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Bioactivity of FezOa-containing CaO-SiO z 
glasses: in vitro evaluation 
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In order to reveal conditions for obtaining bioactive and ferrimagnetic glass-ceramics useful as 
thermoseeds for hyperthermia treatment of cancer, the effects of additives on the bioactivity of 
an Fe203-CaO-Si02 glass were investigated by examining apatite formation on the surfaces 
of the glasses in a simulated body fluid with ion concentrations nearly equal to those in 
human blood plasma. A 3F%03, 100CaO- Si02 (in weight ratio) glass did not form an apatite 
layer on its surface in the fluid, but glasses of the same compositions with 3Na20, B203 
and/or P20a added (in weight ratio) formed an apatite layer. This indicates that bioactive and 
ferrimagnetic glass-ceramics could be obtained from Fe203-containing CaO-SiO2 glasses with 
Na20, B203 and/or P~O5 added. Apatite formation on the surfaces of the glasses with the 
additives are interpreted in terms of the dissolution of the calcium and silicate ions from the 
glasses. 

1. I n t r o d u c t i o n  

It was previously shown by our group that even 
P2Os-free CaO S i O  2 glasses bond to living bone, 
forming an apatite layer on their surfaces in the body 
[1-3]. This indicates a possibility that a bioactive and 
ferrimagnetic glass-ceramic which contains ferrimag- 
netic magnetite (Fe304) in a bioactive CaO,SiO2- 
based crystalline or glassy matrix could be obtained 
by crystallization of CaO-SiO2 glasses containing 
appreciable amounts of FeO and Fe203. Such glass- 
ceramic might be useful as thermoseeds for hyper- 
thermia treatment of cancer, especially bone tumour, 
since it bonds to itself as well as to living bone to be 
fixed, and heats the surrounding bone locally to tem- 
peratures effective for cancer treatment by magnetic 
hysteresis loss under an alternating magnetic field. 
Heat treatment of a glass of nominal composition 
(wt%) Fe203 40, CaO'SiO2 60 at 950°C gave a 
glass-ceramic which contained about 36 wt % magne- 
tite in a matrix of [~-wollastonite (CaO" SiOz) and a 
CaO,SiOz-based glassy phase [4]. Thus, the glass- 
ceramic obtained showed ferrimagnetism, as expected. 
It did not, however, show bioactivity, since the glassy 
phase contained a small amount of Fe203 [4]. It is 
already known that the bioactivity of the CaO-SiO 2 
glass is lost by the addition of a small amount of 
Fe203 [1, 3]. 

In this study, in order to reveal the conditions for 
obtaining bioactive and ferrimagnetic glass-ceramic, 
the effects of various additives on apatite formation on 
the surface of an Fe 20 3-CaO-SiO 2 glass in a simu- 
lated body fluid were investigated. 

It has already been shown for various kinds of 
glasses and glass-ceramics that materials forming an 
apatite layer on their surfaces in simulated body fluid 
with ion concentrations nearly equal to those of 
human blood plasma bond to the bone through the 
same kind of apatite layer formed in the living body 
[i 3, 5-13]. 

2. Experimental 
2.1. Preparation of glasses 
The nominal compositions of the glasses examined 
are shown in Table I. About 30 g powder mixtures of 
these compositions were prepared from reagent grade 
CaCO 3, SiO2, Fe20 3, Na2CO a, H3BO 3 and 
CaHPO4"2H20. They were placed in a platinum 
crucible and melted in an MoSi 2 electric furnace at 
1550°C for 2 h. The melts were poured on to a 
stainless steel plate at room temperature and pressed 
into a plate 1-2 mm thick. The glasses obtained were 
cut into a rectangular specimen 10 mmx 15 mm 
x 1 mm and polished with 1 gm diameter diamond 
paste. 

2.2. Soaking in a simulated body fluid 
The glass specimens were cleaned with acetone in an 
ultrasonic cleaner and immersed in 35 ml simulated 
body fluid which had ion concentrations almost equal 
to those of human blood plasma [14], as shown in 
Table II. The fluid was prepared by dissolving reagent 
grade NaC1, NaHCO a, KC1, K2HPO4"3H20,  
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MgCI2"6H20 , CaC12 and NaeSO 4 in distilled 
water. It was buffered at pH 7.25 with 50 mM tris- 
(hydroxymethyl)-aminomethane [NHzC(CH2OH)3 ] 
and 45 mM hydrochloric acid (HC1). The temperature 
of the fluid was maintained at 36.5 °C. No living cell or 
organic substance was added. 

2.3. Analysis of surface structure 
At various daily intervals after the immersion, speci- 
mens were gently washed with acetone and their 
surfaces were analysed with thin-film X-ray diffraction 
and Fourier-transform infrared reflection spectro- 
scopy, An X-ray diffractometer with a thin-film 

attachment (Rigaku model 2651A1) was used for the 
X-ray diffraction, in which the specimen surface was 
fixed at an angle of 1 ° to the incident beam. A Fourier- 
transform infrared spectrometer (Japan Spectroscopic 
FT-IR5M) was used for the infrared spectroscopy. 
The reflection angle was 75 ° . Both techniques enable 
analysis of a thin layer about 1 gm thick at the surface. 

The specimens were embedded in polyester resin. 
Their cross-sections were polished with 1 Mm diameter 
diamond paste, coated with a carbon film and then 
analysed with an electron-probe X-ray microanalyser 
(EPMA; Shimazu EPM-810). The electron beam was 
0.3 gm in diameter and the accelerating voltage was 
12.5 kV. 

TABLE I Nominal compositions of the glasses examined 

Glass Composition (in weight ratio) 

CaO" SiO 2 FezO 3 Na20 B203 P2Os 

CS + Fe 100 3.0 0.0 0.0 0.0 
CS + FeNa 100 3.0 3.0 0.0 0.0 
CS + FeB 100 3.0 0.0 3.0 0.0 
CS + FeP 100 3.0 0.0 0.0 3.0 
CS + FeNaB 100 3.0 3.0 3.0 0.0 
CS + FeNaP 100 3.0 3.0 0.0 3.0 
CS + FeBP 100 3.0 0.0 3.0 3.0 

3. Results and discussion 
Figs 1=7 show the thin-film X-ray diffraction patterns 
and Fourier-transform infrared reflection spectra of 
the surfaces of the glasses soaked in the simulated 
body fluid for various periods. Assignments of the 
X-ray diffraction peaks and infrared reflection peaks 
were made according to the procedure described in the 
previous paper [7]. It can be seen from these figures 
that 3FezO3,100CaO.SiO 2 (in weight ratio) glass 
with no additive does not form an apatite layer on its 
surface in the simulated body fluid even after 20 
days, whereas the glasses of the same compositions with 

TABLE II Ion concentrations of simulated body fluid and human blood plasma 

Concentration (mM) 

Na + K + Ca 2+ Mg 2+ CI HCO~ HPO ] SO4 z- 

Simulated body fluid 142.0 5.0 2.5 1.5 147.8 4.2 1.0 0.5 
Human blood plasma 142.0 5.0 2.5 1.5 103.0 27.0 1.0 0.5 
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Figure 1 (a) Thin-film X-ray diffraction patterns and (b) Fourier-transform infrared reflection spectra of glass CS + Fe soaked in simulated 
body fluid for various periods. 
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Figure 2 (a) Thin-film X-ray diffraction patterns and (b) Fourier-transform infrared reflection spectra of glass CS + FeNa soaked in 
simulated body fluid for various periods: ©, a, apatite and g, glassy phase. 
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Figure 3 (a) Thin-film X-ray diffraction patterns and (b) Fourier transform infrared reflection spectra of glass CS + FeB soaked in 
simulated body fluid for various periods: ©, a, apatite and g, glassy phase. 

3 N a 2 0  , B 2 0 3  a n d / o r  P 2 0 5  added (in weight ratio) 
all form a surface apatite layer. The rate of apatite 
formation incrcased in the order CS + FeP < CS 
+ FeNa < CS + FeB < CS + FeNaB < CS + FeNaP 
< CS + FeBP. The tack of the apatite peaks on the X- 

ray diffraction patterns and infrared reflection spectra 
for CS + FeNaB and CS + FeNaP glasses soaked in 
the fluid for a long period is attributed to peeling offof  
the apatite layer before the surface analyses. 

Figs 8 14 show the scanning electron microscopy 
(SEM) micrographs of cross-sections of the glasses 
soaked in the simulated body fluid for 20 days as well 
as the compositional profiles determined by the 

EPMA on the cross-section. The compositional pro- 
file of boron is not given in the figures, since the boron 
could not be detected by the apparatus used. 

It can be seen from Figs 8-14 that 
3Fe203,100CaO" SiO 2 (in weight ratio) glass with no 
additive shows hardly any compositional change on 
its surface even after being soaked in the simulated 
body fluid for 20 days, whereas the glasses of the same 
compositions with 3NazO, B 2 0 3  and/or P 2 0 5  
added (in weight ratio) all form an outermost layer 
rich in Ca and P and an underlying layer rich in Si on 
their surfaces. The Ca- and P-rich layer is ascribed to 
the apatite layer detected by the thin-film X-ray dif- 
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Figure 4 (a) Thin-film X-ray diffraction patterns and (b) Fourier-transform infrared reflection spectra of glass CS + FeP soaked in 
simulated body fluid for various periods: O, a, apatite and g, glassy phase. 
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Figure 5 (a) Thin-film X-ray diffraction patterns and (b) Fourier-transform infrared reflection spectra of glass CS + FeNaB soaked in 
simulated body fluid for various periods: O, a, apatite and g, glassy phase. 

TABLE II I  Thickness of apatite and silica gel layers 

Glass Thickness (Mm) 

Apatite Silica 

CS + Fe 0 0 
CS + FeNa 5 5 
CS + FeB 5 7 
CS + FeP 10 3 
CS + FeNaB 7.5 7.5 
CS + FeNaP 15 10 
CS + FeBP 60 20 
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fraction and the infrared reflection spectroscopy. The 
Si-rich layer is ascribed to the same kind of silica 
hydrogel  layer as that  reported for Bioglass-type 
glasses [5, 15]. The thicknesses of the apatite and silica 
gel layers depended strongly on the composi t ion of  the 
glasses, as shown in Table III.  It can be seen from 
Table I I I  that  the rate of  formation of the apatite layer 
described above is propor t ional  to the thickness of the 
silica gel layer. This might  be interpreted as follows. 

The silica gel layer is formed by selective dissolution 
of calcium ion from the glasses. The thickness of the 
silica gel layer increases with increasing rate of 
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Figure 6 (a) Thin-film X-ray diffraction patterns and (b) Fourier-transform infrared reflection spectra of glass CS + FeNaP soaked in 
simulated body fluid for various periods: ©, a, apatite and g, glassy phase. 
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Figure 7 (a) Thin-film X-ray diffraction patterns and (b) Fourier-transform infrared reflection spectra of glass CS + FeBP soaked in 
simulated body fluid for various periods: ©, a, apatite and g, glassy phase. 

dissolution of the calcium. Table III  shows, therefore, 
that the rate of dissolution of the calcium increases in 
the order C S + F e < C S + F e P < C S + F e N a < C S  
+ FeB < CS + FeNaB < CS + FeNaP  < CS + FeBP. 

The dissolved calcium ion increases the degree of the 
supersaturation of the surrounding fluid, which is 
already supersaturated with respect to the apatite even 
under normal conditions [16]. The hydrated silica, 
i.e. silica hydrogel, formed by selective dissolution 0f 
the calcium provides favourable sites for apatite 
nucleation, as previously confirmed for glass-ceramic 

A-W [17-19]. Consequently, the glasses of 
compositions 3Fe203 ,100CaO'S iO2  (in weight 
ratio) with Na  2 0 ,  B 2 O 3 and/or P 205 added form an 
apatite layer on their surfaces with the rate increasing 
in the order C S + F e P < C S + F e N a < C S + F e B  
< CS + FeNaB < CS + FeNaP  < CS + FeBP, in the 

simulated body fluid. The phosphate ion required for 
formation of the apatite layer is supplied from the 
surrounding fluid. 

As described in Section 1, it has been shown that 
glasses and glass-ceramics forming an apatite layer on 
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Figure 8 (a) SEM micrograph and (b) E P M A  profile of a cross-section of glass CS + Fe soaked in simulated body fluid for 20 days, 
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Figure 9 (a) SEM micrograph and (b) E P M A  profile of a cross-section of glass CS + FeNa soaked in simulated body fluid for 20 days. 
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Figure 10 (a) SEM mierograph and (b) E P M A  profile of a cross-section of glass CS + FeB soaked in simulated body fluid for 20 days, 
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Figure II (a) SEM micrograph and (b) EPMA profile of a cross-section of glass CS + FeP soaked in simulated body fluid for 20 days. 
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Figure 12 (a) SEM micrograph and (b) EPMA profile of a cross-section of glass CS + FeNaB soaked in simulated body fluid for 20 days. 
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Figure 13 (a) SEM micrograph and (b) EPMA profile of a cross-section of glass CS + FeNaP soaked in simulated body fluid for 20 days. 
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Figure 14 (a) SEM micrograph and (b) E P M A  profile of a cross-section of glass CS + FeBP soaked in simulated body fluid for 20 days. 

their surfaces in the simulated body fluid also bond to 
the bone, forming the same kind of the apatite layer in 
the living body [1-3, 5-13]. 

The present results, therefore, show that 
3Fe 203,100CaO" SiO2 (in weight ratio) glasses with 
Na20 ,  B203  and/or P205  added also bond to the 
bone, forming an apatite layer in the living body. This 
indicates that bioactive and ferrimagnetic glass- 
ceramics could be obtained from Fez O a-Containing 
CaO-SiO 2 glasses with Na20 ,  B203 and/or P 2 0 5  

added. 
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