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Abstract

A novel hydroxyapatite/chitosan—silk fibroin (HA/CTS-SF) composite was prepared for bone repair and replacement by a coprecipi-
tation method. It was revealed that the inorganic phase in the composite was carbonate-substituted HA with low crystallinity. The HA
crystallites were found to be needle-like in shape with a typical size of 20-50 nm in length and around 10nm in width. The composite
exhibited a higher compressive strength than the precipitated HA without any organic source involved, which was closely related to the
perfect incorporation of chitosan and SF macromolecules into the composite. The chemical interactions occurring between the mineral
phase and the organic matrix were thought to improve the interfacial bonding and thus resulted in the enhanced mechanical property of

the composite.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Natural bone is a complex inorganic—organic nanocom-
posite material, in which hydroxyapatite (HA) nanocrystals
and collagen fibrils are well organized into hierarchical
architecture over several length scales (Du et al, 2000;
Kikuchi, Itoh, Ichinose, Shinomiya, & Tanaka, 2001). The
distinctive harmony and the highly ordered assembly at the
molecular level between the mineral phase and the organic
matrix endow natural bone with good mechanical proper-
ties, such as low stiffness, high resistance to tensile and com-
pressive forces, appreciable flexibility and high fracture
toughness (Song, Saiz, & Bertozzi, 2003; Zhang, Liao, &
Cui, 2003). However, exploiting bone grafting materials
with microstructure and mechanical properties comparable
to native bone poses a significant challenge in tissue engi-
neering. Natural bone’s unique hybrid composition and
hierarchical structure, have presented valuable clues to
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achieve intelligent scaffold materials (Mann & Ozin, 1996;
Stupp & Braun, 1997). Increasing efforts have been devoted
to the composites of HA in conjugation with some bioac-
tive polymers or proteins, such as collagen (Chang, Ikoma,
Kikuchi, & Tanaka, 2002; Du et al., 2000; Kikuchi et al.,
2001, 2004; Zhang et al., 2003), gelatin (Bigi, Panzavolta, &
Roveri, 1998; Chang, Ko, & Douglas, 2003), chitosan
(Murugan & Ramakrishna, 2004; Rusu et al., 2005; Sailaja
et al., 2003; Yamaguchi et al.,, 2001; Zhang et al., 2005), silk
fibroin (Furuzono, Taguchi, Kishida, Akashi, & Tamada,
2000; Wang, Nemoto, & Senna, 2002) and chondroitin sul-
fate (Rhee & Tanaka, 2002). Combining the advantages of
inorganic and organic components (Sivakumar, Manju-
bala, & Rao, 2002), HA/organic composites show good bio-
compatibility and favorable bonding ability with
surrounding host tissues inherent from HA (Hench, 1991;
Nunes, Simske, Sachdeva, & Wolford, 1997). Besides, the
problems associated with HA ceramic, such as its intrinsic
brittleness, poor formability and migration of HA particles
from the implanted sites (Murugan & Ramakrishna, 2004;
Yamaguchi etal, 2001), can be circumvented by the
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integration of HA ceramic with biopolymers. Among these
HA-based hybrid materials, HA-collagen composite has
inspired great interest because it bears a very close compo-
sitional resemblance to natural bone. Kikuchi et al. pre-
pared a self-organized HA-collagen nanocomposite by a
biomimetic coprecipitation method (Kikuchi et al., 2001,
2004). It was reported that the composite had similar
microstructure to native bone, and showed osteoclastic
resorption and good osteoconductivity as proved by the
animal tests. However, a major concern over HA-collagen
composite is the high cost of collagen, which limits its clini-
cal application in healing bone defects.

Silk fibroin (SF), a hard protein extracted from silk
cocoon, is composed of 17 amino acids. SF with B-sheet
structure has been applied in wound dressing owing to its
sufficient mechanical strength, appreciable bioaffinity, and
good oxygen permeability similar to human skin (Freddi,
Monti, Nagura, Gotoh, & Tsukada, 1997; Park, Lee, Ha, &
Park, 1999). In our previous studies, HA-SF nanocompos-
ite was obtained by a coprecipitation method (Wang et al.,
2002, Wang, Nemoto, & Senna, 2004). It was shown that a
three-dimensional porous network was constructed in the
composite by the crosslinkage between HA clusters and SF
fibrils and the introduction of SF notably increased the
microhardness of HA ceramic. However, HA-SF compos-
ite cannot meet the requirement for bone substitution due
to its insufficient formability and flexibility.

Chitosan, the deacetylation derivative of chitin, is a natu-
ral polysaccharide containing active amino and hydroxyl
groups. Chitosan consists of glucosamine and N-acetylglu-
cosamine units linked through 1-4 glycosidic bonds. Chito-
san’s  primary attractive features including its
biocompatibility, biodegradability, flexibility adhesiveness
and anti-infectivity, make it as a feasible wound healing
agent and an ideal polymeric matrix for HA ceramic (Mur-
ugan & Ramakrishna, 2004; Rusu et al., 2005; Sailaja et al.,
2003; Yamaguchi et al., 2001). The brittleness of HA ceramic
can be mitigated by the incorporation of chitosan into HA
ceramic by virtue of the plastic and adhesive origin of chito-
san. As an article by Yamaguchi et al. stated, the as-prepared
chitosan/HA composite was mechanically flexible and could
be easily molded into any desired shape (Yamaguchi et al.,
2001). Bearing the above points in mind, we employed chito-
san and SF together as a complex organic matrix for HA
granules attempting to obtain a novel composite HA/chito-
san-silk fibroin (HA/CTS-SF) with good osteoconductivity,
enhanced mechanical strength and sufficient formability and
flexibility. Additionally, chitosan and SF are easily derived
from naturally abundant chitin and silk cocoon, respectively,
which offers a great promise for the potential use of HA/
CTS-SF composite as bone scaffold material.

In this work, HA/CTS-SF composite was synthesized by
the coprecipitation method in the presence of chitosan and
SF. The effects of the chitosan and SF on the crystallographic
properties of HA were evaluated. The compressive strength
of the composite and the chemical interaction between the
mineral phase and the organic matrix were investigated.

2. Materials and methods
2.1. Preparation of HAICTS-SF composites

Ca(OH),, H;PO, and ammonium hydroxide of analyti-
cal grade were used without further purification. Chitosan
with deacetylation degree of 80% and viscosity of 0.2 Pas
was purchased from Sigma-Aldrich Inc., USA. SF super-
fine powders with B-sheet structure extracted from silk
cocoon were kindly supplied by Wuxi Smiss Technol. Co.,
Ltd., China.

HA is formed at alkaline conditions (pH 9-11) accord-
ing to the following equation

10Ca(OH), + 6HyPO,— Ca,o(PO,)((OH),+ 18H,0

(D

With the inorganic/organic weight ratio (70/30) of natu-
ral bone as a guideline, the weight ratio of HA/CTS/SF in
the final product was regulated to be 70/15/15. According to
the pre-determined theoretical yield of HA 14.00g, the
amount of every reagent initially used was calculated, i..,
10.32 g Ca(OH),, 9.64 g 85 wt% H;PO,, 3.0 g SF, 3.0 g chito-
san. SF powders of 3 g were added into a suspension con-
taining 10.32g Ca(OH), and 120g distilled water. A
chitosan aqueous solution was prepared by dissolving 3 g
chitosan powder into 117g 2.0wt% acetic solution, and
subsequently mixed with 9.64 g 85wt% H;PO,. The chito-
san/H;PO, solution was added dropwise into the SF/
Ca(OH), suspension. The pH of the mixture was 6.2 mea-
sured by a pH meter (PHS-3CT, Shanghai Dapu Instru-
ment Co., Ltd., China), and then adjusted to be 9.0 by
adding ammonium hydroxide in drops into the mixture.
The reaction temperature was kept at 25 °C and the mixture
was stirred at 800 rpm for 3 h, followed by three cycles of
alternate centrifugation and water-washing to harvest the
precipitates. The precipitates were vacuum-dried at 50 °C
for 48h and subsequently ground into fine powders using
an agate mortar. Meanwhile, pure HA without SF and
chitosan was prepared as a control sample by the same pro-
cedure. For mechanical tests, 1 g powder sample was com-
pressed into a cylindrical tablet with a diameter of 12.5mm
and a height of 42-4.6mm under a load of 10 MPa for
2 min.

2.2. Characterization of the materials

Crystalline phase composition of the as-prepared pow-
ders was confirmed by X-ray diffractometer (XRD) (RINT
PC1, Rigaku Co.) with CuKa radiation. Fourier transform
infrared (FT-IR) spectra were recorded using a spectrome-
ter (Nicolet, AVATR360). A transmission electron micro-
scope (TEM) (JEOL JEM-2100) was used to observe
morphology of HA crystals. Thermogravimetric analysis
(TGA) was performed in air between 25 and 1000°C at a
heating rate of 10°C/min (TGA/SDTAS851e, Mettler-
Toledo, Inc.). The compressive strengths of tablet samples
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were measured by a universal testing machine (AG-2000A,
Shimadzu Co.) at a cross head speed of 2 mm/min. Five tab-
lets were tested for each sample.

3. Result and discussion

As shown in Fig. 1, HA/CTS-SF composite and pure
HA have similar XRD patterns. All the diffraction peaks
are well defined and assigned to monophase crystalline HA
only, since no peaks from other calcium phosphate phases
are detected. It indicates that the involvement of chitosan
and SF does not change crystallographic structure of HA in
the composite. The two samples present notable line broad-
ening and overlap of peaks, implying that the precipitated
HA crystals have small size and low crystallinity similar to
natural bone mineral (Murugan & Ramakrishna, 2004,
Rhee & Tanaka, 2002). The poor crystalline nature of the
prepared HA is possibly attributed to the low temperature
procedure where the two samples were not subjected to sin-
tering. The peaks in HA/CTS-SF composite are slightly
broader as compared to pure HA, which is a sign for the
decreased crystallinity of HA by the presence of the com-
plex matrix.

FT-IR spectra of chitosan, SF, pure HA and HA/CTS-
SF composite are shown in Figs. 2 and 3. Pure HA and the
composite display a quite similar appearance with respect to
the typical peaks of HA. The bands at 1092, 1033, 961, 603
and 565cm ™! correspond to different modes of PO, group in
HA (Rhee & Tanaka, 2002; Yamaguchi et al., 2001). The
bands at 1452, 1423 and 874cm™! are derived from carbon-
ate ions, suggesting that the precipitated HA contains car-
bonate ions (Gibson & Bonfield, 2002). No carbonate source
was introduced into the starting materials, and the two sam-
ples were prepared in an atmospheric environment. It is rea-
sonable to infer that the carbonate ions incorporated into
HA stem from carbon dioxide gas in air. The band at
1638cm ™! representing OH group of HA appears as a
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Fig. 1. XRD patterns of pure HA and HA/CTS-SF composite.
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Fig. 2. FT-IR spectra of pure HA and HA/CTS-SF composite in the fre-
quency range of 500-1800 cm™".
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Fig. 3. FT-IR spectra of (a) silk fibroin, (b) chitosan, (c) HA/CTS-SF
composite in the frequency range of 1200-1700 cm™".

sharper peak in HA/CTS-SF, possibly ascribed to the over-
lap of OH group of HA and amide I band of SF. The char-
acteristic B-sheet structure of SF is probed at 1634cm™!
(amide I), 1519 cm ™! (amide IT) and 1232cm ™" (amide III) in
Fig. 3a (Freddi etal, 1997). These amide bands are also
observed in the composite (Fig. 3¢) without notable peak
shifts. In Fig. 3b, the bands at 1656, 1603, 1425, 1381cm™!
are assigned to amide I (C=0), amino (-NH,), CH defor-
mation and CH; symmetric deformation in chitosan, respec-
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Fig. 4. TEM images of pure HA (a and b) and HA/CTS-SF composite (c and d).

tively (Qu, Wirsen, & Albertsson, 1999; Yamaguchi et al.,
2001). These adsorption peaks are not easily detected or
appear as weak shoulders in the composite. One possible
reason is that SF presents very strong adsorption peaks par-
ticularly around 1400-1700cm™! compared to chitosan. As
stated in some reports, there exist chemical interactions
between the inorganic and organic components in HA-
based composites, most likely occurring between Ca** and
those negative charged functional groups in organic matrix
such as COO™, -NH,, amide I and amide II (Kikuchi et al.,
2001, 2004; Rhee & Tanaka, 2002; Yamaguchi et al.,, 2001).
As to this study, we suggest that the chemical bonding may
be formed between Ca®* and the amino group of chitosan or
the amide bands (amide I and amide II) of SF.

TEM images of the two samples are shown in Fig. 4. In
pure HA and the composite, the elongated HA crystallites
are envisioned as needle-like in shape with a typical size of
20-50nm in length and about 10nm in width. It implies
that the morphology of HA crystallites is not altered by the
complex organic matrix. The image of the crystallites in the
composite is not as clear as that in pure HA. The obscure
shadows are observed somewhere in the composite, attrib-

uted to the amorphous phases. This indicates the crystallin-
ity of HA decreases with the addition of chitosan and SF,
being in agreement with the above XRD result. The crystal-
lites are in relatively well-dispersed state in pure HA in
comparison with the severe agglomeration in the compos-
ite. HA nanocrystals spontaneously aggregate into bundles
in both the cases. An apparent tendency is noticed in the
composite that the aggregation is preferentially along ¢
axis. This phenomenon is thought to be likely associated
with the preferential self-assembly of HA crystallites along
¢ axis, which has been revealed in several other studies
(Rhee & Tanaka, 2002; Yamaguchi et al, 2001; Zhang
et al., 2005). These findings demonstrate that the introduc-
tion of SF and chitosan intensifies the aggregation of HA
crystals and promotes the aggregation along ¢ axis.

The TG curves of the two samples, chitosan and SF are
displayed in Fig. 5. The trace of pure HA (Fig. 5a) shows a
continuous weight loss of 8% from 50°C onward until
700 °C, and a notable weight loss in the range of 50-150 °C.
The losses below 100 °C and around 120 °C can be ascribed
to the evaporation of water (Sivakumar et al., 2002; Yam-
aguchi et al,, 2001). There is no weight loss occurred above
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Fig. 5. TG thermograms of (a) pure HA, (b) HA/CTS-SF composite, (c)
chitosan and (d) silk fibroin.

Table 1
Compressive strengths of pure HA and HA/CTS-SF composite
(mean + SD; n=15)

Sample Compressive strength (MPa)
HA 89.6+2.8
HA/CTS-SF 1793+ 4.6

800°C, suggesting that the precipitated HA is thermally
stable at high temperature. It can be seen from the trace of
HA/CTS-SF (Fig. 5b) that the sample weight decreases
rapidly with temperature increasing, especially in the ranges
of 50-120°C assigned to the loss of water molecules, and
240-550°C assigned to the thermal decomposition of
organic macromolecules. There is no change found in the
weight of the composite above 620 °C, indicating that the
organic contents are decomposed completely at 620 °C. As
confirmed from Fig. 5¢ and d, chitosan and SF are thermal
stable up to 620 and 570 °C, respectively. The total weight
loss for HA/CTS-SF composite is 32%, higher than that for
pure HA (8%) due to the presence of chitosan and SF. The
organic/inorganic weight ratio except water content for the
composite is determined to be 28.9/71.1, almost consistent
with the theoretical yield weight ratio of (chitosan and SF)/
HA. The thermal analysis illustrates that chitosan and SF
molecules have been well incorporated into the composite.

The compressive strengths of the two samples are given
in Table 1. With the involvement of chitosan and SF, the
compressive strength shows a notable increase, i.e., from
89.6 MPa for pure HA to 179.3 MPa for HA/CTS-SF. It is
widely accepted that compressive strength for inorganic—
organic hybrid materials can be viewed as an indication of
the interfacial bonding strength between the mineral and
organic components (Evans, Behiri, Currey, & Bonfield,
1990). In addition, the proper stress transfer occurring
between the mineral phase and the organic matrix has a
major effect on the mechanical properties of the composite
materials (Sailaja et al., 2003). Regarding the present con-
text, the chemical interaction and the intimate adhesion
between HA and the complex organic matrix may account
for the enhanced compressive strength.

4. Conclusions

HA/CTS-SF composite was obtained via a simple
coprecipitation method at room temperature with chitosan
and SF serving as a complex organic matrix. The inorganic
component in the composite is identified as monophase
poorly crystalline HA containing carbonate ions. The pri-
mary HA crystallites are needle-like and of 20-50 nm long
and around 10nm wide. FT-IR spectroscopy and TG ther-
mal analysis confirm that chitosan and SF have been incor-
porated into the composite. The chemical interactions
between the inorganic and organic constituents in the com-
posite, probably take place via the chemical bonding
between Ca’* and the amino group of chitosan or the
amide bands of SF. The involvement of chitosan and SF
endows the composite with a higher compressive strength
as compared to pure HA. These findings suggest that HA/
CTS-SF composite may be a promising biomaterial for
bone ingrowth and implant fixation.
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