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Abstract The aim of this work was to study the influence
of the composition and thermal treatment of the in vitro
bioactivity of wollastonite materials obtained by sol-gel
method. For this purpose, gels in the system SiO,—CaO
were obtained applying calcium nitrate and tetraethoxysi-
licate as precursors. The gels were heated to 700°C and
then sintered up to 1400°C. The bioactivity of the gel-
derived materials in simulated body fluid (SBF) was
investigated and characterized. Additional changes in ionic
concentration, using inductively couple plasma atomic
emission spectroscopy (ICP-AES), were determined. The
results showed that all materials obtained were bioactive
and indicate that the absence of phosphorous in the mate-
rial composition is not an essential requirement for the
development of a Hydroxyapatite layer. The bioactivity
was influenced by the thermal treatment, the different
phases (glass-phase, wollastonite and pseudowollastonite)
as well as the porous size. On the gel-derived materials the
bioactivity decreased with the sintering temperature.

1 Introduction

Bioactive materials are known to bond to living bone in the
body via formation of an apatite layer on their surfaces
[1-8]. Because of this unusual property, they are widely
studied for biomedical applications in areas including
orthopedics and dentistry [9-12]. The bone-bonding
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mechanism is still not fully understood. However, all bio-
active materials form on their surface a calcium phosphate
layer that crystallizes to hydroxyapatite (HA)-like when in
contact with physiological fluids [13-21]. Thus, the for-
mation of a biologically active HA-like layer on the mate-
rials surface was proposed as the prerequisite for bonding to
the living tissues [22-26]. The HA-like layer is also formed
in vitro when bioactive materials are soaked in buffer
solution (Tris-(hydroxymethyl) aminomethane and hydro-
chloric acid (SBF) at pH 7.4 [16-32]). It can be also
reproduced in an acellular SBF with ion concentrations early
equal to those of the human blood plasma [33]. Some SBF
solutions are recently revised [34-36] and some cell culture
media [37, 38] are also used. The ability to form an HA-like
layer in vitro is related to bone-bonding ability or the ability
to induce bone formation in vivo. Thus, in vitro studies
predict the behaviour of a material inside the human body.

Since Hench and co-workers developed the first bioactive
glass [39], several types of silicate glasses, glass—ceramics
and calcium silicates [4—6] have been studied as biomate-
rials for repair and replacement of hard tissues. The results
have shown that materials containing CaO and SiO, are
bioactive, and were found to bond to living bone [40, 41].
However, most melt-derived glasses and glass—ceramics
contain other elements, in more complex compositions
[42, 43]. The use of the sol-gel technique allowed to obtain
glasses with a simple composition which, in addition,
resulted markedly more bioactive than melt-derived glasses
with the same composition [44—46]. In recent years studies
have appeared suggesting the possibility of applying the
sol-gel method for this purpose [44-46]. The sol—gel pro-
cess allows obtaining materials of higher purity, surface area
and homogeneity than the fusion method. An additional
advantage of this method is that glasses can be prepared at
low temperatures without the need to include components
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aimed to decrease the melting temperature (i.e., Na,O),
which allows simplifying the composition. The purpose of
the present paper was the preparation of bioactive gel-
derived materials with the simplest composition 50 wt%
Si0, and 50 wt% CaO by means of the Pereira el al. [44, 45]
sol—gel method, as well as the study of the influence on the
bioactivity of the initial gel composition and the crystalline
phases induced by thermal treatment. The bioactivity of
these materials was studied by soaking them in simulated
body fluid (SBF) in order to evaluate the influence of the
changes in the microstructure and the crystallization of
different phases on the bioactivity of the materials as a result
of different thermal treatments.

2 Materials and methods
2.1 Gel-derived materials

The gel-derived materials were synthesized by hydrolysis
and polycondensation of tetraethyl orthosilicate (TEOS)
and hydrated calcium nitrate in 2 N nitric acid in water.
The nitric acid was used to catalyse the TEOS hydrolysis,
using a molar ratio of H,O/TEOS of 8. After the addition of
each reactant, the solution was stirred for 1 h. The sol was
obtained in a sealed container that was kept at room tem-
perature to allow the hydrolysis and polycondensation
reactions, until the gel was formed. Aging was performed
at 70°C for 3 days in the same container. The drying of the
gel was carried out by replacing the previous top by one
displaying a hole with a diameter of 1 mm, to allow the
leak of gases, and heating the gel at 150°C for 2 days. The
dried gel was milled and sieved.

Thermogravimetric and differential thermal analysis
(TG/DTA) of the dried gel were performed at a heating rate
of 10°C/min, starting at room temperature up to 1350°C.
The test was carried out in a platinum crucible and under
atmospheric conditions. DTA results established the tem-
peratures at which the crystalline phases formed and their
possible polymorphic transformations. Based on the DTA
results, the pellets were heated at 800, 900, 1000, 1200,
1300 and 1400°C at a rate of 5°C/min with a dwell of 6 h.
From this temperature the samples were further cooled
inside the furnace down to room temperature. These sam-
ples were compared with the material heated at 700°C, the
stabilization temperature generally used for sol-gel mate-
rial [44-48].

2.2 SBF in vitro test
The in vitro bioactivity study was performed by soaking

the pieces in the simulated body fluid (SBF No. 9) pro-
posed by Kokubo et al. [21] with an ion concentration
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nearly equal to that of human blood plasma. After being
ultrasonically washed in acetone and rinsed in deionised
water the pellets were soaked in 100 ml of SBF in poly-
ethylene bottles at 36.5°C. The immersion period of the
pellets in SBF was up to 4 weeks. The choice of this time
span was based on the results obtained from previous in
vitro experiments performed in the same media [27-32].

2.3 Sample characterization

Samples were characterized before and after the SBF in
vitro test. Samples obtained after the thermal treatments
were studied by X-ray Diffraction (XRD) using a Bruker
D8 Advance instrument. XRD were recorded automated
diffractometer using Cu Ko , radiation (1.5418 A). Data
were collected in the Bragg—Brentano (6/26) vertical
geometry (flat reflection mode) between 20 and 60° (20) in
0.05° steps, counting for 3 s per step. The diffractometer
optic was a system of primary Soller foils between the
X-ray tube and the fixed aperture slit of 1 mm. One scat-
tered radiation slit of 1 mm was placed behind the sample,
followed by a system of secondary Soller slits and the
detector slit of 0.1 mm. The X-ray tube was operated at
40 kV at 30 mA.

The microstructure of the samples was studied by
Scanning Electron Microscopy (SEM) using a Hitachi
S-3500N, fitted with X-ray Energy-Dispersive Spectrome-
try (EDX). The samples surfaces, before and after the
exposure to the SBF, were examined at 15 keV. The cross-
sections were previously polished using diamond paste of
1 um, cleaned in an ultrasonic bath, and carbon coated for
SEM examination and microanalysis. EDX elemental
maps of the cross-sections was collected for Ca, Si and P.
Additional changes in ionic concentration of the SBF using
Inductively Couple Plasma Atomic Emission Spectroscopy
(ICP-AES) were determined.

2.4 Textural properties

After drying the samples in order to avoid the humidity, all
samples were degassed at 250°C during 24 h to remove
physically adsorbed molecules from their surfaces. The
specific surface areas were estimated in relation to the
masses of the degassed samples.

The porous texture characterisation of all the samples
was carried out by physical adsorption—desorption iso-
therms of nitrogen at 77 K using an automatic volumetric
adsorption system Autosorb-6 supplied by Quantachrome.
The pore size distribution in the mesoporosity range was
estimated by analysis of the adsorption and desorption
curves using the BJH method [49] and assuming cylindrical
pores.
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3 Results

The TG/DTA results of the dried gel at 150°C for 2 days is
shown in Fig. 1. The DTA show an endothermic effect
around 140°C, which was attributed to the elimination of
humidity from the atmosphere and the residual alcohol in
the pores of the gel, corresponding to a weight loss of 14%.
The endothermic peaks at 570 and 560°C, with a weight
loss of 54% were attributed to the elimination of the
nitrates introduced as calcium nitrate in the preparation of
sol. These results agree with those of Duval [50], which
indicated that calcium nitrate is stable up to 475°C and
from that temperature the NO, elimination starts. Then the
weight remains almost constant up to 1350°C. The exo-
thermic maximum at 900°C is due the crystallization of the
wollastonite-2M. This finding was confirmed by XRD
analysis of the quenched sample from 1000°C. The small
endothermic effect at ~1200°C was due to the polymor-
phic transformation of wollastonite-2M into pseudowo-
llastonite also confirmed in the XRD analysis of the residue
TG/DTA.

Figure 2 shows the XRD patterns of the pellets heated at
different temperatures. The materials treated at 700 and
800°C showed XRD patterns typical of amorphous mate-
rials and no crystalline phases were detected. Glass crys-
tallization was observed from 900°C. The samples heated
between 900 and 1200°C show peaks that correspond to
wollastonite-2M (low temperature form of wollastonite)
and at 1200°C the crystallization of pseudowollastonite
starts, presenting the XRD a mixture of wollasotnite-2M
and pseudowollastonite. However, in the sample heated at
1300°C the wollastonite-2M phase was transformed into
pseudowollastonite, which is the most stable phase at high
temperature. At higher temperature (1400°C) the pseu-
dowollastonite is the only phase present.

Figure 3 shows the nitrogen adsorption isotherms at
77 K (Fig. 3a) of the samples and the pore size distribution
(Fig. 3b) for those two samples without heat treatment after
the stabilization of the sol-gel material. The isotherms of
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Fig. 1 DTA and TG curves of the gel powder after being dried at
150°C

these samples are type IV and show the typical hysteresis
of mesoporous materials [51]. In the samples heat treated at
temperatures above 800°C the volume of mesopores is
almost negligible.

The bioactivity study was made in samples treated at
1000, 1200 and 1400°C, because these samples are repre-
sentative of the different phase composition and micro-
structures of the obtained glass—ceramics. The behaviour of
these samples was compared with that of material treated at
700°C. The SEM micrographs of samples surface after
polishing and chemical etching with diluted acetic acid
during 5 s are shown in Fig. 4. The micrographs show a
microstructure formed by irregular particles of different
size with a homogeneous distribution. The temperature
promotes an increase in the number and in the size of the
particles, and in addition, the glassy phase diminishes.
Figure 4a shows a typical homogeneous glass without
microstructure on it. EDX analysis of the particles confirm
the presence of CaO and SiO, in the grains with a 1:1
molar ratio, the same as the theoretical composition of
CaSiOj;. The EDX analysis of the silica-rich glassy phases
present a molar SiO,/CaO ratio of 0.73. The sintering
process took place in the sample of 1400°C where the
amount of glassy phase is very small (Fig. 4d).

After 1 week soaking in SBF it was observed that a new
layer covered homogeneously the surface of all materials
(Fig. 5). The layer morphology and the formation rate of
this layer depended on the thermal treatment. The fastest
formation of the layer (5 h) was observed in samples
treated at 700°C. This layer was composed by spherical
particles smaller than 0.6 pm in diameter, some of which
reach the size of 1.5 um after 1 week of soaking. This
morphology does no further change with soaking time
(from 1 to 4 weeks) although the density of the layer
increases. In samples treated at higher temperatures the
layer appeared after longer soaking times but once this
layer was formed, the spherical particles could be appre-
ciated. In sample 1000°C the layer was observed after
3 days, whereas in the samples heated at 1200 and 1400°C
the layer was not observed until after 5 days.

Table 1 shows the results of the EDX analysis of samples
surface after 7 days of soaking in SBF. The results after
immersion in SBF showed that the Si content decreased
significantly while the Ca and P content increased, indicat-
ing that the layer formed on the samples surface is rich in
calcium and phosphorus. The EDX analysis of the surface
without spherical precipitated of sample 1200 and 1400°C
showed a higher content of Si and lower content of Ca that of
the surface before soaking in SBF. This effect indicates a
higher solubility of CaSiOs-phase and therefore SiO,-rich
surface obtained.

Figure 6 shows the microstructure of the cross-section
of 700°C gel derived material after 28 days in SBF. The
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Fig. 2 XRD patterns of
samples treated at different
temperatures (filled circle
wollastonite-2M, asterisks
pseudowollastonite
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elemental X-ray maps of silicon, calcium and phosphorus
are also presented. The outer layer, with an average

thickness of about 45 pm (&1 pum), was composed of a Ca/
P-rich phase, while the underlayer in direct contact with the
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material substrate was rich in silicon. The crack visible in
the figure between the specimen surface and Ca/P-layer is
an artifact caused by the polishing of the specimen.

Changes in the elemental ionic concentrations of SBF
after 28 days of immersion are shown in Fig. 7. The
chemical analysis of the SBF used in the study agreed with
the composition of the one reported in the literature [21]. It
was found that calcium and silicon ion concentrations in
SBF increased slightly over the exposure time indicating
partial dissolution of the gel derived material. On the other
hand, phosphorous ion concentration decreased more sig-
nificantly because of the precipitation of Ca—P phase on the
surfaces of the gel derived materials. Although the for-
mation of Ca—P phase consumed some calcium ions, the
calcium ions dissolution from the gel derived material were
more than those consumed. This results in a porous Ca/P
layer structure that provides a path for the dissolution of
both the underlying CaSiOj; grains and the amorphous SiO,
interlayer. However, the dissolution of the CaSiO; grains is
suppressed gradually when the Ca/P layer reaches an
appropriate thickness. Thus the Ca and Si concentrations
in the SBF solution approach an apparent equilibrium
state after prolonged soaking (14 days) of the gel-derived
CaSiO; materials.

Figure 8 shows the change of thickness of the Ca/P layer
as a function of soaking time. In the 1000°C glass—ceramic,
a significant thickness of Ca/P layer forms at a rate of about
4.8 um per day after 7 days of soaking. The formation rate
gradually slows down after prolonged soaking due to the
depletion of P from the SBF solution (~0.5.7 pm per day)
reaching a total thickness of ~44.4 um after 28 days.
In the 1400°C glass—ceramic, the Ca/P layer reached a
thickness of about ~35 um after 28 days of soaking,
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Fig. 4 SEM images of the microstructure of the gel-derived materials at a 700, b 1000, ¢ 1200 and d 1400°C

corresponding to the formation of Ca/P layer with ball-like
particle morphology attached to the 1400°C glass—ceramic
surfaces. The formation rate and thickness of Ca/P layer
formed on the glass—ceramic were much greater than var-
ious reference materials, such as A-W glass—ceramic, as
reported by Kokubo [52] and Liu [53], respectively. The
good bioactivity of the present gel derived CaSiO3 mate-
rials is considered to be due to the influence of their sol-
ubility in SBF solution and to the presence of the silica rich
glassy phase, which induces rapid nucleation and growth of
the Ca/P layer in the surface.

4 Discussion

Since CaSiOj grains are reported to dissolve more slowly in
SBF solution than the silica-rich glassy phase at the grain
boundaries [13, 23, 27, 28, 47], the differences in micro-
structure between the 700 and the 1000, 1200 and 1400°C
glass—ceramic materials are considered to influence the
formation of Ca/P layer on their surfaces. The 1000°C
glass—ceramic material consists of small wollastonite-2M
grains and silica-rich glassy phase, which is suggested to
promote surface dissolution with the formation of silanol at
the surface of the amorphous SiO, interlayer. These pro-
cesses should proceed prior to the formation of the Ca/P
layer, increasing the Ca and Si concentrations in the SBF
solution (Fig. 6) in contact with the 1000°C glass—ceramic

to suitable levels for rapid Ca/P layer formation. On the
other hand, the very small amount of glassy phase at the
grain boundaries for the 1400°C glass—ceramic materials
can be considered the cause for the slow formation rate of
the amorphous SiO, interlayer and the slower dissolution
rate of the pseudowollastonite grains. This means that the
Ca/P layer appears later in this sample (7 days) than in the
samples with a high content of silica-rich glassy phase
(3 days).

Our gel-derived materials abruptly decreased the vol-
ume of mesopores when they were heat-treated at tem-
peratures above 800°C, as shown in Fig. 3. The heat
treatment causes the disappearance of the porosity. This
indicates that the numbers of active sites for apatite
nucleation on the surface of the gel-derived materials were
abruptly reduced by heat treatment above 800°C. Therefore
the rate of apatite nucleation on the gel-derived materials
was controlled not only by the catalytic effect of the sur-
face of the gel-derived materials, but also by ion dissolu-
tion from the gel-derived materials.

Generally, the rate of apatite formation in an aqueous
solution is controlled by nucleation and crystal growth.
These are possible only within a supersaturated environ-
ment. As it is well known, the body fluid is already
supersaturated with respect to the apatite even under nor-
mal condition [54]. In such an environment, once apatite
nuclei are formed, they can grow spontaneously by con-
suming calcium and phosphate ions from the surrounding
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Fig. 5 SEM images of the samples after immersion in SBF for a 3, b 7 and ¢ 28 days

fluid. The rate of formation of apatite in a body environ-
ment is, therefore, determined by the rate of apatite
nucleation. In view of this, it can be seen from the present
results that the rate of apatite nucleation decreases
remarkably by the heat treatment of gel derived materials
above 700°C.

This observation confirms also the results obtained by
other authors [42, 43, 47]. Hench et al. reported also pre-
viously that the apatite-forming ability of a gel was lost
when the gel was heat-treated at 900°C [55]. In their case,
however, the gel contained CaO and P,Os, beside the SiO,,
while the test solution contained neither calcium nor
phosphate ions. Also, Padilla et al. [56] in a gel containing
Ca0O-Si0,-P,05 reported that the sintering process plays
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an important role in the bioactivity of the heated materials,
indicating that the apatite formation rate decreases with the
sintering temperature and the content of pseudowollaston-
ite phase in the materials.

5 Conclusions

All the gel-derived CaSiO3; materials studied are bioactive,
growing an apatite layer on their surface, by taking phos-
phorous from the SBF.

The sintering process played an important role in the
bioactivity of heated samples, where the glassy phase,
Wollastonite-2M and pseudowollastonite phase were the
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Table 1 Surface composition (at%) obtained by EDX of samples
before and after 7 days soaking in SBF

Si Ca P
Before soaking 49 51 -
7 days soaking
700°C 3 69 28
1000°C 2 75 23
1200°C layer 1 62 37
1200°C surface 87 12 1
1400°C layer 1 65 34
1400°C surface 90 10 -

Fig. 6 X-ray elemental maps of Si, Ca, P, and a relevant SEM image
of the cross-section of the 700°C glass after 4 week of immersion in
SBF
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Fig. 7 Changes of Ca, P and Si concentration
measured by ICP after soaking the gel-derived
periods

of the SBF solution
materials for various

60
50 |
a0}
€ 5l
S 30
-<700°C
2r - 1000°C
10l - 1200°C
-+ 1400°C
0 . . ‘ .
0 7 14 21 28

Days

Fig. 8 Change of thickness of the Ca—P layer of the gel-derived

materials as a function of soaking time

main phases. It was observed by the ionic changes in the
SBF that the layer formation rate decreased with the sin-
tering temperature. In these samples, the sintering process
seems to hinder the dissolution process of wollastonite,
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mainly from the bulk, and therefore delays the formation of
the apatite layer.
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