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Preliminary characterization of calcium chemical environment in apatitic and non-apatitic calcium phosphates of biological interest by X-ray absorption spectroscopy
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Several reports have mentioned the existence of non-apatitic environments of phosphate and carbonate ions in synthetic and biological poorly crystalline apatites. However there were no direct spectroscopic evidences for the existence of non-apatitic environment of calcium ions. Xray Absorption Spectroscopy, at the K-edge of calcium, allows the discrimination between different calcium phosphates of biological interest despite great spectral similarities. A primary analysis of the spectra reveals the existence, in synthetic poorly crystalline apatites, of variable features related to the maturation stage of the sample and corresponding to the existence of nonapatitic environments of calcium ions. Although these features can also be found in several other calcium phosphate salts, and do not allow a clear identification of the ionic environments of calcium ions, they give a possibility to directly determine the maturity of poorly crystalline apatite from calcium X-ray Absorption Near Edge Structure spectra.

[10] and [11]. These studies revealed the existence of non-apatitic environments of the mineral ions especially phosphates and carbonates, which could be easily observed by these techniques. These non-apatitic locations do not seem to correspond to those found in well-crystallized calcium phosphates such as DiCalcium Phosphate Dihydrate (DCPD) or OctaCalcium Phosphate (OCP) although they share some common characteristics [2]. The non-apatitic ionic environments are believed to correspond to ions in a hydrated layer on the surface of the mineral crystals. Spectroscopic techniques (FTIR, NMR) have shown that the HPO 4 2-and CO 3 2-ions in nonapatitic environments could be rapidly and reversibly exchanged with ions of the solution without altering the main characteristics of the nanocrystals such as crystal size, shape or even the unitcell dimensions of the apatite lattice or the position of the vibrational bands of apatitic groups [12]. Recent studies have shown that calcium ions of PCA could also participate to these rapid ion exchange reactions [13] and [14]. However, unlike for phosphate and carbonate ions any direct spectroscopic evidence for a discrimination of calcium environment in apatitic compounds did not exist. Recently, a study of bone crystals by X-ray emission spectroscopy suggested the existence of additional coordination types of P and Ca polyhedra in PCA structure [15].

The present study aims to accurately determine the spectroscopic characteristics of calcium ions in several apatitic and non-apatitic compounds of biological interest and to connect these observations with data already obtained on the non-apatitic environments of phosphate ions in poorly crystalline apatites analogous to bone mineral.

Materials and methods

The main calcium phosphates samples were prepared according to previously published methods: For those experiments fine powders of the different reference compounds, previously ground to a smooth powder in an agate mortar and regular in size, were homogeneously layered between two 4 μm thick ultralene foils (SPEX-CERTIPREP, NJ). The thickness and homogeneity of the samples were optimized to obtain a good signal to noise ratio in transmission, i.e. introducing around 80% absorption.

The study was carried out at the X-ray microscopy beamline ID21 at the ESRF (European Synchrotron Radiation Facility) in Grenoble (France). An energy range between 2000 and 7000 eV is available at the ID21 beamline, which gives access in particular to the K-edge of calcium at 4038.5 eV to perform X-ray Absorption Near Edge Structure (XANES) spectroscopy experiments. The energy scan was ensured by a fixed exit double crystal Si(111) monochromator, located upstream the microscope, which offers an energy resolution of ΔE/E = 10 -4 necessary to resolve the XANES structures. The XANES spectra were obtained in transmission mode, with a Si photodiode mounted downstream the sample, in a non-focused mode, the size of the beam being determined by a 200 μm pinhole. The incident beam intensity was monitored using a photodiode with a central hole, inserted in the beam and measuring the fluorescence signal from a thin 1.5 μm aluminum foil covering it. This so-called I 0 measurement is essential for normalizing the transmitted beam signal.

Experiments were performed at room temperature and atmospheric pressure. Spectra were collected in an energy range between 4020 and 4140 eV, with energy steps of 0.3 eV and 1 sec dwell time per point. The objective of this first experiment was to collect XANES reference spectra to have some background to perform spatially resolved XANES (at the micrometer scale) on biological sample; unfortunately, the EXAFS domain is not available on the ID21 beamline with the spatially resolved configuration so this domain was not considered on reference sample in a first step.

Data analysis was carried out following standard procedures [19]: the energy origin E 0 was taken at the inflection point of the absorption edge and, after subtracting the background contribution for lower energy edges, based on a polynomial fit of the preedge region, the postedge absorption was normalized to unity using XANES dactyloscope [20]. Complementary data processings (spectral subtraction, derivative spectra) were performed with XOP 2.0 [21] and Grams 5 (Galactic, Salem NH) as developed in Experimental results. The position of the narrow structures was determined from the second derivative of the spectra and the position of the broad structures directly from absorption spectra.

Structural characteristics of calcium phosphates

Apatites form a vast family of ionocovalent compounds represented by the general chemical formula: Me 10 (XO 4 ) 6 Y 2 where Me is a bivalent ion, XO 4 a trivalent ion and Y a monovalent ion.

The structure is hexagonal (space group P6 3 /m).

For example, hydroxyapatite can be described as a hexagonal stack of PO 4 3-groups creating two kinds of tunnel parallel to the c axis [22] and [23]. The first kind of tunnel, coinciding with the ternary axis of the structure, is occupied by Ca 2+ noted as Ca(I) ions whereas the second one, which is lined by oxygen and other calcium ions, noted Ca(II), is occupied by OH -ions (Fig. 1).

The diameter of such tunnels (3 Å in s-HA) gives apatites ion exchanger properties but only at high temperatures, and it can also act as a host to small molecules [22] and [24]. Such a structure induces a wide range of distances between the calcium and the oxygen atoms and leads to an extremely complicated XAS spectrum.

Fig. 1. Projection on the (001) plane of the hydroxyapatite structure. The two Ca 2+ triangles lining the "tunnels" of the structure are located at z 1/4 and z 3/4. OH -ions are slightly under or above the triangles.

As another example, OCP structure can be described as lamellar with an assembly of dense sheets, corresponding to half the apatitic cell, and hydrated sheets, corresponding to the chemical composition of DCPD (Fig. 2). The "apatite" layer consists of alternating sheets of phosphate ions interspersed with Ca 2+ ions; and the hydrated layer consists of more widely spaced phosphate and Ca 2+ ions with a slightly variable number of water molecules between them. Six of the Ca 2+ ions and two of the phosphate ions are in the "apatite" sheet. The other two Ca 2+ ions and one phosphate ion are in the "hydrated" sheet. The remaining three phosphate ions lie at the junction of the "hydrated" and "apatite" sheets. The "apatitic" domain corresponds to the upper lozenge, analogous to the apatite structure (see Fig. 1) and the lower quadrilateral to the OCP structure. Water molecules: only the oxygen atoms of the water in the hydrated layer are represented.

Finally, DCPD structure contains columns of alternating Ca 2+ and HPO 4 2-ions. These columns are joined together to form corrugated sheets which are linked together by water molecules.

Experimental results

The data obtained for several calcium phosphates of biological interest are reported in Fig. 3 and Fig. 4A. Within the energy region of interest, about 50 eV above the edge, it is possible to identify up to eight XANES structures, labelled from A to H as energy increases.

All the experimental spectra of the standard compounds (Fig. 3) show a small feature (labelled A) at the preedge. In general, spectral features a few eV (10 eV) before the edge threshold are due to electronic transitions to unoccupied states near the Fermi level and are sensitive to the spatial and electronic details of the potential. So the preedge, whose energy position (A: 4042 eV) remains the same but whose intensity varies, suggests that effective charge and site symmetry of the Ca ion changes across the compounds. This feature is commonly attributed to the 1s energy levels to bound 3d or O 2p molecular orbital [25]. As the transitions are here discrete, with broadening due to core-hole lifetime, this prepeak can be attributed to a 1s→3d transition, being dipole forbidden (Δl = 2), resulting from mixing of unoccupied d final states with p-character final states. The intensity of 1s→3d transition in first row transition metals will be stronger in compounds that are distorted from centrosymmetry [25].

As the energy increases, we find the most intense resonance of the spectra, called the white line, corresponding to the main 1s→np transition. The white line presents a characteristic three-peaks structure composed of a shoulder-like structure (labelled B, 4047 eV) at the low energy side that remains unaltered across the series and assigned to the 1s→4s transition, and a principal peak corresponding to the allowed 1s→4p transition, which is composed of two peaks (C 1 and C 2 ), whose relative intensities should depend of the type of Ca involved (type I or II) and may be linked to the concept of stoichiometry and non-stoichiometry in our samples [26]. As for D (4058.6 eV), it corresponds to transition to unoccupied states mainly from 5s states [27]. In addition, further XANES structures (labelled from E to H) are resolved at higher energies for all the compounds and are mainly due to multiple scattering contributions.

To sum up, the spectra of the standards show common features, present in each and all second derivative of the samples' spectra, but also very distinct and specific structures, (relative to the considered spectrum) for each calcium salts. Common features consist in: the preedge peak labelled A at 4042 eV, a shoulder B at 4047 eV, a shoulder D at 4058.6 eV (more or less seen but always present in the second derivative spectrum) and a narrow distinct feature F at 4073.4 eV. All these sharp features suggest a transition with well-defined energy levels that seems to be invariant whatever the calcium phosphate compound considered. Another feature is present on all spectra, a broad structure G at 4081.5 eV, the position of which seems also independent of the phosphate salt considered. In addition to these common features, each salt presents specific structures related to transitions sensitive to the environment. A rather broad white line at 4052.4 eV characterizes the amorphous calcium phosphate (ACP). Broad structures are also apparent at 4064, 4094, 4117 and 4135 eV.

The crystalline β-tricalcium phosphate (β-TCP, Ca 3 (PO 4 ) 2 ) provides a spectrum with a wide white line at 4052 eV and a wide shoulder at 4063 eV. Broad structures are also present at 4092 and 4110 eV. The spectra of α-tricalcium phosphate appear more complex with a distorted white line showing two components at 4050.2, 4052.9 eV and broader structures at 4066, 4094 and 4111 eV.

The spectrum of stoichiometric hydroxyapatite (s-HA, Ca 10 (PO 4 ) 6 (OH) 2 , Fig. 4A) is characterized by a split white line with two components at 4051.4 and 4053.5 eV and shoulders at 4059, 4063, and 4067 eV, plus wide lines at 4099 and 4133 eV.

The spectra of poorly crystalline apatites at different maturation stages exhibit very similar features with a split white line (C 1 , C 2 ; Fig. 4A). The preedge energy position and intensity seem to be independent of the maturation state of our PCA, suggesting that both the effective charge and the site symmetry of the Ca atom remain unaltered across the series.

But as the maturation time increases a faint narrowing of the white line is observed. There is also a modification of the curvature between points E and F. The changes are easily seen by considering the derivatives of the different spectra (Fig. 4B). With maturation time, the structures at 4056 and 4063 eV became more pronounced. It is important to notice that these structures seem to evolve from structures close to those present in the OCP spectrum to those of the s-HA spectrum. The most interesting feature however is a progressive displacement of the broad line maximum (H) from 4096.2 to 4098.1 eV during maturation (Fig. 4C). The difference spectra obtained by subtraction of the spectra of immature precipitate from that of matured samples indicate in fact the existence of an additional structure at 4092.5 eV in the most immature samples, which progressively decreases as the maturation time of the precipitate increases. This line is also observed with an appreciable intensity in OCP, brushite and amorphous Ca-P but it is completely vanished in stoichiometric hydroxyapatite.

This progressive displacement of the broad peak maximum towards higher energy can be related in a first approximation, without entering in details in the EXAFS theory such as second neighbors of the calcium ion and multiple scattering effect, to a modification of the length of the Ca-O bond, which becomes smaller as the maturation time increases [15], and the narrowing of the white line can be related to a progressive organization of the structure of our compounds.

Indeed, the position of the broad line maximum was found to vary considerably as a function of the maturation stage of the mineral.

Discussion

Previous observations have indicated that the XAS spectra at the calcium K-edge are very sensitive to the environment of the ion [26], [27] and [28]. In well-crystallized phases the observed spectra could be accurately reconstructed by considering the atoms in a 7 Å diameter sphere around the calcium atom. The splitting of the main white line in all apatitic samples has been assigned to the existence of two calcium sites with different coordination spheres [29]. It is remarkable that the same structure is observed for OCP, which is often described as a layered compound formed of a succession of apatite and hydrated layers but with 8 different environments of the calcium ions [30] and [31]. In all other cases, including the amorphous phase, the white line shows a unique structure. XANES allows then distinguishing between different types of calcium environments in several Ca-P structures of biological interest. The main observation is that the XANES Ca spectra of PCA are not identical to those of stoichiometric apatites confirming thus previous observations made by different spectroscopic techniques that mineral ions exhibit different environments in apatites.

Moreover, the sensitivity of the technique allows also the detection of faint variations of the environment of calcium ions in PCA during aging of the precipitate in solution. Although the XAS Ca spectrum of PCA just after precipitation appears very close to that of OCP, they differ essentially by the splitting of the white line, larger in OCP, but the other structures are superimposable. It shall be noted also that the additional structure (H) observed at early maturational stages at 4092.5 eV, is at the same position in the DCPD spectrum. Such analogies were also noticed for phosphate group's environments by other spectroscopic techniques [32] and [33]. It has been suggested that a progressive evolution from OCP to apatite can occur by a topotactic reaction corresponding to the elimination of the hydrated layer [34]. But it is important to note that the spectral characteristics of the non apatitic environments, which are responsible for the high reactivity of nanocrystalline apatites (including maturation), revealed by FTIR and NMR [35] cannot be assigned to any of the well crystallized calcium phosphate phases.

Like in previous spectroscopic studies, the XAS spectra do not allow a precise identification of the environments of the mineral ions in PCA with those existing in well-crystallized compounds.

The variations of the Ca environments observed by XAS were compared to other parameters relative to the maturation of calcium phosphates.

The evolution of the intensity of the broad structures maximum from 4096.2 to 4098.1 eV during maturation seems related to the variations of different indicators of maturation. Thus the increase of relative intensity of this structure with time is well correlated to the evolution of the Ca/P ratio (chemically measured) and seems also inversely related with the amount of labile HPO 4 2determined by FTIR spectroscopy (Fig. 5A,B). This displacement (shift of the broad structure to higher energy) is also the immediate criteria to represent the modification of the Ca-O bond length, which is found to become smaller as maturation time increases. The narrowing of the white line constitutes another indication that our PCA are evolving to stoichiometry, as it confirms that the Ca-O bond length is decreasing and that the PCA structure is better organized with time. The study of the derivatives of the different spectra indicates as well an increase of the stoichiometry through maturation time as the structures are getting closer to that present in the s-HA spectrum. Other correlations with other indicators of maturation such as crystal size or strains may also be observed and few authors have made the analogous observations [36]. Although these correlated variations do not indicate that these parameters are strictly connected, the similarity of chemical behavior between labile HPO 4 2-and labile Ca 2+ ions suggests however that these ions share the same environments and might be connected.
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Conclusion

The data obtained by XAS confirm the existence in immature non-stoichiometric apatites of different types of calcium environments and especially of non-apatitic environments of calcium ions. As several biological properties of bone (protein attachment, ion exchange and homeostasis) are related to these surface environments, it seems important to have a possibility to reach the highly reactive calcium sites of bone and other biological samples involving poorly crystalline apatites by a direct spectroscopic method. The XAS technique, combined with the sub micron spatial resolution available with the ID21 Scanning X-ray Microscope, should allow an in situ mapping of the maturation stage of PCA in bone or other tissues from the analysis of calcium environments. To try to fully characterize the environment of the calcium ion in our biological apatites, the EXAFS part of the X-ray absorption spectra seems interesting to investigate. It should allow us to probe very precisely and semi quantitatively the precise atomic environment of our calcium atom by giving access to the interatomic distances, the coordination number and the relative displacements in our calcium phosphates. Such measurements are in progress.

  the investigation of the short-range ionic organization of Poorly Crystalline Apatitic calcium phosphates (PCA) have been made possible by the use of spectroscopic techniques such as Fourier Transform Infra Red (FTIR), Raman and Magic Angle Spinning -Nuclear Magnetic Resonance (MAS-NMR) spectroscopies [1], [2], [3], [4], [5], [6], [7], [8], [9],
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 2 Fig. 2. Projection on the (001) plane of the octacalcium phosphate (OCP) structure.The "apatitic" domain corresponds to the upper lozenge, analogous to the apatite structure (see Fig.1) and the lower quadrilateral to the OCP structure. Water molecules: only the oxygen atoms of the water in the hydrated layer are represented.
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 3 Fig. 3. XANES spectra at the Ca K-edge of different non-apatitic calcium phosphate compounds. (DCPD: DiCalcium Phosphate Dihydrate, DCPA: Anhydrous DiCalcium Phosphate, OCP: OctaCalcium Phosphate, ACP: Amorphous Calcium Phosphate, β-TCP: Beta Tri-Calcium Phosphate, α-TCP: alpha Tri-Calcium Phosphate).

  Fig. 4. (A) XANES spectra at the Ca K-edge of apatitic calcium phosphates. s-HA: Stoichiometric HydroxyApatite, PCA: Poorly Crystalline Apatite at different maturation stages (0: without maturation, 3d: 3 days, 16m: 16 months). (B) Derivatives of the XANES spectra in the domain 4040 -4140 eV. s-HA: Stoichiometric hydroxyapatite, OCP: OctaCalcium Phosphate, PCA: Poorly Crystalline Apatite at different maturation stages (0: without maturation, 2h: 2 hours, 1d: 1 day, 3d: 3 days, 16m: 16 months). (C) XANES spectra of apatitic calcium phosphates in the domain 4070-4120 eV. s-HA: Stoichiometric HydroxyApatite, PCA: Poorly Crystalline Apatite at different maturation stages (0: without maturation, 1d: 1 day, 3d: 3 days, 1m: 1 month, 16m: 16 months).

  Fig. 5. (A) Correlation between the position of the XANES broad structure (H) from 4096.2 to 4098.1 eV and the Ca/P ratio (chemically measured) during maturation of PCA. The displacement of this broad structure to higher energy might be related to the physical parameter of the diminution of the Ca-O bond length. (B) Correlation between the position of the XANES broad structure from 4096.2 to 4098.1 eV and the labile HPO 4 2-content determined from FTIR spectra.
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