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Introduction 10

During childhood and adolescence, bone structure is altered by geometrical growth 11 associated with increases in mass, and alterations in tissue density [START_REF] Bonjour | Peak bone mass[END_REF]12 Schoenau et al., 2001;[START_REF] Schoenau | Mechanical influences on bone development in children[END_REF]. These processes build a bone with an 13 optimal size, shape, and architecture to withstand the normal physiological loads that might 14 come from children and teenagers' -subadults'-"tendencies to explore, fall over, off and out 15 of things" [START_REF] Currey | Bones: Structure and Mechanics[END_REF]. Indeed, it has been established that their bone mechanical properties 16 are different [START_REF] Berteau | Ratio between mature and immature enzymatic cross-links correlates 32 with post-yield cortical bone behavior: An insight into greenstick fractures of the child 33 fibula[END_REF][START_REF] Berteau | In vitro 25 ultrasonic and mechanic characterization of the modulus of elasticity of children cortical 26 bone[END_REF][START_REF] Bonjour | Peak bone mass[END_REF][START_REF] Burr | The mechanical adaptations of bones[END_REF][START_REF] Currey | Bones: Structure and Mechanics[END_REF][START_REF] Currey | Changes in the impact energy absorption of bone with age[END_REF]; 17 [START_REF] Currey | The mechanical properties of bone tissue in children[END_REF][START_REF] Kontulainen | The biomechanical 33 basis of bone strength development during growth[END_REF] and that might come from both genetic and 18 environmental factors (Saito and Marumo, 2010). Furthermore, because the mechanical demand 19 on children's bones is higher than in adults, it could be suggested that it is important for them to 20 have a higher macroscopic toughness and stress-dissipation capacity of bones, rather than 21 macroscopic stiffness [START_REF] Currey | Bones: Structure and Mechanics[END_REF][START_REF] Irwin | Biomechanical Basis for the CRABI and Hybrid III Child 12 Dummies[END_REF]. 22 Both immature (i.e. children) and mature (i.e. adults) bone tissues are composed mainly 1 of an organic matrix of collagen (i.e. tropocollagen molecule -TC) with minerals (i.e. 2 carbonated apatite nanoplatelets -cAp) and water. In connective tissues, such as bone and skin, 3

TCs assemble into collagen fibrils and are stabilized by several posttranslational modifications 4 that allow the formation of intermolecular and interfibrillar collagen cross-links (Figure . where the initial immature form links two collagen molecules together (i.e. hydroxylysino-11 norleucine (HLNL) and dihydroxylysino-norleucine (DHLNL)) (Figure . 1c). With time, 12 immature enzymatic collagen cross-links further react with another collagen molecule to mature 13 into a trivalent form (i.e. pyridinoline (PYD) and deoxypyridinoline (DPD)) (Figure . 1c). This 14 conversion can be quantified as enzymatic collagen cross-links maturity which is defined by the 15 ratio of trivalent (i.e. mature) and divalent (i.e. immature) cross-links [START_REF] Berteau | Ratio between mature and immature enzymatic cross-links correlates 32 with post-yield cortical bone behavior: An insight into greenstick fractures of the child 33 fibula[END_REF]16 McNerny et al., 2014;[START_REF] Saito | Role of collagen enzymatic and glycation 35 induced cross-links as a determinant of bone quality in spontaneously diabetic WBN/Kob 36 rats[END_REF][START_REF] Vetter | Collagen crosslinks and 14 mineral crystallinity in bone of patients with osteogenesis imperfecta[END_REF]. Enzymatic collagen cross-links can 17 only form in few very specific locations of the terminal domains of the collagen molecule 18 yielding a finite number of possible enzymatic collagen cross-links formation (Snedeker and 19 Gautieri, 2014) and their density correspond to the amount of intermolecular covalent liaisons 20 per mol. of collagen formed during this process. The chemical reactions leading to the formation 21 of mature enzymatic collagen cross-links is a non-reversible continuous process (Eyre and Wu,22 2005; Eyre, 1987; [START_REF] Knott | Collagen cross-links in mineralizing tissues: a review of their 31 chemistry, function, and clinical relevance[END_REF]M Saito and Marumo, 2010;Viguet-Carrin et al., 23 2006a), and effectively turns the individual tropocollagen molecules into a large interconnected 1 polymer structure. Non-enzymatic collagen cross-links come from Glycation process and are 2 depicted as Advanced Glycation End-products (AGEs). They are associated with aging or 3 pathological conditions (diabetes) and impair collagen matrix normal function (Bailey et al., 4 1998;[START_REF] Gautieri | Age-and diabetes-related 1 nonenzymatic crosslinks in collagen fibrils: candidate amino acids involved in Advanced 2 Glycation End-products[END_REF][START_REF] Bailey | Molecular mechanisms of ageing in connective tissues[END_REF]. They can form in multiple locations along the length 5 of the collagen and their density can be significantly larger that physiological enzymatic collagen 6 cross-links [START_REF] Gautieri | Age-and diabetes-related 1 nonenzymatic crosslinks in collagen fibrils: candidate amino acids involved in Advanced 2 Glycation End-products[END_REF][START_REF] Reznikov | A materials science vision of 30 extracellular matrix mineralization[END_REF]. Their positioning occurs randomly 7 compared to enzymatic collagen cross-links [START_REF] Viguet-Carrin | An in 17 vitro model to test the contribution of advanced glycation end products to bone 18 biomechanical properties[END_REF], 2006b), they accumulate 8 with time where tissue turnover is slow [START_REF] Avery | The effects of the Maillard reaction on the physical properties 2 and cell interactions of collagen[END_REF]. Due to children's high bone 9 turnover, AGEs are present in very few quantities in children's bone [START_REF] Berteau | Ratio between mature and immature enzymatic cross-links correlates 32 with post-yield cortical bone behavior: An insight into greenstick fractures of the child 33 fibula[END_REF]. 10

On one hand, TCs are mainly stabilized by intermolecular covalent liaisons from 11 enzymatic collagen cross-links (Bala and Seeman, 2015) to build a soft interconnected matrix (M 12 Saito and Marumo, 2010; S. Viguet-Carrin et al., 2010). On the other hand, the mineral phase is 13 made of several cAp that nucleate inside the collagen matrix and link with TC [START_REF] Bala | Bone mineralization: from tissue to crystal in normal and 13 pathological contexts[END_REF]14 Follet et al., 2004;[START_REF] Fuchs | 35 In situ examination of the time-course for secondary mineralization of Haversian bone 36 using synchrotron Fourier transform infrared microspectroscopy[END_REF] by several intermolecular forces (Dubey and Tomar, 15 2009), such as hydrogen or ionic bonds, to reinforce the soft matrix. Although enzymatic 16 collagen cross-links, TC-cAp interface and water molecules have been shown to be determinants 17 of the mechanical properties of bone; results are dependent on species, age, and testing method, 18 making it difficult to understand their specific contributions. Indeed, experimental results on 19 children's bone mechanical properties are very diverse [START_REF] Berteau | Ratio between mature and immature enzymatic cross-links correlates 32 with post-yield cortical bone behavior: An insight into greenstick fractures of the child 33 fibula[END_REF][START_REF] Berteau | In vitro 25 ultrasonic and mechanic characterization of the modulus of elasticity of children cortical 26 bone[END_REF][START_REF] Currey | Role of collagen and other organics in the mechanical properties of bone[END_REF]20 Currey and Butler, 1975;[START_REF] Lefèvre | 40 Analyzing the anisotropic Hooke's law for children's cortical bone[END_REF][START_REF] Öhman | 14 Compressive behaviour of child and adult cortical bone[END_REF] and there is still a gap of 21 knowledge about the contribution of each bone element to children's bone mechanical behavior. 22

In children population, pathologies affecting collagen such as lathyrism (an alteration of 23 enzymatic collagen cross-links that does not affect the mineral [START_REF] Paschalis | Lathyrism-induced alterations in collagen cross-22 links influence the mechanical properties of bone material without affecting the mineral[END_REF]), Menkes 1 disease (a deficient activity of lysyl-oxidase that causes defective in enzymatic collagen cross-2 linking [START_REF] Kanumakala | Pamidronate treatment improves bone mineral 20 density in children with Menkes disease[END_REF]) and osteogenesis imperfecta (an alteration of collagen 3 structure and enzymatic collagen cross-links that seem to be regulated independently to mineral 4 crystallinity [START_REF] Vetter | Collagen crosslinks and 14 mineral crystallinity in bone of patients with osteogenesis imperfecta[END_REF]), impact bone biomechanics and leads to pathological fractures. 5

Therefore, understanding bone enzymatic collagen cross-links in children's bone is pivotal to 6 improve both current therapies and diagnosis in children population affected by enzymatic 7 collagen cross-links related bone pathologies. 8

Although previous results indicate that enzymatic collagen cross-links density in children 9 bone is higher than in adult bone while enzymatic collagen cross-links maturity is lower (Berteau 10 et al., 2015; M Saito and Marumo, 2010), the respective contribution of enzymatic collagen 11 cross-links density and maturity to bone deformation remains unclear in the children population. 12 Our previous ex vivo mechanical tests of human bone samples have shown that enzymatic 13 collagen cross-links maturity negatively correlates plastic energy dissipated before bone fracture 14 at the macroscopic level. Our hypothesis is that in silico mechanical tests of collagen fibril -built 15 from the data of the human bone samples previously tested-will show that enzymatic collagen 16 cross-links maturity correlates with plastic energy dissipated before collagen fibril fracture. 17 Furthermore, we anticipate that the evolution of both enzymatic collagen cross-links density and 18 maturity is a significant contributor to collagen fibril mechanical behavior. To test our 19 hypothesis, we have built 22 computational models from a mesoscale coarse-grained model of 20 collagen fibrils [START_REF] Depalle | Influence of cross-link structure, 8 density and mechanical properties in the mesoscale deformation mechanisms of collagen 9 fibrils[END_REF] created using sample-specific enzymatic collagen cross-21 links data ((HLNL+DHLNL) and (PYD+DPD)) taken from biochemical analysis of bone 22 samples of children and adults donors [START_REF] Berteau | Ratio between mature and immature enzymatic cross-links correlates 32 with post-yield cortical bone behavior: An insight into greenstick fractures of the child 33 fibula[END_REF]. Collagen fibril mechanical 23 properties (Modulus of Elasticity (E), ultimate and yield stress (σ u, σ y ), strain for ultimate and 1 yield stress (ε σu , ε y ) point elastic, plastic and total work (W e , W p and W tot )) have been obtained 2 from computational tensile test to establish the link between collagen fibril elastic and plastic 3 deformation and collagen fibril composition. 4 5

Materials and methods 6

Biochemical characterization 7

A total of 22 parallelepiped cortical bone samples (children samples n=14 and adult samples 8 n=8) were obtained from fibula bones taken from 10 donors (7 children, ages = 11.6 ± 4.7 years 9 and 3 adults, ages = 74.3 ± 9.9 years). The samples were then prepared to perform biochemical 10 analysis to quantify the amounts of immature (HLNL +DHLNL) and mature (PYD+DPD) 11 collagen crosslinks. Details of experimental characterization can be found in our previous study 12 [START_REF] Berteau | Ratio between mature and immature enzymatic cross-links correlates 32 with post-yield cortical bone behavior: An insight into greenstick fractures of the child 33 fibula[END_REF]. 13

Molecular model 14

A geometrically accurate mesoscale molecular model of a collagen fibril has been used in this 15 study, in which a bead-spring model of a single tropocollagen helix has been replicated to form 16 the collagen fibril (MATLAB r2014a, Mathworks Inc., Natick, MA, USA) (Depalle et al., 2015) 17 (Figure 1). Both immature and mature enzymatic collagen cross-links are introduced to the 18 model. Sample-specific models are created in which both enzymatic collagen cross-links density 19 and maturity are tailored to the biochemical analysis performed on bone samples. Following this 20 protocol, 22 fibrils have been created to represent the 22 bone samples previously described. 21

Simulation parameters and data analysis 22

Numerical mechanical testing has been performed according to the protocol defined by Depalle 1 et al. (2015). The coarse-grained models of single collagen fibrils have been used to simulate a 2 tensile test until fracture at a constant loading velocity of 1 m/s. All the simulations have been 3 performed using the molecular dynamic code LAMMPS ((Large-scale Atomic/Molecular 4 Massively Parallel Simulator) (Plimpton, 1995) in a canonical ensemble with constant number of 5 particles (N), constant volume (V) and constant temperature (T) in the system (NVT ensemble) 6 with a temperature set to 300°K. The stress-strain curves computed from the simulations have 7 been analyzed according to standard for bone studies [START_REF] Ritchie | Measurement of 32 the toughness of bone: a tutorial with special reference to small animal studies[END_REF] to obtain modulus of 8 elasticity (E), ultimate and yield stress (σ u, σ y ), strain at ultimate and yield stress (ε σu and ε σy ) 9 elastic work (W e ), plastic work (W p ), and total work to failure (W tot ) which correspond to in silico 10 (i.e. numerical) energies dissipated before fracture. Failure was set as being the point of σ u for 11 each individual fibril. To calculate W e and W p , the yield point ( y ) is obtained by using the 2% 12 offset method (Turner and Burr, 2001). W e is obtained by measuring the area under the curve 13 from the beginning until ε σy , and W p from ε σy until failure of the fibril. W tot is the sum of W e and 14 W p . The mechanical analysis has been performed using a custom R script (R Development Core 15 Team, 2015). The raw data up to the failure point have been fitted to a fifth-order polynomial to 16 minimize the simulation noise when computing the yield points. In the analysis, the cross-linking 17 state has been analyzed by looking at the number of covalent liaisons per mole of collagen 18 formed during the enzymatic process. A divalent cross-link forms one intermolecular covalent 19 liaison between two collagen molecules and a trivalent cross-link links three molecules with two 20 intermolecular covalent liaisons. Enzymatic collagen cross-links maturity is quantified by the 21 collagen cross-link ratio which is the quotient of the quantity of trivalent (i.e. mature) collagen 22 cross-links divided by the quantity of divalent (i.e. immature) collagen cross-links for the same 23 collagen fibril. We define a covalent liaison by a direct link between two molecules created by a 1 chain of covalently bonded atoms from an enzymatic cross-link. The quantification of the 2 amount of intermolecular covalent liaisons combine information about both the density and the 3 maturity of the cross-links. 4

Statistical analysis 5

Statistical analyses have been performed with SPSS (Version 11, IBM, Armonk, NY). Normal 6 distribution has been assessed with Shapiro-Wilk test; Pearson correlation has been performed in 7 the event of normal distribution, and Spearman correlation in the event of non-normal 8 distribution. Variance has been tested with Levene test. Differences between groups have been 9

evaluated with Student's t-test for individual samples in case of normal distribution and with a 10

Welch correction in case of non-equal variance, Mann-Whitney test have been performed in case 11 of non-normal distribution. For all statistical tests, significance has been set at α = 5%. 12 13

Results 14

Two representative stress-strain curves of a child (15-year-old) and an adult (75-year-old) 15 are shown in Figure 2. The child fibril exhibits higher maximum stress and yield-point strain 16

than the adult fibril. The mechanical properties computed from the stress-strain curves are 17 summarized in Table 1 and all of them are displayed in Supplemental Table 1. For all numerical 18 models of collagen fibrils, collagen cross-links ratio and density (Supplemental Table 1) are 19 within 5% of the corresponding experimental values [START_REF] Berteau | Ratio between mature and immature enzymatic cross-links correlates 32 with post-yield cortical bone behavior: An insight into greenstick fractures of the child 33 fibula[END_REF]. Level of significance 20 of parametric and non-parametric correlations are reported on Supplemental Table 2, and linear 21 coefficient and Spearman's rho are reported accordingly. 22

Comparing the average collagen fibril mechanical properties of children and adult 1 samples, W e for collagen fibrils in the children group is significantly higher when compared to 2 the adult group (T-test, p=0.001). Similarly, E is significantly higher in the children's group than 3 in the adult's group (Mann Whitney test, p=0.02) (Figure 4). No difference was found for W p , σ u 4 and σ y . Regarding the evolution of the mechanical properties through lifetime, we also found a 5 monotonically decreasing relationship between age and W e (Spearman's ρ =-0.51, p=0.015) 6 (Figure 3). More precisely a monotonically decreasing relationship has been found between age 7

and W e for the fibrils from the adult's group (Spearman's ρ =0.71, p=0.045) but such 8 relationship has not been found in the children's group. 9

As depicted in Table 1 for all collagen fibrils (n=22), our results show several significant 10 parametric relationships between both collagen cross-links ratio and intermolecular covalent 11 liaisons, and mechanical parameters related to elasticity. More precisely, for collagen fibril 12 related to the children population (n=14), our results show several significant parametric 13 relationships between divalent enzymatic collagen cross-links (DIV), covalent (COV) and 14 trivalent (TRI), and mechanical parameters related to elasticity such as y ,W e . (Figure 4a) and E 15 (Figure 4c). However, for collagen fibril related to the adult population (n=8), our results show 16 several significant parametric relationships between divalent enzymatic collagen cross-links 17 (DIV), covalent (COV) and trivalent (TRI), and mechanical parameters such as σ u , σ y, ε y, and 18 parameters related to toughness such as W e , (Figure 4a) W p and W tot. (Figure 4b) with a high level 19 of R 2 for all of these relationship (roughly 0.80). 20

We show a linear correlation between all fibril tested for W e and intermolecular covalent 21 liaisons and collagen cross-links ratio (Supplemental Table 2) and also a distinct threshold 22 distinguishing between children and adults structure and mechanics: in children, most of the W e 23 values are above 60 MPa and, collagen cross-links ratio and intermolecular covalent liaisons are 1 above 2 and 1.75 respectively, while in adults, most of the W e are below 60 MPa and, the 2 collagen cross-links ratio and intermolecular covalent liaisons below 2 and 1.75 respectively 3 (Figure . 2c,d). Thus, our results suggest that collagen fibril with a cross-link ratio above 2 have a 4 greater capacity for collagen fibril elastic deformation. 5 6 4. Discussion 7 In this work, we have used coarse-grained molecular modeling to investigate the link 8 between enzymatic collagen cross-links density and maturity, and fibrillar mechanical behavior 9 of bone collagen matrix. We first established a novel difference between children and adult bone 10 in the collagen fibril deformation. We show that in children, a high covalent liaisons number, 11 primarily formed by immature enzymatic cross-links, correlates mainly with elastic deformation 12 parameters (E, W e , y ) while in adults, despite the lower amount of covalent bond liaisons, 13 collagen fibrils which connected with stronger mature cross-links, correlates with energy 14 dissipation and toughness parameters (W e , W p , W t , u ). Our results show that the mechanical 15 response depends on the amount of both divalent and trivalent enzymatic collagen cross-links in 16 adults but only of divalent enzymatic collagen cross-links in children due to the low amount of 17 trivalent. As children bone contains large amounts of immature cross-links (high density) our 18 results show that a high number of interconnected molecules favor the elasticity of the collagen. 19 On the contrary, a lower connectivity but with stronger cross-links (more mature cross-links) as 20 observed in the adult population favors the plasticity of the collagen despite the global lower 21 cross-links density. 22 However, the amount of intermolecular covalent liaisons is the best factor for predicting 1 collagen fibrils mechanics in both children and adults showing that the intermolecular 2 connectivity formed by cross-linking is the main feature providing high mechanical properties. 3

This suggests a continuous evolution of the mechanical properties of bone with age but more 4 data is necessary to confirm this trend. Our results also suggest a link between collagen fibril and 5 macroscopic elastic behavior in children bone under the influence of immature enzymatic 6 crosslinks by showing a parametric linear correlation between W e and immature enzymatic 7 collagen cross-links at the collagen fibril scale in the children population similar to the one we 8 found at the macroscale in our previous study [START_REF] Berteau | Ratio between mature and immature enzymatic cross-links correlates 32 with post-yield cortical bone behavior: An insight into greenstick fractures of the child 33 fibula[END_REF]. 9

While our results show that a cross-linked collagen fibril can reach about 30% 10 deformation (Figure 2) -which is consistent with previous experimental mechanical testing 11 [START_REF] Svensson | Fracture Mechanics of 11 Collagen Fibrils: Influence of Natural Cross-Links[END_REF] -our results also show that W e is dependent on the amount of 12 intermolecular covalent liaisons from enzymatic collagen cross-links and maturity, two factors 13 that are dependent on age. The high amount of immature enzymatic collagen cross-links in the 14 children group indicates that the matrix of the bone samples studied is composed predominantly 15 of newly synthesized collagen [START_REF] Banse | Mechanical Properties of Adult Vertebral Cancellous 22 Bone: Correlation With Collagen Intermolecular Cross-Links[END_REF]. However, children's collagen contains more 16 enzymatic collagen cross-links than adult collagen. More specifically, the number of 17 intermolecular covalent liaisons is larger in the children population, suggesting that the high 18 turnover in children's bone sample is associated with a high enzymatic collagen cross-links 19 formation in order to maximize bone mechanical resistance. As a consequence, the results show 20 a clear threshold value of the collagen cross-links ratio and intermolecular covalent liaisons 21 between children and adults. Such structural difference could derive from a higher amount of 22 posttranslational modification that favors enzymatic collagen cross-links formation in children's 23 bone compared to adult's bone. Then, at the collagen fibrils level, the difference of mechanical 1 behavior of the collagen fibrils between children and adults can be explained by both the density 2 and maturity of enzymatic collagen cross-links. The higher intermolecular connectivity in 3 children population allow the collagen fibrils to better sustain loads and then display a larger 4 elastic response than the adult population. Indeed, a collagen fibril can be considered like a 5 succession of springs connected both in series and in parallel. A minimum amount of cross-links 6 connected in series are necessary to insure the fibril integrity. Above this threshold, adding 7 interconnected molecules by cross-linking is equivalent to adding springs in parallel and 8 therefore increase the fibril's stiffness. This explain why children collagen, which contains more 9 cross-links, displays an increased stiffness compared to adult collagen. However, divalent cross-10 links are not as strong as trivalent cross-links and favor intermolecular sliding and 11 inhomogeneous deformation. This can explain the lack of link between cross-links density and 12 plastic deformation in children collagen. In the adult population, due to the lower amount of 13 intermolecular covalent liaisons, fewer molecules are interconnected explaining the lack of a 14 clear correlation with elastic properties. However since trivalent cross-links form strong liaison, 15 they minimize intermolecular sliding by connecting multiple molecules in one point. Therefore 16 collagen molecules are more likely to reach their plastic deformation regime simultaneously, 17 explaining the direct relationship between cross-linking and toughness (W tot ) in adults (Depalle et 18 al., 2015). This structural evolution of collagen could be a physiological response to the different 19 environmental challenges that children and adults' skeletons are facing. In children, high 20 turnover leads to an incomplete enzymatic collagen cross-links conversion allowing for higher 21 toughness to account for larger risk of falls or injuries (green stick fractures) but at the expense 22 of a higher energetic cost. Similarly, in adults, as the risk of falls and fractures drops, the 23 crosslink conversion rate could increase in order to make bone stronger and to allow for more 1 intense physical activities and to reduce the energetic cost associated with high turnover. 2 Although assessing differences in bone mechanical behavior between children and adults 3 has been a major research question for the last decade [START_REF] Bachrach | Osteoporosis in Children: Still a Diagnostic Challenge[END_REF] Although mineral is likely to take part in the elastic deformation regime, the contribution of 13 collagen to elasticity has been poorly described in the children population. Another study of 14 Currey [START_REF] Currey | Changes in the impact energy absorption of bone with age[END_REF], using samples extracted from the mid-shaft of the femur (age range: 2 to 15 48 years old), observed that the bone specimens taken from children were weaker and less stiff 16

(lower E) than those taken from adults, and also that they deflected more and absorbed more 17 energy, without statistical evaluation. However in Currey's study, W e was not significantly 18 different between children and elderly adults bone sample supporting our previous results about 19 bone elasticity [START_REF] Berteau | In vitro 25 ultrasonic and mechanic characterization of the modulus of elasticity of children cortical 26 bone[END_REF]. With these new results, we present a difference in the 20 collagen fibril W e and E between the collagen phase of children and adult bone samples. This is 21 in contradiction with the theoretical optimization hypothesis of stiffer bones in adults compared 22 to children, which is currently used in computational models [START_REF] Irwin | Biomechanical Basis for the CRABI and Hybrid III Child 12 Dummies[END_REF]. The 1 development of newer approaches for modeling children bones is therefore necessary. 2 Like fibula, most of the bones have varying enzymatic collagen cross-links maturity 3 ratios across ages (Saito et al., 2006b; M Saito and Marumo, 2010). Furthermore, children 4 population presents a very low level of advanced glycation end products [START_REF] Berteau | Ratio between mature and immature enzymatic cross-links correlates 32 with post-yield cortical bone behavior: An insight into greenstick fractures of the child 33 fibula[END_REF]. 5

Then, our results establish for the first time a significant contribution of collagen maturity and 6 density to collagen fibril elastic deformation of collagen across the lifetime (i.e. 5 -96 year age 7 range). Furthermore, our results show that W e is on average two times higher in children's than 8 in adults' collagen fibril models (Figure 4) and that 43% and 63% of the variance of W e can be 9 explained by the variance of collagen cross-links ratio and intermolecular covalent liaisons, 10 respectively. When we separated adults and children, our results show that the variance of W e 11 remains explained by intermolecular covalent liaisons at 91% for adults and at 29 % for children. 12 However, collagen cross-links ratio does not explain the variance of W e neither for adults nor for 13 children. Moreover, while 66 % and 40% of the variance of E is explained by intermolecular 14 covalent liaisons and collagen cross-links ratio for all fibril tested, respectively; our results show 15 that the variance of E is solely explained in the children population sub group at 48% by 16 intermolecular covalent liaisons. By comparing these new results to our previous work (Berteau 17 et al., 2015), our study shows that the number of intermolecular covalent liaisons created during 18 the process of collagen fibril assembly is a key factor to understand the relationship between 19 enzymatic cross-linking and mechanical properties. Furthermore, while collagen cross-links ratio 20 is more and more investigated as a marker of bone mechanical behavior by using Raman or 21

Infrared Spectroscopy [START_REF] Farlay | The ratio 1660/1690 cm(-1) measured by infrared microspectroscopy is not specific 21 of enzymatic collagen cross-links in bone tissue[END_REF][START_REF] Paschalis | 16 Fourier transform Infrared spectroscopic characterization of mineralizing type I collagen 17 enzymatic trivalent cross-links[END_REF][START_REF] Paschalis | 25 Spectroscopic characterization of collagen cross-links in bone[END_REF], our results suggest that 22 intermolecular covalent liaisons could be a better predictor regarding modulus of elasticity in 1 children population and toughness in adult population. 2

Here, no significant direct relationship between the present collagen fibril scale 3 mechanics and the macroscale mechanical properties measured in our previous study (Berteau et 4 al., 2015) have been depicted. However, we found a similar parametric linear correlation 5

between W e and immature enzymatic collagen cross-links in the children population at both 6 length scales. Among the possible reasons for the absence of direct relationship between the 7 present collagen fibril scale mechanics and the macroscale mechanical properties measured in 8 our previous study is that the loading modes studied are different (i.e. in silico tensile loading 9 and ex vivo three-point bending). Also, while we focused on studying the collagen enzymatic 10 collagen cross-links maturity in this study, other components of cortical bone, such as mineral 11 content, hydration and hierarchical structure, are likely to play an important part in the 12 mechanical behavior of the tissue and should be considered in future development (Bala et al., 13 2011;[START_REF] Burr | The mechanical adaptations of bones[END_REF][START_REF] Currey | The mechanical properties of bone tissue in children[END_REF][START_REF] Keller | Predicting the compressive mechanical behavior of bone[END_REF][START_REF] Mccalden | Age-related 1 changes in the tensile properties of cortical bone. The relative importance of changes in 2 porosity, mineralization, and microstructure[END_REF]Zhu et al., 14 1994). Furthermore, because bone is known to be a hierarchical and heterogeneous material, a 15 direct relationship between collagen fibril scale and macroscale properties is unlikely to be 16 established [START_REF] Reznikov | Bone hierarchical structure in three dimensions[END_REF]). Additionally, other numerical simulation studies on 17 children's bone mechanical properties mainly focus on mineral content (Irwin and Mertz, 1997) 18 and they also fail when results are compared to biomechanical tests [START_REF] Kent | Biomechanical Response Targets for Physical 25 and Computational Models of the Pediatric Trunk[END_REF][START_REF] Kent | Pediatric thoracoabdominal 29 biomechanics[END_REF]19 Maltese et al., 2010). Therefore, further analyses of the interplay between bone constituents are 20 necessary. Finally, the bone samples we used cover a relatively short age range for both children 21 and adults, and next efforts should concentrate in obtaining samples covering the gap region (16 22 to 66 years old). 23 The specificity of our collagen fibril molecular model is that the enzymatic collagen 1 cross-links maturity and density can be modified to create fibrils with individual specific cross-2 linking compositions. In the molecular model, each collagen molecule presents two enzymatic 3 collagen cross-links in its C-terminal and N-terminal domains, which follows the usual cross-4 linking pattern [START_REF] Eyre | Advances in collagen cross-link analysis[END_REF][START_REF] Hanson | Molecular site specificity of pyridinoline and pyrrole cross-9 links in type I collagen of human bone[END_REF][START_REF] Mcnerny | Exercise increases pyridinoline cross-4 linking and counters the mechanical effects of concurrent lathyrogenic treatment[END_REF]. The stochastic 5 nature of the fibrils creation algorithm implies that a 50% cross-linked fibril will have, on 6 average, one cross-link created per collagen molecule [START_REF] Depalle | Influence of cross-link structure, 8 density and mechanical properties in the mesoscale deformation mechanisms of collagen 9 fibrils[END_REF]. However, enzymatic 7 collagen cross-links distribution might not be equiproportional at each end of the collagen 8 molecule which could affect the fibrillar mechanical response [START_REF] Hanson | Molecular site specificity of pyridinoline and pyrrole cross-9 links in type I collagen of human bone[END_REF]. 9

Furthermore, each molecular model has been built from experimental densities that represent an 10 average value for the whole sample. Thus, since enzymatic collagen cross-links chemistry plays 11 an important role in bone mechanics [START_REF] Mcnerny | Exercise increases pyridinoline cross-4 linking and counters the mechanical effects of concurrent lathyrogenic treatment[END_REF], introducing cross-link site-12 specificity and heterogeneities of density to the molecular model is necessary to investigate the 13 multiscale link between mechanical properties. 14 Additionally, our results are for collagen fibrils that sustain loads in tension. In the daily 15 life, loads in tension can be found in activities that involves hanging (pull-ups, climbing) or 16 throwing (disk, hammer), and also in activities that involves long bones because they act as 17 levers and are loaded in bending-combination of compression and tension-such as racket 18 sports. As many orthopedics injuries in children are related to sport practice, our findings add to 19 our global understanding of the mechanical properties of children bone and then might improve 20 our strategy to prevent bone fracture in children population. The present results are also 21 fundamental to understand the physiological and pathological phenomena occurring in aging. By 22 better understanding how bone is physiologically evolving with aging, development of better 23 targeted therapies will be possible. While the link between enzymatic collagen cross-links and 1 macroscopic mechanical behavior of bone tissue has been broadly established [START_REF] Bailey | Molecular mechanisms of ageing in connective tissues[END_REF] [START_REF] Irwin | Biomechanical Basis for the CRABI and Hybrid III Child 12 Dummies[END_REF]. The thesis of this interpolation is an incremental 9 increase of the stiffness marked by a step-wise mineralization of the collagen matrix. It is a direct 10 relationship between bone mineral density and modulus of elasticity. However, the validity of 11 this hypothesis shows limitations when pediatric numerical simulations are compared with 12 biomechanical tests [START_REF] Kent | Biomechanical Response Targets for Physical 25 and Computational Models of the Pediatric Trunk[END_REF][START_REF] Kent | Pediatric thoracoabdominal 29 biomechanics[END_REF][START_REF] Maltese | Incorporation of CPR Data into ATD 44 Chest Impact Response Requirements[END_REF]. In our previous publication 13 [START_REF] Berteau | Ratio between mature and immature enzymatic cross-links correlates 32 with post-yield cortical bone behavior: An insight into greenstick fractures of the child 33 fibula[END_REF], we established a parametric link between immature enzymatic collagen 14 cross-links and macroscopic ex vivo W e in the same children group. Here, our in-silico data goes 15 beyond our experimental conclusion and show that 30% of the variance of collagen elastic 16 energy is explained by the amount of immature enzymatic collagen cross-links and 62% by the 17 amount of intermolecular covalent bonds formed by cross-linking, thus strongly suggesting that 18 collagen maturation process is a major determinant of children's bone elasticity. 19

The higher amount of divalent crosslinks in children compared to adult might be 20 explained by a faster remodeling rate of children's bone tissue than in adults. Indeed, when the 21 remodeling rate is high there is not enough time for enzymatic collagen crosslinks to reach full 22 maturity before the destruction of the bone occurs (i.e. higher amount of trivalent cross links than 23 divalent). Then, children bone matrix is mainly composed of newly remodeled bone with a high 1 amount of divalent crosslink compared to trivalent crosslinks. While the high amount of divalent 2 crosslinks in children allow the bone to better sustain falls and not break, the remodeling rate of 3 the bone is also dependent on the mechanical action on the osteocytes that activate osteoclasts -4 destruction of the bone matrix. Then, between the fact that children's bones have to sustain more 5 falls and that activates the remodeling process, and children's bone have more divalent crosslinks 6 that allow them to sustain more falls by preventing the bone to break, it is not clear which of the 7 two events should be considered the cause and which should be considered the effect. Whatever 8 the explanation, we believe that enzymatic collagen cross-links could be enhanced using 9 mechanical loading by means for musculoskeletal rehabilitation. Indeed, hyper-and micro-10 gravity, weight-bearing, and low intensity pulsed ultrasound (LIPUS) have shown distinct 11 biological effects on bone collagen cross-links formation in vitro and in vivo (Mitsuru Saito and 12 Marumo, 2010). Furthermore, we believe that diagnostic tools that detect collagen cross-links ex 13 

1a-b) 5 (

 5 Bala and Seeman, 2015; Eyre and Wu, 2005; Viguet-Carrin et al., 2006b). The two main kind of 6 collagen cross-links depicted are enzymatic and non-enzymatic. Enzymatic collagen cross-links 7 form intermolecular covalent liaisons between specific amino acids of tropocollagen helices to 8 stabilize collagen fibrils (Eyre and Wu, 2005; Fratzl et al., 2004; McNerny et al., 2014; Reznikov 9 et al., 2016; M Saito and Marumo, 2010). They come from a physiological enzymatic pathway 10
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 68161172103134215 Figure. 1 (a) Hierarchical structure of a collagen fibril. (b) Representative section of the 2
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  [START_REF] Gamsjaeger | Pediatric reference Raman data for material characteristics of iliac trabecular bone[END_REF][START_REF] Gamsjaeger | Cortical bone composition and orientation as a function of animal 44 and tissue age in mice by Raman spectroscopy[END_REF]; M Saito and Marumo, 2010). For instance, using 9 samples extracted from the top part of the femur diaphysis (children aged from 4 to 15 and adults 10 from 22 to 61), Öhman and colleagues have shown a lower ex vivo cortical strength and stiffness 11 in children compared to adults and both depending on ash density(Öhman et al., 2011).[START_REF] Bala | Bone mineralization: from tissue to crystal in normal and 13 pathological contexts[END_REF] 
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	7	trends regarding bone mechanical properties evolution across ages. During growth, mineral and
	8	collagen phase mature simultaneously and this maturation process impacts bone mechanical
		behavior (
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Table 1

 1 group is significantly higher when 1 compared to adults' group (T-test, p=0.001); similarly, Modulus of Elasticity is significantly 2 higher in children's group than in adults (Mann Whitney test, p=0.02) 3 4 Collagen fibril mechanical properties (Modulus of Elasticity (E), maximum and yield 5 stress (σmax σyield) and elastic and plastic (We and Wp)) obtained from computational tensile 6 test of 22 fibrils that have been created to represent 22 parallelepiped cortical bone samples 7

8

  Supplemental

Table 1

 1 Summary of the cross-links data measured experimentally for each bone 9 sample and corresponding data used in the molecular modeling models. The mechanical 10 properties computed from the models are also reported for each fibrils. 11 12 Supplemental Table 2 correlation coefficients between cross-links structural parameters and the 13 mechanical properties computed from the collagen fibrils molecular models for all samples, the 14 children group and, the adult group.15 

	Collagen Fibril	Age (years)	E (Gpa

) σ u (Gpa) σy (Gpa) W e (Mpa) W p (Mpa) W t (Mpa)

  

	Table(s)							
	1	5	5.92	1.97	0.97	85.10	233.10	318.20
	2	5	5.96	1.66	1.24	134.12	132.10	266.21
	3	5	6.21	1.92	1.07	98.75	222.57	321.33
	4	7	5.61	1.69	0.80	59.23	241.52	300.76
	5	7	5.43	1.55	0.75	54.55	229.88	284.43
	6	11	5.62	1.69	0.82	63.94	227.04	290.98
	7	11	5.88	1.53	0.99	86.80	134.33	221.13
	8	12	6.10	1.98	1.03	92.41	209.88	302.29
	9	12	5.41	1.70	0.71	48.71	219.54	268.24
	10	15	5.90	1.95	1.12	108.87	209.76	318.64
	11	15	6.20	2.22	1.13	108.44	237.40	345.84
	12	16	5.81	1.80	0.98	86.99	228.63	315.62
	13	16	6.09	2.09	1.10	104.73	230.69	335.42
	14	16	5.96	2.10	1.09	104.70	212.45	317.15
	Mean	11	5.86	1.85	0.99	88.38	212.06	300.45
	Standard Deviation	4	0.26	0.21	0.16	24.42	34.78	32.49
	15	66	5.50	1.13	0.58	33.06	217.50	250.56
	16	66	5.46	1.35	0.65	42.09	227.53	269.62
	17	66	5.30	1.44	0.68	44.84	228.12	272.96
	18	75	5.50	1.82	0.75	53.54	275.81	329.35
	19	75	5.50	1.67	0.78	58.66	229.24	287.90
	20	75	5.75	2.09	0.91	76.32	273.64	349.96
	21	75	5.33	1.52	0.72	50.77	224.74	275.51
	22	96	5.39	1.54	0.70	48.11	227.07	275.19
	Mean	74	5.36	1.53	0.72	50.93	237.96	288.88
	Standard Deviation	10	0.04	0.01	0.10	12.84	22.99	33.44
	Difference between							
	groups (degree of		p<0.01 ** p>0.05	p>0.05 p<0.001 *** p>0.05	p>0.05
	significance)							
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