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Rapid self-setting apatite cernent (SSAC) formation from tetracalcium phosphate (TeCP) and dicalcium phosphate dihydrate (DCPD) has been investigated by an attenuated total reflection Fourier transform infrared (ATR-IR) spectroscopy coupled with a principal component analysis (PCA). After TeCP and DCPD were kneaded with phosphoric acid, the peaks of ATR-IR spectra for the kneaded sample shift significantly in the ranges of 2250-2400 and 850-1150 cm-1 due to the crystalline transformation into hydroxyapatite (HAp). The PCA results indicate that the loadings of principal components 1and 2 (PC1and PC2, respectively) are ascribed to C02 and phosphate group, respectively, in the transforming cernent. The PCl score initially increases to reach a maximum at around 1000 s and then decreases. In contrast, the PC2 score increases continuously, but its increment became lesser with time. Although the profiles of PC2 score against PCl score are similar in shape, there are deviations among the profiles obtained through quadruplicate

Introduction

Hydroxyapatite (Ca 10(P04)6(0H)z; HAp) (more strictly, non-stoichiometric substituted HAp) is a major constituent of bone ( 60 % by weight) and has high biocompatibility. In the field of biomaterials, bioactive HAp bone cements are generally produced from tetracalcium phosphate (Ca4(P04)20; TeCP) and dicalcium phosphate dihydrate (CaHP04 •2H20; DCPD) in the presence of phosphoric acid. This kind of bone cernent, which contains remaining TeCP and DCPD, is called "self-setting apatite cernent (SSAC)." The cernent has moderate crystallinity with similar characteristics to mammalian bone [START_REF] Brown | Dental restorative cernent pastes[END_REF][START_REF] Denissen | Tissue response to dense apatite implants in rats[END_REF][START_REF] Hong | The periapical tissue reactions to a calcium phosphate cernent in the teeth of monkeys[END_REF] and high biocompatibility. lt is often used as a bone filler for bone defects in orthopaedic surgery [START_REF] Constantz | Skeletal repair by in situ fonnation of the minerai phase ofbone[END_REF]. Hamanishi et al. reported a new drug delivery system (DDS) for vancomycin, based on SSAC; the DDS-SSAC was successfully applied to the treatment of methicillinresistant Staphylococcus aureus osteomyelitis [START_REF] Hamanishi | A self-setting TTCP-DCPD apatite cernent for release of vancomycin[END_REF].

Hamada et al. reported a DDS-SSAC containing simvastatin, and the medium-responsive release of the drug in vitro. They investigated bone minerai density change after the implantation of the DDS-SSAC in osteoporotic rats by means of an X-ray computed tomography [START_REF] Hamada | Dissolution medium responsive sinwastatin release from biodegradable apatite cements and the therapeutic effect in osteoporosis rats[END_REF].

Miyamoto et al. quantitatively measured the transformation of TeCP and dicalcium phosphate anhydrate (DCPA) into HAp by a powder X-ray diffraction analysis (XRD) [START_REF] Miyamoto | In vivo setting behavior of fast-setting calcium phosphate cernent[END_REF]. XRD is, however, not sufficient to measure the self-setting process, because XRD cannot follow rapid reaction in minutes or shorter. ln addition, the method requires relatively large amount of samples (>0.1 g). lt is, therefore, highly desirable to clarify the self-setting mechanism of HAp from TeCP, DCPD (or DCPA) in order to develop new generation biomaterials.

Fourier transform infrared (FT-IR) spectroscopy is one of the most versatile analytical methods for the identification of materials and the quantification of their components. The spectroscopy can afford chemical and/or physical information on the materials with IR-active vibrations (symmetrical/anti-symmetrical stretching, scissoring, etc.), light diffusivity, and so on. The relationship between IR absorbance and the concentration of the component obeys Lambert-Beer's law. Petrov and Soptrajanov successfully applied FT-IR spectroscopy to the characterization of metastable calcium phosphates [START_REF] Petrov | lnfra-red investigation of dicalcium phosphates[END_REF]. Changa et al. [START_REF] Chang | FT-IR study for hydroxyapatite/ col lagen nanocompo site cross-l inked by glutaraldehyde[END_REF] employed FT-JR spectroscopy to analyze the crosslinking of the HAp/Collagen nano-composite. Conventional FT-IR spectroscopy requires, however, sample dilution with potassium bromide powder, because its sensitivity is too high to measure raw materials . Attenuated total reflection (ATR)-IR spectroscopy can overcome such shortcomings of FT-IR spectroscopy and rapidly measure a few milligrams of sample in monolithic, thin film-like or liquid form without dilution [10,[START_REF] Ulian | The vibrational features of hydroxylapatite and type A carbonated apatite: a first principle contribution[END_REF].

Chemoinformatics is a combination of mathematical and statistical methods for the design or selection of the optimal conditions of experiments and for the derivation of utrnost pieces of chernical information through the analysis of acquired data [12,[START_REF] Martens | Multivariate calibration[END_REF]. Principal component analysis (PCA) is a multivariate analysis that can be used for the analyses of reaction kinetics and of spectra obtained by spectroscopies [14].

We have been studying on the polymorphie transition of drugs in pharmaceutical tablet by means of XRD [START_REF] Otsuka | Effects of polymorphie transformation onpharmaceutical properties of direct compressed tablets containing theophylline anhydrate bulk powder under high humidity[END_REF] or FTnear infrared spectroscopy coupled with Chemoinformatics [START_REF] Otsuka | Predictive evaluation of pharmaceutical properties of direct compression tablets containing theophylline anhydrate during storage at high humidity by nearinfrared spectroscopy[END_REF]. Inthe present study, we propose an ATR-IR-and PCAbased approach for the elucidation of the reaction mechanism of rapid self-setting apatite formation from TeCP-DCPD suspension.

Materials and methods

Materials

TeCP and DCPD powders were purchased from Taihei Chemical Industrial Co. (Osaka, Japan) and Wako Pure Chemical Industries (Osaka, Japan), respectively. The apatite cernent was prepared according to the procedure described by Brown and Chow [START_REF] Brown | Dental restorative cernent pastes[END_REF]. The raw material for the preparation of the cernent powder was an equimolar mixture of TeCP and DCPD powders, in which the molar ratio of Ca/P was 1.67.

Powder X-ray diffraction analysis

The raw material, which had been stored at high hurnidity,was carefully ground in an agate mortar with a pestle. Loosely packed sample was prepared in order to avoid crystal orientation when it was poured in the holder of the instrument without compression. The crystal phases in the specimens thus prepared were analyzed with a powder X-ray diffraction (XRD) system (Miniflex, Rigaku Co., Ltd., Tokyo, Japan) at room temperature. Measurement conditions were as follows: Ni-:filtered CuKcx radiation (À=0.1540 nm); voltage, 30 kV; current, 15 mA; time constant, 1 s; step slit, 0.2°; counting time, 1.0 s; and measurement range, 20=5.0-45 .0°.

Infrared spectroscopy measurement

Infrared spectra were measured with an FT-IR spectrometer (FT/IR-6500, JASCO Co., Tokyo, Japan) equipped with an ATR accessory, which was inserted directly in the light beam. Five milligrams of mixed TeCP-DCPD powder was kneaded with 20.0 µL of 11.0 mmol/L phosphoric acid. The paste was put on a germanium glass of the ATR accessory and covered with a sheet of Parafilm® at room temperature. IR spectra of the suspensions were measured in the range of 600-3800 cm-1 at a resolution of 8 cm-1 and acquired as digital data in a computer for further kinetic analysis. The data of 120 scans were normalized based on the area under the observed spectrum [17] and corrected , where air spectrum was subtracted from the averaged spectrum as a background.

Software

The chemoinformatics calculations were performed by UNSC RAMBLER software version 10.2 from CAMO (Computer Aided Modelling, Trondheim, Norway).

Principal component analysis

Although ATR-IR spectra can be represented in n-dimensional space, it is difficult to comprehend the data in the dimensions more than three. lt is, therefore, useful to reduce the c dimensionality of the multidimensional spectral space [START_REF] Shinzawa | Multivariate data analysis for Raman spectroscopie imaging[END_REF]. Multivariate analysis methods such as PCA can reduce the dimensionality of multidimensional space white retaining most of the original information in the data set. PCA operates by obtaining eigenvalues of the variance-covariance matrix (S) of the origin of data set and the eigenvectors. Calculation of the eigenvalues and eigenvectors can be accomplished readily via the singular value decomposition of S. The mean centered data matrix X is, therefore, reduced to the sum of a cross-product of two smaller matrixes, P and T, and a residual matrix, E, 39.6°, and 41.5°. These results indicate that the bulk powder of TeCP-DCPD mixture transforms into HAp, but very small amounts of DCPD (28=29 .2°) and TeCP (28=25.2°) are remained. Similar results were reported by Hayakawa et al. [START_REF] Hayakawa | Heterogeneous structure and in vitro degradation behavior of wet-chemically derived nanocrystalline silicon-containing hydroxyapatite particles[END_REF][START_REF] Otsuka | Effect of particle size of metastable calcium phosphates on mechanical strength of a nove!selfsetting bioactive calcium phosphate cernent[END_REF].

ATR-IR spectroscopy

Figure 2 shows the temporal change of corrected ATR-IR absorption spectra of the TeCP-DCPD mixture kneaded with phosphoric acid. The peaks in the ranges of 1500-1700 and of 2800-3800 cm-1 are due to free water in aqueous phase. The X = TPT +E [START_REF] Brown | Dental restorative cernent pastes[END_REF] spectra show characteristic peak shifts in the ranges of 2250where T is the matrix of the eigenvectors (loadings) and P is the matrix of scores. The cross-product of TPT contains most of the original variance in X This term (TPT) is the structured part of the data: the part that is most informative. The remain (E) represents the fraction of variation that cannot be modelled well [17]. As for the latter range, it is known that the absorption bands of HAp-related materials are, respectively, assigned to as follows [START_REF] Hsu | Metastable equilibrium solubility behavior of carbonated apatites[END_REF][START_REF] Rehman | Characterization of hydroxyapatite and carbonated apatite by photo acoustic FTIR spectroscopy[END_REF][START_REF] Legeros | HM (ed) Calcium phosphates in oral biology and medicine[END_REF]: the band at 3569 cm-1 to hydroxyl stretch and the bands at 962, 472, 976-1190, and 520-660 cm-1 to 'Yi, -v2, -v3, and -v4 vibrational modes of phosphate ions, respectively. At 5400 s after the kneading, the IR spectra of SSAC showed more characteristic peaks in the range of 850-1150 cm-1 , compared to at 0 s, due to phosphate ions.

Results and discussion

XRD analysis

The C03 -v3 broad peaks could faintly be seen in 1400-1550 cm-1 in this figure . It is known that C03 is contained in HAp products as an impurity. Such carbonated HAp is generally classified as A-type or B-type [24,25]. Carbonate ion is substituted with OH (type A) or P04 (type B) in HAp. Type A carbonate gives doublet bands at about 1545 and 1450 cm-1 (asymmetric stretching vibration, -v3) and 880 cm-1 (out-ofplane bending vibration, -v2); type B carbonate gives three bands at about 1455, 1410, and 875 cm-1 [START_REF] Otsuka | Chernometric evaluation of physicochernical properties of carbonated-apatitic preparations by Fourier transform infrared spectroscopy[END_REF][START_REF] Elliott | Infrared determination of the degree of substitution of hydroxyl by carbonate ions in human dental enamel[END_REF]. The C03 -v2 peaks could be seen faintly at 871 cm-1 in this figure. This result suggests that B-type carbonate HAp is produced in the present study.

Figure 3 shows the normalized ATR-IR spectra in the ranges of 2250-2400 and 850-1150 cm-1 • The spectral .. Wave number (cm • 1) change suggests that TeCP and DCPD in the raw cernent have transformed into HAp by the kneading. That is, the absorption peak by phosphate group shifts from 1058 cm-1 (HP04) to 1024 cm-i (P04), indicating the crystal transition to HAp from the raw cernent [START_REF] Otsuka | Effect of sodium bicarbonate amount on in vitro indomethacin release from self-setting carbonated-apatite cernent[END_REF]. The peaks at 2360 and 2340 cm-1 due to C02 did not shift, but their intensities changed in a complex manner in the course of the formation of HAp. This result will be discussed in later section.

Principal component analysis

The normalized absorbance in the ranges of 850--1150 and 2250-2400 cm-l (Fig. 3), which, respectively, correspond to C02 and phosphate group, is analyzed by PCA. In the present PCA computation, ATR-IR absorbance at each wavenumber is regarded as the variable. Total residual variances for PCA, which was based on the change of ATR-IR spectra during the cernent setting, were 4.14 and 1.20 % for PCl and PC2, respectively. Itis important to control the number of principal component (PC) in multivariate analysis such as PCA, because unsuitable number of PC may cause unclear results. In order to clarify HAp formation, the effect of PC number of explain pararneters should also be examined in detail. Ideally, simple models with minimal components, where the residual variance is ultimately zero, should be searched. The smaller total residual variance is, the more pieces of information in the variation can be explained. lf this is not the case, it means that there are considerable noises in the data and/or that the data structure is too complex to be accounted for with a small number of components [17]. The residual variance of multivariate analysis of ATR-IR spectra has not only a quantitative analytical result but also qualitative chemical information about the products. As described in the previous section, the normalized ATR-IR spectra have information regarding to C02 in the suspension and phosphate group in HAp. Number of PCs for PCA needs, therefore, to be at least two so as to Figure 4 shows the loadings of PCl and PC2 for PCA in the ranges of 850-1150 and 2250-2500 cm-l. PCl has significant peaks in the range of 2250-2400 cm-1 , but does not have in the range of 850-l 150 cm-1 . In contrast, PC2 has such peak in the range of 850-1150 cm-I,but does not have in the range of 2250-2400 cm-i.These results indicate that PCl and PC2, respectively, correspond to C02 and phosphate group.

Figure 5a, b shows the score profiles of PCl and PC2 in the ATR-TR spectral data matrix of each SSAC sample as a fonction of setting tllne. Since the spectra are absorption profiles following Lambert-Beer's law, the obtained scores of PCl and PC2 correspond to the concentrations of C02 and phosphate group, respectively. The score profiles of PCl (A) increased initially, reached to a maximum at around 1000 s, and then decreased. Although the variation of the scores is large between the samples, the tendencies are similar among them. Incontrast, the score of PC2 (B) increased sigmoidally.

Figure 6 shows the relationships between the scores of PCl and PC2 for the samples. Initially, the change of PC 1 is more significant than that of PC2. All profiles are similar in shape, but the variation in their values, especially in those of PC 1, are very large. The baseline shift in ATR-IR spectra, resulted from the differences in powder density, size distribution, and background humidity are considered to attribute to the variation.

PCA with score differentiate analysis

In order to eliminate the variations among samples, the scores were differentiated with respect to time. The information regarding to time are not reduced and still contained in the scores and their differential values. Figure 7a, b shows thus obtained differential scores of PCl and PC2, respectively. The time-differentiated PCl scores increased initially with time, reached maxima at 180 s, and then decreased to zero at around 1000 s. [START_REF] Miyamoto | In vivo setting behavior of fast-setting calcium phosphate cernent[END_REF] the crystallization rate still increases constantly. In the last stage, the concentration change rate of C02 slightly decreases to a negative value, and the HAp crystallization rate significantly decreases. From these results, C02 is considered to be not only the source of C03z-of carbonated HAp but also a catalyst for HAp formation. Referring to the report by Welch et al. [START_REF] Welch | Tracer studies with radioactive oxygen-15. Exchange between carbon dioxide and water[END_REF], chemical reaction between the calcium phosphates and C02 is considered to be expressed as follows:

Henry's law indicates that the partial pressure of C02 gas is proportional to C02 concentration in suspension (Eqs. 2 and 3). C02 concentration in atmospheric air is constant at 381 ppmv (=5.5 v/ v%).

C02 is ionized to col-(Eqs. [START_REF] Hong | The periapical tissue reactions to a calcium phosphate cernent in the teeth of monkeys[END_REF][START_REF] Constantz | Skeletal repair by in situ fonnation of the minerai phase ofbone[END_REF][START_REF] Hamada | Dissolution medium responsive sinwastatin release from biodegradable apatite cements and the therapeutic effect in osteoporosis rats[END_REF], the concentration of which is expressed in Eq. 7.

The reactions of Eqs. 2-4 and 6 are reversible. Fukase et al. [START_REF] Fukase | Setting reactions and compressive strength of calcium phosphate cements[END_REF] reported that the raw TeCP-DCPD cernent transformed into stoichiometric HAp as follows: Otsuka et al. [START_REF] Otsuka | Effect of C02 laser irradiation on surface hardness of self-setting hydroxyapatite cernent[END_REF] elucidated through their study employing FT-IR spectroscopy that an apatite cernent transformed into carbonated HAp while absorbing a small amount of carbonate ion; carbonate ion in the carbonated HAp could be removed by laser irradiation. Hsu et al. reported that the chemical formulation of B-type carbonated HAp in mammalian bone was [Ca10-xNax(P04)6_x(C03)x (OH)2] [START_REF] Hayakawa | Heterogeneous structure and in vitro degradation behavior of wet-chemically derived nanocrystalline silicon-containing hydroxyapatite particles[END_REF]. The present results indicate that the bulk powders of TeCP and DCPD irreversibly transformed into carbonated HAp in the presence of C02, after its being mixed with a kneading solution (Eq. 9). 2Cai(P04) 20

+ 2CaHP04•2H20 +xH+ +xCO---->Ca10-x(P04)6_)C03)x(OH)2-x

Conclusions

The HAp formation process from DCPD and TeCP suspension has been investigated by ATR-IR and chemoinformatics. The differentiated score is useful for understanding the complicated chemical reactions involved. The proposed approach is found useful for analyzing the rapid reaction such as the self-setting TeCP-DCPD apatite formation of the present study. The setting formation of SSAC consists of three stages, and C02 plays an important role for the transformation as a catalyst. We are studying on the polymorphie transformation of carbamazepine by the proposed approach and getting informative results. The results will be published elsewhere in the near future. + xeaz+ +xPO-+ (4 + x)H20
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Figure 1

 1 Figure 1 shows the powder X-ray difilactograms of SSAC, TeCP, equimolar mixture of DCPD and TeCP raw cernent, and DCPD; SSAC was prepared through kneading the TeCP-DCPD mixture (5.0 g) with 11.0 rnmol/L phosphoric acid (20.0 µL) for 1 day. The profile of SSAC shows broad peaks at 25.8°, 31.6°, and 32.7° that are characteristic of HAp. The profile of TeCP has distinct peaks at 25.2°, 27.8°, 28.1°, 29.1°, 29.6°, 31.0°, 32.1°, 33.8°, 35.3°, 36.1°, 38.6°, and 40.8°. That of DCPD does so at 11.5°, 20.8°, 23.3°, 29.2°, 30.4°, 34.0°,

Fig. 1 Fig. 2 Fig. 3

 123 Fig. 1 XRD profiles of apatite cernent before and after setting. MIXED equimolar mixture of TeCP and DCPD before the setting, SSAC selfsetting apatite cernent prepared through the kneading of MIXED (5 g) with 20.0 µL of 11.0 mmol/L phosphoric acid for 1 day

Fig. 4

 4 Fig. 4 Loading vectors PC! (left) and PC2 (right) for PCA

Fig. 5

 5 Fig. 5 Score profiles of PCl (a) and PC2 (b) for the ATR-IR spectral data matrix of each SSAC setting process

Fig. 6

 6 Fig. 6 Relationship between PCl and PC2 scores for each SSAC setting process. Arrow indicates the time course of the process

Figure 8

 8 shows the relationship between differentiated scores of PCl and PC2. It suggests that the transformation of SSAC consists of three major stages. In the first stage, the concentration change rate of C02 (corresponding to PCl) rapidly increases, and the recrystalli-where K;,1 means the apparent first dissociation constant of carbonate acid, taking C02 concentration into account. HCO}(aq):;:!:H+ (aq) + CO-(aq), pK a2 = 10.33 (6) [tt+J [co 2 -J zation relating to phosphate group vibration (corresponding to PC2) starts. In the second stage, the concentration change rate of C02 decreases with time, but K 2 = 3 = 4.7 x 10-11 mol/L a [HCO]J

Fig. 8

 8 Fig. 8 Relationship between differentiated PCl and PC2 scores for SSAC setting process. Horizontal and vertical bars indicate respective standard deviation (n=4)