STEM and EDXS characterisation of physico-chemical reactions at the periphery
of bioactive glass particles in contact with biological fluids.
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Abstract
Knowledge of the local concentration and species of ions released at the bioactive
glass particles/biological fluids interface is primordial to the understand of the complex
interfacial reactions and physico-chemical properties of bioactive glasses. This work
characterises the interface that bioactive glass particles develop after immersion into
biological fluids for different delays (1, 2, 4, 28 days). The distribution of silicon, phosphorus,
calcium and aluminium varied across bioactive particles periphery. After 1 day of immersion
into biological fluids, a Si-Al rich layer appeared at the bioactive glass surface. After 2 days,
significantly higher concentrations of Ca and P are observed on top of this newly formed SiAl layer compared to the center of the glass particles. Then, an apatite (Ca-P) layer starts to
built up and grows with time after immersion into biological fluids. The Ca/P atomic ratio
increases with time from 1 to 1.6. A thick Ca-P rich layer was formed after 28 days. The Ca-P
layer appeared to be generated by calcium and phosphate ions diffusing through the Si-Al
layer, which contain at least traces of these ions.

Keywords : STEM - EDXS - bioactive glass – apatite – physico-chemical reactions -

Introduction
In orthopaedic and dental applications, calcium phosphate based ceramics, glass
ceramics and bioactive glasses have been used by virtue of their ability to bond directly with
bone tissues and to promote bone formation1. This property has become known as bioactivity.
Hench L.L. demonstrated this bioactive properties for certain glass composition2,3. Dynamic
ion exchange and bonding to bone were demonstrated for a certain compositional range with
SiO2, Na2O, CaO and P2O5 in specific proportions4,5,6. But, the composition has to be
optimised to give a suitable compromise between bioactivity and solubility7. For example,
addition of Al2O3 may be used to control certain physical properties. By increasing the silica
content and by adding alumina the solubility of the bioactive glass could be minimised8,9.
The studied bioactive glass is in the SiO2-Na2O-CaO-P2O5-K2O-Al2O3-MgO system.
In this work, the bioactive glass is under powder form. The objective of this paper is to
understand surface and physico-chemical reactions at the periphery of bioactive glass particles
that lead to bioactivity.
Knowledge of the elemental distribution at the bioactive glass periphery is important
to understand the physico-chemical mechanisms during interactions with biological fluids10.
Chemical evaluation of the bioactive glass/bone interface was performed by Scanning
Transmission Electron Microscopy (STEM) associated to Energy Dispersive X-ray
Spectroscopy (EDXS). Thus, our measurements and the discussion are focussed on Si, Ca, P
and Al elements which are the most important during physico-chemical reactions at the
bioactive material periphery.

Materials and Methods
Bioactive glass particles characteristics
The bioactive glass composition is : 50% SiO2, 20% Na2O, 16% CaO, 6% P2O5, 5%
K2O, 2% Al2O3 and 1% MgO (% weight). The bioactive glass was obtained by melting a
mixture of raw materials in a platinum crucible at high temperature (2 hours at 1200°C and 3
hours at 1350°C). Then, the glass was cast, crushed and transformed into powder of grain size
under 40 µm in diameter. After production, the glass composition was determined by Atomic
Emission Spectrometry and its crystallinity was evaluated by X-rays diffraction.

Sample treatment
The glass powder (2 mg) was immersed at 37°C for 1, 2, 4 and 28 days in 1 ml of a
standard Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Cergy Pontoise, France) (pH :
7.3). DMEM contained the following ingredients (mg/l): 6400 NaCl, 400 KCl, 200 CaCl2,
200 MgSO4-7H2O, 124 NaH2PO4, 3700 NaHCO3.
Specimens preparation and X-ray microanalysis
After treatment the glass powder was lying on the bottom of the box. The medium was
carefully removed with a pipette. Then the bioactive glass powder is embedded in resin
(AGAR, Essex, England). Thin sections of 100 nanometers nominal thickness are prepared by
means of a FC 4E Reichert Young ultramicrotome. The sections are placed on a copper grid
(200 Mesh). Sections were coated with a conductive layer of carbon in a sputter coater to
avoid charging effects.
The sections were studied with a Scanning Transmission Electron Microscope (Philips
CM30) operating at a voltage of 100 kV. The microscope is fitted with an energy dispersive
X-ray spectrometer (EDAX 30 mm² Si(Li) R-SUTW detector). Elemental profiles from the
centre to the periphery of the particles were performed using Energy Dispersive X-ray

spectrometry (EDXS). The concentration profiles were made across three different particles.
The elemental composition was determined by using the Cliff and Lorimer method11. The
calibration procedure was performed with standards. Concentrations are expressed in
mmol.kg-1 of resin embedded material.

Results
Concentrations gradients of Ca, P, Al and Si across the periphery of bioactive glass
particles were studied by electron probe X-ray microanalysis on thin sections. Elemental
profiles for different exposure times to biological solution revealed different zones from the
centre to the periphery of the bioactive glass particles (figures 1-5).
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Figure 1 : Ca, P, Al and Si concentrations (mmol.kg-1 of resin embedded material) profiles
across the periphery of bioactive glass particles at 1 day after immersion in a standard culture
medium.

After 1 day of immersion into biological fluids, the bioactive glass particles periphery
are essentially composed with Si, Ca, P and Al (figure 1). After 2 days, Ca and P decreases
and a pure Si-Al layer is formed (figure 2). On top of this Si-Al layer, we observe an increase
of Ca and P concentrations with a Ca/P atomic ratio near unity. A Ca-P layer appears at the
periphery of biological particles.
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Figure 2 : Ca, P, Al and Si concentrations (mmol.kg-1 of resin embedded material) profiles
across the periphery of bioactive glass particles at 2 days after immersion in a standard culture
medium.

After 4 days of immersion into biological fluids, the bioactive glass is still in
dissolution and releases Ca, P, Si and Al ions. On figure 3, STEM micrograph shows a
particle in dissolution with the formation of a Ca-P layer at its periphery. The concentrations
of Ca, P continue to increase in the Ca-P layer and the Ca/P atomic ratio is now of the order of
1.4 (figure 4).

Bioactive glass particle
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Figure 3 : STEM micrograph of a bioactive glass particle periphery at 4 days after immersion
in a standard culture medium.
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Figure 4 : Ca, P, Al and Si concentrations (mmol.kg-1 of resin embedded material) profiles
across the periphery of bioactive glass particles at 4 days after immersion in a standard culture
medium.

After 28 days of immersion into biological fluids, the bioactive glass periphery is
composed with a Si-Al layer and a Ca-P layer (figure 5). The Ca/P atomic ratio in the Ca-P
layer is of the order of 1.6. The size of this layer increases with time after exposure to the
solution and is now of the order of some micrometers.
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Figure 5 : Ca, P, Al and Si concentrations (mmol.kg-1 of resin embedded material) profiles
across the periphery of bioactive glass particles at 28 days after immersion in a standard
culture medium.

Discussion
The present work analyzes the periphery changes of bioactive glass particles immersed
into biological fluid. A physico-chemical approach is adopted, namely the analysis of the
transformation kinetics of the glass composition by means of EDXS to understand
mechanisms of interaction.
As the glass matrix dissolves, various elements dispersed in the bioactive glass are free
to go either into the solution or to combine with elements in the bioactive glass that make up
surface layers. The distribution of calcium, phosphorus, silicon and aluminium differs

between the glass particles centre and the newly formed layers at the periphery. Formation of
these layers include a complex series of physico-chemical and ultrastructural phenomena.
After 1 day of immersion into biological fluids, the bioactive glass particles are in dissolution
and Si, Ca, P, Na, K, Mg, Al are released. Na+ and K+ ions are rapidly and highly released. An
appreciable amount of Si, Ca, P, Mg ion is, however, released from the bioactive glass into
the surrounding fluids. Al is released more slowly. The dissolution results from breaking of
Si-O-Si bonds. This dissolution leads to the formation of a Si-Al rich layer on the surface.
Then, this Si-Al layer permits the diffusion of Ca and P elements. After 2 days of immersion
into biological fluids, an accumulation of Ca2+, PO43- ions occurs on top of this layer and a
Ca-P rich layer start to build up. This Ca-P layer evolves with time of exposure to biological
solution. The Ca/P atomic ratio in the calcium phosphate layer increases from 1 to 1.6. The
size of this layer increases and after 28 days its size is of some micrometers.
These variations reflect the formation and the growth of an apatite layer at the
bioactive glass periphery. Growth of the amorphous Ca-P rich film is by incorporation of
soluble calcium phosphates. The calcium ions might increase the degree of supersaturation of
the surrounding body fluid and cause precipitation. The precipitation conditions favour the
formation of bone apatite like crystals. However, apatite nucleation can be triggered with the
presence of the silica gel like layer. Clark A.E. and Hench L.L.12 proposed that layer formed
by condensation of silanol bonds are responsible for the nucleation of apatite. Apatite
formation on the surface of materials is a material-dependent and mainly chemical
phenomenon. The bioactive surface of the bioactive glass implant serves as a template for
amorphous apatite precipitation from surrounding fluids. Formation of this apatite layer
represents bioactivity properties of bioactive glasses. In vivo, this layer will permits the
creation of an interfacial bonding zone between bone tissues and the implanted materials13.

Conclusion
In case of bioactive glasses that undergo dissolution due to ion diffusion, spatially
resolved X-ray microanalyses is of great importance in evaluating mechanisms of physicochemical reactions between material and biological fluids, because the phenomenon occurs
under micrometer scale.

These reactions can be decomposed in ion leaching, partial

dissolution of the glass-surface and physico-chemical reactions which lead to the formation of
a silicon-aluminium rich layer and precipitation of a bone like apatite layer on the glass
surface. Formation of the apatite layer represents bioactivity properties of the studied
bioactive glass. Presence of 2 % Al2O3 in the bioactive glass reduces its dissolution but do not
inhibit its bioactivity.
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