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Human dentin characteristics of patients with osteogenesis imperfecta: insights into collagen-based biomaterials
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Osteogenesis imperfecta (OI), also known as "brittle bone disease", is a rare genetic disorder of the skeleton, whose most benign form I corresponds to autosomal dominant mutations in the genes encoding type I collagen (COLA1, COLA2). Several associated skeletal manifestations are often observed but, surprisingly, while dentin defects often reflect genetic bone disorders, about half of OI patients have no obvious oral manifestations. Here, we investigated the collagen, mineral and mechanical properties of dentin from deciduous teeth collected from patients with mild form of OI and displaying no obvious clinical signs of dentinogenesis imperfecta. For the first time, an increase in the hardness of OI dentin associated with an increase in mineral content compared to healthy patients was reported. In addition, OI altered the tissue characteristics of the dentin-enamel junction but the interfacial gradient was preserved. The impact of changes in molecular structure due to mutations in OI was assessed by Raman microspectroscopy. Our results highlighted a change in the hydroxyproline-proline ratio in direct association with collagen mineralization. Our findings suggest that the evaluation of teeth could be an important aid for mild types of OI that are often difficult to diagnose clinically and provide experimental evidence that hydroxyproline content should be considered in future studies on collagen-based biomaterials.

Introduction

Osteogenesis imperfecta (OI), also known as « brittle bone disease », is a fairly common rare genetic skeletal disorder estimated to affect about 1/13,500-15,000 births [START_REF] Lindahl | Genetic epidemiology, prevalence, and genotype-phenotype correlations in the Swedish population with osteogenesis imperfecta[END_REF][START_REF] Mortier | Nosology and classification of genetic skeletal disorders: 2019 revision[END_REF].The best known classification of OI is given by Sillence, who divided OI cases into four types as early as 1979 [START_REF] Sillence | Genetic heterogeneity in osteogenesis imperfecta[END_REF]. In this classification, type I corresponds to the mildest form, type II to the perinatal lethal form, type III to the most severe form compatible with life, and type IV is an intermediate group. This classification covers 85-90% of OI patients and corresponds to autosomal dominant mutations in the genes encoding type I collagen (COL1A1 and COL1A2). Although this classification is still widely used, several types have been added since 2006, when the first OI recessive gene was identified [START_REF] Barnes | Deficiency of cartilage-associated protein in recessive lethal osteogenesis imperfecta[END_REF][START_REF] Morello | CRTAP Is Required for Prolyl 3-Hydroxylation and Mutations Cause Recessive Osteogenesis Imperfecta[END_REF]. Over the last ten years, the Sillence classification, which was initially phenotypically based, now includes more than sixteen different types and this number is constantly increasing with new genes discovery [START_REF] Mortier | Nosology and classification of genetic skeletal disorders: 2019 revision[END_REF]. Recently, Forlino et al. [START_REF] Forlino | Osteogenesis imperfecta[END_REF] proposed a classification into five groups based on the metabolic pathways compromised, especially those related to collagen formation, assembly and mineralization.

Consequently, there is a wide variety of clinical manifestations due to OI. Indeed, collagen is the most abundant protein in the human body and type I collagen is by far the predominant type found in connective tissue. The first clinical signs of OI are often the frequency of bone fractures in children, but at the bone-whole scale effects may include short stature and progressive skeletal deformities [START_REF] Glorieux | Osteogenesis imperfecta[END_REF][START_REF] Pazzaglia | The Long Bone Deformity of Osteogenesis Imperfecta III: Analysis of Structural Changes Carried Out with Scanning Electron Microscopic Morphometry[END_REF]. Several other manifestations such as blue sclera [START_REF] Sillence | Natural history of blue sclerae in osteogenesis imperfecta[END_REF], dentinogenesis imperfecta [START_REF] Barron | Hereditary dentine disorders: dentinogenesis imperfecta and dentine dysplasia[END_REF][START_REF] Biria | Dentinogenesis imperfecta associated with osteogenesis imperfecta[END_REF][START_REF] Ibrahim | Phenotypic Properties of Collagen in Dentinogenesis Imperfecta Associated with Osteogenesis Imperfecta[END_REF], joint laxity [START_REF] Mckiernan | Musculoskeletal manifestations of mild osteogenesis imperfecta in the adult[END_REF], hearing loss [START_REF] Swinnen | Osteogenesis imperfecta: the audiological phenotype lacks correlation with the genotype[END_REF], and often respiratory symptoms may be observed [START_REF] Folkestad | Mortality and Causes of Death in Patients With Osteogenesis Imperfecta: A Register-Based Nationwide Cohort Study[END_REF]. More details about the manifestations of OI and treatments based on orthopaedic surgery or bisphosphonates administration can be found in previous publications [START_REF] Shapiro | Osteogenesis Imperfecta: A Translational Approach to Brittle Bone Disease[END_REF][START_REF] Tournis | Osteogenesis imperfecta -A clinical update[END_REF].

At microscopic scale, i.e. tissue scale, large majority of studies performed on OI human bones or OI murine models show an increased mineral content associated with a decreased organic matrix. The crystal size is smaller with a less well organized orientation [START_REF] Boskey | Chapter 4 -Mineralized Tissue: Histology, Biology and Biochemistry[END_REF][START_REF] Fratzl | Bone mineralization in an osteogenesis imperfecta mouse model studied by small-angle x-ray scattering[END_REF][START_REF] Imbert | Mechanical and mineral properties of osteogenesis imperfecta human bones at the tissue level[END_REF], mechanical properties decreased [START_REF] Imbert | Microstructure and compressive mechanical properties of cortical bone in children with osteogenesis imperfecta treated with bisphosphonates compared with healthy children[END_REF] and more pronounced heterogeneity in collagen diameter fibrils is observed [START_REF] Cassella | A Morphometric analysis of osteoid collagen fibril diameter in osteogenesis imperfecta[END_REF]. The discovery of numerous recessive OI mutations in various genes [START_REF] Mortier | Nosology and classification of genetic skeletal disorders: 2019 revision[END_REF], such as SERPINF1 [START_REF] Becker | Exome sequencing identifies truncating mutations in human SERPINF1 in autosomal-recessive osteogenesis imperfecta[END_REF][START_REF] Glorieux | Osteogenesis Imperfecta Type VI: A Form of Brittle Bone Disease with a Mineralization Defect[END_REF], CRTAP [START_REF] Barnes | Deficiency of cartilage-associated protein in recessive lethal osteogenesis imperfecta[END_REF][START_REF] Bi | Correlations Between Bone Mechanical Properties and Bone Composition Parameters in Mouse Models of Dominant and Recessive Osteogenesis Imperfecta and the Response to Anti-TGF-β Treatment[END_REF][START_REF] Grafe | Excessive transforming growth factor-β signaling is a common mechanism in osteogenesis imperfecta[END_REF], or P3H1 encoding prolyl 3-hydroxylase 1 [START_REF] Cabral | Prolyl 3-hydroxylase 1 deficiency causes a recessive metabolic bone disorder resembling lethal/severe osteogenesis imperfecta[END_REF][START_REF] Fratzl-Zelman | Non-Lethal Type VIII Osteogenesis Imperfecta Has Elevated Bone Matrix Mineralization[END_REF], has open new potential therapeutic targets. However, the knowledge about how these mutations impact the interactions between collagen fibres and hydroxyapatite crystals at the molecular scale is not fully understood. Indeed, collagen biosynthesis and mineralization is probably one of the most complicated biological processes. The specific structure of the triple helix conformation of type I fibrillar collagen is characterized by a repeating motif X-Y-Gly amino sequence, with glycine (Gly) in third position being a requirement and the most abundant residues at the X and Y sites being proline (Pro) and hydroxyproline (Hyp), respectively [START_REF] Shoulders | Collagen structure and stability[END_REF]. In the Pro-Hyp-Gly motif, hydroxyproline is usually in second position allowing the stabilization of the triple helix but many studies are working on several defective genes involved in the stabilization process. Over the last decade, numerous studies have been carried out on the collagen mechanical properties at the nanoscale, analysing in particular the behaviour of fibrils and fibril-fibril interactions [START_REF] Alexander | The nanometre-scale physiology of bone: steric modelling and scanning transmission electron microscopy of collagen-mineral structure[END_REF][START_REF] Fantner | Sacrificial bonds and hidden length dissipate energy as mineralized fibrils separate during bone fracture[END_REF][START_REF] Maghsoudi-Ganjeh | Computational investigation of the effect of water on the nanomechanical behavior of bone[END_REF][START_REF] Nair | Molecular mechanics of mineralized collagen fibrils in bone[END_REF]. Knowledge of behaviour at the nanoscale is particularly relevant for OI, where glycine substitution in the triple helix is known to be one of the most common mutations whose clinical forms are classically observed [START_REF] Beck | Destabilization of osteogenesis imperfecta collagen-like model peptides correlates with the identity of the residue replacing glycine[END_REF][START_REF] Marini | Consortium for osteogenesis imperfecta mutations in the helical domain of type I collagen: regions rich in lethal mutations align with collagen binding sites for integrins and proteoglycans[END_REF]. Molecular or coarse grain simulations [START_REF] Chang | Structural and Mechanical Differences between Collagen Homo-and Heterotrimers: Relevance for the Molecular Origin of Brittle Bone Disease[END_REF][START_REF] Gautieri | Molecular and Mesoscale Mechanisms of Osteogenesis Imperfecta Disease in Collagen Fibrils[END_REF][START_REF] Gautieri | Single molecule effects of osteogenesis imperfecta mutations in tropocollagen protein domains[END_REF][START_REF] Gautieri | Osteogenesis imperfecta mutations lead to local tropocollagen unfolding and disruption of H-bond network[END_REF][START_REF] Yeo | Multiscale modeling of keratin, collagen, elastin and related human diseases: Perspectives from atomistic to coarse-grained molecular dynamics simulations[END_REF] of glycine substitution have shown that the mechanical behaviour of collagen fibrils is strongly modified and that a single point mutation leading to a helical perturbation affects several length scales. Similarly, the most common post-translational modification of proline in hydroxyproline has recently been studied at the nanoscale using molecular dynamics simulations [START_REF] Ghanaeian | Mechanical elasticity of proline-rich and hydroxyproline-rich collagen-like triple-helices studied using steered molecular dynamics[END_REF], showing that proline-rich collagens have higher stiffness and Young's modulus than hydroxyproline-rich collagens.

All these studies point out the spectacular advances in the understanding of this rare disorder. However, while techniques are now mature to access mechanical properties, crystal quality or posttranslational modification of tissues [START_REF] Unal | Assessing glycation-mediated changes in human cortical bone with Raman spectroscopy[END_REF], data on human tissues in the literature remain weak. In addition, human samples are often bone fragments obtained during orthopaedic bone alignment surgery, often treated with bisphosphonates that can cause modifications [START_REF] Olejnik | Doses effects of zoledronic acid on mineral apatite and collagen quality of newly-formed bone in the rat's calvaria defect[END_REF]. Due to its accessibility, several studies [START_REF] Ibrahim | Phenotypic Properties of Collagen in Dentinogenesis Imperfecta Associated with Osteogenesis Imperfecta[END_REF][START_REF] Lygidakis | Scanning electron microscopy of teeth in osteogenesis imperfecta type I[END_REF] have been performed on dentin from teeth with or without OI, revealing microstructural and mechanical changes. However, these results need to be reinforced, in particular on deciduous teeth that have been mineralized prior to initiation of bisphosphonate treatment.

The major oral manifestation of OI is altered dentin formation (dentinogenesis imperfecta), manifesting by discoloration of the dentition, brittle teeth prone to early and severe attrition, bulbous crowns and early obliteration of the pulp in both dentitions [START_REF] Vital | Tooth dentin defects reflect genetic disorders affecting bone mineralization[END_REF]. Dentin is very similar to bone in terms of the composition of the extracellular matrix, which is secreted by odontoblasts and osteoblasts, respectively. Hence, dentin consists of a mainly type I collagen organic matrix embedded in hydroxyapatite crystals [START_REF] Butler | Dentin extracellular matrix (ECM) proteins: comparison to bone ECM and contribution to dynamics of dentinogenesis[END_REF]. However, unlike bone, dentin is not remodelled and is not involved in the regulation of the calcium and phosphate metabolism. Surprisingly, while dentin defects reflect genetic disorders affecting bone mineralisation [START_REF] Vital | Tooth dentin defects reflect genetic disorders affecting bone mineralization[END_REF], about one half of the patients with OI show no obvious oral manifestations. Here, we raise the hypothesis that OI patients without oral manifestations still display a modification of dentin (subclinical dentinogenesis imperfecta), in terms of collagen, minerals and mechanical properties and that the investigation of these defects may aid in the diagnosis of mild osteogenesis imperfecta.

Materials and methods

Samples and preparation

Teeth were extracted from control individuals and patients with OI. None of the donors included in the present study had clinical signs of dentinogenesis imperfecta. The OI group consisted of six deciduous teeth from four patients with mild type OI. The control group consisted of eight deciduous teeth from six healthy donors of the same sex and age. Clinical data about the OI patients are provided in Table 1. All the teeth were acquired with the informed consent of the patients and parents, in accordance with the ethical guidelines laid down by French law (agreement IRB 00006477 and n° DC-2009-927, Cellule Bioéthique DGRI/A5). The whole teeth were gently cleaned with tap water and stored dry at -20°C until their analysis. For each sample, buccolingual sections 3 mm thick in the centre of the tooth were prepared as follows. The specimens were polished on sandpaper (#1200) to obtain plano-parallel surfaces, then polished with 1-μm diamond powder and rinsed in an ultrasonic bath. The diagnostic criterion of DI was performed using radiology and optical images.

Representative optical images of dentin from OI sample without DI, DI sample and control sample are given in supplementary materials (Supplemental Figure). For each sample, as soon as the surface preparation was completed, the samples were directly analyzed by nanoindentation followed immediately by Raman microspectroscopy acquisitions. 

Nanoindentation

The mechanical properties of the dentin were obtained using a commercial nanoindenter (Agilent Nanoindenter G200, ScienTec, Les Ulis, France) following previously published protocols [START_REF] Imbert | Mechanical and mineral properties of osteogenesis imperfecta human bones at the tissue level[END_REF][START_REF] Pragnère | Mechanical alterations of the bone-cartilage unit in a rabbit model of early osteoarthrosis[END_REF]. Fused silica was used to calibrate the contact surface of the Berkovich diamond tip. Two zones of interest were defined within the dentin (Figure 1): an outer zone near the dentin-enamel junction (DEJ) and a middle zone in the centre of the dentin, referred to External (Ext) and Middle (Mid) in the following of the study, respectively. Six measurement points were taken in each area of the sample. The location of each indentation was manually set on a line parallel to the DEJ in the outer areas and on a grid of points in the middle area. A minimum spacing of 200 µm between each point was imposed. A conventional constant strain rate of 0.05 s -1 and a maximum depth of 2μm were used.

The material was assumed to be linear, elastic and isotropic and the classical Oliver and Pharr method was used in the study [START_REF] Oliver | An improved technique for determining hardness and elastic modulus using load and displacement sensing indentation experiments[END_REF]. The Poisson's ratio was assumed to be 0.3 [START_REF] Kinney | Hardness and Young's modulus of human peritubular and intertubular dentine[END_REF][START_REF] Ziskind | Young's modulus of peritubular and intertubular human dentin by nano-indentation tests[END_REF]. Young's modulus and contact hardness for each indentation point was averaged over the 800-1800 nm depth plateau obtained from continuous stiffness measurement (CSM). 

Raman microspectroscopy

Raman spectroscopy (LabRAM HR 800, Horiba Jobin Yvon, Villeneuve d'Ascq, France) was performed on the same sample surface as that used for nanoindentation according to a previously published protocol [START_REF] Imbert | Mechanical and mineral properties of osteogenesis imperfecta human bones at the tissue level[END_REF]. This technique uses Raman diffusion (inelastic) to obtain information on the composition of the material. A monochromatic laser is used to excite the molecules in the sample.

The difference between the energy of the incident and emitted light produces a spectrum that provides information about the molecules present within the sample [START_REF] Bosser | Raman Spectroscopy as a Biomarker-Investigative Tool in Bone Metabolism[END_REF].

Figure 2 shows a typical spectrum for a control tooth. A 785 nm laser was used to excite the molecule in the material. The 50x objective and 0.75 numerical aperture produced a laser spot approximately 2 μm in diameter on the sample. Acquisitions were made over the spectral range from 350 cm -1 to 1750 cm -1 , with an integration time of 60 s and one accumulation. Four spectra were acquired for each point, and 3 points in each area close to the nanoindentation points were measured for each of the samples. The Raman spectra were acquired at a point below the surface where the intensity of the phosphate peak at 961 cm -1 was maximum. LabSpec software (Horiba Jobin Yvon, Villeneuve d'Ascq, France) was used to despike the spectra. A custom Matlab routine (version R2016a, MathWorks, Natick, MA, USA) was applied on each of the four spectra per point to subtract background. The four spectra were then averaged and deconvolution was performed to compute peak intensity and position of the band of interest.

Figure 2: Typical Raman spectra for a control dentin obtained after background substraction, averaging of the 4 spectra and smoothing. The peak at 961 cm -1 corresponds to phosphate, the peak at 1075 cm -1 corresponds to carbonate, the peak at 853cm -1 corresponds to proline, the peak at 875cm -1 corresponds to hydroxyproline and the peak at 1667 cm -1 corresponds to Amide I.

Four maximum intensity ratios were calculated from the spectra (Figure 2), i) the mineral-to-matrix ratio (MMR), describing the mineral content compared to the collagen matrix, was calculated in two different ways : the ratio between the maximum intensities of ν1PO4 (961 cm -1 ) and Amide I (1667 cm-1 ), referred to as MMR Amide I, and the ratio between the maximum intensities of ν1PO4 (961 cm - ) and Proline (853 cm -1 ), referred to as MMR Proline, in the following of the study ; ii) the carbonateto-phosphate ratio, as the ratio between CO3-B (1075 cm -1 ) and ν1PO4 (961 cm -1 ), which indicates the rate of substitution of phosphate by carbonate in the B-mode; and iii) the hydroxyproline-to-proline ratio (875 cm -1 to 853 cm -1 ) which reflects the post-translational modifications of the collagen obtained by deconvolution process [START_REF] Unal | Assessing glycation-mediated changes in human cortical bone with Raman spectroscopy[END_REF]. The deconvolution parameters were identical for OI group and control group. Crystallinity, which corresponds to the inverse of the full width at half the ν1PO4 peak (961 cm -1 ), and the wavenumber shift of the hydroxyproline band were also studied [START_REF] Chatzipanagis | In situ mechanical and molecular investigations of collagen/apatite biomimetic composites combining Raman spectroscopy and stress-strain analysis[END_REF][START_REF] Yerramshetty | The associations between mineral crystallinity and the mechanical properties of human cortical bone[END_REF].

Statistical analysis

Statistical analysis was performed using R software (R Foundation for Statistical Computing, Vienna, Austria). Mann-Whitney tests were used to assess the significant differences between mechanical properties and biochemical composition of the control (n=8) and OI (n=6) groups. To assess the effect of the zone, mechanical and biochemical values of the external and middle zones were compared by Wilcoxon test for paired samples. The level of significance for all analyses corresponded to an α-risk of 5%. p-values were corrected for multiple comparisons by the Benjamini-Hochberg method. Linear correlations between hardness and mineral-to-matrix ratio or between hydroxyproline-to-proline ratio and mineral-to-matrix ratio were evaluated by Spearman's correlation test.

3 Results

Mechanical properties

From a mechanical point of view, we analyzed two parameters: hardness and Young's modulus. Particular attention was paid to the hardness of this brittle material which is related to the yield strength and the occurrence of fractures. Figure 3 shows the average hardness measured by nanoindentation in the external and middle zone for the control and OI groups. The mean (S.D) values of the hardness in the external zone were 0.76 (0.05) GPa and 0.98 (0.08) GPa for the control and OI groups, respectively. In the middle zone, the mean hardness values (S.D) for the control and OI groups were 0.84 (0.05) GPa and 1.08 (0.04) GPa, respectively. The mean hardness was then significantly lower for both external zone and middle zone (p =7 10 -4 and p =1 10 -3 , respectively) for the control group than for the OI group.

Young's modulus showed similar trends with significantly lower values in the control group than in the OI group (data not shown). 

Collagen and mineral properties

The different data measured by Raman microspectroscopy and described earlier in the paragraph "Material and methods" are given in figure 4 for the OI and control groups, measured in the middle and external areas. Figures A andB show the quality of the mineral through analysis of crystallinity and carbonate substitution rate, respectively. There was a trend of higher crystallinity from 0.059 (0.001) to 0.060 (0.001) (from 0.063 (0.002) to 0.064 (0.001), respectively) and a lower carbonate substitution rate from 0.125 (0.009) to 0.125 (0.004) (from 0.127 (0.007) to 0.125 (0.002), respectively) for the OI dentin samples in the middle zone (in the external zone, respectively)

The mean (S.D.) values of the mineral-to-matrix ratio (MMR Amide I) in the external zone, for the control and OI groups were 18.07 (1.64) and 22.43 (1.68), respectively (Figure 4C). The mean (S.D.) values of the mineral-to-matrix ratio in the middle zone for the control and OI groups were 28.13 (3.71) and 21.68 (2.92), respectively. The mineral-to-matrix ratio was significantly higher (p = 7 10 -4 ) in the external zone (p= 5 10 -3 in the middle zone, respectively) for the OI group than for the control group.

The mean (S.D.) values of the mineral-to-matrix ratio (MMR Proline) in the external zone for the control and OI groups were 13.51 (0.58) and 17.59 (1.52), respectively (Figure 4D). The mean (S.D.) values of the mineral-to-matrix ratio in the middle zone for control and OI groups were 16.26 (1.70) and 24.5 (2.98), respectively. The mineral-to-matrix ratio was significantly higher (p = 7 10 -4 ) in the external zone (p= 1 10 -3 in the middle zone, respectively) for the OI group than for the control group.

The same results were obtained on hydroxyproline-to-proline ratio, given on figure 4E. The mean (S.D.) values of the hydroxyproline-to-proline ratio in the external zone for the control and OI groups were 0.81 (0.02) and 0.91 (0.07), respectively. The mean (S.D.) values of the hydroxyproline-toproline ratio in the middle zone for the control and OI groups were 0.94 (0.03) and 1.12 (0.10), respectively. The hydroxyproline-to-proline ratio was significantly higher (p = 4 10 -3 ) in the external zone (p= 1 10 -3 in the middle zone, respectively) for the OI group than for the control group.

The mean (S.D.) values of the hydroxyproline band wavenumber in the external for the control and OI groups were 878.53 (0.29) cm -1 and 879.30 (1.00) cm -1 , respectively (Figure 4F). The mean (S.D.) values of the of the hydroxyproline band wavenumber in the middle zone for control and OI groups were 879.37 (0.48) cm -1 and 880.43 (0.45) cm -1 , respectively. The positive shift in hydroxyproline band wavenumber for the OI group was significant (p = 3 10 -2 ) in the external zone (p = 2 10 -3 in the middle zone, respectively) compared to the control group.

Finally, for both the control and OI groups, the crystallinity values measured in the middle zone were lower compared to external zone while the MMR Proline values, the MMR Amide I values and the hydroxyproline-to-proline ratio values measured in the middle zone were greater compared to the external zone. A positive shift in hydroxyproline band wavenumber between the external and middle zones was also recorded.

Hydroxyproline-to-proline ratio analysis

To highlight the difference in hydroxyproline-to-proline ratio all Raman spectra in the 800-900cm -1 range, including hydroxyproline and proline peaks, are given in Figure 5A in the middle zone. A strong difference was observed between the control spectra, in light grey, and the OI spectra, dotted line in dark grey. In particular, all control spectra were higher than the OI spectra. In terms of relative intensity, for each spectrum, the difference between the proline peak at 853 cm -1 and the hydroxyproline peak at 875 cm -1 was less pronounced in the OI group than in the control group. The effect of pathology on the hydroxyproline-to-proline ratio is clearly revealed by the average of all the OI and control spectra (Figure 5B) which shows the tightness between the proline and hydroxyproline intensity peaks in the OI group.

Figure 5: Raman spectra of the range 800-900cm -1 show that the hydroxyproline-to-proline ratio is higher in the OI group than in the control group. A: Spectra in the range 800-900cm -1 of all the teeth in the middle zone (OI and control group). B: Average spectra of OI and control group in the range 800-900cm -1 for the middle zone.

Correlations between mineral to matrix ratios and mechanical properties

Linear correlations between hardness and mineral to matrix ratio (MMR Amide I and MMR Proline) values, measured for all individuals in several areas, were investigated. For external zone (respectively middle zone), these parameters are linearly correlated with a reasonably high correlation coefficient; r = 0.84, p = 1.5 10 -4 for MMR Proline and r = 0.7, p = 5 10 -3 for MMR Amide I (respectively, r = 0.83, p = 2.8 10 -4 for MMR Proline and r = 0.64, p = 1 10 -2 for MMR Amide I). Figure 6 also shows a reasonably high correlation coefficient; r = 0.70, p = 6 10 -5 for MMR Amide I and r = 0.84, p = 1 10 -6 for MMR Proline, when considering all measurements. This result indicates that an increase in mineral to matrix ratios leads to an increase in hardness, regardless of the individuals and zones (OI, control, external and middle zone).

Figure 6: Linear correlation between mineral-to-matrix ratio (MMR) and hardness (H). A: MMR Amide I and hardness. B: MMR Proline and hardness.

Correlations between mineral to matrix ratios and hydroxyproline-to-proline ratio

The linear correlations between the values of mineral to matrix ratio (MMR Amide I and MMR Proline) and hydroxyproline-to-proline ratio were examined for the OI and control individuals (Figure 7). These parameters clearly correlate linearly with a reasonably high correlation coefficient (r =0.82 p =10 -6 for MMR Amide I, r = 0.85, p = 10 -6 for MMR Proline). This result indicates a positive relationship between the mineral-to-matrix ratio and the hydroxyproline-to-proline ratio, whatever individuals and areas (OI, Control, External and Middle).

Figure 7: Linear correlation between mineral-to-matrix ratio (MMR) and hydroxyproline-to-proline ratio. A: MMR Amide I and hydroxyproline-to-proline ratio. B: MMR Proline and hydroxyproline-to-proline ratio.

Discussion and conclusions

The mechanical properties, especially hardness, of healthy human dentin are well known in the literature [START_REF] Ziskind | Young's modulus of peritubular and intertubular human dentin by nano-indentation tests[END_REF][START_REF] Kinney | The importance of intrafibrillar mineralization of collagen on the mechanical properties of dentin[END_REF][START_REF] Kinney | The mechanical properties of human dentin: a critical review and re-evaluation of the dental literature[END_REF][START_REF] Montoya | Effect of aging on the microstructure, hardness and chemical composition of dentin[END_REF][START_REF] Zhang | Review of research on the mechanical properties of the human tooth[END_REF]. In the present study, the results are in good agreement with these data with a mean value of dentin hardness in the middle zone close to 1 (0.98 +/-0.08) GPa. In addition, many studies focus on the specific properties of DEJ. A decrease in hardness and an increase in crystallinity of dentin close to DEJ compared to the middle zone are reported [START_REF] Slimani | Confocal Raman mapping of collagen cross-link and crystallinity of human dentin-enamel junction[END_REF][START_REF] Tesch | Graded Microstructure and Mechanical Properties of Human Crown Dentin[END_REF][START_REF] Wang | Strain-structure relations in human teeth using Moiré fringes[END_REF]. In this study, a decrease in hardness close to 9% and an increase in crystallinity close to 6% in the near DEJ zone compared to the middle zone were also observed. Surprisingly, while one half of OI patients have no obvious clinical manifestations of dentinogenesis imperfecta (DI) [START_REF] Biria | Dentinogenesis imperfecta associated with osteogenesis imperfecta[END_REF][START_REF] Vital | Tooth dentin defects reflect genetic disorders affecting bone mineralization[END_REF], to date and to our knowledge, no human dentin studies have been carried out on OI patients without clinical manifestations of DI. As a result, the only studies available in the literature focus on patients with DI and show lower dentin hardness than healthy ones [START_REF] Ibrahim | Phenotypic Properties of Collagen in Dentinogenesis Imperfecta Associated with Osteogenesis Imperfecta[END_REF][START_REF] Davis | Microscopic study of dental hard tissues in primary teeth with Dentinogenesis Imperfecta Type II: Correlation of 3D imaging using X-ray microtomography and polarising microscopy[END_REF][START_REF] Wieczorek | Dentinogenesis imperfecta -hardness and Young's modulus of teeth[END_REF].

To the best of our knowledge, the present study is the first study reporting an increase in dentin hardness in patients with osteogenesis imperfecta without clinical manifestations of DI. In the literature, the only relevant study was carried out by Lopez et al. [START_REF] Lopez Franco | Increased Young's Modulus and Hardness of Col1a2oim Dentin[END_REF] on a mouse model of the Col1a2 oim mutation displaying also an increase in dentin hardness. The small number of samples and the size of the murine teeth involved in this study made the difference in dentin hardness near and far from the DEJ difficult to assess. In the present study, this spatial difference in hardness of OI dentin was measured and, as in healthy patients, there was a decrease in dentin hardness close to 9% in the area close to DEJ compared to the value measured in the middle area. It is important to note that whatever the healthy or diseased tooth, the spatial gradient of the mechanical properties of dentin is the same, with a decrease in dentin hardness value near the dentin/enamel interface.

The increase in hardness of OI dentin suggests an increase in mineral content. To confirm this hypothesis, the mineral to matrix ratios (MMR), which express the amount of minerals on amount of collagen, were measured by Raman microspectroscopy. The MMR was derived from Amide I and Proline peaks to ensure that the relative increase in mineral content is independent of the selected organic band [START_REF] Bosser | Raman Spectroscopy as a Biomarker-Investigative Tool in Bone Metabolism[END_REF][START_REF] Mandair | Contributions of Raman spectroscopy to the understanding of bone strength[END_REF][START_REF] Morris | Raman Assessment of Bone Quality[END_REF][START_REF] Paschalis | Vibrational spectroscopic techniques to assess bone quality[END_REF]. As expected, MMR Raman ratios were higher in OI patients than in healthy patients, independently of the study area. More surprisingly, the mineral quality (crystallinity, maturation) was not affected by the pathology, unlike that found in bone tissue [START_REF] Boskey | Chapter 4 -Mineralized Tissue: Histology, Biology and Biochemistry[END_REF][START_REF] Imbert | Mechanical and mineral properties of osteogenesis imperfecta human bones at the tissue level[END_REF]. Therefore, a direct linear relationship between dentin hardness and MMR value is obtained for any tooth studied.

It should be noted that the best correlation is obtained with the MMR calculated with the proline peak, which was previously reported by Bi et al. [START_REF] Bi | Correlations Between Bone Mechanical Properties and Bone Composition Parameters in Mouse Models of Dominant and Recessive Osteogenesis Imperfecta and the Response to Anti-TGF-β Treatment[END_REF][START_REF] Bi | Raman and mechanical properties correlate at whole bone-and tissue-levels in a genetic mouse model[END_REF] in a mouse model of the Col1a2 oim mutation. The decrease in the amount of collagen classically observed in OI pathology [START_REF] Boskey | Chapter 4 -Mineralized Tissue: Histology, Biology and Biochemistry[END_REF] could explain the increase in the MMR ratio but not the increase in dentin hardness. Consequently, OI dentin contains a greater number of not significantly altered crystals leading to higher hardness.

Unfortunately, the interaction between mineral and collagen is still a subject of debate despite the great progress made over the last decade. Indeed, the process of biomineralization in bones and teeth is difficult to understand because of the complex hierarchic structure of collagen. It is now widely accepted that the crystal is present inside the collagen fibrils: in the "gap region", in the "intermolecular distance" but also in the extrafibrillar zone [START_REF] Alexander | The nanometre-scale physiology of bone: steric modelling and scanning transmission electron microscopy of collagen-mineral structure[END_REF][START_REF] Fantner | Sacrificial bonds and hidden length dissipate energy as mineralized fibrils separate during bone fracture[END_REF]. The mineral crystals themselves form an interconnected mineral network with a helical morphology that could be shaped by the collagen network [START_REF] Reznikov | Fractal-like hierarchical organization of bone begins at the nanoscale[END_REF]. At nanoscale, molecular simulations also showed that changing the characteristic lengths scale of the collagen molecule has a direct effect on the deformation mechanisms and that even a small increase in the mineral density increases the mechanical properties of this complex network [START_REF] Nair | Molecular mechanics of mineralized collagen fibrils in bone[END_REF][START_REF] Buehler | Nature designs tough collagen: Explaining the nanostructure of collagen fibrils[END_REF]. In the case of osteogenesis imperfecta, destabilization of the triple helix structure due to glycine substitution leads to changes in the structure of the molecules, including kink, local unfolding in the vicinity of the mutation, or an increase in intermolecular spacing. This new molecule conformation modifies the characteristic lengths scale increasing flexibility and reducing stiffness of collagen fibril [START_REF] Chang | Structural and Mechanical Differences between Collagen Homo-and Heterotrimers: Relevance for the Molecular Origin of Brittle Bone Disease[END_REF][START_REF] Gautieri | Molecular and Mesoscale Mechanisms of Osteogenesis Imperfecta Disease in Collagen Fibrils[END_REF][START_REF] Gautieri | Single molecule effects of osteogenesis imperfecta mutations in tropocollagen protein domains[END_REF][START_REF] Gautieri | Osteogenesis imperfecta mutations lead to local tropocollagen unfolding and disruption of H-bond network[END_REF][START_REF] Yeo | Multiscale modeling of keratin, collagen, elastin and related human diseases: Perspectives from atomistic to coarse-grained molecular dynamics simulations[END_REF]. These models show also that a single point mutation could lead to a dramatic reduction in mechanical strength of mineralized OI tissue at macroscopic scale.

In the present study, we hypothesize that defects in collagen synthesis, structure or transformation should be reflected in the hydroxyproline to proline, which is classically involved in the stabilization of the collagen triple helix. Raman microspectroscopy provides both the ratio of proline to hydroxyproline and the displacement of their respective Raman bands. To date and to the best of our knowledge, this is the first study in which the hydroxyproline-to-proline ratio and wavenumber of the hydroxyproline band in the OI group were reported to be increased compared to the control group. This result is obtained irrespective of the dentin area studied.

Recently, molecular dynamics simulations by Ghanaeian et al. [START_REF] Ghanaeian | Mechanical elasticity of proline-rich and hydroxyproline-rich collagen-like triple-helices studied using steered molecular dynamics[END_REF] revealed that hydroxyproline rich collagens have lower stiffness and Young's modulus than proline-rich collagens. The increase in the hydroxyproline-to-proline ratio reported in the present study for the OI group should therefore correspond to a decrease in the stiffness and an increase in the elasticity of collagen, which is consistent with the properties of OI collagen fibrils described above. In addition, an increase in hydroxyproline is also consistent with higher mineralization, as demonstrated by Toworfe et al. [START_REF] Toworfe | Nucleation and growth of calcium phosphate on amine-, carboxyl-and hydroxyl-silane self-assembled monolayers[END_REF] where hydroxylated surfaces enhanced calcium phosphate nucleation, or Buckley et al. [START_REF] Buckley | Raman spectroscopy reveals differences in collagen secondary structure which relate to the levels of mineralisation in bones that have evolved for different functions[END_REF] reporting Raman microspectroscopy of hydroxyproline-to-proline ratio obtained on different tissue and computational evidence that hydroxyproline is energetically the most favourable [START_REF] Almora-Barrios | Density Functional Theory Study of the Binding of Glycine, Proline, and Hydroxyproline to the Hydroxyapatite (0001) and (011̅ 0) Surfaces[END_REF].

With respect to the wavenumber shift of the hydroxyproline band, several studies have been carried out on the sensitivity of hydroxyproline bands during the stretching of a collagen fibre [START_REF] Chatzipanagis | In situ mechanical and molecular investigations of collagen/apatite biomimetic composites combining Raman spectroscopy and stress-strain analysis[END_REF][START_REF] Gąsior-Głogowska | Structural alteration of collagen fibres--spectroscopic and mechanical studies[END_REF][START_REF] Wang | Determination of molecular changes in soft tissues under strain using laser Raman microscopy[END_REF]. While no significant difference is observed on collagen for low deformation values, this shift in the wavenumber of the hydroxyproline band appears for mineralized fibers at an early stage of deformation and this effect is enhanced as mineralization increases. Although studies have not yet been able to fully understand the molecular mechanisms behind this phenomenon, the shift observed by Raman microspectroscopy seems to reflect the quality of the interface between the mineral and the tropocollagen. It can therefore be hypothesized that the shift of the hydroxyproline band observed in our study between the OI group and the control group could be related to incompetence of collagen matrix mineralization.

This study obviously has several limitations. The first is the choice of samples analyzed. The experiments were conducted only on deciduous teeth. Noteworthy, the deciduous tooth is a convenient sample to study as it is easily available due to the natural shedding of teeth [START_REF] Vital | Tooth dentin defects reflect genetic disorders affecting bone mineralization[END_REF]. In addition, primary teeth mainly form before and around birth and mineralize therefore before the onset of treatments such as bisphosphonates which accumulate within mineralized tissues. However, the present study should be reproduced on permanent teeth in order to consolidate the results. Similarly, we focused on a population of mild OI. It would also be interesting to consolidate this study on more severe cases of OI. And it is obvious that an experimental campaign conduct on bone samples including remodeling process is necessary in a future work. The second limitation arose in the light of our results which show a deficient mineralization of the collagen matrix. A more detailed analysis of the mineral with regard to the spatial distribution and orientation of crystals in dentin at the nanoscale, [START_REF] Fratzl-Zelman | Non-Lethal Type VIII Osteogenesis Imperfecta Has Elevated Bone Matrix Mineralization[END_REF], could have highlighted some mechanisms. Along this line, several posttranslational modifications, such as hydroxylation of specific lysine residues, glycosylation of specific hydroxylysine residues, or formation of crosslinking were not directly investigated in the present study.

To our knowledge, this is the first study of human dentin in OI patients without clinical manifestations of DI. This study provides experimental evidence that changes in molecular structure due to mutations in OI can be assessed by Raman microspectroscopy and may shed further light on the molecular mechanisms obtained in future molecular simulations. Our data show an increase in dentin hardness and in hydroxyproline content, which both affect collagen mineralization in OI teeth. Interestingly, the spatial gradient of the mechanical properties of dentin is preserved in OI. Our findings reinforce our hypothesis that proline and hydroxyproline content should be taken into account in future studies on collagen-based biomaterials. Further research is needed to explore the underlying mechanisms at molecular scales leading to a modification in hydroxyproline-to-proline ratio in regard of collagen mineralization. In addition, deciduous tooth evaluation could be an important aid for the mild types of OI that are often difficult to diagnose clinically.

Figure 1 :

 1 Figure 1: Diagram showing the localization of indents within the two zones of interest in the dentin: external (Ext), near the dentino-enamel junction (DEJ), and middle (Mid). Six indents (triangle markers) and three Raman spectra (circle markers) have been run in each zone.
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Figure 3 :

 3 Figure 3: Mean hardness for control (CTRL) and OI groups. Mean hardness is higher in the OI group than in the control group regardless of the zone. Error bars represent standard deviation. * p-value <0.05 between control and OI group.

Figure 4 :

 4 Figure 4: : Barplot illustrating (A) crystallinity, (B) carbonate substitution, (C) mineral-to-matrix ratio (MMR Amide I), (D) mineral-to-matrix ratio (MMR Proline), (E) hydroxyproline-to-proline ratio and (F) Hydroxyproline wavenumber, for control (CTRL) and OI group. Mean MMR and hydroxyproline-to-proline ratio are higher in the OI group than in the control group regardless of the zone. Error bars represent standard deviation. * p-value<0.05 between control and OI group.

Table 1 :

 1 Clinical characteristics of the patients with OI.

	Patient	Form	Phenotype	Bisphos-	Gender Age (y)	Teeth
	number			phonate			
				treatment			
	1	Sporadic	Mild OI	Onset at	M	9	2 deciduous
			(type IV)	16 months			molars
	2	Familial	Mild OI	From	F	11	2 deciduous
			(type I)	2.5 to 4.5			canines
				years/old			
	3	Familial	Mild OI	Onset at	M	10	1 deciduous
			(type I)	24 months			molar
	4	Familial	Mild OI	Onset at	M	12	1 deciduous
			(type I)	13 year/old			canine
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