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In the present article, the behaviour of a biologically active glass (BAG) belonging to the sys-
tem Si0,-Ca0-MgO-Na,0-K,0-P,0., soaked in simulated body fluids (SBFy), is studied.
The amount of Ca, Mg and K leached from the glass, as well as variations in P concentration
and pH of the solution were measured versus time. The formation of a hydroxylapatite (HA)
layer on the glass surface was determined by XRD and SEM-EDX. The article reports the in-
fluence of pH variation of the medium on the crystallinity of the HA formed.

1. Introduction

Since the discovery of biologically active glasses
(BAG) by Hench [1] in 1970, very active research
work has been carried out in the last few years to
understand the mechanism and parameters that con-
trol glass—bone bonding.

Nowadays it is generally accepted that the forma-
tion of a hydroxylapatite (HA) layer on the glass is a
necessary condition to ensure a direct bone bonding
[2].

Bioactive glasses and glass-ceramics belonging to
the Na,0-Ca0-Si0,-P,0; system have been ex-
tensively studied by Hench [1]. Glass-ceramics con-
taining apatite and wollastonite (A—W), in the SiO,—
Ca0-MgO-P,0;, system have recently been investig-
ated [3]. However, no available literature has been
found directly related to glasses belonging to the
Si10,-Ca0-MgO-Na,0-K,0-P,0, system. Re-
cently, the present authors [4] have shown that glasses
belonging to the mentioned system can be used to coat
Ti-based implants because of the formation of strong
metal—glass bonding through a TiN layer formed at
1000°C in N, atmosphere [5].

The aim of the present investigation is to study the
in vitro formation of an HA layer on the surface of
a glass belonging to the mentioned six-components
system.

2. Materials and methods
A glass with the following composition (wt %): SiO,
54.5, Na, O 12.0, K,0 4.0, CaO 15.0, MgO 8.5, P,0;
6.0, was used in the present investigation.

The glass was prepared starting from silica sand
(810, 99.9%) and reagent grade Na,HPO,, Na,CQO,,
K,CO,, and MgO. A homogeneous mixture was ob-
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tained by stirring the ingredients in isopropil alcohol.
The powder mixture, after drying (110°C, 48 h) and
prefiring at 400°C, 3 h, was fired in a Pt crucible at
1500°C, for 4 h. The corresponding melt was poured
into distilled water at room temperature. The glass
fragments were then ball-milled to a particle size of
< 5 pm.

Glass powder was melted at 1400°C in a Pt cru-
cible. After this, transparent and pore-free glass speci-
mens with 10 x 10 x 10 mm dimensions were ob-
tained by casting the melt in a bronze mould, which
had not been preheated.

Six glass plates of 10 x 10 x 1 mm dimensions with
polished surfaces obtained by finishing with alumina
(0.5 pm) were soaked for different times in simulated
body fluid (SBF) with ion concentration nearly equal
to those of human blood. The ratio of solution to the
surface area of the plates was 0.01 cm?>ml~!. The
plates were removed from the solution, washed with
distilled water and air dried.

Glass powder with average particle size 20 um and
specific surface area 0.1 m? g~ ! was obtained by grin-
ding the original glass blocks in an agata mortar. 2 g
of this powder were soaked in SBF with and without
Mg (Table I). The temperature of the SBF was kept
constant at 36.5°C.

The concentration of Ca, Mg, and K leached from
the glass were determined by atomic absorption spec-
troscopy (AAS). The pH variation of the solution was
also measured versus time. After each determination,
the suspensions were regenerated with SBF to the
initial level; these corrections were taken into account
for calculations.

The films formed on the glass plate after different
soaking times were characterized by thin-film X-ray
diffraction (XRD). Conventional XRD analyses were
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TABLE I Chemical composition of simulated body fluids (SBF) I and II

Na* K* Mg*? Cat? cl- CO,H"- PO,H?
SBF I 142 5 15 103 134 1
SBF II 142 5 - 101.5 134 1

Ion Concentrations are expressed in mM

performed with the powder glass after different soa-
king times. The microstructure of the surface and the
fracture surface of the reacted plate after 20 days
soaking were observed by scanning electron micro-
scopy with energy-dispersive X-ray spectrometer
(SEM-EDX).

3. Results

Fig. 1 shows the leaching of Ca, Mg and K as a
function of soaking time of glass plate and powder in
SBF. As 1s shown, a similar trend is observed in both
cases. In the first stage of soaking (3 days) an increase
in concentration of the cations in the solution is
detected. In the case of Ca, a depletion in the concen-
_tration occurs after these 3 days of soaking. Mg and K
concentration becomes stabilized after 4-6 days soa-
king. As can be seen in Fig. 2, P content in the solution
drastically decreases after 3 days of glass soaking.

In Fig. 3, pH versus soaking time plots correspond-
ing to the glass powder in the two SBF fluids and
those corresponding to the glass plate are shown. A
pH value of 9 is reached after 4 days of soaking in the
case of powder glass soaked in free Mg SBF. In
contrast, the increase in pH value was less significant
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Figure 1 Variation of element concentration in SBF I versus glass
soaking time. Rate glass/SBF = 1/100 (a) glass powder; (b) glass
plate.
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for powder and plate soaked in SBF containing Mg.

XRD patterns corresponding to the glass powder
and the plate after 7 days of soaking in SBF I (with
Mg), are shown in Fig. 4. For comparative purposes,
XRD patterns corresponding to a well-crystallized
synthetic HA powder and human bone HA are also
included. As can be seen, HA formed on the surface of
the glass powder exhibits higher crystallinity than HA
developed on the glass plate surface. This pattern is
quite similar to that corresponding to human bone
HA.

The SEM micrograph of the fracture surface of a
glass plate, together with different EDX microanalysis
of selected areas, are shown in Fig. 5. A P-Ca-rich
layer of 10 pm thickness is observed at the outer
surface of the glass plate. This layer is separated from
the bulk by a crack. An intermediate SiO,-rich layer
has been also detected.
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Figure 2 Evolution of P concentration in SBF I versus glass powder
soaking time.
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Figure 3 pH variation of SBFs versus glass soaking time: (a) glass
powder/SBF II; (b) glass powder/SBF I; (c) glass plate/SBF II; (d)
glass plate/SBF 1.
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Figure 4 Comparison of XRD patterns corresponding to glass
soaked in SBF I for 7 days and those corresponding to synthetic
and human bone HA, *hydroxylapatite (a) synthetic HA; (b) human
bone HA; (c) glass powder; (d) glass plate.
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Figure 5 SEM micrographs and EDX spectra of selected areas of
the fracture surface of the glass plate after 20 days soaking in SBF I.

The SEM-EDX study of the surface layer is pre-
sented in Fig. 6. From this study the following points
can be deduced:

(i) The P—Ca-rich layer presents cracking, probably
induced by differential shrinkage during drying.

(i) The microstructure of this layer 1s in the form of
rounded low-crystallinity particles, closely packed.

(11)) Immediatly below the P—Ca-rich layer, a silica-
gel-like layer is located. In several areas of this layer
some HA needle-like crystals (0.1 um) were precipit-
ated, adopting the morphology of spheroidal clusters.

4. Discussion

The in vitro formation of an HA layer on the surface of
a Si0,-MgO-Ca0O-P,05—Na,0-K,0O glass occurs
by a mechanism similar to those operating in glasses
belonging to the Si0,—P,0,—~Ca0-Na,O system [1]

Figure 6 SEM micrographs and EDX spectra of selected areas
corresponding to the surface of the glass plate after 20 days soaking
in SBF I.

or in glass-ceramics with Si0Q,-MgO-CaO-P,0;,
composition [3]. The leaching of Ca, Mg and K
(Fig.1) from the glass surface to the SBF produces the
appearance of a silica-gel layer (Figs 5, 6) and the
highly hydrated silica groups effectively induce hetero-
geneous nucleation of the HA, decreasing the concen-
tration of Ca and P in the medium (Figs 1, 2).

In a recent investigation, Hisizawa et al. [6] claim
that the formation of an HA layer on BAG is strongly
influenced by the Mg** content in SBF. These au-
thors suggest that Mg** condenses on the BAG
surface and interferes with the ion exchange between
H™* and Na*. As a consequence, the formation of an
HA film is retarded or avoided due to an insufficient
pH increase in the medium.

Our results clearly indicate that:

(i) The presence of Mg™* in SBF slightly depletes
the pH of the medium (Fig. 3).

(if) Even in the case of SBF with high Mg™** con-
tent (36 ppm) a well-developed HA layer was ob-
tained.

According to our experiments, the pH value of the
medium primarily affects the crystallinity of the HA
layer, not its formation (Figs 3, 4).

The precipitation of needle-like crystals of HA on
the silica-gel layer in the initial stage suggests that
high pH values (> 10) were first reached near the
silica layer. In a subsequent stage the crystallinity of
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the HA layer decreases due to the lower average value
of the pH in the medium.

(ili) No Mg** condensation was detected on the
glass surface after a long soaking time (20 days), as
observed in the EDX spectra shown in Fig, 6.

In summary it can be stated that the MgO-contain-
ing glass studied in the present investigation behaves
as a typical bioactive glass belonging to the SiO,—
Ca0O-Na,0-P,0, system. The role of Mg*? in the
formation of HA layer was found to be insignificant.

Finally, a new family of BAGs with a large range of
thermal expansion coefficients can be tailored into the
§5i0,-Ca0-MgO-Na,0-K,0-P,0; .system. This
fact gives rise to the possibility of selecting mechan-
ically suitable glass—metal composities for future im-
plant applications.
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