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Abstract Nano-hydroxyapatite/silk fibroin (n-HA/SF)
composite was successfully fabricated based on a simpli-
fied coprecipitation route. In detail, the degummed SF was
first dissolved in CaCl, aqueous/ethanol solution without
desalting procedure, and then (NH4),HPO, solution and
NH4OH were dropped into the above solution to form n-
HA/SF composite. The structure and morphology of n-HA/
SF composite were investigated by Transmission electron
microscopy, Fourier transform infrared spectrometry,
energy dispersive X-Ray spectrum, X-ray diffraction, and
thermogravimetric analyses. Results indicate that the
inorganic phase is carbonate-substituted HA with low
crystallinity and similar to the crystals of human bone. The
HA crystals have diameter of around 20-30 nm and length
of about 200-500 nm. The content of SF in the composite
is about 30%, and the two phases bonded each other
strongly. In addition, a formation mechanism of n-HA/SF
was proposed.

Introduction

Natural bone is a complex inorganic/organic nanocom-
posite material, in which about 70 wt% hydroxyapatite
(HA) nanocrystals and about 30 wt% collagen fibrils are
well organized into hierarchical architecture over several
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length scales [1, 2]. The HA/collagen nanocomposites for
artificial bones have been developed by biomimetic pro-
cessing, which was based on the idea that biologic systems
store and process information at the molecular level [3-5].
This kind of nanocomposites could mimic the nanostruc-
ture of real bone and display remarkable physical and
chemical features. However, due to some practical prob-
lems with collagen, high cost, difficulty to control cross-
infection, and the poor definition of commercial sources
[6], there is a need to explore new synthetic or natural
organic materials instead of collagen for the development
of biomimetic bone materials.

Currently, some biocompatible polymers or proteins,
such as chitosan [7-9], alginate [10], polylactic acid [11],
poly-lactic-glycolic acid [12], polyamide [13], hyaluronic
acid [14], and silk fibroin [15-17], have been reported to
combine with HA. Among them, silk fibroin (SF) is of
practical interest due to its excellent intrinsic properties
utilizable in the biotechnological and biomedical fields. SF,
a hard protein extract from silk cocoons, is composed of 17
amino acids. SF has been proved to be good biocompatible
material and has been successfully used for various medi-
cal applications. It was demonstrated that silk fibers could
induce apatite deposition on the surfaces of proteins in
solution mimicking body fluid [18]. For this reason, a
coprecipitation method was often used to synthesize silk
powder/HA nanocomposites [15, 16, 19]. As-synthesized
nanocomposites could take on outstanding osteoconduc-
tivity and bioactivity and display huge potential as bio-
materials for a series of different applications. However,
the conventional coprecipitation route for preparing HA/SF
composite comprises a desalting procedure (dialysis),
which usually at least expends 3 days. Moreover, a thor-
ough understanding of the process of apatite formation on
the silk fiber is far from understood.
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In the present study, we tried to put forward a simplified
coprecipitation route to n-HA/SF composite in order to be
time-saving and efficient. In details, the Bombyx mori silk
fibers after degumming sericin were directly dissolved in
CaCl, aqueous/ethanol solution without desalting proce-
dure, and then (NH4),HPO, solution and NH,OH were
added dropwise into the above solution to form n-HA/SF
composite. Meanwhile, the formation mechanism of the
composite was proposed on the basis of analyzing the
chemical interaction between SF and HA.

Experimental

N32C03, CaCIQ, CH3CH20H, NH4OH, and (NH4)2HPO4
used here are OF analytical grade and purchased from
Shanghai Chemical Reagents Corp. (Shanghai, China).
Bombyx mori silkworm cocoons were obtained from
Huzhou Academy of Agricultural Science (Huzhou,
China).

Bombyx mori silkworm cocoons were boiled for 30 min
in an aqueous solution of 0.5% (w/v) Na,CO; and were
then thoroughly washed with distilled water to extract the
glue-like sericin proteins. The treatment was repeated three
times to obtain the pure SF. The degummed SF was vac-
uum-dried at 80 °C for 24 h.

With the inorganic/organic weight ratio (70/30) as a
guideline, the weight ratio of HA/SF in the final product
aim to be 70/30. The molar ratio of Ca/P in the starting
mixture was set as 1.67, equal to that of stoichiometric HA.
430 g dried degummed SF was first dissolved in an
aqueous/ethanol solution containing 11.10 g CaCl,
(CaCl,:CH5;CH,OH:H>,O = 1:2:8, molar ratio) at 75 °C for
about 30 min, and then 120 ml 0.5 M (NH,),HPO, solu-
tion was added dropwise into above solution. The solution
was titrated with ammonium hydroxide in drops to main-
tain the pH at 10.0. The reaction temperature was kept at
75 °C and the solution was stirred at 800 rpm for 3 h,
followed by 24 h of aging at ambient temperature. After-
wards, three cycles of alternate centrifugation and water-
washing were carried out to harvest the precipitates. The
resulting precipitates were dried under vacuum at 50 °C for
24 h to yield n-HA/SF composite. Meanwhile, pure HA
without SF was prepared as a control sample by the same

Fig. 1 Procedure for the
fabrication of n-HA/SF
composite

0.5%(wiv) Na,CO,
Boiling water

Bombyx mori
silkworm cocoons

Extraction of Sericin

procedure. The whole preparation process can be sche-
matically illustrated in Fig. 1.

The FT-IR measurements were conducted on a Perkin-
Elmer Paragon 1000 Fourier transform spectrometer at
room temperature (25 °C). The samples were mixed with
KBr pellets to press into the small flakes. Transmission
electron microscopy (TEM) and energy dispersive X-Ray
spectrum (EDS) were performed with a JEOL JEM-100CX
microscope operated at 100 kV. Samples for TEM were
diluted 50 times with anhydrous alcohol and then dropped
on copper grids and allowed to dry under infrared lamp.
The X-ray diffraction (XRD) pattern was recorded on a
powder sample using X-ray diffractometer (D/MAX-
2200PC, CuKa radiation, Japan). The samples were scan-
ned from 20° to 60° with a scanning rate of 4° min~".
Thermogravimetric analyses (TGA) were performed on a
Perkin Elmer TGA 7/DX thermogravimetric analyzer (TA
instruments) in the temperature range from ambient tem-
perature to 800 °C at a heating rate of 10 °C-min™~" under
air atmosphere at a flow of 100 mL min~'. The thermal
degradation temperature was taken as the onset tempera-
ture at which 5 wt% of weight loss occurs.

Results and discussion

Figure 2a—d shows the typical TEM images of HA and the
n-HA/SF composite. There is a distinct difference in shape
between them. The former is rod-like in shape with a
typical size of about 200 nm in length and about 50 nm in
width, while the latter is the bundle of nanofibrils with the
size of 200-500 nm in length and 20-30 nm in width. The
ED pattern (Fig. 2e) from the n-HA/SF composite displays
polycrystalline rings, which are well indexed as the HA
phase with (002) preferential orientations [6]. It is well
known that the HA nanocrystals in bone have a preferred
(002) crystallographic orientation owing to the c-axis of the
crystals that are approximately parallel to the long axis
direction of SF. Figure 2f is a typical energy dispersive
X-Ray spectrum taken from a composite area. C, O, P, and
Ca peaks are present in the spectrum, indicating that the
composite is composed of HA and SF. Meanwhile, EDS
area analysis of the composite reveals a Ca/P (7.47/
4.5 = 1.66) molar ratio similar to that of pure HA

Dissolving silk fibroin Nucleation and growth
(NH,),HPO,

* PH meter

CaCl,:EtOH:H,0
=1:2:8 mixture
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Fig. 2 a, b TEM images of
pure HA; ¢, d TEM images

of n-HA/SF composite; e the
selected area electron
diffraction (SAED) patterns of
n-HA/SF; £ EDS spectra of pure
HA and n-HA/SF composite

(Ca/P = 24.11/14.44 = 1.67). These findings demonstrate
that the fibroin proteins play an important role in regulating
the nucleation and growth of the n-HA minerals.
Furthermore, the effects of SF for the HA minerals could
be confirmed by the diversities of the sizes and shapes of the
two samples. The precipitated HA crystals without fibroin
proteins are much smaller in length—diameter ratio than
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those with the fibroin proteins. It is reasonable to view that
the fibroin proteins regulate the self-organized process
forming n-HA/SF composite.

As shown in Fig. 3, n-HA/SF composite and pure HA
posses similar XRD patterns. All the diffraction peaks are
well defined and assigned to crystalline HA, since no
peaks from other calcium phosphate phases are detected.
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Fig. 3 XRD patterns of pure HA and n-HA/SF composite

It reveals that the involvement of SF does not change
crystallographic structure of HA in the composite. Com-
pared with the standard high temperature-sintered HA, the
two samples present notable line broadening and overlap in
terms of peaks, indicating that the obtained HA crystals
have low crystallinity similar to the natural bone mineral
[20, 21]. The poor crystalline nature of as-synthesized HA
is possibly attributed to the low temperature procedure
where the two samples were not subjected to sintering.
FT-IR spectroscopy is a good tool for structural inves-
tigations owing to the knowledge of the vibration origins of
the functional groups. Figures 4 and 5 show a typical
FT-IR spectrum of the n-HA/SF composite in the different
frequency range, respectively. For a better comparison,
FT-IR spectra of pure HA and SF were also added to the
two figures. As shown in Fig. 4, the adsorption bands at
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Fig. 4 FT-IR spectra of pure HA, SF and n-HA/SF composite in the
frequency range of 500-4000 cm ™'

1095, 1033, 962, 604, and 564 cm ™! of n-HA/SF are nearly
identical with those of pure HA. These bands can be
assigned to molecular vibrations of the phosphate moiety in
different chemical environments. The bands at 1449, 1415,
and 876 cm™' are derived from carbonate ions, which
indicate that PO,>~ sites in n-HA/SF are replaced partially
by carbonate ions. It is well known that even if a carbonate-
free solution is used [22], the carbonate ions can be
incorporated into apatite stem from atmosphere carbon
dioxide while dissolving, stirring, and reaction process.
Therefore, the HA crystals formed on the SF templates
were indentified as carbonate-containing HA. In Fig. 5, the
adsorption bands at 1654, 1534, and 1239 cm~ ! are
ascribed to molecular vibration of the amide I, amide II,
and amide III of pure SF, respectively. Compared with the
spectrum of pure SF, these amide bands can also be
detected from n-HA/SF composite correspondingly. How-
ever, the positions of these amide peaks are different and
notable peak shifts (red shift) can easily be observed.
Especially, the amide I (C=0) peak of n-HA/SF composite
decreased to 18 cm ™!, shifted to 1626 cm™". The red shift
proves that the strong chemical interaction exists between
n-HA and SF, most probably between calcium ions of
n-HA and amide groups of SF.

The TGA curves of pure HA, SF, and n-HA/SF com-
posite are shown in Fig. 6. From TGA curve of pure HA,
there is almost no notable weight loss occurred in the range
from 50°—750°, indicating that the precipitated HA is
thermally stable at high temperature. It can be seen from
the TGA curve of n-HA/SF composite that the sample
weight decreases with temperature increasing, especially in
the ranges from 50°—120° assigned to the evaporation of
water, and 350°—650° ascribed to the thermal decompo-
sition of organic macromolecules. There is no change
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Fig. 5 FT-IR spectra of SF and n-HA/SF composite in the frequency
range of 1200-1700 cm™"
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Fig. 6 TGA curves of pure HA, SF, and n-HA/SF composite

found in the weight of the composite above 650°, indi-
cating that the organic contents are decomposed com-
pletely at 650°. The total weight loss for n-HA/SF
composite is about 32%. From the TGA curve of SF,
almost all the SF has been decomposed at 650°. It is clear
that the 32% weight loss in n-HA/SF TGA curve should
have origin from the thermal decomposition of SF in the
composite. Therefore, 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 SF/HA. The thermal analysis reveals that
SF molecules have been well incorporated into the
composite.

It should be noted that, comparing with the TGA curves
of SF and n-HA/SF composite, the initial decomposition
temperature of the composite (about 360 °C) is far higher
than that of SF (about 318 °C). The decomposition of SF is
interesting, thought to be due to its different molecular
environment. In the composite, the SF was strongly
bounded with HA, and the molecular orientation and/or the
crystallinity of SF were improved by the HA formation
during the composite fabrication. Therefore, the initial
decomposition temperature of n-HA/SF composite was
improved.

It is well known that hydroxyl, carboxyl, and carbonyl
groups have influences on inducing the self-organized
orientation of HA crystals [6, 23, 24]. SF is linear poly-
peptide comprising 17 amino acids, whose main chain has
abundant carbonyl groups, providing potential sites to bind
with calcium ions. In this study, the red shifts of amide I, II,
and III peaks in FT-IR analysis have supported the inter-
actions between the HA crystals and the carbonyl groups in
SF. Based on the results and discussion above, the for-
mation process of n-HA/SF composite is proposed, as
shown in Fig. 7.
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Fig. 7 Schematic illustration for the crystallochemical specific
nucleation and growth of the n-HA crystals on the SF template

In the CaCl, aqueous/ethanol solution, SF fibers can be
easily dissolved and give more free carbonyl sites. Thus,
calcium ions will bind with these carbonyl sites of SF to
form calcium—SF complexes. When (NH4),HPO, and
NH,4OH solution are dropped into the above reaction sys-
tem, PO43_ ions will accumulate at the calcium—SF com-
plex sites and grow to tiny crystalline nuclei due to the
supersaturation effects. After the nucleation, the growth of
HA nanocrystal will be initiated from these active nucle-
ation sites. Due to the strong chemical interactions between
calcium ion and carbonyl groups of SF template, the SF
will induce self-organized orientation of HA nanocrystal.
Thus, the growth of HA crystal will progress spontaneously
with preferred orientation (along its c-axis).

Conclusions

Nano-scaled HA-SF composite was fabricated via a sim-
plified coprecipitation method with SF serving as a reg-
ulating template. Characterization results show that the
inorganic component in the composite is poorly crystal-
line HA containing carbonate ions. The typical HA
crystallites possess 200-500 nm in length and around 20-
30 nm in width. The SF is incorporated into the com-
posite by strong chemical interactions between HA and
SF, probably take place via the chemical bonding between
calcium ions and the carbonyl groups of SF. The strong
chemical interaction results in the red shifts of amine
groups in FT-IR analysis and the increase of initial
decomposition temperature in TGA analysis. These find-
ings suggest that the simplified coprecipitation method is
a facile route to obtain good n-HA/SF composite, which
could greatly save much time to bulk production of n-HA/
SF composite as a promising biomaterial for bone
ingrowth implant fixation.
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