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Chemical reaction of bioactive glass and
glass—ceramics with a simulated body fluid
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Glass—ceramic A-W containing crystalline apatite and wollastonite in an MgO-Ca0-SiO,
glassy matrix bonds to living bone through an apatite layer which is formed on its surface in
the body. The parent glass G of glass—ceramic A-W and glass—ceramic A, which has the same
composition as glass—ceramic A-W but contains only the apatite, also bond to living bone
through the surface apatite layer, whereas glass—ceramic A-W(Al), which contains the apatite
and wollastonite in an MgO-Ca0-Si0,-Al,0; glassy matrix, neither forms the surface apatite
layer nor bonds to living bone. In the present study, in order to reveal the mechanism of
formation of the surface apatite layer, changes in ion concentrations of a simulated body fluid

with immersion of these four kinds of glass and glass—ceramics were investigated. Bioactive
glass G and glass—ceramics A and A-W all showed appreciable increases in Ca and Si
concentrations, accompanied by an appreciable decrease in P concentration, whereas non-
bioactive glass—ceramic A-W(AI) hardly showed any element concentration change. It was
speculated from these results that dissolution of the Ca(ll) and Si(1V) ions from bioactive glass
and glass—ceramics plays an important role in forming the apatite layer on their surfaces in the

body.

1. Introduction

High-strength bioactive glass—ceramic A-W con-
taining crystalline apatite and wollastonite in an
MgO—-Ca0-Si0, glassy matrix [1-5] bonds to living
bone through an apatite layer which is formed on its
surface in the body [6-107]. Both the parent glass G
of glass—ceramic A-W and glass—ceramic A which
has the same composition as glass—ceramic A-W but
contains only the apatite also bond to living bone
through the surface apatite layer [8, 9, 11], whereas
glass—ceramic A-W(Al) which contains the apatite and
wollastonite in an MgO-CaO-SiO,-Al,O, glassy
matrix neither forms the surface apatite layer nor
bonds to living bone [12]. It has been also reported
that Bioglass-type glasses [13, 14] and Ceravital-type
glass—ceramics [15] bond to living bone through the
surface apatite layer. This indicates that the essential
condition for glasses and glass—ceramics to bond to
living bone is formation of the apatite layer on their
surfaces in the body.

The same kind of apatite layer can be formed on the
surfaces of bioactive glasses and glass—ceramics even
in an acellular simulated body fluid which has almost
equal ion concentrations to those of the human blood
plasma [16—197. This indicates that the surface apatite
layer is formed by a chemical reaction of the glasses
and glass—ceramics with the surrounding body fluid.
In the present study, in order to reveal the mechanism
of formation of the surface apatite layer, changes in
ion concentrations of the simulated body fluid with
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immersion of bioactive glass G and glass—ceramics
A and A-W were investigated in comparison with

those for immersion of non-bioactive glass—ceramic
A-W(Al).

2. Experimental procedure

2.1. Sample preparation

Glass G was prepared by pouring a melt of the com-
position MgO 4.6, CaO 44.7, SiO, 34.0, P,O; 16.2
and CaF, 0.5 wt% on to a stainless steel plate and
pressing it into a plate about ! mm thick [3].
Glass—ceramic A was prepared by heating as-formed
glass G up to 870°C at a rate of 1°Cmin ! and
keeping it at 870 °C for 4 h [3]. Glass—ceramic A-W
was prepared by pulverizing glass G into grains about
3 um in size, pressing them into a bar, and then
heating the powder compact up to 1050 °C at a rate of
1°Cmin~* and keeping it at 1050°C for 4h [3].
Glass—ceramic A-W(Al) was prepared by heating a
glass powder compact of the composition MgO 3.6,
CaO 404, SiO, 33.2, P,0;5 16.5 and Al,O; 6.3 wt %
up to 1030 °C at a rate of 1 °C min~! and keeping it at
1030°C for 4 h [20].

2.2. Determination of crystal contents

The contents of crystalline phases in glass—ceramics A,
A-W and A-W(AIl) were roughly determined in the
previous work [3]. In the present study, their contents
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were more precisely determined by the following
method for investigating the surface reactions of the
glass—ceramics in the simulated body fluid.

The glass—ceramics were pulverized into grains
below 350 mesh (44 pm opening) in size, mixed with a
reagent-grade chemical of calcium fluoride (CaF,) as
the internal standard in a weight ratio of 6 1, and then
subjected to X-ray diffraction. The contents of apatite
and B-wollastonite were determined by intensity ratios
of 300 reflection of the apatite to 1 1 1 reflection of the
calcium fluoride, and 310 and 501 reflections of the
wollastonite to 111 reflection of the calcium fluoride,
respectively, referring to their calibration curves. The
calibration curves for the apatite and the B-wollaston-
ite were prepared by using standard powder mixtures
of a sintered hydroxyapatite with glass G and of a
high-purity -natural B-wollastonite (from Kibi-gun,
Gifu prefecture, Japan) with glass G, respectively. In
determination of the content of the B-wollastonite, in
order to avoid the effect of preferred orientation of the
wollastonite, all the samples were homogeneously
mixed with Lakeside cement (Nition Chikagaku Sha
Co., Kyoto, Japan) in a weight ratio of 0.7:1 on a
heated slide glass, cooled to room temperature and
then pulverized, before X-ray diffraction. At least
seven measurements were made for obtaining one set
of data.

2.3. Soaking in simulated body fluid

Glass G and glass—ceramics A, A-W and A-W(Al)
were pulverized into grains below 32 mesh (500 pm
opening) and above 48 mesh (297 um opening), and
washed with pure acetone and ion-exchanged water.
The grains in the amount of 4.00 g were immersed in
50 ml of a simulated body fluid which had almost
equal ion concentrations to those of human blood
plasma as shown in Table I [21]. The fluid was
prepared by dissolving reagent-grade chemicals NaCl,
NaHCO;, KCI, K,HPO, -3H,0, MgCl,-6H,0 and
CaCl, in ion-exchanged water contained in a poly-
ethylene bottle and buffered at pH 7.25 with 50 mm
trishydroxymethyl aminomethane ((CH,OH),CNH,)
and 45 mm HCL It was maintained at 36.5°C and
shaken at-a rate of 120 strokes per min during soaking
of the specimens.

2.4. Measurement of element concentrations
At various periods after the specimens were immersed
in the simulated body fluid, 1 ml aliquots of the fluid

TABLE 1 Ton concentrations of simulated body fluid and human
blood plasma

Ion Concentration (mM)

Simulated fluid Human plasma

Na* 142.0 142.0
K* 50 50
Mg?+ 1.5 1.5
Ca?* 25 25
cl- 148.8 103.0
HCO; 42 13.5
HPO2" L0 10
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were taken out and the concentrations of magnesium,
calcium, silicon, aluminium and phosphorus were
analysed by inductively coupled plasma (ICP) emis-
sion spectroscopy. The fluorine concentration was
measured by lanthanum-ALC (alizarin complexone)
absorption spectroscopy. Proton concentration was
measured by a pH meter.

3. Results

3.1. Constituent phases of samples

Contents of the constituent crystalline phases of
glass—ceramics A, A-W and A-W(Al) are shown in
Table II. Contents and compositions of the residual
glassy phases of the glass—ceramics are also shown as
well as those of glass G. They were calculated from the
contents of the crystalline phases and the composition
of the parent glass, assuming that the apatite and
the B-wollastonite have the compositions given by
the chemical formulae Ca,,(PO,)s(O,F,) and
Ca0-8i0,, respectively. In the case of glass—ceramic
A-W(Al), although a trace amount of anorthite
(CaO- Al O, - 2810,) was detected by powder X-ray
diffraction, it was neglected.

It can be seen from Table 11 that the content of the
apatite is equal among all the examined glass—
ceramics. Almost all the P,O; in the glass—ceramics
entered into the apatite phase and was absent in the
residual glassy phase.

3.2. Element concentration changes of fluid
Changes in concentration of magnesium, calcium, sili-
con and phosphorus as well as in pH of the simulated
body fluid with the immersion of glass G and
glass—ceramics A, A-W and A-W(Al) are shown in
Figs 1-4 as a function of soaking time. Fluorine
and aluminium were not detected for all the fluids
examined.

It can be seen from Figs 1-4 that bioactive glass G
and glass—ceramics A and A-W show appreciable
increases in the calcium and silicon concentrations
and a little increase in magnesium concentration, ac-
companied by an appreciable decrease in the phos-
phorus concentration, whereas non-bioactive glass—
ceramic A-W{Al) hardly shows any change in element
concentrations.

4. Discussion

It is apparent from Figs 1-3 that bioactive glass G
and glass—ceramics A and A-W, which form an apatite
layer on their surfaces in the body, dissolve appreci-
able amounts of the calcium and silicate ions into the
surrounding fluid as well as a small amount of the
magnesium ions. Glass G also dissolves a small
amount of phosphate ions at the initial stage of expo-
sure to the fluid. The appreciable decrease in the
phosphorus concentration of the fluid with the immer-
sion of these bioactive glass and glass—ceramics is
attributed to the formation of apatite on their surfaces
by consuming the phosphate ions from the sur-
rounding fluid. On the other hand, non-bioactive



TABLE II Constituent phases of examined samples

Sample Constituent phase (wt %) Composition of glassy phase (wt %)
Apatite B-wollastonite Glassy phase
Glass G 0 0 100 MgO 4.6, CaQ 44.7, Si0O, 340, P,O, 16.2, CaF, 0.5
Glass—ceramic A 38 0 62 MgO 175, CaO 373, 8i0, 55.2
A-W 38 34 28 MgO 16.6, CaO 24.2, Si0O, 59.2
A-W(AD 38 27 35 MgO 10.3, Ca0 16.6, Si0, 55.0, AL, O, 18.1
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Figure 1 Changes in element concentrations and pH of simulated
body fluid due to immersion of glass G: (O) Ca, (x) Mg, (@) P,
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Figure 2 Changes in element concentrations and pH of simulated
body fluid due to immersion of glass—ceramic A: (O) Ca, (x) Mg,
(@) P, (10) 8i, (A) pH.

glass—ceramic A-W(Al) hardly dissolves any ions into
the fluid and takes few phosphate ions from the fluid
(Fig. 4). This indicates that the calcium and/or silicate
ions dissolved from the bioactive glass and glass—
ceramics play an important role in forming the apatite
layer on their surfaces.

It can be also seen from Figs 13 that the rate of
dissolution of calcium ions increases in the order
of glass—ceramic A < glass—ceramic A-W < glass G.
This indicates that the calcium ions are dissolved from
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Figure 4 Changes in element concentrations and pH of simulated
body fluid due to immersion of glass—ceramic A-W(Al): (O) Ca,
(x) Mg, (@) P, ([J) Si, (A) pH.

the glassy phase and wollastonite. The rate of dissolu-
tion of silicate ions increased in the order of glass—
ceramic A<glass G < glass—ceramic A-W. This
indicates that silicate ions are also dissolved from
both the glassy phase and wollastonite. The magne-
sium ion mainly remained in the glassy phase and
hence dissolved from the glassy phase. Phosphate ions
are dissolved only from glass G, since most of the
P,0; in the glass—ceramics entered into the apatite
phase and the surrounding fluid is already super-
saturated with respect to the apatite, even before the
immersion of the glass—ceramics [22]. The phosphate
ions required for forming the apatite layer on the
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surfaces of glass—ceramics are supplied only from the
surrounding fluid. Thus, the mechanism of apatite
formation on the surface of glass—ceramic A-W is
schematically represented as shown in Fig, 5.

In the case of non-bioactive glass—ceramic A-W(Al),
the dissolution of the calcium and silicate ions from
both the glassy and wollastonite phases is suppressed
by the Al,O; concentrated in the glassy phase (see
Table I1). It is already well known that Al,O; effect-
ively improves the chemical durability of glasses [23].

Among the calcium and silicate ions dissolved from
the bioactive glass and glass—ceramics, the calcium
ions might increase the degree of supersaturation of
the surrounding fluid with respect to apatite, which is
already supersaturated even before the immersion of
the glass and glass—ceramics.

Formation of the hydroxyapatite from the consti-
tuent ions in an aqueous solution is given by the
formulia

Ca,o(PO,)s(OH), = 10Ca%* + 6PO3"
+ 20H" (1)

The ionic activity product IP in the solution is
given by

IP

(aca>+ )10(aP03 -)*(aon-)?
(Yea2+ )10(%03 -)*(You-)?
x[Ca’"}'°[PO3 1°[OH J? 2

where a is activity, y is activity coefficient, and [ ] is
the concentration of each ion. According to Neuman
and Neuman [22], Yc,2+, Vo2~ and You- at physio-
logical ionic strength (p = 0.16) are 0.36, 0.06 and 0.72,
respectively. Substituting these values for yc,2+, Ypo3-
and Yoy~ in Equation 2, and referring to the ion
concentrations and pH given in Figs 1 to 4, we can
calculate the change in ionic activity product of the
apatite in the simulated body fluid with the immersion
of glass G and glass—ceramics A, A-W and A-W(Al).
In this calculation, it is assumed that the following
equilibria are maintained among H;PO,, H,PO_,
HPO2~,PO3™ and H*:

H

K _
H,PO, =H* + H,PO; (3)
Na* K* mg2* c1- HCO4™
Body fluid
v
ca(ll} POV
OH™

Apatite
Ca10(PO4)6(OH)2

Figure 5 Schematic representation of surface reaction of

glass—ceramic A-W in the body.
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K>

H,PO; = H* + HPOZ" )
K3

HPO}~ =H" + PO3"~ (5)

where the equilibrium constants K, K, and K, are
6.22 x 1073, 6.58 x 1078 and 6.61 x 10713, respect-
ively, at 37°C [24-26], and the activity coefficients
Yu+s Ya,po; and Yupo2- are 0.81, 0.62 and 0.23, respect-
ively [22]. In addition, the following equilibria are
assumed to be maintained among Ca?*, H,PO,,
HPO;™ and PO;~ ions:

2+ - Ka +
Ca?* + H,PO; = CaH,PO} (6)
Ca?* + HPO2~ =X CaHPO )
~ 4
Ca’* + PO~ =X CaPO; ®)

where the equilibrium constants K,, K5 and K are
31.9, 6.81 x 10% and 3.46 x 10, respectively, at 37°C
[27], and activity coefficients Yeuu,p0; and Yeaposs
which are approximated by the following Debye—
Hickel equation, are both 0.72.

— 0572212

1+ p'? )

logy;, =

where Z, is the electric charge of the ion.

The results of the calculation for the first 2 h after
the samples were immersed into the fluid are shown in
Fig. 6. The solubility product of apatite in aqueous
solution is reported to be 5.5 x 107118 at 37°C [28]. It
can be seen from Fig. 6 that the ionic activity product
of the apatite in the simulated body fluid, which is
already higher than the solubility product even before
immersion of the samples, further increases with the
immersion of all the kinds of examined sample. The
increase in the ionic activity product for bioactive
glass—ceramic A does not appreciably differ from that
for non-bioactive glass—ceramic A-W/(Al). This sug-
gests that some factor, other than the degree of super-
saturation of the surrounding fluid, also plays an
important role in forming the apatite layer on the
surfaces of bioactive glass and glass—ceramics. The
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Figure 6 Changes in ionic activity product of the apatite in simu-
lated body fiuid with immersion of (A) glass G and glass—ceramics
(O) A, (O) A-W and (@) A-W(Al).



amount of silicate ion dissolved from bioactive
glass—ceramic A is appreciably larger than that from
non-bioactive glass—ceramic A-W(Al) (see Figs 2 and
4). This indicates that the dissolved silicate ions play
an important role in forming nuclei of the apatite on
the surfaces of bioactive glass and glass—ceramics. It is
also reported that silicon plays an essential role in the
initial stage of apatite formation in the bone of mam-
mals [29]. The role of the dissolved calcium and
silicate ions in forming the surface apatite layer will be
discussed in more detail elsewhere.
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