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Abstract

The surface of iron-bearing bio-inert glasses was modified by heat-treatment in an oxidizing atmosphere near the glass
transition temperature. The modified surfaces after 7 days immersion in simulated body fluid (SBF) solution were
analyzed by means of micro-Raman spectroscopy, SEM, and EDS. All investigated glasses except for the glass with NC =
2.6 were able to form hyroxycarbonate apatite (HCA) on their surfaces. The thickness of an HCA surface layer increased
with decreased oxygen partial pressure. The cross-sectional micrographs were nearly similar to the 45S5 Bioglass®.
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1. Introduction

Bioactive glasses bond to soft tissues as well as bone. The common characteristic of all known bioactive
materials is the presence of hydroxycarbonate apatite (HCA) surface layer, which provides the bonding
interface with the tissues. A HCA layer on the surface is formed by a sequence of reactions between the
bioactive glasses and the surrounding tissues. The bioactive glasses degrade easily according to the reaction
mechanism proposed by Hench et al. [1]. Elgayar et al. [2] confirmed that the bioactive glasses are
predominantly O in structure by using *’Si MAS NMR. Thus the compositions of the bioactive glasses are
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limited below 50 mol% SiO,, which is typical of invert glasses. Many bioactive glasses are based upon the
formula called “45S5,” signifying 45 wt% SiO,.

But these glasses have poor chemical durability and strength despite its excellent in vitro and in vivo
bioactivity. To enhance the formation of HCA layer, 4555 Bioglass® includes 6 wt% P,0s. However, because
the addition of P,Os to the soda lime silicate glasses can cause phase-separations in glasses [3,4], it is difficult
to control the reactivity of the glass by altering its composition. One way to avoid these problems is to induce
the formation of invert glasses on the surface of the soda lime silicate glasses which don’t contain phosphate.

The glass surface can be modified by redox reactions. Many studies on iron-bearing silicate glasses [5-10]
showed that heat-treatment of the glasses in an oxidizing atmosphere results in diffusion of mobile network-
modifying divalent cations from the interior towards the surface of the glass due to the oxidation of Fe*". The
studies propounded a mechanism of oxidation during which oxidation of the glass occurs not by the diffusive
addition of oxygen to the glass, but rather by the diffusive removal of network-modifying cations that is
charge compensated by an inward flux of electron holes. Kohlstedt et al. [11] also showed that oxidation
occurs internally by the removal of cations rather than by the addition of oxygen in iron-bearing crystalline
oxides. Consequently, the surface composition of glass can be modified via oxidation.

It is well known that the composition of bio-active glass is nearly fixed and its behaviors, except for the
bioactivity, are intrinsically very poor. Therefore, surface modification of glasses, showing good physical
properties, to the composition of the bio-active glass, should be the key to enhancing the other physical
properties of glass, together with its excellent bio-activity. The objective of this study is to induce the
formation of a bioactive surface layer by treatment of bio-inert glasses under the oxidizing atmosphere at
temperature near the glass transition temperature. Specifically, our concern is to consider the effect of oxygen
partial pressure on the modification of iron-containing bio-inert glass into the bio-active surface, using heat-
treatment.

2. Experimental

Non-bioactive soda-lime silicate glasses were melted in a platinum crucible at 1450°C for approximately 3
h using a mixture of reagent grade Na,CO;, CaCO;, Fe(C,0,4)2H,0 and sand. Each melt was quenched by
pouring it into a cylindrical graphite mold, which was annealed for about 2 h at 400 “C. Circular glass samples
(diameter 14 mm, thickness 2 mm) were prepared by cutting the glass cylinder using a diamond saw. The
samples were ground and polished using 1 pum ceria at the final step for XPS analysis. One surface of the
samples, used to evaluate bioactivity, was ground with #400 SiC—paper, to increase area exposed to SBF. The
glass composition in Table 1 and elsewhere in the present paper is the batch composition in mol%. 45S5
Bioglass® as the reference glass was produced also in the same manner.

The glass transition temperature (7,) was measured from the onset temperature of the endotherm using
differential thermal analysis (DTA)

The oxidation treatment was conducted in an electric furnace under a flow of O, or Oy/N, gas. The glass
samples were inserted into the cold furnace and the gas-flow was turned on. Heating and cooling were
conducted with 10 K/min.

Table 1. Composition (mol %), T, and NC of the investigated glasses

Label Si0, CaO Na,O FeO T, (C) NC
Ml 54 30 15 1 586 2.30
M2 58 27.33 13.67 1 591 2.55
M3 59 26.67 13.33 1 598 2.61
M4 60 26 13 1 587 2.67
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The oxygen partial pressure in the furnace was monitored via a flow-through stabilized zirconia solid-
electrolyte sensor that operates at 750°C in a separate furnace downstream of the reaction furnace. The glasses
were treated at near their T, for 10 h. Simulated body fluid was prepared according to Kokubo and Takadama
[12]. The samples heated under oxygen atmosphere were immersed in this solution in sealed containers for
the predetermined times and were mechanically agitated at 45 rpm using an incubator set to 36.5°C. After 7
days immersion in SBF the samples were removed and rinsed with distilled water and acetone to remove any
residuals salts and halt reactions. The samples were then dried at 60°C overnight and stored in a vacuum
desiccator until required.

The Raman measurements were performed on a Labram HR800 micro-Raman spectrometer in the
backscattering geometry. The excitation line was provided by a 17 mW Ar ion laser at 514 nm focused into a
2 1 spot on the sample surface. All spectra were collected with a microscope equipped with lenses 100x and
two accumulations at 60 s integration time and a resolution of 2 cm™.

X-ray photoelectron spectroscopy (XPS) measurements were performed on a Thermo K-alpha XPS
spectrometer with a hemispherical analyzer. Spectra were obtained by using monochromatic Al Ko radiation
source operated at 72 W. Neutralization of the surface charge was performed by using a low energy flood gun
(electrons in the ranges 0-14 eV). The shift of the binding energy due to surface charging effect was calibrated
by assuming binding energy of C 1s to be always 284.6 eV. Depth profiles were recorded using the argon ion
beam with an energy of 1 keV and a current density of 2 pA/cm?. The milling rate of the surface was about
216 nm/min. This rate was approximated using a stylus profilometer on the assumption that the milling rate
stayed constant throughout the milling process.
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Fig. 1. XPS depth profiles of the M1 glass (a) untreated and heat-treated at 620 C for 10h in (b) 0.05 atm, (c) 0.21 atm, and (d) 0.36 atm.
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Fig. 2. Raman spectra of M1 glass heat-treated at 620°C for 10h in various atmospheres and then immersed in SBF solution for 7days
3. Results and Discussion

Fig. 1 shows XPS depth profiles of M1 glass heat-treated at 620°C for 10h in various oxidizing
atmospheres. An enrichment of sodium was observed in approximately the 50 nm surface layer for the heat-
treated glasses, as compared with the untreated glass. This result represents that cations acting as charge
compensators for ferric iron is the sodium ion, unlike the reported results that primarily the divalent cations
diffuse during oxidation of a Fe*"-containing alkali-free glasses [7, 8] or low alkali glasses [5,6,9].

The reason is clarified here but it regards as mainly due to the differences of Na' ion content between the
studied glasses. The higher the oxygen partial pressure is, the less the relative concentration of sodium in the
surface layer is. This agrees well with a fact [13] that the sodium diffusivity decreases with the [Fe'/[Fe]
ratio. Whereas a little depletion of silicon caused by the outward diffusion of sodium was observed near the
surface, there was no variation of the calcium content near the surface during the heat treatment in the oxygen
atmosphere. Iron profiles are not important here, because the content of iron was very low. However the
formation of a sodium-rich surface layer after the heat-treatment in oxidizing atmosphere is significant. This
means that the surface of the glasses can be modified into the sodium-rich layer by heat-treatment in an
oxidizing atmosphere. The diffusion depth (~50 nm) of the sodium ions was more shallow than that (~200
nm) of alkaline earth ions reported [9]. This can be explained as follows. Since alkali ions are only capable of
neutralizing one electron-hole, compared to two holes for alkaline earth ions, the alkali ions are able to carry
less positive charges than the alkaline earth ions to charge-balance the flux of electron holes. Also the electron
hole motion is much faster than that of both alkali and alkaline earth ions in glasses. Thus the diffusion depth
of alkali ions is shorter than that of alkaline earth ions.

Fig. 2 shows Raman spectra of M1 glass heat-treated at 620°C for 10h in various atmospheres and then
immersed in SBF solution for 7days. For comparison purposes, the spectra of hydroxyapatite and 45S5
Bioglass® immersed in SBF for 7days showed as well. The spectra of the samples and 45S5 Bioglass® after
immersion in SBF showed very similar results to that of commercial hydroxyapatite.
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Fig. 3. SEM micrographs and EDS analysis of the M1 glass heat-treated at 620 C for 10h and then immersed in SBF for 7days: (a) 0.05
atm, (b) 0.21 atm, (c) 0.36 atm.

The highest peak in the spectra is present at 960 cm™' same as for hydroxyapatite. This peak corresponds to the
P-O symmetrical confirmed by the weaker peaks corresponding to asymmetrical bending at 438, 454, 580 cm”
'. In particular the P—O bend at around 580 cm™ shows the characteristic splitting indicative of crystalline
apatite formation [18] into bands at 560 and 600 cm™' as the oxygen partial pressure was lowered. Moreover a
peak at about 1070 cm™ associated with a carbonate group [16, 17] appears. The appearance of carbonate
bands on exposure to SBF is evidence of crystalline hydroxylcarbonate apatite formation. This discriminates
between hydroxyapatite and HCA in the Raman spectra. It is clear that the surface-modified glasses form an
HCA surface layer after immersion in SBF. Whereas the spectrum of the untreated M1 glass after 7days
immersion in SBF does not show the formation of HCA phase. This indicates that the formation of HCA is
possible only when the glasses are heated at near T, in an oxidizing atmosphere.

Fig. 3 shows SEM micrographs of the surface of the heat-treated M1 glass after 7days of immersion in
SBF. It is evident that the main constituent of the surface layer is a large number of droplets, embedded in a
continuous matrix. Fig. 3 shows also the EDS analysis which reveal that the droplets are spherical Ca-P
particles and the main components of the matrix are also Ca and P. But Si detected in the matrix due to silica
gel layer underneath the HCA precipitates. As seen in Fig. 3, Ca-P continuously phase precipitates on the
prior layer formed. The Ca/P ratios were less than the ratio (~1.67 [18]) of stoichiometric hydroxyapatite,
which is rather small for the first formed layer. This indicates that the composition of hydroxyapatite
approaches to stoichiometric composition as the reaction time in SBF increases.. But the CaP layer
corresponds to a nonstoichiometric hydroxyapatite containing carbonates like the natural bone as seen from
the Raman result.

Fig. 4 shows the SEM microphotographs and EDS elemental mappings of cross-sections of the oxidized
M1 glasses after 7days immersion in SBF. It is evident that the microphotographs of the cross-sections can be
separated into the three regions in spite of the different oxygen partial pressure, except for the resin layer of
the surface. The EDS single element distribution maps of the cross-section reveal that the main components of
the outmost layer are Ca and P. If this result is combined with the results of Raman and the ESD analysis of
the surfaces, the CaP layer will be a crystalline HCA layer. The thicknesses of HCA layer is between 7.7 ym -
12.7 um, depending on the oxygen partial pressure as shown in Table 2 for M1 glass after 7 days immersion in
SBF. The effect of the oxygen partial pressure on the thickness of the HCA layer can be explained by the
which the driving force of the diffusion of sodium ions towards the surface is the oxidation of Fe™".
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Fig. 4. SEM microphotographs and EDS elemental mappings of cross-sections of the oxidized M1 glasses after 7days immersed in SBF:
(a) 0.05 atm, (b) 0.21 atm, (c) 0.36 atm. The scale bars in (a), (b) and (c) are 50 um.

The concentration of sodium increases, as seen in Fig. 1, as the oxygen partial pressure decreases. This cause
to occur easily three reaction stages (ion exchange, hydrolysis of network, polycondensation of silanol of five
stages [19-21] leading to the HCA layer formation on the surfaces of the glasses. If the oxygen pressure is too
high, all Fe*" ions are oxidized entirely before the mobile ions start to diffuse. Hence, by lowering the oxygen
partial pressure, sodium ions diffuse more. This contributes to the thick HCA layer with the reaction in SBF.

The layer underneath the HCA layer shows a high Si content which confirms the presence of a silica-gel
layer on the glass surface. In the bottom part, the presence of Si, Ca, Na, Fe, and O is observed which
corresponds to the glass composition. Cross-sectional microstructure of the M1 glass after immersion in SBF
is nearly similar with that [22] of 45S5 Bioglass®. These results lead to the conclusion that the thickness of
the HCA layer increases with the decrease of the oxygen partial pressure.

Certain network connectivity (NC) approaches can be applied to predict the bioactivity of bioglass. The
original network connectivity approach taken by Hill [23] recommended an NC close to 2.0 for the ability of
bioglass to form apatite. NC is the average number of bridging oxygens per network forming element in the
glass structure. The modified NC model (split network model) that accounts for the effect of phosphate
contents used by Edén [24] recommends an NC range between 2.0 and 2.6 for optimal bioactivity. It is well
known that phosphate plays a key role in bioactivity and apatite formation of bioglass [25-29] and the
bioactivity of glasses decreases with the increase of NC [25]. As the glasses under investigation didn’t contain
phosphate, the original NC approach by Hill applied. As shown in Table 1, NC increases with increasing SiO,
content. Fig. 5 shows that iron-containing glasses, heat-treated in oxygen partial pressure of 0.05 atm, form
the hydroxycarbonate apatite in spite of NC > 2.0, except for M4 glass with high value of NC (2.6). This
suggests that the P-free and Fe-bearing glasses with NC < 2.6 can be modified into bio-active glass by heat
treating in an oxidizing atmosphere around T,. As the SiO, content increases, the thickness of HCA layer
decreases as seen in Table 2. Also Table 2 indicates that the HCA layers formed on the surface of M2 and M3
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Fig. 5. Raman spectra of the investigated glasses heat-treated at near T, for 10h in various atmospheres and then immersed in SBF
solution for 7days.

glasses are heterogeneous because the uncertainties in thicknesses of these glasses at 95% confidence level
are higher than those of the other samples.

Table 2. The thickness of HCA layer formed on the surface after 7days immersion in SBF.

Sample HCA thickness(pm)
M1, 0.05atm 12.7+0.7
M1, 0.21atm 8.1+0.1
M1, 0.36atm 7.7+0.3
M2 6.1+0.9
M3 44+£1.0
M4 0

4. Conclusion

The surface of P-free and iron-bearing glass having NC > 2.3 has been modified to a sodium-rich layer by
heat-treatment in an oxidizing atmosphere near the glass transition temperature. These glasses are able to form
up to 12.7 um of HCA after 7 days immersion in SBF solution. The thickness of an HCA surface layer
increased with decreased the oxygen partial pressure. The HCA layer became heterogeneous as SiO, contents
increased. The cross-sectional micrographs were nearly similar to those of the 45S5 Bioglass®.
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