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English

Fourier Transform Infrared (FTIR) spectroscopy and powder neutron diffraction (PND) were performed in human subchondral bone covered (C+) or not covered by cartilage (C-) to study hydroxyapatite . With FTIR, the carbonation rate was 30% with identical spectra in C+ and C-. With PND, the width of the diffraction peak (hkl=002) highlighted the anisotropy of nanocrystals (with needle and/or platelet-like shape) along the c-axis with average length of 50 nm and thickness of 10 nm and with no difference between C+ and C-.

Français

La spectroscopie infra-rouge à transformée de Fourier (FTIR) et la diffraction neutronique sur poudres (PND) ont été réalisées sur de l'os sous-chondral humain recouvert (C +) ou non recouvert par le cartilage (C) pour étudier l'hydroxy-apatite (HAP). En FTIR, le taux de carbonatation est de 30% avec des spectres identiques pour C + et C-. Avec PND, la largeur du pic de diffraction (hkl = 002) a mis en évidence l'anisotropie des nanocristaux (en forme aiguille et/ou de plaquettes) le long de l'axe c avec une longueur moyenne de 50 nm et une épaisseur de 10 nm sans différence entre C + et C-.
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Introduction

Osteoarthritis (OA) is characterized by the progressive destruction of articular cartilage and by changes in subchondral bone [1][2][3]. Radiographic evidence of hip OA is present in 5% of the population over the age of 65 years 4]. Sclerosis of the subchondral bone is regarded as one of the major radiologic features of OA 5]. There are strong interactions between the subchondral bone (beneath the cartilage) and cartilage. Indeed, it has been suggested that repetitive impact loading induces subchondral bone changes, resulting in a less compliant trabecular bone, which then transfers excessive mechanical stress to the overlying articular cartilage 6]. In a previous study, hip OA specimens were imaged by microcomputed tomography using synchrotron radiation (resolution=10 μm). Substantial morphological, connectivity and anisotropy changes in the subchondral bone of advanced OA were demonstrated when cartilage was missing compared with adjacent areas covered by normal cartilage 7]. Moreover, when the cartilage is normal, the microarchitecture characteristics of the underlying subchondral bone have been found to be close to those from the subchondral bone of the femoral head in patients with hip fracture 7]. In the same study, the degree-ofmineralization (based on grey level calibration from X-rays extracted from the synchrotron radiation) has been shown decreased in the subchondral areas where cartilage was lacking compared with adjacent areas covered by normal cartilage 7].

Bone is a complex composite [8][9][10][11][12][13], and it is a natural fiber-reinforced material. The apatite crystals considerably increase the strength and the stiffness of the material, and this chemical composition could change with age and maturity and in some pathological conditions 14]. Recently significant breakthroughs have been obtained regarding the intimate structure of bone [15][16][17][18]. For example, E. Davies et al. [19] have assessed the incorporation of citrate between mineral platelets. The peculiar localization of this small molecule can explain the flat, plate-like morphology of bone mineral platelets and may be important in controlling the crystallinity of bone mineral, which in turn, is highly relevant to the mechanical properties of bone.

Different approaches are available to study physiological and pathological calcifications which are generally both made of an intimate mixing of mineral and organic parts with a hierarchical structure [START_REF] Mann | Biomineralisation: Chemical and Biochemical 8 Perspectives[END_REF][START_REF] Bazin | [END_REF][START_REF]Handbook of Biomineralization[END_REF][START_REF] Bonucci | Biological Calcification, Normal and Pathological Processes in the Early Stages[END_REF][START_REF] Bazin | [END_REF][25] : direct morphological measurements using a microscopy approach, vibrational methods and diffraction methods. Finally, technics specific to large scale instruments such as X-ray absorption spectroscopy [26,27] can be used also in order to probe the local order around Ca [28][29][30][31][32][33][34] or trace elements such as Zn [35][36][37][38][39][40], Pb [41] or Sr [42][43][44][45][46].

Transmission electron microscope (TEM) [47-49] of dispersed crystals was found to involve direct measurement of crystal lengths and widths, but not thicknesses 50]. Atomic force microscopy (AFM) [51][52][53] was also used to assess the crystal size and morphology on bovine powdered bone samples 54]. Vibrational methods, are represented by Raman spectroscopy [55][56][57][58], Fourier transform infrared (FTIR) spectroscopy [59][60][61][62][63], and the derived imaging method (FTIR-I). In the FTIR spectrum, it was possible to examine the molecular structure and conformation of biological macromolecules because FTIR spectroscopy measures the absorption energy, which produced an increase in the vibrational and rotational energy of atoms or groups of atoms within a molecule 64-70]. The wavelengths of many IR absorption bands were characteristic of specific types of chemical bonds. The shifts in band intensities and positions were caused by changes in the environment of the molecule, enabling variations in these environments to be detected 71]. The IR spectrum of bone showed the presence of the major molecular species, including phosphate 3 (from the mineral hydroxyapatite) and carbonate (from carbonate substitution for hydroxyl and phosphate groups in hydroxyapatite) 71]. The FTIR method has been widely used to study bone fragility in osteoporosis 71]. In contrast, OA subchondral bone from the knee joint has been studied only one time in humans and was compared with normal trabecular bone harvested at the tibia 72].

The mostly used diffraction method is X-ray diffraction (XRD) and more rarely powder neutron diffraction (PND) 73-79], when small angle instrument are used for detection, the technique is called: small-angle scattering either by X-rays (SAXS) or by neutrons (SANS). With diffraction methods, the position and the intensity of the peaks are related to the spatial arrangement of the atoms and to the atomic weight. SAXS is sensitive to the electron density contrast between the mineral matrix and the organic matrix, and it provides information on the thickness, shape and orientation of the mineral crystals represented in bone by hydroxyapatite (HAP)(Ca 10 (P0 4 ) 6 (OH) 2 ) 80-83]. This technique was previously used to study mineral particle thickness in mineralized cartilage and adjacent bone 84,85] and in OA 86]. X-ray diffraction on powdered bone was used one time to compare bone from femoral heads of patients with OA or osteoporosis 87].

Neutron diffraction has been previously employed to study bovine cortical bone 88] and human anorganic cancellous bone 89]. In the long bone of humans, the c-axes of the hexagonal HAP crystals are preferentially oriented in the directions of the stresses 90], which coincides with the longitudinal fiber direction. SANS analysis has been used one time in hydrated bone to measure the spacing between collagen molecules in OA and osteoporosis (OP) specimens 91]. Neutrons interact with nuclei and yield information similar to SAXS results, but with a great sensitivity to light elements (H, C, O, and N) 79]. Neutron beams are very penetrating and non-destructive. The great penetrating power permits up to 1 cm sections of bone to be examined. To our knowledge, there are no data available about the qualitative changes of HAP crystals in the OA subchondral bone as assessed by PND.

The aim of this study was to evaluate HAP changes in subchondral trabecular bone from human femoral heads in relation to OA without homogenizing the bone samples. For this purpose, from the same individuals, areas with full thickness loss of the cartilage (considered to be as the latest stage of the disease) were compared with subchondral trabecular bone in areas surrounded by the normal cartilage (considered to be normal bone). For that, the following techniques were using: FTIR spectroscopy and PND.

Materials and Methods

The subchondral bone specimens were harvested from femoral heads removed during arthroplasty in 4 OA cases in females patients (orthopedic surgery department of Centre Hospitalier d'Orléans) (mean age: 73±9 years). The ethical approval for collection of the samples was given by the Human Ethics Committee of Inserm. These patients had no evidence of congenital or acquired dysplasia or avascular necrosis and no obvious history of bisphosphonate or fluoride use. In each "osteoarthritic" femoral head, 2 subchondral bone cores were obtained: one without cartilage (C-) and the other covered with normal cartilage (C+) and located at the inferior pole. Cylindrical cores of subchondral bone 10 mm in height and 7 mm in diameter were prepared using a precision diamond trephine. All of the samples were harvested perpendicularly to the surface (consequently, perpendicular to the compressive stress) and included the subchondral trabecular bone immediately under the cartilage and the subchondral cortical bone layer. They were chemically defatted (one cycle of submerging in diluted bleach (3.6°) and several cycles in dichloromethane) in order to remove the bone marrow and fat rich in hydrogen, which lower the neutron signal-to-noise ratio.
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For FTIR spectroscopy, fragments of the sample were the crushed particles sieved before making the, KBr pellets and analyzed with a Brucker® IFS25 spectrometer as previously described [92]. Data were collected in the absorption mode between 4000 and 400 cm -1 with a resolution of 4 cm -1 . The carbonate ratio (CR) of HAP was defined as the ratio between the intensity of the ν 2 ν 3 bands of carbonate ions at 870 cm -1 and 1420 cm -1 , respectively, and the intensity of the ν 3 ν 4 bands of phosphate ions at 1035 cm -1 and 604 cm -1 , respectively.

The neutron diffraction diagrams were collected on the G4.1 two-axis multidetector powder diffractometer [93] installed on a cold-source beamline of the Orphée reactor (Saclay, France). This beamline was equipped with a two-axis powder diffractometer, with a verticalfocusing pyrolytic graphite monochromator and an 800-cell multidetector covering an 80° 2 range (step 0.1° between 2 cells). Neutron diffraction patterns were collected at room temperature between 7 and 87° using a wavelength of 2.4226 Å, with an acquisition time of a few hours, depending on the samples. The entire cylindrical sample was studied. This particular experimental setup offered the opportunity to determine the average size of nanocrystals in the range between 5 and 200 nm with the experimental protocol presented in (Fig. 1). The mean size of the crystals for each sample was calculated using the FullProf program [94,95]. 

Results

The carbonation rate was 30% with identical spectra in subchondral bone in C-and C+. The intensity of the signal was less pronounced in samples without cartilage compared with samples covered by cartilage from the same individual with typical FTIR spectra shown in (Fig. 2). The crystals were nanometer sized and the width of the diffraction peak (hkl=002) was smaller than the width of the other diffraction peaks, highlighting the anisotropy of the nanocrystals of all of these compounds (needle and/or platelet-like morphology) along the c-axis. The average length of the crystals was 50 nm, and the average thickness was 10 nm. 6 There were no differences in the diffraction patterns between C-and C+ areas with typical diffraction patterns shown in (Fig. 3).

Discussion

The present study demonstrated that the crystal morphology and carbonate ratios of HAP in subchondral bone were not modified by the overlying cartilage alteration in OA. The average length of the crystal plates found in this study (50 nm) was the same as that found in literature by various techniques 96]. The thicknesses of mineralites (10 nm) were considered as being small mineralites 14]. FTIR methods are easy to employ and are the most frequently used. In contrast, PND was rarely used because it requires a nuclear reactor.

With the FTIR method, in all cases, the signal intensity was less pronounced in samples without cartilage compared with samples covered by cartilage from the same individuals, probably due to a lower quantity of mineral in region not covered by cartilage. These results are in accordance with our previous results: the local mineralization has been measured with monochromatic X-rays extracted from the synchrotron radiation and has been found to be decreased in areas without cartilage, which is related to a high remodeling rate 7]. The KBr technique has the advantage of being very simple; however, it is not possible to study the spatial arrangement of the sample as is possible with FTIR-I 71]. The absorbance bands for the vibration of protein amide bonds (Amide I, Amide II, Amide III) were not assessed because their IR spectra are usually concentrated in a very narrow range from 1200 to 1700 cm -1 . Moreover, the absorbance signal from protein is very low compared with phosphates.

The large spectrum range that we covered was between 500 cm -1 and 1400 cm -1 with a 4 cm -1 resolution and does not allow this specific analysis. The most interesting part that it is shown in the Fig. 2 ranges from 2000 to 700 cm -1 , the section from 2000 to 4000 cm -1 presents low signal to noise ratio and consequently is less contributory even for proteins. Using the SANS method, Skakle et al. used defatted bone from human femoral heads in OA and osteoporotic (OP) patients and one sample from the tibial cortex 91]. While the compressive trabeculae were positioned vertically in the beam, the intensity of the peaks was less pronounced in trabecular bone than that in cortical bone. The authors interpreted this result as the possibility that the longitudinal alignment of collagen fiber is less marked in trabecular bone compared with cortical bone 91]. They described also lateral spacing of collagen fibers alignment in trabecular bone between 12.53Å for OA specimens and 12.33Å for OP specimens 91]. Using scanning SAXS, Zizak et al. showed that the mineral particle thickness in mineralized cartilage did not differ from bone and that mineral particles were oriented perpendicularly to the interface in the mineralized cartilage and paralleled the main collagen orientation in bone 84]. The crystallite size of the mineral was measured using Xray diffraction in femoral head samples from OP and OA people, and no difference was observed 87].

Using both vibrational and diffraction methods, Camacho et al. found that with bone maturation, the crystal thickness increased and the crystals were better aligned, had less surface carbonate, and had more carbonate substituted for hydroxyl groups 82]. Moreover, in trabecular bone, HAP crystals were larger and were oriented to a larger degree than in cortical bone 82].

In normal human cortical and trabecular bone, the crystal size had dimensions ranging from 5 to 60 nm. The crystallites became larger with age, and larger crystals tended to reduce the stiffness of the bone 14]. However, the crystal size could depend on the sample preparation rather than the pathology itself 14]. In the present study, the only difference 7 between samples was the presence or not of cartilage; consequently, the sample preparation could not influence the crystal size.

The main advantage of PND is the minimal sample preparation required due to the high penetration rate of neutrons, making it possible to explore the entire sample. For example, in Lui's study, to obtain SAXS results, they had to prepare 200-micron sections from embedded blocks 96]. We focused our measurements on a similar volume (one centimeter in height) to that used in our previous study in which the microarchitectural changes of subchondral bone in the later stage of OA were described 7].

It may be interesting in future works to provide a more refined analysis based on the distance from the cartilage and to reduce the incoherent scattering in neutron diffraction. To do so, it would be necessary to remove all proteins.

Conclusion

The present study concludes that there are no ultra-structural changes in HAP in subchondral bone depending on the state of the underlying cartilage. The variations in biomechanical characteristics are probably mostly due to the microarchitectural and the degree-ofmineralization changes.
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 1 Figure 1: Details of the experimental setup for the Fourier transform infrared spectroscopy analysis and the neutron diffraction experiment.

Figure 2 :

 2 Figure 2: Fourier transform infrared spectra of bones, with the contributions of PO 4 -and CO 3 2pointed out. Samples with cartilage are solid lines (OAC+), and samples without cartilage are dotted lines (OAC-).

Figure 3 :

 3 Figure 3: Neutron diffraction diagrams. (A) The blue diagram corresponds to subchondral bone surrounded by cartilage, and the red and green diagrams correspond to subchondral bone without cartilage. (B) Diffraction model of the red diagram.
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