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Abstract The silk fibroin/calcium phosphate composites

were prepared by adding the different amount of Na2SiO3

to assess the effect of silicon on the HA (hydroxyapatite)

formation in the composites. FTIR and XRD results sug-

gested that the inorganic phase was constituted mainly by

the amorphous DCPD (dicalcium phosphate dehydrate), a

precursor of HA in the bone mineral, when the composites

were prepared at the final Na2SiO3 concentration lower

than 0.008%. Otherwise, HA was formed as the predomi-

nant one in the as-prepared composite, accompanied with a

conformational transition in the organic phase of silk fi-

broin protein from silk I (a-helix and/or polyglycine II (31–

helix) conformations) to silk II (antiparallel b-sheet con-

formation). SEM images showed the different morpho-

logies with the samples, i.e., sheet-like crystals in the

composites prepared at a low Na2SiO3 concentration and

rod-like bundles in other composites. The rod-like bundles

were connected together to form the porous network, due to

the fact that the HA crystals grew with the aggregation of

silk fibroin, and further accreted onto the silk fibroin fibrils.

TG curves indicated that the composites prepared with a

certain amount of additional SiO3
2– had the higher thermal

stability because of its high molecular orientation and

crystallinity, and high water-holding capacity due to the

porous microstructure.

Introduction

Hydroxyapatite [HA, Ca10(PO4)6(OH)2] is the most com-

monly used calcium phosphate based biomaterial, which is

the major mineral part of natural bones and teeth, due to its

excellent biocompatibility, osteoconductivity and bioac-

tivity [1]. However, combination of HA with some bio-

compatible polymers or proteins was usually used in order

to overcome the weak features of HA, i.e., brittleness,

insufficient mechanical toughness and tendency of particles

to migrate from the implanted sites [2–5]. On the other

hand, silk proteins are of practical interest because of their

excellent intrinsic properties utilizable in the biotechno-

logical and biomedical fields, such as suture, artificial lig-

ament and substrate for cell culture, as well as the

importance of silkworm silks in the manufacture of high-

quality textiles [6, 7]. The recent research with silk protein

showed its potential application to be explored as hard

tissue replacement materials [5, 6].

The human bone is constituted mainly by type I collagen

and bone mineral, where the bone mineral has a similar

crystalline structure to HA. However, unlike the HA, bone

mineral exhibits calcium, phosphate and hydroxyl defi-

ciency, internal crystal disorder [8–10], and contains other

substituents, such as carbonate, sodium, magnesium,

potassium, zinc, fluorine, chlorine and silicon [8, 10–12]. In

1970s, Carlisle [13, 14] reported that silicon was localized in

the active calcification sites in animals, which was from 0.01
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to 0.06% in the preosseous border and to 0.12% on the edge

of a trabecula. It was also found that silicon deficiency could

result in abnormal bone formation and defective cartilagi-

nous tissue [13–16]. Recently, it was reported that the sen-

sitivity of healing response was dependent on the Si level on

rate, and an optimal response was obtained at a Si level of

0.8 wt% through its effect on the activity of both bone

forming and bone resorbing cells [10]. Silicon also stimu-

lated collagen type I synthesis and osteoblastic differentia-

tion in human osteoblast-like cells in vitro [17]. Moreover,

porous silicon had been found to allow fast deposition of HA

layers with strong bonds to the surface and good osteointe-

gration when implanted [18, 19]. However, the role of sili-

con is still unclear in the natural bone formation.

In this study, we prepared the silk fibroin/calcium phos-

phate composites with or without the additional SiO3
2– ions,

and primarily assessed the effect of silicon on the HA for-

mation in the composites through the structural analysis and

the properties of silk fibroin/calcium phosphate composite.

Experimental procedure

Preparation of silk fibroin/calcium phosphate composite

Bombyx mori silkworm cocoons were degummed twice

with 0.5% (w/v) Na2CO3 aqueous solution at 100 �C for

30 min and washed thoroughly with distilled water to re-

move silk sericin. The fibroin fibers were then dissolved in

9 mol/L LiBr solution at 40 �C for about 30 min, followed

by the extensive dialysis against distilled water for 3 days

in order to obtain the regenerated silk fibroin solution.

The composites were prepared by adding Na2SiO3

(0.12 mol/L) into the silk fibroin solution prior to the

addition of CaCl2 (0.2 mol/L) and Na2HPO4 (0.2 mol/L)

with the Ca2+/HPO4
2– molar ratio of 2.0. The solution was

gently stirred and titrated with NaOH solution in drops to

keep the pH value at 8.0. The precipitates were collected

by centrifugation at 12000 rpm for 10 min and rinsed with

deionized water prior to be dried in vacuum. For compar-

ison, the different volume of Na2SiO3 solution was added

into the silk fibroin solution, which has the final Na2SiO3

concentration (w/v) of 0% (denoted as 0Si-SF), 0.007%,

0.008%, 0.01% and 0.10% (denoted as xSi-SF, where x is

7, 8, 10 or 100), respectively. Na2CO3, Na2SiO3, CaCl2 and

Na2HPO4 used here were analytical grade and purchased

from Hangzhou Huipu Chemical Agents Co. Ltd., China.

Characterization

Fourier transformed infrared spectroscopy (FTIR): The as-

prepared samples were mixed with KBr in the mass ratio of

1:20. FTIR spectra were taken using a Perkin–Elmer

Spectrum 1000 apparatus with the wavenumber range of

2000–500 cm–1.

X-ray diffraction (XRD): To investigate the structure

and crystallinity of the as-prepared samples, the milled

sample powder were analyzed by the X-ray diffrac-

tion(XRD) using a Rigaku-D/MAX-2550PC diffractometer

equipped for Cu-Ka radiation (k = 1.5406 Å) in the range

of 2h = 3�–70� with a scanning speed of 0.02�and a count

rate of 3.0�/min. The crystallographic parameters of HA

were analyzed using MDI JADE 6.5 software.

Scanning electron microscope (SEM): The SEM images

of the as-prepared samples were examined on Hitachi

Cold-Field Emission SEM S-4700-II scanning electron

microscope at 10 KV · 100 K multiples in vacuum.

Thermogravimetric analysis (TGA): The thermal sta-

bility of the composites was characterized using a Pyris

Diamond TGA thermogravimetric analyzer. The amount of

sample for each measurement was about 1 mg, and all of

the measurements were carried out under a nitrogen

atmosphere and heated up to 500 �C at a heating rate of

10 �C/min. Here, the lyophilized pure silk fibroin powder

was used for comparison.

Results and discussion

FTIR spectra

Figure 1 shows the FTIR spectra of different as-prepared

silk fibroin/calcium phosphate composites as described

above. In the IR spectrum of 0Si-SF (Fig. 1a), the char-

acteristic absorption bands of the amorphous dicalcium

phosphate dehydrate (DCPD, Brushite, CaHPO4�2H2O)

were observed, a precursor of HA in the bone mineral of

inorganic phase. Here, the band centered at 1062 cm–1 is

assigned to PO3 symmetrical stretching vibration mode,

and the band at 987 cm–1 corresponds to P–OH stretching

vibration mode. Both are considered to be from the HPO4
2–

group of DCPD. However, the inorganic phase also in-

cludes some HA composition. Because the bands at

1031 cm–1 and 958 cm–1 correspond to the P–O stretching

vibration modes, and the bands at 602 cm–1 and 565 cm–1

correspond to the O–P–O bending mode, which are con-

sidered to be from the PO4
3– group of HA [20]. The band at

879 cm–1 is ascribable to C–O stretching vibration mode

on the CO3
2– group, which may be due to the dissolved CO2

from atmosphere in the solution during agitating. Other

three bands at 527 cm–1, 579 cm–1 and 789 cm–1 may be

assigned to the HPO4
2– group too, although both have never

been reported previously. Interestingly, no obvious change

was observed on the IR spectrum of 7Si-SF (Fig. 1b)

prepared with the addition of Na2SiO3 solution at the final

concentration of 0.007% (w/v). In this work, other two
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concentrations of 0.005% and 0.006% were also used, and

similar spectra were obtained (data not shown).

However, when the final Na2SiO3 concentration was

increased to 0.008%, a significant change was observed on

the IR spectrum, and the spectra of 8Si-SF (Fig. 1c), 10Si-

SF (Fig. 1d) and 100Si-SF (Fig. 1e) are almost the same.

All of the spectra predominantly show the characteristic

absorption bands of HA (Ca10(PO4)6(OH)2). The bands at

1109 cm–1, 1031 cm–1 and 958 cm–1 correspond to the P–

O stretching vibration modes, whereas the doublet at 602–

565 cm–1 corresponds to the O–P–O bending mode. In this

system, a certain amount of SiO3
2– in the composite solution

can be thought to generate a strong electronegative layer

with the pH value increasing due to the abundance of ”Si-

OH-, and attracted the Ca2+ and HPO4
2– from DCPD to form

the HA crystals more quickly and easily. Significant dif-

ference between two types of spectra is the region between

987 cm–1 and 1135 cm–1, where the bands attributed to

SiO3
2– vibrations are included leading to the broad peaks in

Figs. 1c–e [10].

On the other hand, conformationally sensitive bands for

silk fibroin can also be detected in the IR spectra at amide I,

II, III and V modes. In the amide I region, the spectra of

0Si-SF and 7Si-SF (Figs. 1a and b) show a sharp peak at

1650 cm–1 which is indicative of the presence of silk I

structure, i.e., a-helix and/or polyglycine II (31–helix)

conformations [21, 22]. However, other three spectra of

8Si-SF, 10Si-SF and 100Si-SF (Figs. 1c–e) show the peak

shift from 1650 cm–1 to 1627 cm–1 with the presence of a

shoulder at 1701 cm–1, due to the conformational transition

from silk I to silk II, i.e., antiparallel b-sheet conformation.

Amide I mode represents the C=O stretching. Here, the

peaks in the later three spectra of 8Si-SF, 10Si-SF and

100Si-SF are much broad than that in the spectra of 0Si-SF

and 7Si-SF, ascribable to carbonyl group which may

interact with calcium phosphate more powerful.

Same results can be obtained from amide II and III re-

gions. The amide II and III bands are centered at 1528 cm–

1 and 1239 cm–1, respectively, in regions of typical b-sheet

conformation, where the bands of a-helix and/or polygly-

cine II (31-helix) conformations located at 1528 cm–1 and

1230 cm–1. In the low frequency region of the spectra, the

bands at 702 cm–1 and 664 cm–1 are the amide V vibra-

tions due to b-sheet and a-helix conformations, respec-

tively. These spectral features revealed that 0Si-SF and

7Si-SF had a prevalent a-helix and/or polyglycine II (31-

helix) conformations, and 8Si-SF, 10Si-SF and 100Si-SF

had a b-sheet conformation with some contents of a-helix

and/or polyglycine II (31-helix) conformations remained.

The conformational transition induced by the addition of

SiO3
2– was confirmed. Figure 2 shows the expanded amide I

and II regions of IR spectra of lyophilized pure silk fibroin

powder and 10Si-SF powder without biomineralization.

The spectrum of silk fibroin powder (Fig. 2a) shows the

1647 cm–1 and 1521 cm–1 sharp peaks, while that of 10Si-

SF powder without biomineralization (Fig. 2b) shows the

peak shift to 1626 cm–1 with the presence of a shoulder at

1701 cm–1 in amide I region, due to the conformational

transition from silk I to silk II, i.e., from a-helix and/or

polyglycine II (31-helix) to antiparallel b-sheet conforma-

tion.

Fig. 1 FTIR spectra of as-prepared silk fibroin/calcium phosphate

composites of (a) 0Si-SF, (b) 7Si-SF, (c) 8Si-SF, (d) 10Si-SF and (e)

100Si-SF

Fig. 2 Expanded FTIR spectra of lyophilized (a) pure silk fibroin

powder and (b) 10Si-SF powder without biomineralization
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XRD

Figure 3 shows the XRD patterns of different as-prepared

silk fibroin/calcium phosphate composites with the peak

assignments. In Figs. 3a and b, the predominant crystalline

phase of calcium phosphate is DCPD, with a small content

of HA. By the addition of SiO3
2– in the solution to the final

concentration of 0.008% (w/v), the HA is the major inor-

ganic phase in the composites, as judging from the char-

acteristic HA diffraction peaks of (211), (002) and (004)

planes (Figs. 3c–e), and no DCPD is detected. This result

agrees well with above founding from the IR spectra, and

suggests that silicon can significantly accelerate the phase

transition from DCPD to HA when the Na2SiO3 content

reaches 0.008% (w/v).

Table 1 indicates that the 10Si-SF and HA are very

similar in their crystallographic parameters of lattice con-

stants. Along c-axis and a-axis, however, their crystallo-

graphic parameters significantly differ from each other.

Especially from HA to 10Si-SF, the aspect ration, Lc/La,

increase from 1.37 to 2.72, indicating that the HA crys-

tallites in 10Si-SF composites show more anisotropic

growth with higher extent of lattice imperfection along c-

axis. So that, the peaks assigned to HA in the Figs. 3c–e are

apparently broad compared with those to the commercial

HA reported previously [2, 24]. The preferential orienta-

tion of HA crystallites along c-axis is promoted by the

certain amount of SiO3
2– treatment to SF. The larger lattice

imperfection is thought to be the incorporation of silicon

ions into HA structure by replacing calcium ions.

SEM

The SEM images of as-prepared 0Si-SF and 10Si-SF are

shown in Fig. 4, where the shape of two samples is sig-

nificantly different. In Fig. 4a, the 0Si-SF sample takes

the irregular sheet-like crystals. However, the rod-like

bundles (around 30–50 nm in width) are observed in the

10Si-SF sample with some intimate bonding among them

to form the porous network (Fig. 4b). The different fea-

tures of two samples indicated that there was different

interaction between the organic and inorganic phases. In

the case of 0Si-SF sample, the inorganic phase is pre-

dominantly the DCPD crystals observed as the sheet-like

shape, which are formed solely without strong interaction

with silk fibroin molecules. In contrast, HA crystals grow

with the aggregation of silk protein molecules through the

interactions between the Ca2+/PO4
3– and hydrophilic polar

groups on the molecular chains. As a result, the HA

crystals further accrete onto the silk fibroin fibrils. The 3D

porous microstructure formed by the silk fibroin/HA

nanocomposites, similar to that of human bone, is very

important, which enables the body fluid and blood to enter

into the pores so that the further bony metabolism and

ingrowth can be promoted in implants [2, 24].

TGA

Figure 5 shows the TGA curves of lyophilized pure silk

fibroin powder (a, solid line), 0Si-SF (b, dash line) and

10Si-SF (c, dotted line), respectively, where the silk fibroin

powder was reported to take the amorphous structure [25].

Figure 5a presents a typical TGA curve of amorphous silk

fibroin [26], where the weight residue starts to decline

sharply at 285 �C due to the thermal degradation of pro-

tein. However, the decomposition temperature of silk fi-

broin in 0Si-SF and 10Si-SF are shifted to higher values of

300 �C and 320 �C, respectively, suggesting the high

molecular orientation and crystallinity in the silk fibroin

proteins, especially in 10Si-SF sample. Same results are

Fig. 3 XRD spectra of as-prepared silk fibroin/calcium phosphate

composites of (a) 0Si-SF, (b) 7Si-SF, (c) 8Si-SF, (d) 10Si-SF and (e)

100Si-SF

Table 1 Crystal size and crystallographic parameters of HA crystals

Samples Lc
A (nm) La

A (nm) Lc/La a (Å) c (Å)

HAB 52 38 1.37 9.408 6.876

10Si-SF 220 81 2.72 9.414 6.859

A Lc and La represents the crystalline size along c-axis and a-axis,

respectively
B Data from the International Centre for Diffraction Data (ICDD)

(Card No. JCPDS 09–432)
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obtained from their weight residue declining rate. At

500 �C, the weight residue is 61.2% for 0Si-SF, while

72.4% for 10Si-SF due to the higher interaction between

silk fibroin and HA phase. The initial weight loss of 7.2%

at around 100 �C for amorphous silk fibroin powder is due

to the evaporation of water. It is noteworthy that the water

content and evaporation procedure in 0Si-SF and 10Si-SF

samples are significantly different with the pure silk fi-

broin. The water evaporation in 0Si-SF is constituted by

two steps. The initial weight loss of 6.8% at around 100 �C

is due to the evaporation of free water in the composites,

similar to the pure silk fibroin powder. The weight residue

then declined sharply at 122 �C due to the evaporation of

bound water, i.e., hydrated water, in DCPD. In this work,

the theoretical content of hydrated water in DCPD is

12.2%, which is in agreement with the experimental data

observed in Fig. 5b. In the 10Si-SF sample, however, the

water evaporation occurred gradually till above 150 �C

with a total water content of about 19%, thought to be due

to the loosely bound water inside the porous nanocom-

posites. Moreover, it suggests that the 10Si-SF sample has

the high water-holding capacity, which is essential as a

biomaterial for cell proliferation.

Conclusions

It is well known that HA is the most thermo-dynamically

stable calcium phosphate with the high bioactivity. In this

work, the FTIR and XRD results showed that the additional

silicon could accelerate the HA crystal formation in the silk

fibroin/calcium phosphate composite when the final Na2-

SiO3 concentration was higher than 0.007% (w/v). The

formed silk fibroin/HA composite had the nano-size, rod-

like morphology and porous microstructure, leading to the

high water-holding capacity. It although needs more works

to clarify the detailed effects of silicon content, initial fi-

broin solution properties, as well as the reaction conditions

and appropriate Ca2+/PO4
3– ratio on the formation of

nanocomposite, this funding has provided the evidence that

it is possible to regulate the formation, further the prop-

erties of calcium phosphate-based biopolymer composites.
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