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Compositional dependence of bioactivity of
glasses in the system Ca0O-Si0,-Al,03;:
its /n vitro evaluation
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In order to investigate fundamentally the effect of Al,O; on the bioactivity of glasses and
glass—ceramics, the compositional dependence of bioactivity of glasses in the system
Ca0-Si0,-Al,0; was studied in vitro. It is already known that the essential condition for
glasses and glass--ceramics to bond to living bone is the formation of an apatite layer on their
surfaces in the body, and that the surface apatite layer can be reproduced even in an acellular
simulated body fluid which has almost equal ion concentrations to those of the human blood
plasma. In the present study, bioactivity of the glasses was evaluated by examining apatite
formation on their surfaces in the simulated body fluid with thin-film X-ray diffraction, Fourier
transform infrared reflection spectroscopy and scanning electron microscopic observation.
Only Ca0-Si0,~Al,O4 glasses containing Al,O; less than 1.5 mol % formed the surface apatite
as well as Al,O,-free CaO-Si0, glasses, but Ca0-Si0,-Al,0; containing Al,0; more than
1.7 mol % did not form it as well as an SiO,-free CaO-Al, O, glass. This indicates that only a
small amount of addition of Al,O, to glass compositions suppresses the bioactivity of glasses

and glass—ceramics by suppressing apatite formation on their surfaces in the body.

1. Introduction

Glass—ceramic A-W containing apatite and wollaston-
ite in an MgO-CaQ-SiO, glassy matrix bonds to
living bone [ 1], whereas glass—ceramic A-W(Al) con-
taining the same kinds of crystalline phases in an
MgO-Ca0-S5i0,-Al,0, glassy matrix does not
bond to the living bone [2]. A similar adverse
effect of Al,O; on bioactivity has been also reported
for Bioglass-type glasses in the system Na,O—-CaO-
Si0,-P,0; [3] and Ceravital-type apatite-containing
glass—ceramics in the system Na,O-K,0-MgO-
Ca0-Si0,-P,0, [4]. It has not, however, been re-
vealed fundamentally how Al,O; effectively suppres-
ses the bioactivity of glasses and glass—ceramics.

In the present study, in order to investigate this
problem, the compositional dependence of the bio-
activity of glasses in the system CaO-Si0,-Al,0; was
studied in vitro. Binary CaO-SiO, glasses are the
simplest glasses known to show bioactivity [5, 6], and
hence are suitable as basic glasses in this kind of
fundamental study. It has been shown for various
kinds of glass and glass—ceramic including Bioglass-
type glasses, Ceravital-type glass—ceramics and A-W-
type glass—ceramics that the essential condition for
glasses and glass—ceramics to bond to living bone is
formation of an apatite layer on their surfaces in the
body [7-14], and that the apatite layer can be repro-
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duced on their surfaces even in an acellular simulated
body fluid which has almost equal ion concentrations
to those of the human blood plasma [15-18]. In the
present study, bioactivity of the glasses was evaluated
by examining the formation of an apatite layer on
their surfaces in the simulated body fluid with thin-
film X-ray diffraction, Fourier transform infrared re-
flection spectroscopy and scanning electron micro-
scopic observation.

2. Experimental procedure

2.1. Preparation of glass

A compositional region in the system CaO-SiO,—
Al, O, where glass can be formed by an ordinary
melting technique was previously reported by Imaoka
and Yamazaki [19]. Powder mixtures in the amount
of about 20 g of various compositions in the glass-
forming region were prepared using the reagent-grade
chemicals CaCO,, SiO, and Al,O;. They were put
into a 50 ml platinum crucible and melted at 1600 °C
for 1 hin an MoSi, furnace. The melts were poured on
to a stainless steel plate to be formed into a plate
about 1 mm thick, and allowed to cool in an SiC
furnace from an appropriate temperature. The cooled
substances were examined by visual observation and
X-ray diffraction to determine whether they contained
crystalline phases or not.
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2.2. Soaking in simulated body fluid

The glasses obtained by the method described above
were cut into rectangular specimens of 15mm
x 10 mm x 1 mm, polished with 3-4 pm diamond
paste, and washed with pure acetone and ion-ex-
changed water in an ultrasonic cleaner. They were
immersed in 35 ml of an acellular simulated body
fluid, which had almost equal ion concentrations to
those of human blood plasma as shown in Table I
[20]. The fluid was prepared by dissolving reagent-
grade chemicals NaCl, NaHCO;, KCl, K,HPO,
3H,0, MgCl, - 6H,0, CaCl,and Na,SO, in distilled
water. It was buffered at pH 7.25 with 50 mm trishy-
droxymethyl-aminomethane ((CH,OH),;CNH,} and
45 mm HCI, and its temperature was kept at 36.5°C.

2.3. Analysis of surface structure

After the specimens were soaked in the simulated body
fluid for 7, 20 and 30 days, they were taken out from
the fluid and gently washed with acetone. Their sur-
faces were subjected to thin-film X-ray diffraction,
Fourier transform infrared reflection spectroscopy
and scanning electron microscopic observation. In the
X-ray diffraction experiment, a Rigaku CN2651A2
thin-film attachment was used and the surface of the
specimen was fixed at 1° to the incident beam. In the
infrared spectroscopy, a Japan Spectroscopic FT-
IR5M spectrometer was used and the reflection angle
was 75°. These two techniques allowed detection of a
layer only about 1 um thick at the surface. In the
scanning electron microscopic observation, a gold-
palladium film was coated on the surface of the speci-
men and a Hitachi S2500CX scanning electron micro-
scope was used.

3. Results and discussion

Fig. 1 shows the compositions of the examined glasses
and their appearances. Thin-film X-ray diffraction
patterns and Fourier transform infrared reflection
spectra of the surfaces of some of the glasses before
being soaked in the simulated body fluid are shown in
Fig. 2 as references. Their compositions are given in
Table I1.

Figs 3 and 4 show thin-film X-ray diffraction pat-
terns and infrared reflection spectra, respectively, of
the surfaces of the same glasses after being soaked in
the simulated body fluid for 7 days. Assignments of the

TABLE I Ion concentrations of simulated body fluid and human
blood plasma
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Figure I Compositions of the glasses examined and their appearan-
ces. The glass-forming region was reported by Imaoka et al. [19];
(Q) clear transparent glass, (@) immiscible opaque glass.
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Figure 2 (a) Thin-film X-ray diffraction patterns and (b) Fourier

transform infrared reflection spectra of the surfaces of some
Ca0-Si0,-Al,0, glasses before being soaked.

TABLE I1I Compositions of some of the glasses examined

Simulated fluid Blood plasma

Na* 142.0 142.0
K* 50 5.0
Mg?* 1.5 1.5
Ca?* 2.5 25
cl 1478 103.0
HCOj3 42 27.0
HPOZ™ 1.0 1.0
S02- 0.5 05

Name Composition (mol %)
CaO SiO, ALO;

Ca60A140 60.0 0 40.0
Ca50Si25A125 50.0 25.0 250
CaS50Si45A15 50.0 45.0 5.0
Cad9Si49A12 49.0 49.0 20
Cad9.5Si49.5A11 49.5 49.5 1.0
Ca508i50 50.0 50.0 0
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Figure 3 Thin-film X-ray diffraction patterns of the surfaces of
Ca0-S8i0,-Al,0; glasses soaked in the simulated body fluid for 7
days: (O) apatite peak.

main peaks based on the data previously reported
[16] are also shown in Figs 3 and 4. It can be seen
from Figs 3 and 4 that Ca508i50 glass forms an apa-
tite phase on its surface in the simulated body fluid
in 7 days, whereas Ca60Al40, CaS0Si25Al25,
Ca50Si45A15, Ca498i49A12 and Ca49.55149.5A11 do
not form it.

Figs 5 and 6 show thin-film X-ray diffraction pat-
terns and infrared reflection spectra, respectively, of
the surfaces of the same glasses after being soaked for
20 days. It can be seen from Figs 5 and 6 that
Ca49.55i49.5A11 glass in addition to Ca508i50 glass
form the apatite phase on their surfaces in the simu-
lated body fluid by 20 days, whereas Ca60Al40,
Ca508125A125, Ca50Si45A15 and Cad49Si49A12 glasses
do not form it even after 20 days.

Figs 7 and 8 show thin-film X-ray diffraction pat-
terns and infrared reflection spectra, respectively, of
the surfaces of the same glasses after being soaked for
30 days. These patterns and spectra are essentially
same as those for the glasses soaked for 20 days.

Fig. 9 shows scanning electron micrographs of the
surfaces of the same glasses after being soaked in the
simulated body fluid for 30 days. It can be seen from
Fig. 9 that leaf-like particles are deposited on the
surfaces of Ca50Si50 and Ca49.55i49.5A11 glasses, but
not on the surfaces of Cad9Sid9A12, Ca50Si45A15,
Ca508Si25A125 and Ca60Al40 glasses. The morpho-
logy of the leaf-like particles is very similar to that of
the apatite formed on the surface of glass—ceramic
A-W [16] and Ceravital-type glass—ceramic [21].
Ca49Si49A12 glass shows only a slight track of chem-
ical corrosion. The latter three kinds of glass show no
track of any kind of corrosion.

These results are summarized in Fig. 10 together
with those of the glasses of other compositions, as a
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Figure 4 Fourier transform infrared reflection spectra of the sur-
faces of CaO-Si0,-A1,0; glasses soaked in the simulated body
fluid for 7 days: (O) apatite peak.
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Figure 5 Thin-film X-ray diffraction patterns of the surfaces of
Ca0-S8i0,-Al,0; glasses soaked in the simulated body fluid for 20
days: (O) apatite peak.
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Figure 6 Fourier transform infrared reflection spectra of the sur-
faces of CaO-Si0O,-Al,O; glasses soaked in the simulated body
fluid for 20 days: (O) apatite, (@) CO3~ peak.
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Figure 7 Thin-film X-ray diffraction patterns of the surfaces of
Ca0-8i0,-Al,0; glasses soaked in the simulated body fluid for 30
days: (O} apatite peak.
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Figure 8 Fourier transform infrared reflection spectra of the sur-
faces of CaO-S8i0,-Al,0; glasses soaked in the simulated body
fluid for 30 days: (O) apatite peak.

function of soaking time in the simulated body fluid. It
can be seen from Fig. 10 that CaO-Si0,-Al,0; glas-
ses containing Al,O; less than 1.5 mol % form the
apatite layer on their surfaces in the simulated body
fluid by 30 days as well as Al,O5-free CaO-SiO,
glasses, whereas CaO-SiO,-Al,O; glasses containing
Al,O, more than 1.7 mol % do not form it (even after
30 days) as well as an SiO,-free CaO-Al,O; glass. The
present authors previously reported that CaO-—
Si0,-Al,0; glass containing 1.7 mol % (2.9 wt %) of
Al,O; barely formed a Ca, P-rich layer on its surface
and bonded to living bone at 25 weeks after being
implanted into a tibia of rabbit [6]. This is consistent
with the present result. These results indicate that only
a small amount of addition of the Al,O; to glass
compositions suppresses the bioactivity of glasses and
glass—ceramics, by suppressing formation of an apa-
tite layer on their surfaces in the body.

According to previous studies on the mechanism of
apatite formation on the surface of glass—ceramic
A-W [22, 23], chemical reaction of the Ca(Il) and
Si(IV) ions dissolved from the glass—ceramic with the
P(V) ion in the surrounding body fluid gives the
apatite formation on the surface of the glass—ceramic.
In this reaction, the Ca(II) ion increases the degree of
supersaturation of the surrounding body fluid with
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Figure 9 SEM photographs of the surfaces of CaO-SiO,~A1,0, glasses soaked in the simulated body fluid for 30 days.
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Figure 10 Compositional dependence of apatite formation on the surface of CaO-SiO,-Al1,0; glasses as a function of soaking time in the
simulated body fluid; (b) is a part of (a). (<) Apatite formation, (®) no apatite formation.

respect to apatite, which is already supersaturated
even in the normal condition [24], and the Si(I'V) ion
provides favourable sites for nucleation of the apatite
on the surface of the glass—ceramic. On the basis of
these findings, apatite formation on the surfaces of
Ca0-Si0,-Al,0; glasses containing small amounts
of Al,O; as well as Al,O;-free CaO-SiO, glasses in
the body environment might by similarly interpreted.
The phosphate ion required for formation of the
apatite is supplied only from the surrounding fluid.
In the case of CaO-Si0,—-Al,0; glasses containing
appreciable amounts of Al,O, as well as SiO,-free
Ca0-Al,0; glass, dissolution of the Ca(II) and Si(IV)
ions from the glasses might be suppressed by the
Al,O; present in the glasses, and hence apatite forma-
tion on the surfaces might be suppressed. This specu-
lation is supported by the scanning electron micro-
graphs in Fig. 9. Ca508i45Al15, CaS50Si25A125 and
Ca60Al40 glasses did not show any track of chemical
reaction even after 30 days of soaking in the simulated
body fluid. Al,O; is generally known as a component
which can improve the chemical durability of glasses
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[25]. The lower rate of apatite formation on the
surface of Ca49.58i49.5Al11 glass than on the surface of
Ca508150 glass might be also interpreted in terms of
the suppressing effect of Al,O; on the dissolution of
Ca(Il) and Si(IV) ions from the glass.

Gross and Strunz [4] previously interpreted the
adverse effect of Al,O; on bioactivity of Ceravital-
type glass—ceramic in terms of the inhibiting effect of
Al(II) ion dissolved from the glass—ceramic on nor-
mal mineralization of the surrounding bony tissue,
without mentioning the surface apatite layer. The
relation between the surface apatite formation of
Ca0-8i0,-Al,0; glasses and the dissolution of ions
from the glasses will be discussed elsewhere in more
detail.
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