/HA-s (Fig. 4a), CS-SS/HA-s (Fig. 4b) and CS-SS/HA-g (Fig. 4c) nanocomposite
were measured by using XRD (Fig. 4). The predominant crystal phase of all samples was HA corresponding to the
Powder Diffraction File (PDF Card No. 9-432). The peaks of crystal phases at 25.9°, 32° and 39.7° (20) are assignable
to (002), (211) and (310) of crystalline HA, respectively. As shown in Fig. 4a-c, three samples revealed broad peaks
with poor crystallinity around the characteristic diffraction region near 32° (26), which signified that HA had low
crystallinity in all samples. This crystallographic structure of three samples was more similar to natural bone mineral

(biological apatite) [58]. The reason for the low crystallinity of precipitated HA in all samples might be the size effect
10
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owing to the three-dimensional network microstructure provided by the crosslinked CS-SS hydrogel, where the growth
of inorganic crystal was limited. In spite of this, CS-SS/HA-s nanocomposite possessed higher crystallinity than
CS/HA-s nanocomposite based on (211) peak, indicating the possibility of different preferential orientation growth in
the presence of SS.

3.2 Morphology of CS-SS/HA (CS-SS/HA-s and CS-SS/HA-g) nanocomposites and their formation mechanism

Fig. 5a-f shows the SEM morphologies of the CS-SS/HA-s, CS/HA-s and CS-SS/HA-g nanocomposites. From the
SEM results of the CS-SS/HA-s nanocomposite (Fig. 5a,b), it could be observed that inorganic crystals of HA are
tightly bonded with the CS-SS matrix, because no interface between the inorganic and organic phases can be
distinguished. It is difficult to get this decentralization effect by conventional mechanical mixing or co-precipitation
[56,59]. The inorganic particles exhibited as rod-like crystals whose size was over 200 nm in length and 20-50 nm in
diameter. However, the SEM images for the CS/HA-s nanocomposite where many spherical particles were found are
presented in Fig. 5¢,d. This signifies that SS was responsible for the formation of the uniform rod-like HA nanoparticles.
Compared with the CS-SS/HA-s system partially, there were not only rod-like crystals but also several micropores
whose diameters ranged from 100 to 400 nm in the CS-SS/HA-g nanocomposites (Fig. Se.f). In our work, CS hydrogel
played an important role in the regulation and decentralization of inorganic nanoparticles through its compartment
effect. SS was responsible for the formation of the uniform rod-like HA nanoparticles.

The mechanisms for the formation of the rod-like HA nanoparticles in the CS-SS/HA-s and CS-SS/HA-g
nanocomposite were proposed in Fig. 6. In this study, due to the compartmental effect, CS hydrogel acted a significant
role in the dispersion of Ca**, PO,* and SS nanoparticles within crosslinked CS hydrogel. Furthermore, many studies
have reported that hydroxyapatite deposition can be initiated by functional groups existing on the surface of a material
[60, 61]. SS, a globular protein, has more polar side groups such as carboxyl, hydroxyl, and amino groups from a
comparison of the amino acid content between silk sericin and silk fibroin, which lend it to heterogeneous nucleation of

apatite [62-64]. With the increase of pH after the addition of ammonia solution or NH; gas diffusion, a large number of

11
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polar side groups on silk sericin, such as carboxyl, hydroxyl, and amino groups, may begin to act as nucleation center
for HA formation. These negatively charged residue groups can interact with Ca®* ions. The PO, ions can bond Ca**
ions through strong electrostatic interaction and thus form a local supersaturation microenvironment. The electrostatic
interaction between Ca®>" and PO,> ions was alternate, thus this self-assembly behavior increased the number of
inorganic ions to form the rod-like nanoparticles. It is also noteworthy that the rate of NH; gas diffusion in the
CS-SS/HA-g system was slower than that in the CS-SS/HA-s system, leading to slow mineralization process which may
form less rod-like nanoparticles in a time frame. Hence, the growth of apatite could be existed just along scaffold of
organic hydrogel itself, so the pores among the rod-like nanoparticles probably appeared within the limited
three-dimensional (3D) network microstructure provided by crosslinked CS hydrogel. Moreover, the compartment
effect of crosslinking CS hydrogel, which owned 3D network microstructure limited the excessive growth of the
rod-like HA particles, so the inorganic nano-particles were limited to aggregate in the compartment of the CS hydrogel
template. To sum up, such a double temple based on the hydrogel and the intensive heterogeneous nucleation sites of SS
has a distinct influence on the formation of homogeneous rod-like nanocomposites.

On the other hand, Ca*" and PO, ions were inclined to bond with carbonyl and amino groups on the compartment
walls of the CS hydrogel network in the absence of silk seicin, and it was hard to form a high electrostatic field
concentration because of the irregular nucleation sites. Consequently, the nanocomposite participated by the CS
hydrogel temple alone couldn’t come into being such special rod-like nanocomposites.

Especially, the size of CS-SS/HA-g nanocomposite (organic/inorganic=30/70) macropores was bigger than that of
CS-SS/HA-g nanocomposite (organic/inorganic=70/30). As SEM photographs illustrated (Fig. 7a,b), with the increase
of inorganic component content in the nanocomposites, the size of macropores increased from 100 to nm 500 nm. As
inorganic component content in the nanocomposites increased, the pores of organic hydrogel were full of more and
bigger rod-like nano particles gradually, the size of the 3D network lattice became smaller, so the size of macropores

decreased accordingly. These morphological changes were also in agreement with previous conclusion (Fig. 6).

12
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The morphologies of CS-SS/HA-s nanocomposite and CS-SS/HA-g nanocomposite were also examined using TEM

(Fig. 8a,c). The results revealed that the rod-like crystals were formed in all the samples. Furthermore, through the

observation of highly magnified TEM image of crystal lattice (Fig. 8b), it indicated that CS-SS/HA-s nanocomposites

had more precise bonding at 2-5 nm level, and nano-scale sub-crystallites in organic matrices had no uniform

crystallographic orientation. The polycrystal diffraction ring and amorphous spots shown in the inset of TEM selected

area electron diffraction pattern also accorded with the structure in Fig. 8b. It can be believed that the strong

combination of two phases from nano-sized to submicron level would benefit to ideal stress impress and increase of

mechanical strength, while the random crystallographic orientation of the nanoparticles may be responsible for the

isotropic character of the composite. In Fig. 8b, the uniform lattice spacing was 0.344 nm, indicating that the rod-like

HA crystal of CS-SS/HA-s nanocomposite was (002) direction. Lattice spacing of 0.281 nm at right-bottom indicated

that a crystal face of (211) existed. The result was consisted with Fig. 4, in which the strong diffraction peaks of (002)

and (211) were observed. As is shown in Fig. 8d, Lattice spacing of 0.281 nm at right-top meant that a crystal face of

(211) existed in CS-SS/HA-g nanocomposite, which also accorded with Fig. 4.

3.3 Mechanical properties of CS-SS/HA-s nanocomposites

In dry state, the mechanical properties of the CS-SS/HA-s and CS/HA-s nanocomposites with different

organic/inorganic weight ratios were tested by a universal testing machine. Fig. 9a,b shows the elastic modulus and

compressive strength data of all the samples with different organic/inorganic weight ratios ranging from 30/70 to 70/30.

All the tests were conducted under a compressive load at 0.5 mm/min. The data demonstrated that all the CS-SS/HA-s

nanocomposites presented similar mechanical behaviors, with higher elastic modulus and compressive strength than the

CS/HA-s nanocomposites at the same organic/inorganic ratio. Nevertheless, when the organic component content was

below 50%, both the CS—SS/HA-s and CS/HA-s nanocomposites exhibited low compressive strength, which resulted

from the brittleness of hydroxyapatite.

To our knowledge, there are a number of factors affecting the mechanical properties of the organic/inorganic
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composites, for instance, particle size, particle shape, particle dispersion, the inherent mechanical behavior of the

organic component, the organic/inorganic weight ratio, and the interfacial interactions between the organic and

inorganic components. Although silk sericin mechanically fragile in nature [65], the elastic modulus and compressive

strength of CS—SS/HA-s nanocomposites were both enhanced compared with CS/HA-s nanocomposites after

incorporating with SS, which may attribute to the following factors: (1) the rod-like HA nanoparticles as an inorganic

reinforcement phase; (2) SS could control the crystal orientation and provides a bridge between CS and HA; (3) the

strong interfacial interaction between inorganic and organic phase gained from the in situ precipitation method.

3.4 Characterization of CS-SS/HA-s nanocomposite scaffold

Hydrogel based scaffolds are gaining more and more attention in the field of tissue engineering in recent years

[66-68]. The hydrogel scaffolds have an inherent ability to swell in aqueous medium thus permitting the transportation

of enzymes and nutrients to and through the scaffolds [69, 70]. In this work a multilevel freeze-drying technique was

adopted to obtain a porous CS-SS/HA-s nanocomposite scaffold. The freeze-drying technique consists of freezing an

aqueous suspension followed by sublimation of the solidified phase and has been used widely to obtain porous

structures [71-74]. The pore size and shape are controlled by the freezing rate and ice growth direction. The scaffold

was prepared by lyophilization as shown in Fig. 10. The hydrogel exhibited an opaque structure consisting of water (Fig.

10a). From the SEM images shown in Fig. 10b-e, the scaffold presented a unique multi-level porous structure in which

micro- and macro-pores were co-existed. At the macro-structure level, the freeze-dried hydrogel consisted of

unidirectional macro-pores throughout the entire scaffold (Fig. 10b), and the size of macro-pores varied from 50 to 200

pm. At the sub-micro-structure level, several small sub-pores were observed in the SEM image at a high magnification

(Fig. 10c-e), the size of which was approximately 1-10 um. It has been reported that pore diameters of between 15 and

50 pum induce fibrovascular growth, whereas those between 50 and 150 um stimulate osteoid formation. Significantly,

pore diameters in the range of 150-500 pm lead directly to mineralized bone. Thus, pore dimension and

interconnectivity are key factors in the structural design of synthetic biomaterials to ensure tissue attachment and
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integration [75].

As compared to a scaffold prepared by physically mixing and co-precipitation method, in situ precipitation can obtain

close combination between the nanosized inorganic particles and the organic matrices, which improved the mechanical

properties to support cell adhesion and physiological loading. In addition, uniformly distributed HA nanoparticles in

organic matrices increased the bioactivity and osteoconductivity of the CS-SS/HA-s composite scaffold. At last, the

introducing of HA with aosteoconductive, non-toxic and non-inflammatory, which has a unique capability of binding to

the natural bone through biochemical bonding, would certainly promote cell proliferation, osteoblastic cell

differentiation and the interaction between host bone and grafted material [76]. In conclusion, this unique multi-level

porous scaffold with micro- and sub-macro-pores will be a good candidate as a scaffold in bone tissue engineering.

3.5 Cell proliferation and morphology on CS-SS/HA (CS-SS/HA-s and CS-SS/HA-g) nanocomposites

A comprehensive understanding of biocompatibility includes the determination of different parameters like

cytotoxicity, mutagenicity, carcinogenicity, hemocompatibility, sensitization, and irritation. Even though cytotoxicity is

only one aspect of biocompatibility, cytotoxicity studies are appropriate for screening and evaluation of

biocompatibility of new or modified materials to be used for medical devices [77]. In this work, the preliminary

biological performance of the CS-SS/HA-s and CS-SS/HA-g nanocomposites was evaluated by in vitro culturing of

MG63 cells. To evaluate cells proliferation, the cell viability on the different materials was compared. CCK-8 assay

values of the MG63 cells on the CS-SS/HA-s nanocomposites and the CS/HA-s nanocomposites

(organic/inorganic=40/60) on day 1, 3, and 7 were shown in Fig. 11a. In general, the cells on all the materials

proliferated with increasing culture time, indicative of good cytocompatibility. However, at each time interval there

existed a significant difference in cell proliferation among the samples. CS-SS/HA-s nanocomposites gave the best

proliferation result after culturing for 1, 3 and 7 days, while the CS/HA-s nanocomposites yielded the relative low

proliferation. It has been reported that sericin enhances proliferation and attachment of mammalian cell, insect lines and

hybridoma cells [30]. It was also found to enhance the attachment of cultured human skin fibroblasts. In 2005,
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Tsubouchi et al. also reported that living fibroblast cells increased to 250% of the control after 72 h. It was, therefore,

considered for a role in the healing process of skin lesions [78].

Based on these results, when CS-SS/HA-s and CS/HA-s nanocomposite are equal in the weight ratio of calcium

phosphate, CS-SS/HA-s nanocomposite showed better osteoblasts compatibility than CS/HA-s nanocomposite, and is

more suitable to be used in bone tissue engineering. The main reason of this might be that SS addition increased the

biocompatibility [26, 79]. Moreover, it is of noteworthy that the number of cells on both CS-SS/HA-s and CS/HA-s

nanocomposite proliferated with increasing culture time, indicating their good cytoactive, which might be credited to

HA’s good bioactivity. It has been reported that calcium phosphates play a role in increased proliferation of osteoblasts

[80-82]. The cellular responses to a biomaterial, such as attachment, proliferation and differentiation, depend not only

on physical status (surface morphology, porous structure, porosity and so on) but also on the chemical composition of

the biomaterial [83]. The chemical composition, which was relevant to the cell-material interaction, plays crucial roles

in determining the cell responses to the biomaterial [84]. In this study, the proliferation of CS-SS/HA-g nanocomposites

with different organic/inorganic weight ratios cultured for 1, 3, and 7 days was compared by CCK-8 assay. The data are

shown in Fig. 12a. Similarly, the cells on all the samples proliferated with increasing culture time, indicative of good

cytocompatibility. More importantly, the proliferation of cells on CS-SS/HA-g nanocomposites increased markedly

with an increase of organic/inorganic weight ratios from 30/70 to 70/30, indicating that the organic compositions could

enhance the cell affinity of the CS-SS/HA-g nanocomposites. Similar result has been reported that SS/HA films had

higher ability to accelerate MG63 cell proliferation than HA films, and an obvious SS concentration-dependent increase

of ODs; values existed [56]. In addition, as shown in Fig. 11a and Fig. 12a, the ODys, value of CS-SS/HA-s

nanocomposite (organic/inorganic=40/60) was little higher than that of CS-SS/HA-g nanocomposite

(organic/inorganic=40/60) cultured for the same time, which implied that cell proliferation on the former was better

than the latter.

SEM observation of cell cultures to evaluate morphologic changes is most frequently used in cytotoxicity evaluation
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of biomaterials [85, 86]. Fig. 11b-k reveals that MG63 cells cultured for 3 days adhered on the surface of CS-SS/HA-s

and CS/HA-s nanocomposites with different organic/inorganic weight ratios. Clearly, it can be observed that MG63

cells exhibited fusiform or polygonal morphology and distributed well on all the samples. Furthermore, MG63 cells

re-established cell-cell contacts and formed aggregates on the CS-SS/HA-s nanocomposites, which meant that

CS-SS/HA-s nanocomposite was propitious to the attachment and growth of MG63 cells. SEM images of

3-day-cultured MG63 cells on CS-SS/HA-g nanocomposites are shown in Fig. 12b-f. It is evident that MG63 cells grew

and spread well on the surface of all samples. These cells, showing a typical polygonal shape, formed a cellular layer

with the filopodia anchored to the CS-SS/HA-g nanocomposites and were in contact with each other. The results of

SEM indicated that CS-SS/HA-g nanocomposite has good cytocompatibility. Moreover, Fig. 13a-f shows representative

SEM morphologies of MG63 cells grown on the CS-SS/HA-s nanocomposites after 1, 3 and 7 days. MG63 cells

adhered to the CS-SS/HA-s disc and spread by pseudopodia after 1 day (Fig. 13a,b). Then, they began to spread with

fusiform or polygonal morphology and extended some pseudopods to contact each other after 3 days (Fig. 13c,d). After

7 days, MG63 cells rapidly proliferated and grew in an aggregated, multilayered form (Fig.13 e,f). Meanwhile, it is

obvious that the cells number within 7 days was more than the number of cells after one day, which also corresponded

with the results of the CCK-8 assay (Fig. 11a). This result implied that the CS-SS/HA-s nanocomposite can promote

osteoblast attachment, adhesion and proliferation. Although in vitro study in this research were relative preliminary, the

above researches have indicated that CS-SS/HA nanocomposite (CS-SS/HA-s and CS-SS/HA-g) was more suitable to

be used in bone tissue engineering, and in vitro study would establish an experimental base for further in

vivo animal tests.

4 Conclusions

CS-SS/HA-s and CS-SS/HA-g nanocomposites were obtained via a new in situ precipitation method. The

introduction of SS in the CS matrix greatly had a large influence on the nucleation and the growth of HA crystalline.
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Such a double temple based on the CS hydrogel and the intensive heterogeneous nucleation sites of SS played an

important role in the fabrication of the CS-SS/HA-s and CS-SS/HA-g nanocomposites. The CS-SS/HA-s

nanocomposite exhibited a homogeneous structure, with special rod-like nanoscale hierarchical features. In addition, the

way of alkali diffusion also affected the morphology of the nanocomposites obviously. There were not only rod-like

crystals but also several micropores in the CS-SS/HA-g nanocomposites. With SS addition, the CS-SS/HA-s

nanocomposites dispalyed much better mechanical behaviors, as confirmed by measuring their elastic modulus and

compressive strength. The osteoblast-like MG63 cells cultured on the two kinds of nanocomposites grew and spread

actively. The proliferation of the cells, performed directly on the CS-SS/HA-s nanocomposites, showed a higher value

than that of the CS/HA-s and CS-SS/HA-g nanocomposites. The present study may provide more theory basis for

further enhance the understanding of biomineralization and promote the development of new biomaterials for bone

tissue engineering.
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Figure Captions

Fig. 1 The synthetic procedures for the fabrication of CS-SS/HA-s and CS-SS/HA-g nanocomposites

Fig. 2 FTIR spectra of (a) the CS-SS/HA-s nanocomposite (organic/inorganic=40/60); (b) the inorganic phase of the

CS-SS/HA-s nanocomposite (organic/inorganic=40/60); and (c) the CS-SS/HA-g nanocomposite

(organic/inorganic=40/60)

Fig. 3 FTIR spectra of (a) pure SS; (b) pure CS; (c) the CS-SS/HA-s nanocomposite (organic/inorganic=40/60); and (d)

the CS-SS/HA-g nanocomposite (organic/inorganic=40/60)

Fig. 4 XRD pattern of (a) the CS/HA-s nanocomposite (organic/inorganic=40/60); (b) the CS-SS/HA-s nanocomposite

(organic/inorganic=40/60); and (c) the CS-SS/HA-g nanocomposite (organic/inorganic=40/60)

Fig. 5 SEM micrograghs of (a,b) the CS-SS/HA-s nanocomposite (organic/inorganic=40/60); (c,d) the CS/HA-s

nanocomposite (organic/inorganic=40/60); and (e,f) the CS-SS/HA-g nanocomposite (organic/inorganic=40/60)

Fig. 6 Scheme of the formation mechanism of CS-SS/HA-s and CS-SS/HA-g nanocomposites

Fig. 7 SEM micrograghs of the CS-SS/HA-g nanocomposites with different organic/inorganic weight ratios: (a) 30/70;

(b) 70/30

Fig. 8 TEM micrograghs of (a,b) the CS-SS/HA-s nanocomposite (organic/inorganic=40/60); the inset shows

polycrystall diffraction ring; (c,d) the CS-SS/HA-g nanocomposite (organic/inorganic=40/60)

Fig. 9 Mechanical properties bar graphs of CS/HA-s and CS-SS/HA-s nanocomposites: (a) elastic

modulus-organic/inorganic weight ratio bar graph; (b) compressive strength- organic/inorganic weight ratio bar graph

(n=3)

Fig. 10 (a) digital photograph of the CS-SS/HA-s hydrogel; and SEM micrograghs of freeze-drying CS-SS/HA-s

nanocomposite (organic/inorganic=40/60): (b) primary pores; (c-¢) sub-pores

Fig. 11 (a) CCK-8 assay of the proliferation of MG63 cells cultured on the CS/HA-s and the CS-SS/HA-s

nanocomposite (organic/inorganic=40/60, n=3); SEM micrographs of MG63 cell morphology on CS/HA-s
24
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553 nanocomposites with different organic/inorganic weight ratios after incubation for 3 days: (b) 30/70; (d) 40/60; (f) 50/50;

554 (h) 60/40; (j) 70/30; and SEM micrographs of MG63 cell morphology on CS-SS/HA-s nanocomposites with different

555 organic/inorganic weight ratios after incubation for 3 days: (c) 30/70; (e) 40/60; (g) 50/50; (i) 60/40; (k) 70/30

556 Fig. 12 (a) CCK-8 assay of the proliferation of MG63 cells cultured on the CS-SS/HA-g nanocomposite with different

557 organic/inorganic weight ratios (n=3); and SEM micrographs of MG63 cell morphology on CS-SS/HA-g

558 nanocomposites with different organic/inorganic weight ratios after incubation for 3 days: (b) 30/70; (c) 40/60; (d)

559 50/50; (e) 60/40; (f) 70/30

560 Fig. 13 SEM micrographs of MG63 cell morphology on CS-SS/HA-s nanocomposites after incubation for different time:

561 (a,b) 1 day; (c,d) 3 days; (e,f) 7 days
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Table Captions

Table 1 The dosage of the reagents

Table 2 Amino acid composition of silk sericin, CS-SS/HA-s nanocomposites (organic/inorganic=40/60) and the

CS-SS/HA-g nanocomposites (organic/inorganic=40/60)
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Fig. 1 The synthetic procedures for the fabrication of C5-SS/HA-s and CS-SS/HA-g nanocomposite
67x52mm (300 x 300 DPI)
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Fig. 2 FTIR spectra of (a) the CS-SS/HA-s nanocomposite (organic/inorganic=40/60); (b) the inorganic
phase of the CS-SS/HA-s nanocomposite (organic/inorganic=40/60); and (c¢) the CS-SS/HA-g
nanocomposite (organic/inorganic=40/60)
75x60mm (600 x 600 DPI)
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Fig. 3 FTIR spectra of (a) pure SS; (b) pure CS; (c) the CS-SS/HA-s nanocomposite

(organic/inorganic=40/60); and (d) the CS-SS/HA-g nanocomposite (organic/inorganic=40/60)
77x62mm (600 x 600 DPI)
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Fig. 4 XRD pattern of (a) the CS/HA-s nanocomposite (organic/inorganic=40/60); (b) the CS-SS/HA-s
nanocomposite (organic/inorganic=40/60); and (c) the CS-SS/HA-g nanocomposite
(organic/inorganic=40/60)
67x47mm (600 x 600 DPI)
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Fig. 5 SEM micrograghs of (a,b) the CS-SS/HA-s nanocomposite (organic/inorganic=40/60); (c,d) the
CS/HA-s nanocomposite (organic/inorganic=40/60); and (e,f) the CS5-SS/HA-g nanocomposite
(organic/inorganic=40/60)
170x194mm (300 x 300 DPI)
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Fig. 6 Scheme of the formation mechanism of CS-SS/HA-s and CS-SS/HA-g nanocomposites
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Fig. 7 SEM micrograghs of the CS-SS/HA-g nanocomposites with different organic/inorganic weight ratios:
(a) 30/70; (b) 70/30
58x22mm (300 x 300 DPI)



RSC Advances Page 34 of 41

y

Fig. 8 TEM micrograghs of (a,b) the CS-SS/HA-s nanocomposite (organic/inorganic=40/60); the inset shows
polycrystall diffraction ring; (c,d) the CS-SS/HA-g nanocomposite (organic/inorganic=40/60)
117x109mm (300 x 300 DPI)
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Fig. 9 Mechanical properties bar graphs of CS/HA-s and CS-SS/HA-s nanocomposites: (a) elastic modulus-
organic/inorganic weight ratio bar graph; (b) compressive strength- organic/inorganic weight ratio bar graph

(n=3)
69x24mm (600 x 600 DPI)
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freeze

drying

Fig. 10 (a) digital photograph of the CS-SS/HA-s hydrogel; and SEM micrograghs of freeze-drying CS-
SS/HA-s nanocomposite (organic/inorganic=40/60): (b) primary pores; (c-e) sub-pores
116x66mm (300 x 300 DPI)
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Fig. 11 (a) CCK-8 assay of the proliferation of MG63 cells cultured on the CS/HA-s and the CS-SS/HA-s
nanocomposite (organic/inorganic=40/60, n=3); SEM micrographs of MG63 cell morphology on CS/HA-s
nanocomposites with different organic/inorganic weight ratios after incubation for 3 days: (b) 30/70; (d)
40/60; (f) 50/50; (h) 60/40; (j) 70/30; and SEM micrographs of MG63 cell morphology on CS-SS/HA-s
nanocomposites with different organic/inorganic weight ratios after incubation for 3 days: (c) 30/70; (e)
40/60; (g) 50/50; (i) 60/40; (k) 70/30
245x348mm (300 x 300 DPI)
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Fig. 12 (a) CCK-8 assay of the proliferation of MG63 cells cultured on the CS-SS/HA-g nanocomposite with
different organic/inorganic weight ratios (n=3); and SEM micrographs of MG63 cell morphology on CS-
SS/HA-g nanocomposites with different organic/inorganic weight ratios after incubation for 3 days: (b)

30/70; (c) 40/60; (d) 50/50; (e) 60/40; (f) 70/30
100x57mm (300 x 300 DPI)
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Fig. 13 SEM micrographs of MG63 cell morphology on CS-SS/HA-s nanocomposites after incubation for
different time: (a,b) 1 day; (c,d) 3 days; (e,f) 7 days
157x197mm (300 x 300 DPI)
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Organic/HA
Samples - . CS (g SS (g Ca(NOs),4H,O  (NH4),HPO,
(weight ratio)

CS-SS/HA-s #1

) 70/30 0.28 0.28 0.564 0.189
CS-SS/HA-g #2
CS-SS/HA-s #3
60/40 0.24 0.24 0.752 0.252
CS-SS/HA-g #4
CS-SS/HA-s #5
50/50 0.20 0.20 0.940 0315
CS-SS/HA-g #6
CS-SS/HA-s #7
40/60 0.16 0.16 1.128 0.378
CS-SS/HA-g #8
CS-SS/HA-s #9
30/70 0.12 0.12 1.316 0.441
CS-SS/HA-g #10
CS/HA-s #11 70/30 0.56 0 0.564 0.189
CS/HA-s #12 60/40 0.48 0 0.752 0.252
CS/HA-s #13 50/50 0.40 0 0.940 0.315
CS/HA-s #14 40/60 0.32 0 1.128 0.378
CS/HA-s #15 30/70 0.24 0 1.316 0.441

Table 1 The dosage of the reagents
98x62mm (300 x 300 DPI)
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Percent of gram amino acid in 100 g protein

Amino acid Sericin raw CS-SS/HA-s CS-SS/HA-g
material nanocomposite nanocomposite
Aspartic acid 14.88 0.70 0.56
Threonine 7.08 0.26 0.21
Serine 25.24 1.02 0.78
Glutamic acid 5.46 0.33 0.25
Glycine 6.85 0.32 0.24
Alanine 2.94 0.11 0.09
Cystine 0.32 0.24 0.37
Valine 2.77 0.10 0.15
Methionine 0.08 Not detected Not detected
[soleucine 0.88 Not detected Not detected
Leucine 1.08 0.09 Not detected
Tyrosine 242 0.14 0.14
Phenylalanine 0.40 Not detected 0.23
Lysine 2.98 0.22 0.20
Proline Not detected 0.08 0.08
Histidine 1.32 0.04 0.04
Arginine 33 0.06 0.04

Table 2 Amino acid composition of silk sericin, CS-SS/HA-s nanocomposites (organic/inorganic=40/60) and
the CS-SS/HA-g nanocomposites (organic/inorganic=40/60)
213x291mm (300 x 300 DPI)



