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It has been proposed that a hydrated silica plays an important role in forming a biologically 

active apatite layer on the surfaces of bioactive glasses and glass-ceramics in the body. 

Recent experiments have shown that a silica hydrogel actually induces apatite formation on its 

surface in a simulated body fluid (SBF). In the present study the process of apatite formation 

on silica gel was investigated by means of thin-film X-ray diffraction, Fourier-transformed 

infrared reflection spectroscopy and scanning electron microscopic observation of the surface 

of the silica gel, as well as the measurement of changes in the ion concentration of the fluid. 

It was found that the induction period for the apatite nucleation on the surface of the silica 

gel was about 6 days. Once the apatite nuclei were formed they grew, taking a spherulitic 

form by consuming the calcium and phosphate ions from the surrounding fluid. Each 

spherulite consisted of a lot of flake that clustered into a petal-like morphology. The flake was 

carbonate-containing hydroxyapatite of small-crystallites and/or defective structure. The Ca/P 
ratio of the apatite was estimated as 1.5-1.6. Thus, the apatite formed was able to induce 

secondary nucleation of the apatite. 

1. Introduction 
Research in the past two decades has shown that a 

group of glasses and glass-ceramics with specific com- 

positions can bond to living bone [1-6]. These bio- 

active glasses and glass-ceramics are already used 

clinically for the replacement and reconstruction of 

bone damaged by disease or accident [7-14]. It has 

been found that all bioactive glasses and glass-ce- 

ramics hitherto known bond to bone through an 

apatite layer that is formed on their surfaces in the 

body [5, 6, 15-22]. It is therefore believed that the 

prerequisite for glasses and glass-ceramics to bond to 

bone is the formation of an apatite layer on their 

surface in the body [23, 24]. 

It has been proposed that hydrated silica that is 

formed on the surfaces of bioactive glasses and 

glass-ceramics in the body plays an important role in 

forming the apatite layer [25-27]. Recently it was 

shown experimentally by the present authors that 

pure sdica hydrogel induces formation of a bone-like 

apatite on its surface when the gel is soaked in an SBF 

with ion concentrations nearly equal to those in 

human blood plasma [28], 

In this study the process of formation of the bone- 

like apatite layer on the surface of the silica gel in the 

SBF was investigated. 

2. Experimental procedure 
A pure silica gel was prepared from commercial tetra- 

ethoxysilane (TEOS) and polyethylene glycol (PEG) 

with average molecular weight of 10000. The PEG 

was dissolved in distilled water and a small amount of 

nitric acid was added. Hydrolysis of TEOS occurred 

when it was added to this solution with stirring. The 

resultant solution, the molar ratio of which was 

T E O S : P E G : H 2 0 : H N O  3 1:0.002:14.2:0.41, was 

kept at 40PC in an oven for hydrolysis and 

polycondensation which proceeded for 8 h, and was 

followed by an additional 10 h ageing for gelation. 

The aged wet silica gel was soaked in an 

ethanol-water solution to leach out the organic phase 

remaining in the gel. The gel was heated to 400 °C and 

held at that temperature for 2 h after the wet gel was 

dried at 40 °C. The silica gel was cooled in the furnace 

to room temperature. It had micrometre-range inter- 

connected pores as well as nanometre-range pores 

[28]. 
An SBF with ion concentrations nearly equal to 

those in human blood plasma [29], as shown in 

Table I, was prepared by dissolving reagent-grade 

chemicals of NaC1, NaHCO3, KC1, K2HPO4"3H20, 

MgC12.6H20 and Na2SO4 in distilled water. The fluid 

was buffered at pH 7.4 at 37 °C with tris-(hydroxy- 

methyl)aminomethane [Tris; (CH2OH)3CNH2] and 

hydrochloric acid (HC1). This fluid is able satisfactor- 

ily to reproduce apatite formation on the surfaces of 

various kinds of bioactive glasses and glass-ceramics 

in vit, o [19, 30-34]. 
A rectangular specimen of the silica gel with dimen- 

sions 6 mm x 6 mm x 1.5 mm was immersed in 15 ml 
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TABLE I Ion concentraUons of SBF and human blood plasma 

Ion concentration (raM) 

Na + K + Ca 2+ Mg 2+ C1- HCOj HPO~- SO~- 

SBF 142 0 5.0 2.5 1.5 147.8 4.2 1.0 0.5 
Human plasma 142.0 5.0 2.5 1 5 103.0 27.0 1.0 0.5 

SBF in a polyethylene bottle maintained at 37 °C. 

After soaking for various periods, the specimens were 

removed from the fluid and immersed in 10 ml ion- 

exchanged water for 5 rain. The specimens were then 

dried at room temperature. Their surfaces were ana- 

lysed using thin-film X-ray diffraction (TF-XRD), 

Fourier-transformed infrared reflection spectroscopy 

and scanning electron microscopy (SEM). The con- 

centrations of Ca, P and Si in the fluid were monitored 

with inductively coupled plasma (ICP) emission spec- 

troscopy during the soaking. Periodically, 0,5 ml fluid 

Was drawn out from one of the bottles and diluted into 

5 ml distilled water for ICP measurement. 

3. Results and discussion 
Figs 1 and 2 show the TF-XRD patterns and Fourier- 

transformed infrared reflection spectra of the surfaces 

of the silica gel as a function of the soaking time in 

SBF. The assignments of the main peaks, which were 
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Figure 1 TF-XRD patterns of the surface of the sihca gel soaked m 
SBF for various periods: (a) before immersion and (b) 7 days, (c) 10 
days and (d) 14 days. (o) Apatite. 
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Figure 2 Fourier-transformed infrared reflection spectra of the sur- 
face of the SdlCa gel soaked in SBF for various periods: (a) before 
immersion and (b) 7 days, (c) 10 days and {d) 14 days. (o) Apatite 

made by referring to previously published data [30, 

32], are also shown in these figures, It can be seen from 

Figs 1 and 2 that apatite started to form on the surface 

of the silica gel about 7 days after the silica gel was 

immersed in the fluid, and grew with increasing soak- 

ing time. The TF-XRD patterns in Fig. 1 show rather 

broad diffraction peaks for the apatite. This means 

that the apatite formed had a small-crystallite and/or 

defective structure, similar to bone apatite. The Fourier- 

transformed infrared reflection spectra in Fig. 2 show 

a reflection peak at around 1400 c m -  t, which is ascri- 

bed to carbonate ion [35, 36]. This means that the 

apatite formed on the surface of the silica gel was 

incorporated with carbonate ion, similar to the bone 

apatite. 



Ftgure 3 SEM micrographs of the surfaces of the sihca gel soaked in SBF for (a, b) 5, (c) 7, (d) 10 and (e, f) 14 days. 
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Figure 4 SEM micrographs at higher magnifications of the apatite 
formed on the silica gel soaked m SBF for 14 days. 

Fig. 3 shows SEM micrographs of the surfaces of 

the silica gel as a function of the soaking time in SBF. 

It can be seen from Fig. 3 that apatite started to 

precipitate on the silica gel, taking the form of tiny 

spherulites about 5 days after the gel was soaked in 

SBF. The spherulites increased in both number and 

size with increasing soaking time, and completely 

covered the surface of the silica gel within 14 days. 

Fig. 4 shows higher-magnification SEM micrographs 

of the apatite formed on the silica gel soaked in SBF 

for 14 days. It can be seen from Fig. 4 that each 

spherulite consists of a large number of flakes. Some 

spherulites were formed not only directly on the sur- 

face of the silica gel, but also on the surfaces of other 

growing spherulites (Fig. 4a) or at their interfaces (Fig. 

4b). This indicates that the front of a growing apatite 
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can also become a nucleating site of another apatite. 

Therefore, the spherulites formed were closely connec- 

ted with each other at their interfaces, as shown in 

Fig. 4c. 

Fig. 5 shows changes in the Ca, P and Si concentra- 

tions of SBF with the soaking time of the silica gel. It 

can be seen from Fig. 5 that the Si concentration 

increased for the first 8 days and reached a constant 

value of about 55 p.p.m. Both the Ca and P concentra- 

tions started to decrease abruptly 6 days after the 

silica gel was immersed, then continued to decrease 

slowly. The constant concentration of 55 p.p.m, for the 

Si corresponds to the solubility of the amorphous 

silica in water [37]. The decreases in the Ca and P 

concentrations in SBF are attributed to the growth of 

the apatite nuclei formed on the surface of the silica 

gel. The SBF was already supersaturated with respect 

to the apatite, similarly to body fluid [38, 39]. Once 

the apatite nuclei were formed, therefore, they'grew 

spontaneously by consuming the calcium and phos- 

phate ions from the surrounding fluid. The period 

from the time when the silica gel was immersed until 
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Ftgure 5 The change in ion concentrations of SBI~ with time after 
the silica gel was immersed in SBF. 



the time when the Ca and P concentrations started to 

decrease (i.e. 6 days) corresponds to the induction 

period for apatite nucleation on the surface of silica 

gel. This is consistent with the results from the TF- 

XRD, Fourier-transformed infrared and SEM experi- 

ments described above. In the case of a silica glass and 

a quartz crystal, apatite formation was not observed 

on their surfaces in the same SBF even 21 days after 

they were soaked [28]. This indicates that the silanol 

group, abundant on the surface of the silica gel, accel- 

erates apatite nucleation, although its detailed mech- 

anism is not yet known. The atomic ratio of the Ca 

and P that were consumed from the fluid corresponds 

to the Ca/P ratio of the apatite formed on the surface 

of the silica gel. The Ca/P ratio of the apatite, which 

was calculated from the decreases in the Ca and P 

concentrations in the SBF in the period from 14 to 40 

days after the silica gel was immersed, was 1.6-1.5. 

This'is lower than the 1.67 for the stoichiometric 

hydroxyapatite, Ca10(PO4)6(OH)2. 
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