Available online at www.sciencedirect.com

SciVerse ScienceDirect

ELRRS

www.elsevier.com/locate/jeurceramsoc

ELSEVIER

Journal of the European Ceramic Society 32 (2012) 2765-2775

Bioactivity modulation of Bioglass® powder by thermal treatment

Marlin Magallanes-Perdomo ®?, Sylvain Meille ®?, Jean-Marc Chenal ®°, Elodie Pacard®,
Jérome Chevalier

& Université de Lyon, CNRS, France
b INSA-Lyon, MATEIS UMR5510, F-69621 Villeurbanne, France
¢ Noraker, 13 Avenue Albert Einstein, 69100 Villeurbanne, France

Available online 10 April 2012

Abstract

A discussion of the effects of Bioglass® powder crystallisation on the in vitro bioactivity in simulated body fluid (SBF) is presented.

Starting from Bioglass® powder, different glass—ceramics were obtained by thermal treatments between 580°C and 800 °C, with variable
crystallisation content (from 10 to 92 wt%). All samples (glass and glass—ceramics) showed apatite formation at their surface when immersed in
SBF. In case of the glass and the samples with lowest crystallinity, the first step of apatite formation involved a homogenous dissolution followed by
an amorphous calcium phosphate (CaP) layer precipitation. For the samples with a high crystallisation content, heterogeneous dissolution occurred.
For the first time, the Stevels number of the amorphous phase is used to explain the possible dissolution of the crystalline phase present in materials
with a similar chemical composition of the Bioglass®. All samples presented at 21 days of immersion in SBF B-type hydroxycarbonate apatite

crystals.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

The first bioactive biomaterial was developed by Hench
et al. in 1969."2 It consists of a silicate network glass incor-
porating sodium, calcium and phosphorus ions, known as
Bioglass®. The ability of this glass to bond to both soft and
hard tissues through a hydroxyapatite layer formation has
been widely documented. Its ability to promote bone growth
due to stimulatory effects of the ionic products of Bioglass®
dissolution on human osteoblast proliferation has also been
demonstrated.>*

Current applications of the 45S5 Bioglass® are in the form
of dense pieces for small bone replacement™® or as particles
larger than 100 pm diameters as bone regenerative materials.’~!°
Other applications are foreseen today in tissue engineering
as large scaffolds or as reinforcing agents of polymer matrix
composites.! 122
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The manufacturing of scaffolds from Bioglass® particles
comprises a sintering step that produces structural transforma-
tion of the particles. The challenge in development of these
materials is to obtain a good compromise between crystallisa-
tion content, pore size (micro and macro-porosity), mechanical
properties and bioactivity. The use of Bioglass® like filler in
association with resorbable polymers to produce resorbable
bioactive composites has emerged recently due to its osteo-
conductive and its osteoinductive properties.!!~'® It is known,
however, that during elaboration of the composite, Bioglass®
particles accelerates the degradation of hydrolysable polymers
especially due to the release of alkaline ions that catalyses the
polymer hydrolysis. This causes a decrease in the mechanical
properties of the final product.'® Different ways can be pro-
posed to decrease the release of alkaline ions (changes the
chemical composition of the glass,?® surface functionalisation
by cleaning and silanisation methods>*). In the present investi-
gation a thermal treatment of Bioglass® particles before mixing
to the polymer has been proposed to decrease the leaching of
ions. Such decrease in ion leaching should be beneficial to the
composite structural integrity, because it should limit the high
dissolution rate of the filler, increasing the mechanical proper-
ties during in vivo implantation (since low dissolution rate can
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produce a rapprochement between implant dissolution and new
bone formation rate).

A thermal treatment on Bioglass® particles to make scaf-
folds or crystallised particles involves structural transformations
that could modify the release of ions and therefore bioactiv-
ity. It is therefore important to assess that the particles after
crystallisation still remains sufficiently bioactive.

Most of the existing literature on the effect of crystallisa-
tion on the bioactivity of the Bioglass® in simulated body fluid
(SBF) focuses on the studies of dense pieces or scaffolds.2528
The investigations reveal that the presence of crystalline phase
slightly decreased the kinetics but did not suppress the forma-
tion of a hydroxyapatite layer in SBF, which is considered as a
marker for bioactivity.?’ According to our knowledge, no other
systematic work relating to powder sample treated at different
temperatures is available.

Here, the effect of Bioglass® powder crystallisation con-
tent by thermal treatment between 580°C and 800°C (to
obtain different crystallisation content and nature of crystalline
phases?*39) on the in vitro bioactivity mechanism in SBF is pre-
sented. For this, powders after thermal treatment were immersed
in SBF for different time between 2 h and 21 days. The solutions
were examined for changes in the concentration of Ca, Si, P and
Naions using inductively coupled plasma atomic emission spec-
troscopy (ICP-AES). Afterwards, the characterisations of the
specimens were carried out by scanning electron microscopy
(SEM), FT-IR spectroscopy and X-ray diffraction.

The possible impact of this work in the bone replacement
sector or/and in bone engineering is focused on the tailoring
of Bioglass® derived filler by thermal treatments, allowing for
example the implant design with gradients of properties.

2. Materials and methods
2.1. Bioglass® glass powder preparation

Bioglass® powder was obtained by a melt-quenching route.
The chemicals used for the synthesis of these particles were
reagent-grade calcium carbonate (CaCO3), sodium carbonate
(NayCO3), high-purity quartz (SiO2) and high-purity phospho-
rus oxide (P05).

The mixed powders were melted for 4 h in a Pt crucible at
1400 °C with a decarbonation step of 5h at 950 °C. The molten
glass was poured in water to obtain a frit that was then ball milled
in ethanol to obtain a fine powder with a mean size of 3.5 pm.

2.2. Glass—ceramics powder preparation

In previous studies, Lefebvre et al.>?*3? provided a precise
understanding of the main transformation processes occurring
during thermal treatment of Bioglass® particles. In these studies,
the crystallisation kinetics of the major phase (NayCaSi»Og)
was established by temperature—time—transformation (T-T-T)
curves. Based on these T-T-T curves and taking into account the
quantity and crystalline phases present, so as the formation of
necks between the particles, different thermal treatments were
proposed to obtain different crystallisation content, as shown

in Table 1, with temperature higher than the glass transition
(550°C).%

The thermal treatments were conducted with the following
procedure: the samples were loaded into a small platinum foil
crucible and then heated in air at 5°Cmin~! up to the tem-
perature indicated in Table 1, holding this temperature for the
time specified. Subsequently, the samples were cooled to room
temperature at 5°C min~!. A first de-agglomeration was done
in agate mortar, and then the samples were ground in wet state
(with ethanol) using agate balls of 20 mm diameter. The milling
time was between 45 and 30 min at 300 rpm to obtain a final
mean particle size close to 4 pm.

2.3. Characterisation of the glass—ceramics and parent
glass

2.3.1. Phase identification and quantitative analysis

XRD patterns were recorded on a Bruker Advance D8 diffrac-
tometer (Karlsruhe, Germany), between 10° and 60° (26) with
0.03° steps, counting for 15s per step using CuK, radiation.
All samples were rotated at 0.25 rps during acquisition of pat-
terns in order to improve powder averaging, which is essential
with a view to obtaining accurate intensities and hence phase
analyses. The X-ray tube was operated at 40kV at 40 mA. The
EVA-version 6.0 Diffrac plus software (Bruker AXS GmbH,
Karlsruhe, Germany) was used to evaluate the patterns.

The quantitative analysis of the phases present in the sam-
ples after thermal treatment (including the amorphous content)
was performed by the Rietveld quantitative amorphous content
analysis (RQACA).3! Considering a standard free of amor-
phous phases, RQACA relates the overall amorphous content
to the overestimation of the internal crystalline standard in the
Rietveld refinement. The overall amorphous phase content of
the samples was derived from the refined CaF, phase ratios
and the phase fractions of the crystalline components obtained
directly in the Rietveld study were recalculated by taking into
account the overall non-diffracting fraction. To do so, the sam-
ples were mixed with CaF; as internal standard, the final mixture
contained 70.0 wt% treated glass and 30.0 wt% CaF,. GSAS
(general structure analysis system) suite program was used to
refine the powder pattern by Rietveld analysis.

2.3.2. Morphological studies

The morphology of the samples was studied by high resolu-
tion field emission scanning electron microscopy (SEM, Zeiss
Supra® 55VP). The samples were placed on adhesive carbon
tabs (Agar, Stansted, England) and observed at low voltage
(2kV) without any gold coating.

The reported values of the layer thickness formed onto the
surface were the average of five different sites for the same layer.

2.3.3. Structural studies

The changes in the surface of the powder after thermal treat-
ment were studied by FT-IR spectroscopy in attenuated total
reflectance (ATR) conditions, using Nicolet iS10 FTIR spec-
trometer equipped with a diamond HATR (Thermo Scientific
Instrument, Wisconsin, U.S.A.). The resolution was 4 cm~! and
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Table 1

Phase composition of the treated samples from full quantitative Rietveld analysis and some refinement results for the samples mixed with CaF,.

Thermal treatment

580 °C-100 min 630 °C-25 min 800 °C-5 min

Quantitative analysis (wt%) Na,CaSi;Og¢ 10.0£04 80.0£ 0.5 91.0£0.7

NayCayP,SiOg, - - 1.0+0.3

Amorphous phase 90.0£0.7 20.0+0.3 8.0+0.3
Rietveld refinement (GSAS) discrepancy values Ryp 9.0 8.2 9.1

Ry Standard 5.8 4.2 5.8

Ry NayCaSip Og 7.7 8.8 4.5

Rf NazCa4PZSi012 - - 8.9

the measurement range of 4000 and 500 cm™!, with 32 scans
per spectra.

2.4. Bioactivity in static simulated body fluid in static
conditions (SBF)

The preparation of the SBF was carried out following the
procedure reported in the ISO standard: 23317.32 The powder
samples (50 mg) were placed in a plastic container with 50 ml
of SBF, corresponding to final concentration of 1 mg sample
per ml of the SBF. The samples were kept immersed for differ-
ent periods of time between 1h and 21 days at 36.5°C in an
orbital shaker incubator Innova®40 (New Brunswick Scientific,
NIJ, U.S.A.) with an agitation rate of 120 rpm. After each time
point, the filtration of the solution was carried out to recover
the powder. This was studied by XRD, FT-IR spectroscopy and
SEM, as described before.

The changes in the concentration of Ca, Si, P and Na ions in
SBF solutions were examined using ICP-AES Optima 5300 DV
(PerkinElmer, MA, U.S.A.).

3. Results

3.1. Glass and glass—ceramics characterisation before
bioactivity studies

SEM pictures of the particles before bioactivity studies,
Fig. 1, show that the roundness of the particles increases with
the temperature of the thermal treatment.

The results of RQACA from the heat-treated samples are
summarised in Table 1. This shows the phase evolution with tem-
perature at 580, 630 and 800 °C with a holding time of 100, 25
and 5 min respectively. The values of the pattern-dependent dis-
agreement factor (Ryp) were evaluated, and are listed in Table 1
(bottom part). The values are smaller than 10%, indicating good
fits.>3 Furthermore, the values of the phase-dependent disagree-
ment factor (Rg) are quite small, indicating a satisfactory fit for
each phase. The final phase compositions for the three samples
from the RQACA are given in Table 1 (top part).

All samples after thermal treatments presented NayCaSi;Og
as crystalline phase, only the treated sample at 800 °C also pre-
sented a small amount of Na,CasP;SiO;5 (silicorhenanite), in
agreement with Lefebvre et al.>’

For simplicity in throughout the text, the samples are identi-
fied as 10, 80 and 92 wt% of crystallinity for the sample treated at
580 °C-100 min, 630 °C-25 min and 800 °C-5 min respectively.

Not only the amount of crystalline phase increases with
thermal treatment, but the composition of the residual amor-
phous phase also changes.>*3> This was calculated from the
weight percentages of crystalline phases, as determined by
Rietveld refinements, and the composition of the original glass.
It must be noted that Si and Na ions of main crystalline
phase (NayCaSizOg¢) can be partially replaced, and therefore
two different compositions of the major crystalline phase have
been employed for the rational analyses: NayCaSi;O¢ and
(Nag.951Cag.049)2Ca(Sig.899P0.101)20¢ where sodium and sil-
icon can be partially replaced by calcium and phosphorus
respectively, as already noted in the litterature.3¢

Knowing the composition of the amorphous phase, its con-
nectivity or Stevels number was calculated. According to Stevels
model,?” the silica-based glasses can be seen as inorganic poly-
mers where the degree of polymerisation is determined by
the concentration of network modifiers. The Stevels parame-
ter (Y), expressing the mean number of the bridging oxygen
ions (BO) per SiO4 tetrahedron, is a useful way to describe the
cross-linking of the glassy network. This parameter is readily
calculated from the molar composition of the glass or of the
amorphous phase of the glass—ceramic, using this equation:

Y =27 — 2R (1)

where Z is the number of all types of oxygen per polyhedron
and R is the ratio of the total number of oxygen ions to net-
work forming element in the glass. The higher the number (Y),
the more stable is the glass or the amorphous phase of the glass
ceramic.3*3%37 [t was assumed that Z=4, in agreement with ref.
37, and R is calculated from the concentration by two hypothe-
ses (either main phase without P or with P). Two numbers are
calculated, Table 2 shows the changes of the Stevels number
of the amorphous phase with the crystallisation content of the
samples. When the amount of crystals increases in the sample,
the connectivity of the amorphous phase increases too.

The FT-IR spectra of the parent glass and the glass—ceramics
are shown in Fig. 2. All samples presented bands in the region
1100-850cm™": 1100-1000cm ™!, associated with Si—O—Si
stretching vibrational modes?®; 950-900 cm ™!, related to Si—O-
non-bridging oxygen bonds (NBO). These bands become much
sharper due to the crystallisation process. The parent glass and
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Fig. 1. Scanning electron micrograph of the particle surface before bioactivity studies in SBE.
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Fig. 2. FT-IR reflection spectra of the parent glass and glass—ceramics before
soaking in SBF.

the treated samples presented also a peak at 1449 cm™! related
to the presence of carbonates. The samples with high crys-
tallinity showed an additional band at 618 cm~! corresponding
to the main crystalline phase.’® Only the sample with 92 wt%
of crystalline phase showed one additional band at 578 cm™!

Table 2

corresponding to P—O bending crystal, that can be attributed to
the silicorhenanite phase.?®3?

3.2. Invitro bioactivity studies

Fig. 3 illustrates the FT-IR reflection spectra of the glass
and glass—ceramics before and after immersion in SBF. Clear
changes can be noticed after immersion in SBF for all samples:

- In the first 2 h; four new bands are observed at 1250, 960-942,
800 and 580cm™!, the three first bands are associated to
large surface of 3D silica structure (Si—O—Si, Si—OH or
Si—07)*42 and the last one to amorphous calcium phos-
phate (CaP).26 The band in the region 1110-950 cm™~! shifts
to higher wavenumber. The bands at 1449 cm ™! and 918 cm™!
disappears.

- After 21 days of immersion; six new bands can be observed
at approximately 1460, 1420, 1024, 872, 603 and 562 cm L.
Bands at 1460, 1420, 872cm~! indicate the presence of
CO3%~ groups. The band observed at 1024 cm™! is ascribed
to symmetric vibration of P—O streching and the bands at 603
and 562 cm™! are identified such as P—O bending crystal.2®*3

The structural modifications observed after immersion of

the samples in SBF, were accompanied with microstructural

Variations of Stevels’s number of the amorphous phase with the crystallisation content.

Crystallisation content

0wt% (glass)

10 wt% (580 °C)

80 wt% (630°C) 92 wt% (800 °C)

Stevels’s number of the amorphous phase 2.02

2.03-2.04

2.11-2.52 2.29-3.20
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Fig. 3. FT-IR reflection spectrum of the parent glass and glass—ceramics after soaking in SBF for 2 h and 21 days. For comparison FT-IR results for the samples

before immersion in SBF are also shown.

changes. The results can be divided into two groups: glass
and low crystallinity glass—ceramic, and high crystallinity
glass—ceramic.

3.2.1. Glass and low crystallinity glass—ceramic

For the glass sample in the first hour, a homogenous dis-
solution occurs, then a layer of amorphous CaP (wide band
at approximately 600cm™! associated with P—O peaks from
FT-IR results, Fig. 4) is formed onto the surface of the sam-
ple as observed by SEM. After 21 days of immersion, the layer
increases in thickness (about 600 nm thick) and has crystalline
structure, close to apatite. FT-IR results show that, after 21 days
of study, the layer is like apatite with CO3%~ ions in its structure
(bands detected at 1460, 1420 and 875 cm™!). 443

For the sample with 10 wt% of crystallisation (Fig. 5) the
results show a surface dissolution of the crystalline phase
Na;CaSi;Og after 2 h of immersion in SBFE. At the same immer-
sion time, a layer covering the particles is detected by SEM,
identified as amorphous CaP by FT-IR spectroscopy. As for the
glass sample, when immersion time increases the thickness and
the crystallinity of the layer increases. After 21 days in SBEF,
the layer is formed by hydroxycarbonate apatite crystals (about
500 nm thick).

3.2.2. High crystallinity glass—ceramics (above 80 wt%)

The results of SEM and XRD of the samples with 80 wt% of
crystals after 2h and 21 days are shown in Fig. 6. This sample
presented a heterogeneous dissolution with a fragmentation of
particles into small pieces. The XRD pattern shows a decrease
of the intensity of the peak corresponding to NayCaSi»Og. This
dissolution produced an increase of ions in the solution and then
its saturation, leading to the formation of aggregates identified as
amorphous CaP by FT-IR spectroscopy. These aggregates were
crystalline for the samples immersed 21 days and identified as
hydroxycarbonate apatite crystals.

The results for the sample with the highest crystallinity
(92 wt%) are shown in Fig. 7. This sample presented a pref-
erential dissolution of the crystalline phases, the XRD pattern
shows a decrease of the intensity of the peak corresponding to
NayCaSirOg. After 2h in SBF, a small amount of CaP aggre-
gates was detected by FT-IR spectroscopy. These aggregates
were crystalline for the samples immersed 21 days and also
identified as hydroxycarbonate apatite crystals.

3.2.3. Other considerations of the in vitro behaviour
The experimental variation in calcium, silicon, sodium and
phosphorus ions concentrations in SBF at 36.5 °C for 72h of
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Fig. 4. Scanning electron micrographs and XRD of the Bioglass® after soaking in SBF for 2h and 21 days. For comparison the XRD for the Bioglass® before
immersion in SBF are also shown.
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Fig. 5. Scanning electron micrographs and XRD of the sample with 10 wt% of crystalline phase after soaking in SBF for 2 h and 21 days. For comparison the XRD
for sample before immersion in SBF are also shown.
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Fig. 6. Scanning electron micrographs and XRD of the sample with 80 wt% of crystalline phase after soaking in SBF for 2 h and 21 days. For comparison the XRD
for sample before immersion in SBF are also shown.
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Fig. 7. Scanning electron micrographs and XRD of the sample with 92 wt% of crystalline phase after soaking in SBF for 2 h and 21 days. For comparison the XRD
for sample before immersion in SBF are also shown.
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Fig. 8. Changes in calcium (Ca), phosphorus (P), sodium (Na) and silicon (Si) ions concentration with soaking time in SBF during in vitro test.
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immersion for glass and glass—ceramics samples is presented in
Fig. 8.

The recorded changes in the concentration of the different
ions showed that during the first stage of immersion, below
1 h, all samples released Si, Na and Ca ions. The concentra-
tions of silicon and sodium stay nearly constant after 4 h, except
for the sample with 80 wt% of crystallisation that continuously
increased during the in vitro experiment, reaching 225 and
7800 ppm respectively after 72 h.

During the second stage of immersion, the Ca ions concen-
tration decreased in the SBF in the course of 2 h of study for the
glass and the sample with low crystallinity (10 wt%), and after
4 h for samples with high crystallinity.

The CaP layer formed into the surface of the glass and the
sample with 10 wt% of crystals after 2 h of immersion, decreases
the release of ions; this explains why after this period the con-
centration of sodium and silicon ions does not change for these
two samples (Fig. 8).

The phosphorus concentration decreased for all samples stud-
ied in the course of 2 h, and remained at this level afterwards.

4. Discussion

4.1. Influence of thermal treatment in the structure of
Bioglass®

When the Bioglass® was treated thermally at temperature
higher than its glass transition temperature (550 °C),?? it started
to crystallise.

As determined by FT-IR, the parent glass and the sample
with 10 wt% of crystallisation showed no significant structural
differences, as already noted by Filho et al.?> for a sample with
a volume percentage of crystallisation close to 8%. This could
explain the similar behaviour detected for the glass and for the
sample with 10 wt% crystalline phase in SBE.

The carbonate peak detected for all samples at ~1449 cm™!
can be atmospheric CO; adsorbed and/or CO; dissolved in the
melted during glass elaboration,*®#7 this peak has already been
noticed in other studies on Bioglass®.*?

The changes observed in the FT-IR spectra (Fig. 2) for the
sample with 80 and 92 wt% of crystalline phase are linked
to Na,CaSiyOg crystallisation. The FT-IR results obtained are
close to the Peitl et al.2° for samples with a composition near
to 4585 Bioglass® (47.5 SiO,, 23.2 NayO, 23.2 CaO, 6.0
P>0s5 wt%). In Peitl study, a fully crystallised sample without
peak at 618cm™! (corresponding to phosphorus rich phase)
was obtained, indicating that phosphorus ions remain in solid
solution. An additional thermal treatment (17 h at 820 °C) was
necessary to obtain a sample containing the phosphorus rich
phase (silicorhenanite) with a peak at 618 cm™! in the FT-IR
spectra. In the present study, with a simple thermal treatment
(5 min at 800 °C), it was possible to obtain samples with sil-
icorhenanite. The difference with the previous study can be
mainly attributed to the different morphology of the samples.
Here, a sample with a 3.5 um of mean size was used, in the
study of Peitl a bulk sample was used. It is well know that when
the size of the particles increases the kinetics of crystallisation

decreases.*® Lefebvre et al.”” also observed silicorhenanite with
a simple thermal treatment at 800 °C of a powder sample (1 wm),
this being consistent with our results.

4.2. In vitro bioactivity studies

From the experimental data, the mechanism of apatite for-
mation onto the different samples can be established (Fig. 9).
The first five stages of bioactivity mechanism proposed by Cao
and Hench® also are valid for the samples with higher con-
tent of crystallisation. During the first stages of the reaction, the
high Ca concentration in the SBF solution (Fig. 8) enhances the
nucleation of bone like apatite on the surface of the specimens.
Then, the decrease in calcium and phosphorus ions concentration
(Fig. 8) in all samples is due to the precipitation of an amorphous
CaP on the particle surface. In the case of glass and low crys-
tallinity samples, this forms a layer and for the samples with high
crystallinity it forms isolated aggregates. This change in form
of the CaP precipitates modifies the reactivity of the samples. In
the first time (up to 2 h) the glass and the sample with low crys-
tallinity presented the highest reactivity. Then, the formation of
the CaP layer decreased the release of ions to SBF, decreasing
its reactivity.

The change in reactivity of the samples in SBF is not only
due to their level of crystallinity, but also to the chemical com-
position of the residual amorphous phase and particularly to
its stability. The stability of the amorphous phase as deter-
mined by the Stevels number, increased with the crystallisation
grade; this can explain why the sample with high crystallisa-
tion grade presented a preferential dissolution of the crystalline
phase (Figs. 6 and 7).

In the present investigation, the Stevels model helps to explain
the degradation of the crystalline phase, when glass—ceramics
with Bioglass’s composition were immersed in SBF. Other
investigations 22! reported also that the crystalline phase
dissolves first and explained this behaviour based on three
phenomena: preferential dissolution of the crystal-amorphous
interfaces, break of the particles into very fine due to struc-
tural defects, and amorphisation of the crystalline structure
through ion exchange that produces point defects. In the
present work, all these phenomena are not discarded, only the
increased stability of the amorphous phase is added. In future
works, complementary study of the treated sample will be
done by nuclear magnetic resonance and transmission electron
microscopy to determine exactly the location of the phospho-
rous in the sample and the Stevels number of the amorphous
phase.

Also, with the results obtained in the present investigation,
the Stevels number can be used to predict the bioactivity mech-
anisms of the Bioglass® powder with different crystallisation
content.

It is important to note that all samples presented band at
799 and 960 cm™~! in the FT-IR spectra (Fig. 3) characteristic
of a wet silica gel, also observed in sol—gel glasses 0443031
It is well know that the formation of this silica gel is essential
for the crystallisation of an apatite layer, therefore it is impor-
tant for assessing the bioactive character of the material.**—>2
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From the SEM microstructure studies (Figs. 4-7), it is possi-
ble to note that this silica gel was in the form of layer in case
of the glass and in the sample with low crystallisation grade,
for the sample with higher crystallisation it is more like a 3D
structure, resulting from the heterogeneous dissolution of the
samples. It is not clear if the silica gel layer formation at the
surface of the samples and the CaP precipitation are sequen-
tial steps or occurred at the same time, taking into account
the high reactivity of the powder samples.The FT-IR spectra
of all samples, after 21 days of immersion indicated the pres-
ence of B-type hydroxycarbonate apatite due to existence of
these bands: 1457, 1422, 872 cm™! (Fig. 3), that corresponds to
the CO3%~ group that replacing PO4>~ groups.”>=> Also, the
lack of the band at 628 cm™! that corresponds to O—H stretch-
ing indicated low crystallinity, in agreement with XRD results
(Figs. 4-7).5%37

It is to note that in the present investigation the SBF studies
have been conducted under static conditions (without change of
the solution, for the ease of the experimental procedure, since
it is a powder sample this makes it difficult the refreshing of
the solution without losing material). It is clear that SBF ions
and pH contribute to dissolution of crystalline phase and apatite
formation.

4.3. The impact of thermal treatments on Bioglass®
scaffolds and Bioglass®-polymer composites

The data indicate that Bioglass® scaffolds could remain
bioactive after the sintering process, as has been demonstrated by
several authors,20-22:25 but the mechanisms of apatite formation
change with the crystallisation content.

Crystallised Bioglass® particles to use like filler in compos-
ites maintain a significant release of ions that could degrade
the polymer matrix, but it is not clear if the change of the
mechanism of bioactivity has an effect in that degradation. In
future work, composite with crystallised Bioglass® particles
will be characterised to study if the degradation of polymers
occurs.

5. Conclusions

All samples, glass and glass—ceramics, showed apatite for-
mation when were immersed in SBF under static conditions. In
the case of the glass and sample with the lowest crystallinity, the
first step of apatite formation includes a homogenous dissolu-
tion followed by an amorphous CaP layer precipitation. Further
incorporation of calcium, phosphate and carbonates ions cause
the crystallisation of this layer. For the samples with high crys-
tallisation grade, a trend towards a preferential dissolution of
the crystalline phase occurs. This behaviour is explained by the
increased stability of the amorphous phase with the crystal grade,
as described by the Stevels number. The ions released by the
dissolution produce the saturation of the SBF thus precipitat-
ing amorphous CaP. Then, with the incorporation of calcium,
phosphate and carbonates ions, these aggregates crystallise into
hydroxycarbonate apatite.
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