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Abstract

The purpose of this work was to study the influence of BO3 and Al,O3 additions on the bioactivity and mechanical properties (modulus of
rupture; MOR) of eight glasses in the Na,O-CaO-SiO,-P,Os system, so that a bioactive glass with the good mechanical properties compares to
others is obtained. For investigating their bioactive capacity these glasses were soaked in a simulated body fluid (SBF) at different time
intervals. The changes in surface structure were examined by scanning electron microscopy (SEM) and EDX line scan and X-ray
microanalysis to determine the compositional profiles through the substrate up to the surface. In some glasses the presence of a rich
calcium and phosphorous layer was observed that, according to other studies, correspond to the apatite layer growing in all glasses with B,O3/
Al,O5 ratio between 0.5 and 0.55. For MOR determination of these glasses, the three point loading test was used.
© 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Bioactive glasses; B. Electron microscopy; E. Biomedical applications

1. Introduction

Bioactive glasses are materials, which can adhere to bone
and tissues through the formation of calcium phosphate
(hydroxyapatite; HAp) at the interface of the material. This
layer is chemically and structurally equivalent to the mineral
phaseinbone andisresponsible forinterfacial bonding. A small
change in the composition can produce a drastic effect on its
behavior, whether itis inert, resorbable or bioactive. There are a
wide range of bioactive glasses, however, the time dependence
ofbonding, the strength of the bond, the mechanism of bonding
and the thickness of the bonding zone differ for various
materials [1-4]. On the other hand, certain bioactive glass
compositions can bond to soft and hard tissues [5,6].

In previous studies, it has been shown that there are three
key compositional features of bioactive glasses that
distinguish them from traditional Na,O-CaO-SiO,-P,0s5
glasses and make the surface highly reactive when exposed
to aqueous medium: (1) less than 53 mol% SiO; and (2) high
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Na,O and CaO content and (3) CaO/P,Os ratio >5 [4]. Gross
et al. [3] have described bonding from a biological point of
view. The overall reactions resulted in the formation of a
silica-rich layer, which attaches firmly to the bone. This type
of glasses can have a high dissolution, which can reduce its
long-term reliability. Addition of alumina is the traditional
way to reduce the solubility of glass, but it can inhibit bone
bonding on bioactive glasses [7,8], nevertheless, additions
up to 1.5 wt.% Al,O3 can be used without interfering with
mineralization of the osteoid [8].

In the present study, formation of the apatite layer on the
surface of Si0,-Na,0-Ca0O-P,0O5 glass and the effect of
B,03/Al,0;5 ratio addition were investigated in simulated
body fluid (SBF), an acellular aqueous solution, which has
ion concentration equal to that of human blood plasma [9].

2. Experimental procedure

The glasses were prepared taking into account the index
of bioactivity I, introduced by Hench [10], using the ternary
diagram Si0,—CaO-Na,O with P,0O5 constant. The index is
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given by the relationship Iz = 100/t s, Where #q 5pp, 1S the
time for more than 50% of the surface to get attached to the
bone. Andersson et al. [11] described in vivo behavior of the
glasses of the system used in this work, developing a
phenomenological model. By regression analysis it was
found that a relationship exists between the glass and its
behavior with tissues, which was called reaction number
(RN) and that for the glass to be bioactive, it should have a
value above 5. All the glasses prepared in this work should
be bioactive as they agree with the two former statements
and the three key compositional features previously
mentioned.

The raw materials were SiO,, CHNaQO3;, CaCO;, P,0Os,
B,03, and Al,O3 with 99% purity. The different mixtures of
the nominal compositions shown in Table 1 were melted in a
platinum crucible for 6 h, at a heating rate of 5 °C/min, a
holding time of 60 min at 1000 °C for eliminating
carbonates and 1 h at 1450 °C for glass homogenization.
The melt was poured on to 500 °C preheated graphite molds
of cylindrical shape with 10 mm diameter. At least five
pieces were prepared for each glass and their surfaces were
polished with 3—4 pm diamond paste.

The immersion fluid, called simulated body fluid had ion
concentration almost equal to that of human blood plasma
[9]. It was prepared by dissolving reagent-grade chemicals
of NaCl, NaHCOj;, KCIl, K,HPO,-:3H,0, MgCl,-6H,0,
CaCl,, and Na,SOy in distilled water. It was buffered at pH
7.25 with 50nm tris(thydroxymethyl)-aminomethane
(NH,C(CH,0OH)3) and 45 nm hydrochloric acid (HCI).
The fluid temperature was kept at 36.5 4+ 0.5 °C, and was
completely free from living cell or organic substances [12].
The samples immersed in permanently agitated SBF were
taken out at different week intervals, gently washed by
acetone, and embedded in a cold epoxy resin. The cross
sections were polished down to 1 pm, and then coated by a
conductive carbon film to be analyzed by electron
microscopy (SEM)-EDX.

The modulus of rupture was determined from three-point
loading method, using rectangular specimens of dimension
6 mm x 6 mm x 30 mm. All specimens were abraded and
carefully polished for diminishing residual stresses. The
span length was 20 mm, and a loading rate of 0.42 kg/
mm? min was employed. For each glass, nine measurements
were made. The modulus of rupture (S) was calculated from
the Eq. (1), where L is a breaking load; a, separation of

Table 1
Glass composition by synthesis (wt.%)

Glass SiO, Na,0 CaO P,0s B,0; ALO; B,04/ALO;

49.0 230 23.0 4.0 0.4 0.6 0.66
49.0 236 220 4.0 0.5 0.9 0.55
49.0 238 216 3.8 0.6 1.2 0.50
49.0 240 21.0 3.6 0.9 1.5 0.60
48.0 249 208 35 1.0 1.8 0.55
47.0 255 20.7 3.4 1.3 2.1 0.62
46.0 263 200 3.7 1.6 2.4 0.66
46.0 26.2 19.8 33 2.0 2.7 0.74
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adjacent loading and support edges; b, width of specimen
and d, thickness of specimen [13].
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3. Results and discussion
3.1. Bioactivity

A biomaterial for bone substitution is called bioactive if it
elicits a specific biological response at the interface of the
material, which results in the formation of an attachment
between the tissues and the material [4]. The basis of the
bone bonding property of bioactive glasses is the chemical
reactivity of the glass in body fluids. The interface reactions
between a bioactive glass and bone allow the development of
SiO,-rich and Ca and P-rich layers. The silica-rich layer is
due to the Na™ exchange with H" or H30" from the simulated
body fluid. This exchange is easy because Na™ ions are not
part of the glass network, they only modify it by forming
non-bridging oxygen bonds. The release of network-
modifying ions is rapid for highly bioactive glasses. The
dissolution process occurs by breaking Si—-O-Si bonds
through the action of hydroxyl ions (OH "), releasing silicon
into the solution as Si(OH)*~, this silica layer acts as a
preferential nucleation site for the CaP layer. Migration of
Ca”* and P,O5’~ groups to the surface through the SiO,-rich
layer and incorporation of soluble calcium and phosphorous
from the solution generated the formation and growth of an
amorphous CaO-P,0s-rich film, which was previously
identified by other authors [14].

It must be pointed out that the primary advantage of
bioactive glasses is their rapid rate of surface reaction, which
leads to fast tissue bonding. Fig. 1 shows the development of
the reaction layer; the silica-rich layer and the CaP-rich,
layer with soaking time for composition 1. After 2 weeks of
immersion only a silica layer is obtained, after 3 weeks there
is the development of the CaP-rich layer, starting from 16 to
23 pm for 3 and 5 weeks of soaking, respectively. In spite of
having the highest RN value, the B,05/Al,05 ratio is 0.66
and it can be seen that the CaP layer growth begins after 2
weeks; therefore, glasses of composition 1 could be
considered biocompatible but not as bioactive glasses due
to the fact that the CaP layer is not produced rapidly enough
so as to establish a stable bond with the bone or the soft
tissues.

The Fig. 2(a) and (b) correspond to composition 2 and,
Fig. 2(c) and (d) to composition 3 at two different soaking
times: 2 and 5 weeks. It shows the Si and CaP layers for all
conditions; however, the sample of composition 3 soaked
during 5 weeks depicted higher porosity on the silica-rich
layer. This could be due to a higher Na* mobility towards the
surface. These compositions having a higher B,O; content,
as compared to glass 1, could be considered as bioactive
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Fig. 1. (a—d) shows the SEM images of a cross-section of glass C1, soaked in simulated body fluid for: (a) 2, (b) 3, (c) 4, and (d) 5 weeks with its line scan
profiles superimposed, the reaction layer is characterized by the different gray tones: G-glass, Si-Silicon-rich layer, CaP-calcium and phosphorous-rich layer. (e)
Shows the reaction layer Si and CaP development with time in this type of glass.

Fig. 2. Scanning electron microscopy images of a cross section of glasses C2 (a and b) and C3 (c and d) soaked in simulated body fluid for 2 (a and c¢) and 5 (b
and d) weeks, with their line scan profiles superimposed.
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Fig. 3. Scanning electron microscopy image of Glass 5 at 5 weeks soaking
time, with their line scan profile superimposed.

glasses due to the CaP layer formation at the shortest soaking
time tested.

Fig. 3 shows the scanning electron microscopy image of a
cross section of glass composition 5 (C5) after 5 weeks
soaking time; it can be observed that in the presence of both
Si-rich and CaP-rich layer, again the silica layer presents
high porosity due to Na* diffusion which increases the Ca**
and P,Os>~ migration towards the surface to promote the
CaP-rich layer formation. The B,05/Al,0; ratio in this case
is 0.55.

In Fig. 4(a—c) the behavior of the other glass
compositions studied, C4-4 (a), C6-4 (b), and C7-4 (c)
can be observed. They showed only a silica-rich layer
probably due to B,O3/Al,0O5 ratio, which is above 0.6. In
these cases, both multivalent ions oxides could have a
network role in the glass structure, therefore, the substrate
has a high chemical resistance, and the silica-rich layer is

o

stabilized. As there is no formation of the Ca- and P-rich
layer, these glasses of compositions 4, 6, and 7 could be
identified as biocompatible. Fig. 4(d) shows the cross
section and compositional analysis of glass composition 8
(C8) without any compositional change. The reaction
process was completely inhibited due to the decrease in
glass solubility. Glasses of this composition could be
considered as bioinert.

The behavior of glasses was measured from the growth
of Si and CaP layers at different times, the results being
given in Fig. 5. Here, it can be seen that all compositions
which should be bioactive, they follow the necessary
conditions, i.e., they have a RN above 5, leading to behave
in different ways. It must be pointed out that although the
glass of composition 2 has a content of multivalent ion
oxides near to 1.5 wt.% and, glasses of compositions 3 and
5 above this percentage; its bioactivity is not affected.
These glasses show a bioactive behavior, due to the
presence of B,O5 presence that somehow allows a better
Na* ions migration towards the glass surface when it is
combined with Al,Oj3 in a specific ratio. It was found that
bioactivity is controlled by B,03/Al,05 ratio between 0.5
and 0.55 in the composition range selected in this work;
apparently the B,03/Al,05 ratio is a dominant factor in
Na,0, CaO, SiO,, and P,05 glasses.

3.2. Modulus of rupture (MOR)

The Fig. 6 shows the modulus of rupture behavior for
different glasses and with B,05/Al,05 ratio. The value
represented in this figure is an average of nine measure-
ments, being in a range between 90 and 180 MPa.
Comparing these results with values obtained by other
authors in glasses of similar composition such as 20 MPa

Fig. 4. Scanning electron microscopy images of a cross section of glasses C4 (a), C6 (b), C7 (c), and C8 (d) soaked in simulated body fluid for 5 weeks, with

their line scan profiles superimposed.
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Fig. 5. Reaction layers development due to bioactivity reaction in SBF, with time for C2—C8 glasses, the RN and B,03/Al,0; for this glasses are included.
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Fig. 6. Modulus of rupture for the different glasses; the composition is
numbered on the MOR values, the type of glass is selected by circles and the
B,03/Al,05 is included.

and 40-60 MPa by Andersson et al. [11] and Hench [14],
respectively, an improvement in the modulus of rupture can
be observed .

4. Summary

The results suggest that in modified bioactive glasses
containing B,03 and Al,Os, it is necessary to control the
B,03/Al,05 ratio due to its influence on the alumina
stabilization effect, in order to allow the CaP deposition. A
bioactivity behavior was found in glasses exceeding the
multivalent ion additions with Al,O5; content higher than
1.5 wt.% and for a B,053/Al,05 ratio between 0.5 and 0.55.
The MOR values improved, as the B,O3/Al,05 relationship



520

1. Barrios de Arenas et al./Ceramics International 32 (2006) 515-520

allows the Al,O5 addition to increase with the consequent
mechanical improvement.
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