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Abstract

lon beam analysis methods were used to charactéeziaterface of bioactive glasses
with surrounding biological fluids. Glass particiesthe SiQ-CaO and Si@CaO-RBOs com-
positions were elaborated by sol-gel processingsaadted in biological fluids for periods up
to 4 days. The surface changes were characterigiag ®article Induced X-ray Emission
(PIXE) associated to Rutherford Backscattering 8pecopy (RBS), which are efficient
methods for multielemental analysis and accurateetrelements quantification. Elemental
maps of major and trace elements were obtainedrat@meter scale and revealed the bone

bonding ability of the materials. Local measurersearit elemental concentrations were per-
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formed at the 18g/g level. Glass particles are quickly coated vaitthin calcium phosphate-
rich layer containing traces of magnesium. Aftdewa days, Si@ CaO-ROs glass particles
are entirely changed into calcium phosphates, vaseB0Q-CaO particles exhibit a different
behavior: the previously Ca-P enriched periphery been dissolved and glass particles con-
sist of a silicate network. Calculation of the CatBmic ratios at the glass/biological fluids
interface provides us with an explanation for tlas: enduring apatitic phase seems to be
formed at the periphery of S}CaO-ROs glass particles. Presence of phosphorus in thss gla
matrix thus has an influence on the amplitude dedkinetics of reaction of the bioactivity
process. It might result in an improved chemicaldwith living tissues.

PACS: 68.08.—p; 81.05.Kf; 81.20.Fw; 82.80.Ej; 82.80.8¢;64.Gb; 87.68.+z

Keywords: PIXE-RBS methods; biomaterials; bioactive glasd:gel, biomineralization.
I ntroduction

Bioactive glasses possess the ability to bond Wwahy tissues: as new generation
biomaterials, they actively contribute to the haglprocess and can stimulate regeneration of
living tissues through a direct control over gefles2]. The singular properties of bioactive
glasses make them particularly interesting fomfijlbony defects, repairing damaged tissues
and struggling against troubles due to osteopardsisontact with body fluids, bioactive
glasses induce a series of physico-chemical remcteading to the formation of an interfacial
calcium phosphate-rich layer. This layer then pesgively crystallizes into a bone-like apa-
titic mineral [3]. The bioactivity process deeplgpnds on the composition and the texture of
the glass. Optimizing both the material reactiahd its biointegration properties requires the
collection of reliable quantitative information eeding the physico-chemical reactions occur-
ring at the interface as well as the ionic excharage¢he surface of the glass.

For this purpose, bioactive glasses in the,Sta0 and Sig-CaO-ROs systems

were elaborated using the sol-gel method, whichmgsrthe synthesis of materials with
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higher purity and homogeneity at low processingperature [4]. Samples of gel-glass pow-
der were immersed in biological fluids for varyipgriods. Analyses of major, minor and
trace elements present at the biomaterial/biolddicals interface were performed by parti-
cle-induced X-ray emission (PIXE) associated tohecfbrd backscattering spectroscopy
(RBS). Obtaining PIXE elemental maps at a micromstale permits the complete follow-up
of the calcium phosphate layer formation along wvaiticurate major and trace element quanti-

fication. It allows important evaluation for tirevitro bioactivity.
Materials and methods

Preparation of the bioactive glass samples

Gel-glass powders containing 75wt% $i@5wt% CaO, named B75, and 67.5wt %
SiO—-25wt% CaO-7.5wt% s, named B67.5, were prepared using the sol-gelegsoclet-
raethylorthosilicate (Si(O4s)s), triethylphosphate (PO(Q8s)s;) and calcium nitrate
Ca(NG),, 4H,0 were mixed in a solution of ethanol in presencevater and HCI. The pre-
pared sols were then transferred to an oven at & @elification and aging. Four hours
later, the obtained gels were dried at 125°C foh@drs, then finally grinded to powder and
heated at 700°C for 24 hours. The final surfaca afghe glasses was measured by nitrogen
sorption analyses and was found to be 30 and ¥A@for B75 and B67.5 respectively.
In vitro assays

10 mg of gel-glass powders were soaked at 37°Qf& h and 1, 2, 3, 4 days in a
standard Dulbecco’s Modified Eagle Medium (DMEM,oBhrom AG, Germany), which
composition is almost equal to human plasma. Intiadd because of the high reactivity of
B75 glass patrticlesn vitro assays were conducted on B75 particles at verst shwes: 15
and 30 minutes soaking in DMEM. For the whole [bB@5 and B67.5 samples, the surface
area to DMEM volume ratio was fixed at 500 trnAfter interaction, the samples were re-

moved from the solution, air dried and embeddecksin (AGAR, Essex, England). Before
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characterization, the glass particles were cuttinito sections of 1 micrometer nominal thick-
ness using a Leica EM UC6 Ultramicrotome, and taition 50 mesh copper grids. The grids
were then placed on a Mylar film with a hole of &wrm the centre.
PIXE-RBS analysis

Analyses of the glass/biological fluids interfaceres carried out using nuclear micro-
probes at the CENBG (Centre d’Etudes NucléaireBdeleaux-Gradignan, France). For
PIXE-RBS analyses, we chose proton scanning mieesvbof 1.5 MeV energy and 50 pA in
intensity. Such settings resulted in higher ionaratross-sections and an increased sensitiv-
ity for the micro-analysis of bioactive glasses pased of light elements (Z20). The beam
diameter was nearly 1 micrometer. An 80 ffBi(Li) detector was used for X-ray detection,
orientated at 135° with respect to the incidentb@xis and equipped with a beryllium win-
dow 12um thick. PIXE spectra were treated with the sofevaackage GUPIX [5]. Relating
to RBS, a silicon particle detector placed at 186 the incident beam axis provided us
with the number of protons that interacted with slaenple. Data were treated with the SIM-

NRA code [6].
Results

For each immersion time, multielemental maps wer®nded at the interface of the
glass particles with the surrounding biologicaldhki Their description has been provided in
previous papers [7, 8]. Glass particles are quickigted with a thin calcium phosphate-rich
layer containing traces of magnesium. The dissmiutind reaction kinetics appear much
faster for B75 glass particles compared to B67dsglparticles. However, after a few days
SiO—~Ca0O-ROs particles are entirely changed into calcium phasgd whereas SpCaO
particles exhibit a different behavior: the prewslyuCa-P enriched periphery has been dis-
solved and glass particles consist of a silicatevosk. In order to quantify the changes in the

glass matrix composition, elemental maps were dvigh various regions of interest depend-
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ing on the distribution of chemical elements. Thatdk Supavisio analysis software [9], we
created thin masks of measurement at the peripfeitye glass particles, in areas where the
Ca-P enriched layer developed. With this methodgl@glculation of elemental concentra-
tions was made possible at the periphery of thmgr&esults are presented in Figure 1. Each
point corresponds to the average of concentratbahsulated in several regions of interest.
These regions of interest were defined over vargamples in order to be ensured of meas-
urements reproducibility.

During the first 15 minutes of interaction betwd®rb particles and biological fluids,
Ca and P concentrations increase (Figure 1), &swatrof the fast formation of a calcium
phosphate layer at the periphery of the materiatoBcentration decreases consequently in
this region, as Si, Ca and P oxides concentratiepesent nearly 100 % of the glass matrix.
An important diminution in Ca concentration occatghe periphery of B75 particles after 30
minutes soaking, because growing quantities of t€adessolved in consequence of the deal-
kalinisation of the glass surface. Therefore imgirchanges in P and Si concentrations are
observed at this time. Then, growth of the Ca-Rdapntinues at the periphery of the parti-
cles. lons coming both from the glass matrix araddgical fluids are incorporated at the sur-
face of the particles. This is why a rapid increas€a and P concentrations and a decrease in
Si concentration are observed until 6 hours ofradigon. After 6 hours soaking, Ca concen-
tration represents 33.4 % of the peripheral laybe layer contains 9.1 % of P and 12.9 % of
Si are still present. Traces of Mg are detectethénorder of 0.9 %. However it seems clear
that the newly formed Ca-P layer is unstable aadliths quickly dissolved by biological flu-
ids; indeed, Ca and P concentrations drop to lowegbeyond 6 hours of interaction. In the
meantime, Si concentration increases up to ne&Bo4After 4 days of interaction with bio-
logical fluids, the periphery of B75 particles caints 42.3 % Si and 3.8 % Ca. Neither P nor

Mg remains at the surface of the B75particles.



In comparison, the dissolution of the material #mel formation of the Ca-P layer be-
gin later for the P-containing B67.5 particles.ekftl h soaking, only little changes have oc-
curred in the composition of the B67.5 particlegpdeery. It is only after 6 hours of interac-
tion with biological fluids that significant charg@are observed. Ca and P concentration then
increase continuously with time of immersion inlbgcal fluids so that the periphery of
B67.5 particles is composed after 4 days of 34.8&@nd 15.6 % P. Important information
are the presence of appreciable amount of Mg gbehiphery of B67.5 particles: after 4 days
of interaction Mg is incorporated in the Ca-P layethe order of 0.6 %. Regarding Si con-
centration, there is evidence that the silicatevogk is progressively broken down at the pe-
riphery of the particles: after 2 days soaking, rditi@s of Si lower than 4 % remain in the
peripheral regions.

In addition, elemental concentrations in the cdrBb and B67.5 glass particles were
calculated for the different times of interactidgigure 2 shows the results. During the first
times of interaction, migration and diffusion oh®from the inner of the particles to their
periphery lead to the observed fluctuations indbmposition of the glass matrix. Then B75
and B67.5 particles exhibit opposite behaviors. .B67articles are progressively entirely
changed into calcium phosphates. After 4 days tefraction, Si concentration in the core of
B67.5 particles has deeply decreased and is egual.2 %: the original silicate network has
been gradually removed, giving way to a Ca-P-eedctore (27.2 % of Ca, 12.3 % of P) that
contains traces of Mg. For B75 particles, the olestgons are totally different: the core of B75
particles grow poorer in Ca and P as the time w@raction with DMEM increases. As a con-
sequence, increasing quantities of Si are deteétiéer. 4 days of interaction, the composition
of the core of B75 particles is close to that @& geriphery: great quantities of Si are present

to a total value of 40.2 wt %, Ca concentratiodatected at a low value of 6.1 wt %.



Discussion

Different reaction stages are involved in the bivaty process and have been identi-
fied for several years. Briefly, the alkaline arkidine-earth ions present at the surface of the
glass are first dissolved and leached in the smiuffhen polycondensation reactions of sur-
face silanols create a high-surface area silicalgelfurther provides a large number of sites
for the formation and growth of calcium phosphafsose latter will progressively crystal-
lize into a biologically reactive hydroxycarbonateatite equivalent to the mineral phase of
bone [10, 11]. Concerning B75 glass particles, lddiisation of the glass matrix and ionic
exchanges start very quickly, so that a calciumsphate-rich layer is formed within minutes
at the periphery of the particles. Such a hightreiigis directly linked to the high content of
Si and Ca oxides in the glass matrix. In contath\&n aqueous medium, Ca is a very soluble
alkaline-earth element. SjQepresents 75 wt% of the glass composition; tlgidri the Si
content, the thicker the hydrated, porous silicllgger formed after surface silanols poly-
condensation [12]. This generates a large activiasel area which speeds up both the disso-
lution process and the ionic exchanges. ThoughCé® rich layer is quickly formed, our
measurements indicate that it is almost compladedgolved after a few days of interaction.
The core of the particle, consisting of the endysilicate network, solely remains.

Concerning B67.5 patrticles, the surface reactionslved in the bioactivity mecha-
nism begin later. Nevertheless, after 4 days sgaktie Ca-P-Mg layer has extended to the
whole material: the composition of the core of Bbfarticles is close to that of the periphery,
although greater quantities of Si still remain Ine tcore of the material. These observations
may be explained by the lower Si content in thenpriy glass; thus B67,5 particles can not
have the advantage of an accelerated dissolutimreps such as for B75 particles. However,
the Ca-P layer once formed, its growth and evotuéice faster for B67.5 particles because of

the presence of P in the initial glass matrix.
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An essential observation is the final dissolutibthe Ca-P peripheral layer after a few
days of interaction for B75 particles, whereas ltyeer still remains for B67.5 particles. It
provides us with an indication on the formationhgtiroxyapatite at the surface of the parti-
cles. In fact, hydroxyapatite is the most stabld &ast soluble of all calcium phosphates
[13]. Thus our results suggest that the periphdnsi®@.—CaO glass particles consists of
amorphous calcium phosphates which compositionifgigntly differs from that of hy-
droxyapatite. Indeed amorphous calcium phosphatesisually the first phase precipitated
from a supersaturated solution and they are ai@nainghase during the formation of thermo-
dynamically more stable hydroxyapatite [14]. Theaixe of P in the initial glass matrix may
explain that Si@-CaO glass particles encounter great difficulteeathieve the transforma-
tion of their peripheral amorphous Ca-P layer mtoore stable apatitic phase.

To better understand the B75 and B67.5 oppositawets, we calculated the Ca/P
atomic ratios at the surface of the glass particlesreating thin masks of measurement about
1 um thick at the glass/biological fluids interfaceedRlts are presented in Table 1. They shall
be compared to the 1.67 nominal value of stoechioenkydroxyapatite. The Ca/P atomic
ratio decreases as the time of interaction inceeds@ B75 particles, the lowest value is equal
to 2.5 and is reached after 6 h of interaction. tTisaquite distant from the value of
stoechiometric apatite. Beyond 6 h, the Ca/P inatigpper than 15 because of the dissolution
of the amorphous Ca-P layer, and the Ca/P ratiouis not properly defined. For B67.5 parti-
cles, a low value of 1.6 is finally reached aftedad/s soaking, which is very close to the 1.67
value of apatite. As a conclusion, an enduringiapgthase seems to be formed at the periph-
ery of SiQ—CaO-ROs glass particles. Presence of phosphorus in thes gieatrix facilitates
the transformation of the initially amorphous catoi phosphates into apatite crystals. Initially

limited to some scattered sites, the apatite l#yem quickly extends on great depths because



the crystallized calcium phosphates could act ateation agents, increasing the kinetics of

new layer formation [15].
Conclusion

A major advantage of PIXE-RBS nuclear microprolsesoienable accurate quantita-
tive analyses of the glass particles/biologicaidiuinterface. Indeed, optimizing parameters
such as the composition and the texture of thesglakich are determinant for the material
bioactivity, requires the collection of reliableaqiitative information regarding the physico-
chemical reactions occurring at the surface ofdlass. Aiming at this, we highlighted the
influence of phosphorus on tle vitro bioactivity of SiQ—CaO-RBOs glasses. Phosphorus-
free B75 particles beneficiate from some favouraboleditions that speed up both the dissolu-
tion and the initial formation of the Ca-P-Mg laydéonic exchanges are operated since the
very first time of interaction with biological flds. But contrary to the phosphorus-containing
B67.5 particles, B75 particles only own a resengjiicCa ions into the glass matrix: this is
why B75 patrticles encounter great difficulties tansform their peripheral Ca-P layer into a
more stable apatite-like phase. For $10aO—-RBOs B67.5 particles, the Ca-P-Mg layer is
extended on a great depth. Moreover calculationttef Ca/P atomic ratios at the
glass/biological fluids interface indicates thag¢ tGa-P-Mg layer is quickly changed into an

apatitic phase. It might result in an improved cloeatbond with living tissues.
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Figure captions

Figure 1. Evolution of elemental concentrations at the gieery of B75 and B67.5 particles
with time of exposure to biological fluids. Insetzolution of elemental concentrations at the
periphery of B75 particles during the first 6 hoafsnteraction.

Figure 2: Evolution of elemental concentrations in the cofd875 and B67.5 particles with
time of exposure to biological fluids. Inset: evodn of elemental concentrations in the core

of B75 particles during the first 6 hours of interan.
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Tables

1h 6h 1d 2d 3d 4d
B75 3.8 2.5 N/A N/A N/A N/A
B67.5 2.6 2.8 2.1 2.4 2.3 1.6

Table 1 : evolution of Ca/P atomic ratios calculated at the surface of B75 and B67.5 par -
ticleswith time of exposureto biological fluids. Beyond 6 hours of interaction, the Ca/P
atomicratio isconsidered to be not available (N/A) for B75 particles, because of the dis-

solution of the Ca-P layer.
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