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Sol-gel derived glasses based on SiO 2 -CaO were studied with and without Zn as doping element. Investigations of their in vitro bioactivity were performed by soaking the glass powders in biological fluids for time periods up to 4 days. The surface reactions were characterized at the micrometer scale and with a high level of efficiency for both major and trace elements by using Particle Induced X-ray Emission (PIXE) associated to Rutherford Backscattering Spectroscopy (RBS). The evolution of the biological medium composition was followed by ICP-AES analyses. If the bioactivity of binary SiO 2 -CaO glasses is already known, this study shows the improvement of the early step of the bioactive process by using zinc as a doping element. Indeed, zinc improves the specific surface area and then the number of sites for the nucleation of calcium phosphate precipitates. In addition, Zn-doping slows the

Introduction

Since about forty years, bioactive glasses based on silica have been extensively studied for bone repair or replacement. 1,2 Indeed, in contact with living tissues, bioactive materials allow the formation at their surface of a Ca-P rich layer similar to the bone mineral phase and then an effective bonding with the bone. Glass composition and textural properties such as high surface area and porosity are key factors for the bioactive process. In a few words, the bioactive process consists of well known series of physico-chemical reactions between the glass and the biological solution leading to the formation of a hydroxyapatite layer at the surface of the glass. [START_REF] Hench | Introduction to bioceramics[END_REF][START_REF] Saravanapavan | [END_REF] The first step of the bioactive process is a rapid cations exchange between the glass and the solution, followed by silica dissolution and formation of silanols groups at the glass/solution interface. Then polycondensation reactions of surface silanols generate a silica-rich layer which provides favorable sites for the formation of Ca-P layer. The calcium phosphates progressively crystallize, by incorporation of anions from the solution, into a biologically reactive hydroxycarbonate apatite equivalent to the mineral phase of bone. 5,6 It can be noticed that the formation of stable apatite is closely dependent on the textural properties of the materials but also on its composition. 7 That is why the many advantages of sol-gel glasses over melt derived analogues have favored their development as bioactive materials. 8,9,10 In fact, the sol-gel procedure leads to very homogeneous and high specific surface area materials and its versatility allows reaching a large range of composition.

Among bioactive sol-gel materials, very simple compositions, as for example SiO 2 -CaO glasses, have shown interesting bioactive properties. 11,12 Moreover, the study of the Ca-P layer growth process is easier in such binary system, since the phosphate ions are only coming from the solution by comparison with the SiO 2 -CaO-P 2 O 5 ternary system. To improve the bioactivity of such glasses, additives can be easily introduced during the sol-gel synthesis.

The doping elements are generally chosen among human body trace elements and for their biological activity. Several authors have reported the influence of silver to improve the formation of hydroxyapatite 13 or for antibacterial properties. 14,15 Besides silver, other doping elements, like Mg or Sr for example, have been studied to promote the bioactivity of glasses. 16,17,18 Zinc is another essential trace element in human body which has shown a stimulatory effect on bone formation. 19,20 Namely very few paper deals with Zn influence on the bioactive process in sol-gel glasses and there is still a lack of quantitative information regarding the physico-chemical reactions occurring at the interface of such glasses.

The aim of this paper is, thus, to study the influence of Zn as a doping element on the bioactivity of SiO 2 -CaO glasses. For this purpose, Zn doped SiO 2 -CaO bioactive glasses were elaborated using the sol-gel method and tested by immersion in biological fluids for different time periods. Evolution of elemental distributions at the biomaterial/biological fluids interface were highlighted with the Particle Induced X-ray Emission (PIXE) technique associated to Rutherford Backscattering Spectroscopy (RBS). The evolution of the biological fluids composition was followed by ICP-AES (Inductively Coupled Plasma-Atomic Emission Spectroscopy) analyses.

Materials & methods

Preparation of the bioactive glass samples

The bioactive powder containing 75wt% SiO 2 -25wt% CaO was chosen as reference in order to study the influence of doping for different ZnO content: 1 wt% ZnO for Zn1 and 5 wt% ZnO for Zn5. The Zn-doped bioactive glasses based on silica were prepared by a classical sol-gel method as follows. Tetraethylorthosilicate (TEOS; Si(OC 2 H 5 ) 4 ), calcium nitrate (Ca(NO 3 ) 2 , 4H 2 O) and zinc nitrate (Zn(NO 3 ) 2 , 6 H 2 O) were mixed in ethanol in presence of water and hydrochloric acid as catalyst. The sol was then transferred to an oven at 60°C during four hours followed by a drying at 125°C for 24 hours for gelification and aging.

The xerogel was finally grinded to powder and calcined at 700°C for 24 hours.

Characterizations

The specific surface area of the samples was calculated with the BET method during nitrogen adsorption-desorption using a Quantachrome Porosimeter Autosorb-1. Prior to the experiments, the samples were outgassed at 120°C for 12h to remove physically adsorbed molecules such as moisture. The surface structure has also been observed with a ZEISS Supra 55VP scanning electron microscope. Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) was used to determine the chemical composition of the bioactive powder and to analyze the biological fluids during interactions with bioactive glasses.

In vitro assays

The interactions between the glasses and a biological medium have been carried out at 37°C for 1h, 6h, 1, 2, 3 and 4 days by immersing about 10 mg of powder in a standard Dulbecco's Modified Eagle Medium (DMEM), which composition is almost equal to human plasma. The specific surface area to DMEM volume ratio was fixed at 500 cm -1 . These in vitro assays were conducted under static conditions: biological fluids were not renewed and therefore contained only limited amount of P and Ca. Namely, this is a good approach for further development and to compare different doping elements and compositions. After interaction, the samples were removed from the fluid, air dried and embedded in resin (AGAR). Before characterization, the glass particles were cut into thin sections of 1 micrometer nominal thickness using a Leica EM UC6 Ultramicrotome, and laid out on 50 mesh copper grids. The grids were then placed on a Mylar film with a middle hole of 3 mm.

The analyses of the biomaterial/biological fluid interface were carried out using nuclear microprobes at the CENBG (Centre d'Études Nucléaires de Bordeaux-Gradignan, France). The device provides a micro-beam line employed for ion beam analytical measurements at the microscopic level. Particle Induced X-ray Emission (PIXE) coupled with Rutherford Backscattering Spectroscopy (RBS) were used to get chemical mapping at the glass/biological fluid interface both for major components and trace elements. 21 For PIXE-RBS analyses, we chose proton scanning micro-beam of 3 MeV energy and 50 pA in intensity. Such settings resulted in higher ionization cross-sections and an increased sensitivity for the micro-analysis. The beam diameter was 1 µm. An 80 mm 2 Si(Li) detector was used for X-ray detection, orientated at 135° with respect to the incident beam axis and equipped with a beryllium window 12 µm thick. An Al-filter with a tiny 2 mm hole drilled at its centre ("funny filter") was systematically placed in front of the Si(Li) detector; the funny filter allows the detection of heavy trace elements (Z≥25) whereas it avoids the saturation of the detector by major light (Z≤20) elements X-rays, since those latter are only detected through the small aperture. PIXE spectra were treated with the software package GUPIX.

Relating to RBS, a silicon particle detector was placed at 135° from the incident beam axis and allowed the determination of the number of protons that interacted with the sample. Data were treated with the SIMNRA code. This methodology finally allowed quantifying major and trace elements concentrations at the micrometer scale.

Results and discussion

Bioactive glass characterization

The experimental composition of each sample determined by ICP-AES analysis and their specific surface area are reported in Table 1. Thanks to the sol-gel synthesis, the final concentrations are very close to the nominal values and all the component are homogeneously distributed, as shown in the elemental maps of the 5% ZnO doped glass before immersion in biological fluids (Figure 1). All samples display a porous structure with significantly larger specific surface area for Zn doped glasses. The SEM images (Figure 2) reveal a homogeneous porosity in the range of 50 to 100 nm for low Zn content whereas higher doping leads to larger pore size distribution, between 50 and 400 nm. This can be due to a modification of the glass network because of the insertion of Zn atoms in the SiO 2 -CaO structure by Ca substitution. Zn-doping also induces an increase in the specific surface area. A high surface area can be very attractive for further interaction with biological medium by providing more nucleation sites for the formation of phosphocalcic precipitates.

In vitro tests for Zn doped and undoped SiO 2 -CaO glasses

PIXE-RBS multi-elemental maps of the surface of the glasses were recorded for each immersion time in DMEM: they provide quantitative and qualitative information about major and trace elements at the interface between the glasses and biological fluids. The observed distributions correspond to the intensity of X-rays locally emitted by the sample under proton irradiation. Each elemental map was divided in various regions of interest depending on the distribution of chemical elements in order to determine the elemental concentrations. The values calculated correspond to the mean of concentrations determined in several zones of interest. These regions of interest were defined over various samples in order to be ensured of measurements reproducibility.

Briefly, physico-chemical interactions between glasses and biological fluids induce two concomitant mechanisms: the dissolution of the glass silicate network, and the rapid formation of a surface layer at the material periphery. Concerning the in vitro behaviour of the undoped sample, all the results have been published in detail in a previous paper 21 . For the undoped sample, within 15 minutes, the incorporation of phosphorus coming from the biological medium and of Ca ions coming both from the glass matrix and DMEM, leads to the formation of a calcium phosphate enriched layer at the grains periphery. However multielemental maps have shown that the newly formed calcium phosphate layer is unstable and that it is quickly dissolved by biological fluids. After 2 days soaking, the calcium phosphate layer has been almost completely dissolved. These results suggest that the periphery of the undoped glass consists of amorphous calcium phosphates which composition significantly differs from that of hydroxyapatite (HA). The Si-rich core of the particle is finally the only region remaining since it is more resistant to dissolution. Indeed, after four days, the periphery of the SiO 2 -CaO glass is composed of 42.3% Si and only 3.8% Ca without any phosphorus.

The addition of zinc as doping element delays the breakdown of the glass silicate network from biological fluids. In fact, although the incorporation of phosphorus from the biological medium at the surface of the glass occurs during the first hours, the Ca diffusion from the core of the material to its periphery begins later on. Recent works investigating the structure of Zn-doped phosphosilicate glasses [START_REF] Linati | Qualitative and Quantitative Structure-Property Relationships Analysis of Multicomponent Potential Bioglasses[END_REF] may provide us with an explanation for this: it was found that Zn adopts a tetrahedral coordination in the glassy network and copolymerizes with [SiO 4 ] tetrahedra. That results in an overall complexation of the glass network that finally leads to an increase of its chemical durability.

After one day of interaction, the Ca-P rich peripheral layer is clearly noticeable for low Zn content (Figure 3), surrounding the core of the material from which Ca has migrated.

Higher doping concentration requires higher delay for Ca to migrate from the inner regions of the material to the periphery (Figure 4). After three days, all Zn-doped samples have formed a Ca-P rich peripheral layer. At that time the core of the grains is principally constituted of silicon and zinc oxides (Figure 5). The corresponding compositions for the glasses periphery are reported in Table 2. . Our results demonstrate that the higher the Zn content, the higher the calcium phosphates amount in the peripheral layer. After three days, the surface layer of Zn5 sample consists of 24.5% of Ca, 5.5% of P and only 19.7% of Si. By comparison, the undoped sample displays silicon rich grains (42.3%) with only a small amount of calcium (3.8%) and without any phosphorus. An essential observation is that the Ca-P peripheral layer is not dissolved after a few days of interaction for Zn-doped glasses, contrary to what was observed for the undoped glass. It is an important indication on the formation of a HA-like layer: indeed HA is the most stable and least soluble of all calcium phosphates [START_REF] Dorozhkin | Biological and Medical Significance of Calcium Phosphates[END_REF] .

To confirm these observations, we have calculated the Ca/P atomic ratio at the glass/biological fluids interface by creating thin regions of measurement 1 µm wide at the material surface. Results are shown in Figure 6. For the undoped sample, the Ca/P atomic ratio firstly decreases but after 6h the Ca-P surface layer is quickly dissolved: calcium and especially phosphate ions are progressively leached into the biological medium. This phenomenon induces a high increase in the Ca/P atomic ratio at the surface of the undoped sample. For Zn doped samples, the Ca/P atomic ratio continuously decrease, corresponding to the Ca-P layer formation and growth. The ratio then stabilizes between 1.2 and 2.5, close to the theoretical hydroxyapatite ratio: 1.67. Thus there is evidence that the initially amorphous phosphocalcic layer is progressively transformed into a more stable apatite layer.

Physico-chemical reactions between the biological fluids and the bioactive glass powders have also been monitored by measuring the DMEM composition as a function of interaction time. Figure 7 shows that Si, Ca and Zn concentrations in biological fluids increase during the first interaction delays, due to their dissolution from the glass. Logically, the amount of Zn dissolved increases with its concentration in the glass. It can be noticed that the Zn-doped samples exhibit no or low Ca precipitation coming from the biological fluids but after four days of interaction, they lead to larger calcium release, despite a lower CaO content. At the same time, a decrease in P concentration in solution is observed, due to the Ca-P layer formation. The stabilization of Ca and Si concentrations in the solution is reached after one day; concerning P, the equilibrium is reached after two days for the undoped sample and for Zn1. For Zn5, the P concentration still decreases after three days. Higher zinc content involves the incorporation of more phosphorus atoms within the surface layer. Nevertheless, longer interaction time should be used for 5% ZnO sample to be ensured of the system equilibrium.

To summarize, doping with zinc allows the early precipitation of phosphate ions from the biological fluids at the glass surface, as evidenced by Figure 3 and6. Zn-doping also delays the glass dissolution and slows the growth of the calcium phosphate layer. This facilitates the gradual crystallization of stable HA and would therefore provide a better bone bonding interface in vivo. But the most attracting characteristics of Zn-doped glasses may be their ability to release physiological concentrations of Zn into the surrounding fluids. In fact the stimulating effect of Zn doped bioactive glasses have already been shown with CaO-P 2 O 5 -SiO 2 samples for cell differentiation 24 and alkaline phosphatase production. 19 Our study shows that Zn -doping modifies the kinetics of the early first steps of the bioactive process, even for P 2 O 5 -free glasses.

Conclusion

The Zn doping effect can be resumed in two parts: a textural effect and bioactive properties. By improving the specific surface area of the glass, more nucleation sites for apatite formation are available. In addition, Zn-doping slows the glass dissolution and improves the phosphorus incorporation. The results of our study highlight the major role of Zn as doping element to enhance the calcium phosphate surface layer formation and growth, which is a prerequisite for bioactive glasses to bond to living bone.. It is important to notice that the Ca-P rich layer grows up in an acellular environment and therefore its spontaneous formation was only due to the ZnO-SiO 2 -CaO bioactive properties. Further experiments with different glass compositions and in a cellular medium could give more informations concerning the specific role of Zn ions. One of our future prospects is therefore to control the -18 - 
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dissolution of the material along with the release of critical concentrations of biologically active ions at the rate needed for bone cell proliferation and differentiation. 

. Elemental maps of a SiO 2 -CaO-5%ZnO (Zn5) glass particle after three days of interaction with the biological fluid.