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Acidic proteins play an important role during mineral formation in biological systems, but
the mechanism of mineral formation is far from understood. In this paper, we report on the
relationship between the structure of a protein and hydroxyapatite deposition under
biomimetic conditions. Sericin, a type of silk protein, was adopted as a suitable protein for
studying structural effect on hydroxyapatite deposition, since it forms a hydroxyapatite layer
on its surface in a metastable calcium phosphate solution, and its structure has been
reported. Sericin effectively induced hydroxyapatite nucleation when it has high molecular
weight and a B sheet structure. This indicates that the specific structure of a protein can
effectively induce heterogeneous nucleation of hydroxyapatite in a biomimetic solution, i.e. a
metastable calcium phosphate solution. This finding is useful in understanding biominer-
alization, as well as for the design of organic polymers that can effectively induce
hydroxyapatite nucleation.

Keywords: biomineralization; biomimetic process; hydroxyapatite;
metastable calcium phosphate solution; silk protein
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1. INTRODUCTION

Bone and teeth are biocomposites with a unique
structure: nano-crystalline hydroxyapatite (Cayg
(PO4)6(OH),), a form of calcium phosphate, is packed
and aligned cooperatively between organic matrices,
such as collagen and some acidic proteins. This
structure is constructed as a result of mineralization
in a living body, a process known as biomineralization.
During mineral formation, the organic matrix plays an
important role, as, for example, it controls the location
and organization of nucleation sites, and structure and
orientation of hydroxyapatite. However, the mechan-
ism of protein-mediated mineralization is not well
understood (Mann 2001).

The mineralization of hydroxyapatite has also been
documented to occur on the surface of materials that
can bond to living bone directly in bony defects
(Kokubo 1991; Hench 1991; Neo et al. 1992). This
formation of hydroxyapatite can be reproduced in a
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solution called a simulated body fluid (SBF), which is a
metastable calcium phosphate solution with inorganic
ion concentrations almost equal to those in human
blood plasma (Kokubo et al. 1990a,b; Filgueiras et al.
1993). Recently, it has been shown that the nucleation
of hydroxyapatite in a SBF can be induced by certain
types of surface functional groups on a material, such
as silanol (-SiOH), carboxyl (-COOH), phosphate
(~OPO3H,) groups (Li et al. 1992, 1994; Ohtsuki et al.
1992; Tanahashi & Matsuda 1997). Nevertheless, the
relationship between the arrangement of a functional
group and hydroxyapatite formation is poorly
understood.

An investigation into hydroxyapatite nucleation on
proteins under biomimetic conditions utilising a SBF
may provide significant information to further the
understanding of the mechanism of biomineralization.
Our study focused on examining the structural effect of
a protein on hydroxyapatite formation. Sericin, a type
of silk protein, was adopted as a suitable protein to
study structural effect on hydroxyapatite deposition,
since it forms a hydroxyapatite layer on its surface in a

© 2005 The Royal Society
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solution mimicking body fluids (Takeuchi et al. 2003),
and its structure has been reported (Komatsu 2000g;
Lee et al. 2003). We investigated the relationship
between the structure of sericin and its ability to
deposit hydroxyapatite in the solution. Four types of
sericin film were prepared under different conditions,
and the ability to form hydroxyapatite examined using
a metastable calcium phosphate solution that had 1.5
times the ion concentrations of a normal SBF (1.5SBF).
Our findings will be useful to further the understanding
of the mechanism of mineralization in biological
systems, as well as in the design of novel organic
polymers for the preparation of hybrid materials with
structures similar to bone.

2. EXPERIMENTAL

Four types of films were prepared from sericin
solutions, formed under the different conditions listed
in table 1. The solutions were prepared by the
degumming raw silk fibre of Bombyx mori in ultra-
pure water without any agents such as sodium
carbonate to avoid contaminations. The degumming
process was performed using an autoclave (SV-302 II,
Advantec Toyo, Ltd, Japan) at either 105 or 120 °C
for a period of 1 h. Some of the samples were stored
at 4°C for a period of two weeks. The molecular
weight of the sericin in the solutions was determined
using gel permeation chromatography (GPC)
employing an AKTA purifier system (Amersham
Biosciences Corp., NJ, USA), using the following
experimental parameters: column=Superdex 200 HR
10/30, elution buffer=10 mol m~* phosphate buffer
containing 150 mol m~* NaCl (PBS, pH=7.4), flow
rate=0.5ml min~', and detection wavelength =
215 nm. The peak molecular weight was calculated
from a standard curve obtained using an Amersham
Biosciences gel filtration calibration kit. The concen-
tration of sericin in the extracted solution was
determined using a bicinchoninic acid protein assay
kit (Pierce, Rockford, IL, USA). The solution was
diluted with ultra-pure water to a concentration of
approximately 0.3 mgml~'. Then, 0.3mgml ' of
the sericin solution was analysed using circular
dichroism (CD) spectroscopy (J-820, JASCO,
Japan).

The sericin films were fabricated by drying
solutions containing 6 mgml~ ' of sericin. A volume
of 150 pl of the solution was cast onto a polyethylene
film, and then dried under ambient conditions at
room temperature. The sericin layer on the poly-
ethylene film was analysed using Fourier transform
infrared (FT-IR) spectroscopy (Spectrum Omne, Per-
kin Elmer Ltd, UK). Films were also prepared by
casting the solution in a Petri dish (diameter=
60 mm, height=15mm) to form a thin sericin film
on the bottom of the dish.

The cast films were exposed to the 1.5SBF, whose
ion concentrations are listed in table 2. The solution
was buffered at pH=7.25 using 75molm * of
tris(hydroxymethyl) aminomethane, along with an
appropriate volume of hydrochloric acid, following the
method reported by Kokubo et al. (Tanahashi et al.
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Table 1. The experimental samples and their preparation

conditions.
samples extraction storage
S105 105°C, 1h none
S120 120°C, 1h none
S105-2w 105°C, 1h 4°C, 2 weeks
S120-2w 120°C, 1 h 4°C, 2 weeks

Table 2. Ion concentrations of an SBF and a 1.5SBF, and
human plasma.

concentration (mM)

human
ion plasma SBF 1.5SBF
Na*t 142.0 142.0 213.0
K* 5.0 5.0 7.5
Mg** 1.5 1.5 2.3
CaZt 2.5 2.5 3.8
1~ 103.0 147.8 221.7
HCO; 27.0 4.2 6.3
HPO?~ 1.0 1.0 1.5
SO3~ 0.5 0.5 0.8

1994; Cho et al. 1995). The temperature of the
solution was maintained at 36.5°C. A volume of
15ml of the 1.5SBF was poured into a Petri dish
coated with a sericin film, and kept for a period of
7 days at 36.5°C. The films were observed both
before, and after soaking in the 1.5SBF using a
scanning electron microscope (SEM; S-3500N, Hitachi
Ltd, Japan). In the SEM observations, the surfaces of
some of the samples were coated with a sputtered
gold film. The surfaces of the films were characterized
using thin-film X-ray diffraction (TF-XRD; MXP3V,
MAC Science Ltd, Japan) and X-ray fluorescence
element analysis (XRF; MESA-500, Horiba, Ltd.,
Japan) employing a rhodium target. In the TF-XRD
apparatus, the incident beam was set at an incident
angle of 1° against the sample surface.

3. RESULTS

Figure 1 shows the GPC profiles of sericin extracted
under various conditions. The most frequent distri-
bution in the molecular weight (Mw) appeared at
approximately 159 and 43 kDa for samples S105 and
S120, respectively. Both these sericin samples showed
molecular weights almost equal to those of the as-
prepared solutions stored at 4 °C for a period of two
weeks (Mw=141 and 37 kDa, respectively). Figure 2
shows the CD spectra of these sericin samples. The CD
spectrum of sample S105 was assigned as a random coil
structure from the typical negative peak occurring near
to 198 nm (Townend et al. 1966; Greenfield & Fasman
1969; Madison & Schellman 1972; Brahms & Brahms
1980). After storage for two weeks storage at 4 °C, the
intensity of the negative peak at 198 nm decreased.
This shows that the content of B sheet structure of
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Figure 1. GPC profiles of sericin samples prepared under
various conditions.
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Figure 2. CD spectra of the extracted sericin prepared under
various conditions.

sericin increased during storage of the solution. The
behaviour of the sericin extracted at 120 °C was similar
to that of the sericin extracted at 105 °C. However, the
content of the B sheet structure in sample S105-2w was
higher than that in sample S120-2w.

Figure 3 shows the FT-IR spectra of the above
sericin films. The two absorption bands located at
1655 and 1550 cm ™! were assigned to the amide I
(vC=0) and amide II (6N-H) stretches, respectively.
The absorption peak located at 1655cm™ ' was
attributed to a random coil structure (Miyazawa &
Blout 1961). A shoulder peak located at 1626 cm ™"
was attributed to the B sheet structure. The
intensity of this latter peak was significantly higher
for the film prepared using sample S105-2w than for
the film prepared using sample S105. This same
tendency was also observed for films prepared from
sericin extracted at 120 °C. However in this case, the
increase in intensity was less distinct than that
detected in the spectrum of films prepared from
sericin extracted at 105°C. These results indicate
that the random coil structure is dominant in sericin
films prepared immediately after extraction. The
proportion of the B sheet structure increased during
ageing at 4°C, and the proportion of the B sheet
structure in sericin extracted at 105°C was higher
than that in sericin extracted at 120 °C.

Figure 4 shows SEM images of the surfaces of sericin
films soaked in a 1.5SBF for a period of 7 days. Among
the films prepared from the extracted sericin, only the

J. R. Soc. Interface (2005)
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Figure 3. FT-IR spectra of sericin films prepared from various
solutions.

film prepared from sample S105-2w had particles
deposited on its surface. On the surfaces of the films
prepared from the other samples, any changes in their
morphology were not observed.

Figure 5 shows the XRF spectrum of the surface
of the sericin film of sample S105-2w after soaking in
the 1.5SBF for a period of 7 days, showing that the
particles were mainly composed of calcium and
phosphorus. The TF-XRD patterns of the sericin
films soaked in the 1.5SBF for a period of 7 days are
shown in figure 6. A broad peak assigned to
hydroxyapatite was detected in the film prepared
from sample S105-2w after soaking in the 1.5SBF.
These results confirm that the particles formed on
the film after soaking in the 1.5SBF were bone-like
apatite.

4. DISCUSSION

From the results described above, hydroxyapatite
deposition was not observed in all the sericin film
samples, but was observed only for a certain type of
sericin film. Deposition of hydroxyapatite on a sub-
strate in a metastable calcium phosphate solution is
initiated by the existence of a substance that can induce
heterogeneous nucleation of hydroxyapatite. Therefore,
only the sericin film prepared from sample S105-2w had
the potential to induce heterogeneous nucleation of
hydroxyapatite. The CD and FT-IR spectra data show
that the film made from sample S105-2w had the
highest content of B sheet structure among the prepared
sericin solutions, while the GPC data showed that
sericin solutions extracted at 105°C had a higher
molecular weight than those extracted at 120 °C. These
findings indicate that a sericin film can induce hydro-
xyapatite nucleation when it has both a high molecular
weight and a high B sheet structure content.

Previous studies have reported that hydroxyapatite
deposition can be initiated by functional groups
existing on the surface of a material (Li et al. 1994;
Kokubo et al. 2000). Carboxyl groups are effective in
the nucleation of hydroxyapatite from a solution that
mimics body fluid, i.e. a metastable calcium phosphate
solution. (Tanahashi & Matsuda 1997). We therefore
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Figure 4. SEM images of the surfaces of sericin films prepared from various solutions after soaking in the 1.5SBF for 7 days.
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Figure 5. XRF spectrum of the surface of sample S105-2w
after soaking in the 1.5SBF for 7 days.
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Figure 6. TF-XRD patterns of sericin films prepared from
various solutions after soaking in the 1.5SBF for 7 days.
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hypothesized that the induction of heterogeneous
nucleation on sericin arises from a high number of
carboxyl groups on the sericin (Takeuchi et al. 2003)
from a comparison of the amino acid content between
sericin and fibroin (Komatsu 2000b; Shimura &
Katagata 2000). Interestingly, the present work indi-
cates an important finding, in that the heterogeneous
nucleation of hydroxyapatite on sericin is governed by
its molecular weight and secondary structure. This
means that induction of heterogeneous nucleation on
hydroxyapatite depends on the carboxyl group content
and also on their arrangement. When a protein has a
B sheet structure, functional groups of side chains in
amino acids generally point above and below the
B sheet alternately. The B sheet structure in sericin
molecules allows for an orientation of carboxyl groups,
as shown schematically in figure 7, whereas random coil
does not. Namely, 10% of the carboxyl groups can be
arranged perpendicular to the sheet when the sericin
has an ideal B sheet structure. A higher molecular
weight may lead to a specific relationship between each
B sheet in the sericin molecular structure. Such a
specific arrangement of the functional groups would
result in sites that were suitable for hydroxyapatite
nucleation. The importance of the arrangement of the
functional groups for the deposition of hydroxyapatite
in SBF has also been reported for Ti—~OH groups
(Uchida et al. 2003) and for Zr-OH groups (Uchida
et al. 2002) groups. We have shown that there is a
suitable arrangement of functional groups on organic
substrates for hydroxyapatite nucleation for biomi-
metic mineralization. Consequently, hydroxyapatite
nucleation on a substrate in a solution mimicking a
body fluid is very sensitive to such structural functional
group arrangements. This finding is useful in under-
standing biomineralization, as well as for the design of
organic polymers that can effectively induce hydroxy-
apatite nucleation.
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I
COCH R
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Figure 7. Mechanism of hydroxyapatite nucleation on a
polypeptide substrate with a B sheet structure in a highly
saturated SBF.

5. CONCLUSIONS

Sericin, a natural silk protein, can induce hydroxya-
patite deposition on its surface in a metastable
calcium phosphate solution, such as a 1.5SBF, when
it has a high content of B sheet structure and a high
molecular weight. This indicates that the induction of
hydroxyapatite nucleation is governed by the arrange-
ment of carboxyl groups on the protein. Our findings
are valuable to further the understanding of the
mechanism of mineralization in biological systems, as
well as in the design of novel organic polymers for the
preparation of hybrid materials with structures
similar to bone.
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