R Gauthier 
  
C Jeannin 
  
N Attik 
  
A-M Trunfio-Sfarghiu 
  
K Gritsch 
  
B Grosgogeat 
  
Tissue engineering for periodontal ligament regeneration: Biomechanical specifications

The periodontal biomechanical environment is very difficult to investigate. By the complex geometry and composition of the periodontal ligament, its mechanical behavior is very dependent on the type of loading (compressive vs. tensile loading; static vs. cyclic loading; uniaxial vs. multiaxial) and the location around the root (cervical, middle, or apical). These different aspects of the periodontal ligament make it difficult to develop a functional biomaterial to treat periodontal attachment due to periodontal diseases. This review aims to describe the structural and biomechanical properties of the periodontal ligament. Particular importance is placed in the close interrelationship that exists between structure and biomechanics: the periodontal ligament structural organization is specific to its biomechanical environment, and its biomechanical properties are specific to its structural arrangement. This balance between structure and biomechanics can be explained by a mechanosensitive periodontal cellular activity. These specifications have to be considered in the further tissue engineering strategies for the development of an efficient biomaterial for periodontal tissues regeneration.

Introduction

Dental loss due to periodontal diseases remains a major issue for clinical dentistry. With more than 740 million cases in 2010, severe periodontitis was one of the most prevalent pathologies in human society [START_REF] Peres | Oral Diseases: A Global Public Health Challenge[END_REF][START_REF] Kassebaum | Global Burden of Severe Periodontitis in 1990-2010: A Systematic Review and Meta-Regression[END_REF]. Periodontitis is due to an inflammatory response initiated by an unbalanced microbiota in the oral cavity, following the deposition of the dental plaque and the accumulation of pathogenic microbial biofilm [START_REF] Listgarten | Nature of Periodontal Diseases: Pathogenic Mechanisms[END_REF][START_REF] Kinane | Periodontal Diseases[END_REF]. Such a defensive strategy from the organism may result in the destruction of the periodontal tissues [START_REF] El-Awady | Periodontal Ligament Fibroblasts Sustain Destructive Immune Modulators of Chronic Periodontitis[END_REF][START_REF] El-Awady | Human Periodontal Ligament Fibroblast Responses to Compression in Chronic Periodontitis[END_REF][START_REF] Sokos | A Challenge with Porphyromonas Gingivalis Differentially Affects the Osteoclastogenesis Potential of Periodontal Ligament Fibroblasts from Periodontitis Patients and Non-Periodontitis Donors[END_REF], altering their biomechanical response [START_REF] Lin | Biomechanical Adaptation of the Bone-Periodontal Ligament (PDL)-Tooth Fibrous Joint as a Consequence of Disease[END_REF][START_REF] Lee | The Adaptive Nature of the Bone-Periodontal Ligament-Cementum Complex in a Ligature-Induced Periodontitis Rat Model[END_REF], and resulting in the tooth loss in the severe cases left untreated.

One of the challenges of ongoing development of periodontal therapies is to achieve the repair or the regeneration of the tissues lost during periodontitis. In this context, the clinical community is increasingly focused on the use of biomaterials and particularly on tissue engineering strategy. According to the Society for Biomaterials, the aim of such implantable materials is "to take a form which can direct, through interactions with living systems, the course of any therapeutic or diagnostic procedure" [START_REF] Williams | Definitions of Biomaterials for the Twenty-First Century[END_REF]. From this statement, it is clear that is necessary to accurately understand the properties and function of the living tissue in order to develop an ideal biomaterial, having specific mechanical and structural properties offering the right mechanical behavior under physiological loading, thus promoting the interactions with the surrounding cells. More specifically, tissue engineering consists in developing an engineered construct, involving a combination of cells population and biological signals, that is able to insure the injured organ's function and assist it in its regeneration once implanted [START_REF] Nerem | Tissue Engineering: The Hope, the Hype, and the Future[END_REF]. In the context of periodontal disease, clinically, a biomaterial is inserted in the periodontal pocket, where the periodontal attachment is lost, in order to promote a new attachment (Figure 1, left). Guided tissue regeneration has been extensively used to heal damaged periodontal ligament. It consists in preventing epithelial migration in the periodontal pocket and thus maintaining a minimal space for tissue regeneration [START_REF] Villar | Regeneration of Periodontal Tissues: Guided Tissue Regeneration[END_REF]. Nevertheless, such a healing strategy alone fails to predict the regeneration of periodontal tissues and should be combined with other regenerative approaches, such as bone graft [START_REF] Liang | Recent Advances in Periodontal Regeneration: A Biomaterial Perspective[END_REF]. The use of bone grafts may be limited to the regeneration of alveolar bone and does not allow a complete regeneration of the whole periodontium tissues [START_REF] Chen | A Review on Endogenous Regenerative Technology in Periodontal Regenerative Medicine[END_REF]. In this context, natural polymers, such as collagen or chitosan, and artificial polymers, as Poly(lactic-co-glycolic) Acid (PLGA) or polycaprolactone (PCL) have shown interesting properties for a use as periodontal cell substrate and for medicine delivery [START_REF] Vaquette | Tissue Engineered Constructs for Periodontal Regeneration: Current Status and Future Perspectives[END_REF]. Nevertheless, such biomaterials still fail to provide a suitable template for the formation of location-dependent guided collagen fibres, as it is the case within PDL's architecture. To insure this fibre guidance property, the biomaterial must have the suitable architecture at the time of implantation by the clinician.

In that context, tissue engineering can be considered as an interesting strategy allowing for the investigation of the biomaterial behavior in a biologically active environment seeded with different type of cells, and for the development of a biomaterial with the wanted structure prior to implantation. A key factor for the development of functional medical device through tissue engineering is the application of the suitable stimuli in order to reproduce, as faithfully as possible, the environment in which the biomaterial will be implanted to achieve its healing function. Among different type of signals, cells involved in periodontal biology are sensitive to biomechanical stimuli [START_REF] Van Der Pauw | Response of Periodontal Ligament Fibroblasts and Gingival Fibroblasts to Pulsating Fluid Flow: Nitric Oxide and Prostaglandin E2 Release and Expression of Tissue Non-Specific Alkaline Phosphatase Activity[END_REF][START_REF] Zheng | The Effects of Fluid Shear Stress on Proliferation and Osteogenesis of Human Periodontal Ligament Cells[END_REF][START_REF] Huang | Response of Cementoblast-like Cells to Mechanical Tensile or Compressive Stress at Physiological Levels in Vitro[END_REF][START_REF] Howard | Mechanical Forces Alter Extracellular Matrix Synthesis by Human Periodontal Ligament Fibroblasts[END_REF][START_REF] Chukkapalli | Periodontal Cell Mechanotransduction[END_REF]. It is assumed that cells can sense a change in the interstitial fluid flow, or the stretching of its substrate, for example through a change in their cytoskeleton organization. This stimulus then influences the biochemical response of the cellular network [START_REF] Alfieri | Flow-Induced Mechanotransduction in Skeletal Cells[END_REF][START_REF] White | The Shear Stress of It All: The Cell Membrane and Mechanochemical Transduction[END_REF]. Nevertheless, in the field of tissue engineering for periodontal regeneration, work has been intensively focused on biochemical cues and molecular signaling at the expense of biomechanical properties [START_REF] Chen | A Review on Endogenous Regenerative Technology in Periodontal Regenerative Medicine[END_REF], while the strains sensed at the cellular level depend on the biomechanical properties of the scaffold and on the biomechanical loadings. Periodontal biomechanical environment is very complex. If each of these components has specific mechanical properties [START_REF] Rees | Elastic Modulus of the Periodontal Ligament[END_REF][START_REF] Yoshida | In Vivo Measurement of the Elastic Modulus of the Human Periodontal Ligament[END_REF][START_REF] Ho | Structure, Chemical Composition and Mechanical Properties of Human and Rat Cementum and Its Interface with Root Dentin[END_REF][START_REF] Pathak | Assessment of Lamellar Level Properties in Mouse Bone Utilizing a Novel Spherical Nanoindentation Data Analysis Method[END_REF], the cementum -periodontal ligament (PDL) -alveolar bone complex has to be considered as a whole when submitted to a mechanical loading. Although, the biomechanical response the periodontium is mainly driven by the PDL mechanical properties by absorbing the masticatory forces [START_REF] Panagiotopoulou | The Mechanical Function of the Periodontal Ligament in the Macaque Mandible: A Validation and Sensitivity Study Using Finite Element Analysis[END_REF][START_REF] Naveh | Tooth-PDL-Bone Complex: Response to Compressive Loads Encountered during Mastication -A Review[END_REF]. In order to maintain the homeostasis and allow the adaptation of the periodontal complex during mechanical loading, the PDL has to transfer the mechanical forces to the cementum and alveolar bone. In most of the soft to mineral tissues interfaces within the organism, this stress transfer from PDL to the mineralized tissues has to be achieved through a graded evolution of the materials properties [START_REF] Lu | Functional Attachment of Soft Tissues to Bone: Development, Healing, and Tissue Engineering[END_REF][START_REF] Thomopoulos | Variation of Biomechanical, Structural, and Compositional Properties along the Tendon to Bone Insertion Site[END_REF]. Indeed, if the change in mechanical property at an interface is too steep, this might involve the development of stress concentrations, resulting in the failure at the interface [START_REF] Suresh | Graded Materials for Resistance to Contact Deformation and Damage[END_REF].

In addition, and because of its specific geometry, the periodontal complex displacement field is difficult to investigate. If a lot of studies evaluate the effect of orthodontic tooth movement on the remodeling of the periodontal tissues [START_REF] Heckler | Development of a Three-Dimensional in Vitro Model System to Study Orthodontic Tooth Movement[END_REF][START_REF] Dhopatkar | British Orthodontic Society, Chapman Prize Winner 2003: Anovel in Vitro Culture Model to Investigate the Reaction of the Dentine-Pulp Complex to Orthodontic Force[END_REF], the displacements implied during physiological loading (e.g. mastication) or pathological loading (e.g. bruxism) are much less investigated, even if more relevant to understand periodontal regeneration.

In the view of tissue engineering for periodontal regeneration, one should wonder how the mechanical stimuli are transmitted to the cells within the whole periodontal complex [START_REF] Liang | Recent Advances in Periodontal Regeneration: A Biomaterial Perspective[END_REF]. This review aims to highlight the importance of the synergistic effect of the structural and biomechanical properties of the periodontal complex. This structure -biomechanics relationships can be explained by mechanotransduction and cells behavior. A clear understanding of these cellular mechanisms is of great interest to specify the factors required for the development of innovative biomaterials for periodontal tissue regeneration.

Periodontal ligament composition and structure

Figure 1 Schematic overview of a healthy tooth (right) and a pathological tooth (left).

The periodontium is the group of tissues involved in the attachment of the tooth to the dental arches. It consists in the periodontal ligament that connects the cement, coated on the dentin, to the surrounding alveolar bone (Figure 1).

Figure 2 shows light microscopy images obtained on a mouse PDL section at different locations (horizontal, oblique, apical), and can illustrate the following description. The periodontal ligament is a connective tissue made of collagen bundles immersed in a blend of water, cells, blood vessels, elastic fibres, and other proteins [START_REF] Freedman | Biomaterials to Mimic and Heal Connective Tissues[END_REF][START_REF] Berkovitz | The Structure of the Periodontal Ligament: An Update[END_REF][START_REF] Nanci | Structure of Periodontal Tissues in Health and Disease*[END_REF]. The width of the PDL reflects its high adaptability toward several types of loading, as it is indeed maintained, even if squeezed between two hard tissues, through a balance between bone formation and resorption [START_REF] Luan | Extracellular Matrix-Mediated Tissue Remodeling Following Axial Movement of Teeth[END_REF][START_REF] Mcculloch | Role of Physical Forces in Regulating the Form and Function of the Periodontal Ligament[END_REF]. The normal human ligament width ranges from 150 to 400 µm [START_REF] Nanci | Structure of Periodontal Tissues in Health and Disease*[END_REF]. From [START_REF] Hirashima | Three-Dimensional Ultrastructural Analysis and Histomorphometry of Collagen Bundles in the Periodontal Ligament Using Focused Ion Beam/Scanning Electron Microscope Tomography[END_REF].

The main types of collagen found in the PDL are type I and III, but other can be found [START_REF] Wenger | Pneumatic Pressure Bioreactor for Cyclic Hydrostatic Stress Application: Mechanobiology Effects on Periodontal Ligament Cells[END_REF][START_REF] Huang | Distribution of Type I and Type III Collagen in the Developing Periodontal Ligament of Mice[END_REF][START_REF] Becker | Immunoelectron Microscopic Localization of Collagens Type I, V, VI and of Procollagen Type III in Human Periodontal Ligament and Cementum[END_REF]. Collagen bundles are composed of several collagen fibrils having the same orientation and embedded in a gel of ground substance [START_REF] Berkovitz | The Structure of the Periodontal Ligament: An Update[END_REF][START_REF] Sloan | Collagen Fibre Architecture in the Periodontal Ligament[END_REF]. These bundles are of varying thicknesses and orientations depending on their location within the PDL. Bundles with a thickness of 1-5 µm emerge from the cement, split in several smaller bundles, and gather close to the alveolar bone, forming 10-20 µm thick bundles [START_REF] Berkovitz | The Structure of the Periodontal Ligament: An Update[END_REF][START_REF] Grant | Formation of the Periodontal Ligament[END_REF]. The orientation of these bundles depends on their location around the dental root. At the cervical part of the root, bundles are orientated horizontally, whereas at the apical root, a vertical orientation is observed. In the middle part of the root, which represents the largest region, the collagen fibres are orientated obliquely, from the root up toward the alveolar bone (Figure 2) [START_REF] Hirashima | Three-Dimensional Ultrastructural Analysis and Histomorphometry of Collagen Bundles in the Periodontal Ligament Using Focused Ion Beam/Scanning Electron Microscope Tomography[END_REF]. In the majority of cases, the investigations on the organization of collagen fibres in the PDL have been conducted on mandibular teeth, some results suggest that in the maxillary teeth, the oblique PDL might be oriented similarly, from the bone down to the cement. In that way, in the maxillae, the fibres are oriented in a manner to preferentially resist to an extrusive force compare to an intrusive force [START_REF] Picton | Extrusive Mobility of Teeth in Adult Monkeys (Macaca Fascicularis)[END_REF]. In reality, the organization of the collagen fibres between the cementum and the bone might be much more complicated, forming a connected 3D network [START_REF] Hirashima | Three-Dimensional Ultrastructural Analysis and Histomorphometry of Collagen Bundles in the Periodontal Ligament Using Focused Ion Beam/Scanning Electron Microscope Tomography[END_REF][START_REF] Ho | The Biomechanical Characteristics of the Bone-Periodontal Ligament-Cementum Complex[END_REF][START_REF] Komatsu | Changes in the Fibre Arrangement of the Rat Incisor Periodontal Ligament in Relation to Various Loading Levels in Vitro[END_REF]. At the interfaces with the cementum or the alveolar bone, wide collagen bundles, called Sharpey's fibres, are embedded within the mineralized matrix [START_REF] Beertsen | The Periodontal Ligament: A Unique, Multifunctional Connective Tissue[END_REF][START_REF] Hirashima | Three-Dimensional Ultrastructural Imaging and Quantitative Analysis of the Periodontal Ligament[END_REF]. This attachment is believed to be assisted by the presence of circumferential collagen fibres around the tooth and the bone [START_REF] Ho | The Biomechanical Characteristics of the Bone-Periodontal Ligament-Cementum Complex[END_REF]. Generally, in human soft to mineralized tissues interfaces, the collagen of the soft tissue is gradually mineralized as it gets closer to the interface [START_REF] Genin | Functional Grading of Mineral and Collagen in the Attachment of Tendon to Bone[END_REF]. Despite the difficulty to investigate accurately this area due to its small geometry, it is believed that such a gradient in material properties may exist at the PDL entheses [START_REF] Ho | The Biomechanical Characteristics of the Bone-Periodontal Ligament-Cementum Complex[END_REF].

The interstitial space between the collagen fibres and bundles is filled with various types of components making a gel called ground substance. It has been measured that, within a collagen bundles, the ground substance fill 65 % of the volume, the resting 35 % being filled with the collagen fibrils [START_REF] Berkovitz | The Structure of the Periodontal Ligament: An Update[END_REF]. Moreover, the collagen has been found to be in a lower quantity in the apical region of the tooth, compare to the cervical or the middle parts [START_REF] Berkovitz | The Structure of the Periodontal Ligament: An Update[END_REF][START_REF] Hirashima | Three-Dimensional Ultrastructural and Histomorphological Analysis of the Periodontal Ligament with Occlusal Hypofunction via Focused Ion Beam/Scanning Electron Microscope Tomography[END_REF].

In order to insure a necessary supply in nutrients, the PDL is crossed by blood vessels, with a higher density at the cervical part of the root compare to apical region [START_REF] Bosshardt | Regional Structural Characteristics of Bovine Periodontal Ligament Samples and Their Suitability for Biomechanical Tests[END_REF]. These blood vessels are ranged from 5 to 50 µm in diameter [START_REF] Foong | Blood Volume in Human Bicuspid Periodontal Ligament Determined by Electron Microscopy[END_REF] with a main orientation along the occluso-apical direction [START_REF] Masset | The Blood Vessel System in the Periodontal Ligament of the Equine Cheek Teeth -Part I: The Spatial Arrangement in Layers[END_REF].

Oxytalan fibres are observed closely associated with the vascular network [START_REF] Sims | Oxytalan Meshwork Associations Observed Histologically in the Periodontium of the Mouse Mandible[END_REF]. Oxytalan is an elastic fibre that is thought to play a role in the preservation of the vascular vessels and the regulation of blood flow depending on the tooth function [START_REF] Strydom | The Oxytalan Fibre Network in the Periodontium and Its Possible Mechanical Function[END_REF][START_REF] Fullmer | Oxytalan Connective Tissue Fibers: A Review[END_REF][START_REF] Inoue | Development of the Oxytalan Fiber System in the Periodontal Space of Rat Incisors[END_REF]. They are approximately 60 µm in diameter [START_REF] Jonas | Reaction of Oxytalan Fibers in Human Periodontium to Mechanical Stress. A Combined Histochemical and Morphometric Analysis[END_REF].

Non-collagenous proteins, such as proteoglycans (PGs), osteopontin (OPN), or alkaline phosphatase (ALP) are observed within the PDL tissue [START_REF] Mcculloch | Role of Physical Forces in Regulating the Form and Function of the Periodontal Ligament[END_REF][START_REF] Häkkinen | Immunohistochemical Localization of Proteoglycans in Human Periodontium[END_REF][START_REF] Groeneveld | Cell-Bound and Extracellular Matrix-Associated Alkaline Phosphatase Activity in Rat Periodontal Ligament[END_REF]. One function for these proteins is associated with the regularization of mineral formation within the extracellular matrix. It has been observed that the amount of such proteins is more important at the interface between the PDL and the two mineralized tissues [START_REF] Ho | The Biomechanical Characteristics of the Bone-Periodontal Ligament-Cementum Complex[END_REF][START_REF] Mckee | Extracellular Matrix in Tooth Cementum and Mantle Dentin: Localization of Osteopontin and Other Noncollagenous Proteins, Plasma Proteins, and Glycoconjugates by Electron Microscopy[END_REF].

The PDL is known to be a source of cells for its surrounding environment. The periodontal ligament stem cells (PDLSCs) can differentiate into fibroblasts, osteoblasts, or cementoblasts to synthesize the ligament, the alveolar bone, or the cement, respectively [START_REF] Seo | Investigation of Multipotent Postnatal Stem Cells from Human Periodontal Ligament[END_REF][START_REF] Isaka | Participation of Periodontal Ligament Cells With Regeneration of Alveolar Bone[END_REF][START_REF] Lin | Differentiation of Periodontal Ligament Fibroblasts into Osteoblasts during Socket Healing after Tooth Extraction in the Rat[END_REF][START_REF] Bartold | Stem Cells and Periodontal Regeneration[END_REF][START_REF] Zhu | Periodontal Ligament Stem Cells: Current Status, Concerns, and Future Prospects[END_REF]. PDL cells have been regarded as the cell type with the highest potential for periodontal regeneration [START_REF] Zhu | Periodontal Ligament Stem Cells: Current Status, Concerns, and Future Prospects[END_REF]. These cells are often observed close to the blood vessels [START_REF] Chen | Location of Putative Stem Cells in Human Periodontal Ligament[END_REF]. Within the PDL, the PDLSCs mainly differentiate into fibroblasts that remove the old collagen and synthesize the new one [START_REF] Smith | Role of Fibroblast Populations in Periodontal Wound Healing and Tissue Remodeling[END_REF]. In certain regions of the root, the fibroblasts have the same orientation as the collagen bundles and form a connected network around them [START_REF] Hirashima | Three-Dimensional Ultrastructural Analysis and Histomorphometry of Collagen Bundles in the Periodontal Ligament Using Focused Ion Beam/Scanning Electron Microscope Tomography[END_REF][START_REF] Hirashima | Three-Dimensional Ultrastructural and Histomorphological Analysis of the Periodontal Ligament with Occlusal Hypofunction via Focused Ion Beam/Scanning Electron Microscope Tomography[END_REF][START_REF] Hirashima | Cellular Network across Cementum and Periodontal Ligament Elucidated by FIB/SEM Tomography[END_REF]. Whereas at the interface between the PDL and the mineralized tissues, the PDLSCs differentiate into osteoblasts or cementoblasts [START_REF] Mcculloch | Cell Migration in the Periodontal Ligament of Mice[END_REF]. It has been shown that PDL fibroblasts can also differentiate into osteoblastic cells [START_REF] Lin | Differentiation of Periodontal Ligament Fibroblasts into Osteoblasts during Socket Healing after Tooth Extraction in the Rat[END_REF][START_REF] Basdra | Osteoblast-like Properties of Human Periodontal Ligament Cells: An in Vitro Analysis[END_REF]. It is proposed that the cells of the PDL, the cement, and the alveolar bone are all connected, forming a unique cellular network, similar to the lacuna-canalicular network observed in bone tissue, promoting the exchanges between them [START_REF] Hirashima | Three-Dimensional Ultrastructural and Histomorphological Analysis of the Periodontal Ligament with Occlusal Hypofunction via Focused Ion Beam/Scanning Electron Microscope Tomography[END_REF][START_REF] Yu | Assessment of the Human Bone Lacuno-Canalicular Network at the Nanoscale and Impact of Spatial Resolution[END_REF][START_REF] Bosshardt | Cell-to-Cell Communication -Periodontal Regeneration[END_REF].The remaining of the non-collagenous part of the PDL is mainly built on water and blood that fill of the space [START_REF] Nanci | Structure of Periodontal Tissues in Health and Disease*[END_REF]. This whole complex architecture is developed to provide specific biomechanical properties.

Periodontium biomechanics

The Cementum -PDL -Alveolar bone complex: global mechanical response

Because of its role within the organism, the cementum -PDL -alveolar bone complex has to show both strong and soft mechanical properties. The complex has to be stiff enough to allow the mastication of hard diet product. In the other hand, the load transfer between the tooth and the alveolar bone should be low enough in order to avoid any tissues damage. In 2019, Ben-Zvi et al., obtained the force-displacement curve measured by loading of a pig molar not extracted from its jaw, to simulate an in vivo loading (Figure 3b) [START_REF] Ben-Zvi | Response of the Tooth-Periodontal Ligament-Bone Complex to Load: A MicroCT Study of the Minipig Molar[END_REF]. This curve shows an increasing stiffness of the periodontal complex with increasing load: at higher loads, the complex is more difficult to deform. An ideal medical device for periodontal regeneration should undergo the same mechanical response when implanted within the oral cavity. In vivo measurements are more difficult to perform and assess.

In 2016, Keilig et al. obtained the force displacement curves of human incisors loaded in the horizontal direction (labio-oral) at different displacement rates [START_REF] Keilig | In Vivo Measurements and Numerical Analysis of the Biomechanical Characteristics of the Human Periodontal Ligament[END_REF]. Even if this type of loading does not represent a typical clinical situation, it has been chosen because of the limited space in the oral cavity (Figure 3a). This investigation showed that the mechanical response of the cementum -PDL -alveolar bone complex depends on the loading rate. At higher rates (0.1 s in Figure 3a) the stiffness of the complex appears to be constant, whereas at lower rate, it varies with the magnitude of loading.

During mastication, the mechanical response of the cementum -PDL -alveolar bone complex is mainly attributable to the PDL mechanical behavior [START_REF] Panagiotopoulou | The Mechanical Function of the Periodontal Ligament in the Macaque Mandible: A Validation and Sensitivity Study Using Finite Element Analysis[END_REF][START_REF] Naveh | Tooth-PDL-Bone Complex: Response to Compressive Loads Encountered during Mastication -A Review[END_REF]. The PDL is softer than the cementum or the alveolar bone: it undergoes higher strains when the complex is subjected to an external loading. By basically considering the periodontal complex as the succession of the cement, the PDL and the alveolar bone in series, each of them being a spring with the stiffness kCement, kPDL, and kAlveolar Bone (N.mm - 1

), respectively, the equivalent stiffness of the periodontal complex can be measured as follows (Eq. ( 1)):

1 𝑘 𝑒𝑞 = 1 𝑘 𝐶𝑒𝑚𝑒𝑛𝑡 + 1 𝑘 𝑃𝐷𝐿 + 1 𝑘 𝐴𝑙𝑣𝑒𝑜𝑙𝑎𝑟 𝐵𝑜𝑛𝑒 Eq. ( 1 
)
As the cementum and bone are much stiffer than the PDL [START_REF] Ho | The Biomechanical Characteristics of the Bone-Periodontal Ligament-Cementum Complex[END_REF], kCementum >> kPDL, and kAlveolar Bone >> kPDL, signifying that the apparent stiffness of the periodontium, keq, is almost the same as the PDL's one.

One major difficulty in understanding periodontium biomechanics is that it undergoes various types of loading, from physiological ones (such as masticatory forces), to pathological ones (such as bruxism), including therapeutic loadings (such as orthodontic forces). If it is assumed that the loss of periodontal attachment initiates through a change in its loading environment, the influence of such abnormal loadings on a pathological periodontium is less stated [START_REF] Fan | Occlusal Trauma and Excessive Occlusal Forces: Narrative Review, Case Definitions, and Diagnostic Considerations[END_REF][START_REF] Harrel | Occlusal Forces as a Risk Factor for Periodontal Disease[END_REF]. These different types of loading differ in magnitudes, frequencies, and orientations. If orthodontic movements involve low static forces (10 0 N, [START_REF] Badawi | Three-Dimensional Orthodontic Force Measurements[END_REF]), masticatory forces are much higher loads (10 2 N, [START_REF] Proffit | Occlusal Forces in Normal-and Long-Face Adults[END_REF][START_REF] Gibbs | Occlusal Forces during Chewing and Swallowing as Measured by Sound Transmission[END_REF][START_REF] Ortún-Terrazas | In Silico Study of Cuspid' Periodontal Ligament Damage under Parafunctional and Traumatic Conditions of Whole-Mouth Occlusions. A Patient-Specific Evaluation[END_REF]) applied cyclically [START_REF] Foster | Effect of Texture of Plastic and Elastic Model Foods on the Parameters of Mastication[END_REF], and can be even higher in the case of abnormal occlusion [START_REF] Rees | Abfraction Lesion Formation in Maxillary Incisors, Canines and Premolars: A Finite Element Study[END_REF]. When a static loading is applied on the tooth, the PDL undergoes a creep behavior: it first reacts by counteracting this load, and then adapts to this load through a microstructural re-organization in order to decrease its state of stress [START_REF] Komatsu | Stress-Relaxation and Microscopic Dynamics of Rabbit Periodontal Ligament[END_REF][START_REF] Romanyk | Modeling Stress-Relaxation Behavior of the Periodontal Ligament During the Initial Phase of Orthodontic Treatment[END_REF][START_REF] Papadopoulou | The Time-Dependent Biomechanical Behaviour of the Periodontal Ligament -An in Vitro Experimental Study in Minipig Mandibular Two-Rooted Premolars[END_REF][START_REF] Oskui | Biomechanical Behavior of Bovine Periodontal Ligament: Experimental Tests and Constitutive Model[END_REF]. At the opposite, during a cyclic loading, the periodontal complex undergoes a hysteretic behavior, signifying that the response under loading differs from the response during unloading [START_REF] Shibata | Mechanical Behavior of Bovine Periodontal Ligament under Tension-Compression Cyclic Displacements[END_REF][START_REF] Dorow | Determination of the Mechanical Properties of the Periodontal Ligament in a Uniaxial Tensional Experiment[END_REF][START_REF] Pini | Mechanical Characterization of Bovine Periodontal Ligament[END_REF]. Moreover, the application of a same load on a healthy and injured periodontium will not result in the same strain and stress distribution due to the different geometries [START_REF] Lin | Biomechanical Adaptation of the Bone-Periodontal Ligament (PDL)-Tooth Fibrous Joint as a Consequence of Disease[END_REF]. As it can thus be understand, the periodontal complex cannot be modeled by a simple spring characterized by a unique simple stiffness (keq (N.mm - 1

)) but as a combination of springs and dashpots undergoing a complex mechanical behavior depending on the PDL geometry and on the type of loading [START_REF] Fill | Analytically Determined Mechanical Properties of, and Models for the Periodontal Ligament: Critical Review of Literature[END_REF].

The understanding of stresses and strains distribution around the dental root has been increasingly improved with the development of numerical approaches [START_REF] Zhang | Finite Element Analysis on Tooth and Periodontal Stress under Simulated Occlusal Loads[END_REF][START_REF] Qian | Deformation Analysis of the Periodontium Considering the Viscoelasticity of the Periodontal Ligament[END_REF][START_REF] Andersen | Determination of Stress Levels and Profiles in the Periodontal Ligament by Means of an Improved Three-Dimensional Finite Element Model for Various Types of Orthodontic and Natural Force Systems[END_REF]. These tools allow the consideration of the complex geometry of the root, that is involved in the mechanical response of the periodontal complex [START_REF] Panagiotopoulou | The Mechanical Function of the Periodontal Ligament in the Macaque Mandible: A Validation and Sensitivity Study Using Finite Element Analysis[END_REF][START_REF] Nikolaus | Importance of the Variable Periodontal Ligament Geometry for Whole Tooth Mechanical Function: A Validated Numerical Study[END_REF][START_REF] Poiate | Three-Dimensional Stress Distribution in the Human Periodontal Ligament in Masticatory, Parafunctional, and Trauma Loads: Finite Element Analysis[END_REF][START_REF] Clement | Quasi-Automatic 3D Finite Element Model Generation for Individual Single-Rooted Teeth and Periodontal Ligament[END_REF], and considering various complex loading conditions that are difficult to achieved in experimental studies [START_REF] Andersen | Determination of Stress Levels and Profiles in the Periodontal Ligament by Means of an Improved Three-Dimensional Finite Element Model for Various Types of Orthodontic and Natural Force Systems[END_REF][START_REF] Mcguinness | A Stress Analysis of the Periodontal Ligament under Various Orthodontic Loadings[END_REF]. For example, these models highlighted the significance of the fluid phase in the viscous behavior of the PDL under a physiological loading [START_REF] Bergomi | Hydro-Mechanical Coupling in the Periodontal Ligament: A Porohyperelastic Finite Element Model[END_REF][START_REF] Ortún-Terrazas | A Porous Fibrous Hyperelastic Damage Model for Human Periodontal Ligament: Application of a Microcomputerized Tomography Finite Element Model[END_REF][START_REF] Natali | Numerical Analysis of Tooth Mobility: Formulation of a Non-Linear Constitutive Law for the Periodontal Ligament[END_REF] and other different microstructural features [START_REF] Natali | A Visco-Hyperelastic-Damage Constitutive Model for the Analysis of the Biomechanical Response of the Periodontal Ligament[END_REF][START_REF] Limbert | A Transversely Isotropic Hyperelastic Constitutive Model of the PDL. Analytical and Computational Aspects[END_REF].

Despite this great interest, numerical modeling fails in providing a clear statement regarding PDL mechanical response [START_REF] Fill | Analytically Determined Mechanical Properties of, and Models for the Periodontal Ligament: Critical Review of Literature[END_REF]. The limitation arising from these numerical studies may be explained by the complex PDL's microstructure and the contribution of components in its mechanical behavior. The local property of the tissue depends on its local structure, and evolves depending on the location around the dental root. It is thus important to know the structural and associated biomechanical properties of the PDL in order to understand the specific distribution of stress and strain in the PDL and transmitted to the cementum and to the alveolar bone.

PDL's biomechanical properties

a.

b. c.

PDL's biomechanical properties are the utmost importance as it acts as a damper to the high loads applied by the teeth and their periodontal supporting tissues during mastication. Because of the complex geometry of the tooth, the periodontal ligament is subjected to different types of strain depending on the location under the tooth, with a maximum tensile strain on the side of the root and a maximum compressive strains on the apexes when the tooth is exposed to an external loading [START_REF] Qian | Deformation Analysis of the Periodontium Considering the Viscoelasticity of the Periodontal Ligament[END_REF].

The orientation and morphological properties of collagen bundles have been shown to be correlated with the type of loading they handle [START_REF] Hirashima | Three-Dimensional Ultrastructural and Histomorphological Analysis of the Periodontal Ligament with Occlusal Hypofunction via Focused Ion Beam/Scanning Electron Microscope Tomography[END_REF]. This is why it is important to understand the behavior of the PDL under various types of loading. [START_REF] Pini | Tensile and Compressive Behaviour of the Bovine Periodontal Ligament[END_REF]).

b: Force displacement curve from a mini-pig not extracted molar loaded in axial compression, thus simulated an in vivo condition (from [75]). c: Stress-strain curve of an extracted bovine molar in compression (E (%) < 0) and in tension (E (%) > 0). The protocol included compressive loading (CL), unloading (CU) and tensile loading (TL) up to failure. The analyzed mechanical parameters were elastic modulus (εf), maximal stress (Smax), maximizer strain (Emax) and strain energy dens ity (UE) (from

The general behavior of a bovine PDL under both tension (E (%) > 0) and compression (E (%) < 0) can be seen in Figure 3c [START_REF] Pini | Tensile and Compressive Behaviour of the Bovine Periodontal Ligament[END_REF]. Regarding Figure 3, it is interesting to see that, considering the lower displacement rates for the in vivo experiment (1.0 s and 5.0 s in Figure 3a), we can observe for the three different types of experiments (Figure 3a, b, andc) an evolution of the stiffness of the tested material, with almost no change in the force for small displacements, even if this evolution is more pronounced for the in vitro experiments (Figure 3b andc).

Under tension, the PDL shows hyperplastic properties, meaning that its stiffness evolves as the loading increases [START_REF] Huang | Mechanical Responses of the Periodontal Ligament Based on an Exponential Hyperelastic Model: A Combined Experimental and Finite Element Method[END_REF]. This behavior under tension is mostly due to an evolution in the organization of the collagen bundles. In a steady state, collagen fibres of the periodontal ligament are entangled. The first non-linear region of the stress-strain curve (Figure 3c, E (%) > 0) might be due the disentanglement of these bundles [START_REF] Viidik | Light and Electron Microscopic Studies of Collagen Fibers under Strain[END_REF]. While the collagen is organizing in fibres orientated along the loading direction, some fibres start to be stretched resulting in an increase the apparent elasticity of the tissue. When all the fibres are stretched, the behavior of the PDL is linear until the progressive failure of the collagen bundles [START_REF] Komatsu | Synchronous Recording of Load-Deformation Behaviour and Polarized Light-Microscopic Images of the Rabbit Incisor Periodontal Ligament during Tensile Loading[END_REF]. The mechanical strength of human periodontal ligament under tensile testing has been measured to be around 3 MPa [START_REF] Mandel | A Biomechanical Study of the Human Periodontal Ligament[END_REF].

As the PDL undergoes a non-linear behavior under tension, its elastic modulus evolves while the load increases. Considering the final linear part of the curve, it has been observed that the elastic modulus of the PDL depends on the location around the root and ranged between 1 and 10 MPa on bovine PDL or around 5 MPa on pigs for the high stresses area (as shown by εf in Figure 3c) [START_REF] Dorow | Determination of the Mechanical Properties of the Periodontal Ligament in a Uniaxial Tensional Experiment[END_REF][START_REF] Pini | Tensile and Compressive Behaviour of the Bovine Periodontal Ligament[END_REF]. The low modulus has been measured around 0.15 MPa (corresponding to the low deformations (0 < E(%) < 10) in Figure 3c) [START_REF] Dorow | Determination of the Mechanical Properties of the Periodontal Ligament in a Uniaxial Tensional Experiment[END_REF]. No real trend about the dependence of this tensile elastic modulus with loading rate has been measured by Nishihira et al. and Bergomi et al. [START_REF] Nishihira | Mechanics of Periodontal Ligament[END_REF][START_REF] Bergomi | The Role of the Fluid Phase in the Viscous Response of Bovine Periodontal Ligament[END_REF]. Under static loading in tension, PDL undergoes a creep behavior, signifying that, at a constant stress, the PDL still deforms with time, possibly due to a structural rearrangement of the collagen network [START_REF] Komatsu | Mechanical Strength and Viscoelastic Response of the Periodontal Ligament in Relation to Structure[END_REF]. Similarly, the PDL undergoes stress relaxation, meaning that at a constant deformation, stress decreases within the PDL [START_REF] Komatsu | Mechanical Strength and Viscoelastic Response of the Periodontal Ligament in Relation to Structure[END_REF].

At the fibril scale, the elastic tensile modulus of collagen has been measured around 100 and 500 MPa on fibril 10 2 nm in diameter using micro tensile experiments [START_REF] Shen | Stress-Strain Experiments on Individual Collagen Fibrils[END_REF][START_REF] Dutov | Measurement of Elastic Modulus of Collagen Type i Single Fiber[END_REF]. A modulus ranged from 1 to 10 GPa has been measured by nanoindentation, providing information in the transverse direction [START_REF] Wenger | Mechanical Properties of Collagen Fibrils[END_REF].

A viscous component of the PDL in tension can be associated with the viscous component of the collagen itself. More specifically, collagen undergoes creep behavior during static loading [START_REF] Silver | Transition from Viscous to Elastic-Based Dependency of Mechanical Properties of Self-Assembled Type I Collagen Fibers[END_REF][START_REF] Gupta | In Situ Multi-Level Analysis of Viscoelastic Deformation Mechanisms in Tendon Collagen[END_REF]. This mechanism operates through a reorganization at the molecular scale [START_REF] Ghodsi | Investigation of Mechanisms of Viscoelastic Behavior of Collagen Molecule[END_REF].

It has also been observed that during loading, some singularities occurred at the interface between the PDL and the cementum or the alveolar bone [START_REF] Komatsu | Synchronous Recording of Load-Deformation Behaviour and Polarized Light-Microscopic Images of the Rabbit Incisor Periodontal Ligament during Tensile Loading[END_REF]. The apparent stiffness of the PDL increases as the collagen fibres become embedded in the mineralized tissues at the entheses [START_REF] Ho | The Biomechanical Characteristics of the Bone-Periodontal Ligament-Cementum Complex[END_REF]. At these interfaces, the variation in stiffness is at the origin of stresses and strains gradients [START_REF] Grandfield | Strain-Guided Mineralization in the Bone-PDL-Cementum Complex of a Rat Periodontium[END_REF]. More specifically, in a graded material, strain is higher in the softer part [START_REF] Li | Nanofiber Scaffolds with Gradations in Mineral Content for Mimicking the Tendon-to-Bone Insertion Site[END_REF]. Bone remodeling has been shown to be increased in areas of high strain gradient, resulting in the formation of a material with increased stiffness in these areas [START_REF] Firoozbakhsh | The Effect of Stress Concentration on Bone Remodeling: Theoretical Predictions[END_REF]. Moreover, higher loading state is associated with thicker collagen bundles [START_REF] Hirashima | Three-Dimensional Ultrastructural and Histomorphological Analysis of the Periodontal Ligament with Occlusal Hypofunction via Focused Ion Beam/Scanning Electron Microscope Tomography[END_REF]. These observations are in accordance with the graded increase in mineral content and the higher thickness of Sharpey's fibres at the interface between the PDL and the cementum or the alveolar bone [START_REF] Berkovitz | The Structure of the Periodontal Ligament: An Update[END_REF][START_REF] Ho | The Biomechanical Characteristics of the Bone-Periodontal Ligament-Cementum Complex[END_REF]. It has been observed that the elastic modulus of single collagen bundle increases with the increasing content of mineral [START_REF] Nair | Molecular Mechanics of Mineralized Collagen Fibrils in Bone[END_REF]. Moreover, the increased number of collagen fibrils in thicker bundles increases its apparent stiffness by multiplying the number of springs (collagen fibrils) associated in parallel.

Under compression, the PDL shows a viscous behavior, meaning that the relationship between strain and stress during loading is different to the one during unloading. This is represented by the hysteresis loop on Figure 3c (E (%) < 0) [START_REF] Bergomi | Load Response of Periodontal Ligament: Assessment of Fluid Flow, Compressibility, and Effect of Pore Pressure[END_REF]. Moreover, under compression, PDL's mechanical response depends on the loading rate, with a higher maximum compressive stress with increasing loading rate [START_REF] Bergomi | The Role of the Fluid Phase in the Viscous Response of Bovine Periodontal Ligament[END_REF].This particular compressive behavior is believed to be associated with the interaction of fluid and solid phases during loading [START_REF] Bergomi | The Role of the Fluid Phase in the Viscous Response of Bovine Periodontal Ligament[END_REF][START_REF] Van Driel | Time-Dependent Mechanical Behaviour of the Periodontal Ligament[END_REF]. As a hyperelastic tissue, a low compressive elastic modulus of about 0.5 MPa and a high modulus of 20 MPa have been measured on cat and dogs PDLs [START_REF] Nishihira | Mechanics of Periodontal Ligament[END_REF].

In reality, the PDL's mechanical behavior during compressive loading depends on periodontium components' permeability that has been estimated around 10 -14 m 4 /N.s and 10 -17 m 4 /N.s for alveolar bone and cementum, respectively [START_REF] Bergomi | Hydro-Mechanical Coupling in the Periodontal Ligament: A Porohyperelastic Finite Element Model[END_REF][START_REF] Van Driel | Time-Dependent Mechanical Behaviour of the Periodontal Ligament[END_REF]. Indeed, as the local volume under compression decreases, the diffusion of water and other ground substances directly depends on the materials' permeability and its ability to let the fluids flow to another less constrained region. It is believed that with increasing loading magnitude, the collapse of the blood vessels network results in a decrease in permeability, thus explain the non-linear mechanical response of the PDL under compression [START_REF] Bergomi | Three-Dimensional Morphometry of Strained Bovine Periodontal Ligament Using Synchrotron Radiation-Based Tomography[END_REF]. It has been shown that the amount of ground substance and water is higher in region subjected to compressive loading, such as the apical part of the root [START_REF] Berkovitz | The Structure of the Periodontal Ligament: An Update[END_REF]. This highlights the importance of water and other fluids in the mechanical behavior of the PDL under compression. The rate dependence of PDL's mechanical response under compression may also be explained considering the flow of interstitial fluids within PDL's structure. At low rate, these fluids have the time to move to another region [START_REF] Lin | Biomechanics of a Bone-Periodontal Ligament-Tooth Fibrous Joint[END_REF][START_REF] Picton | Tooth Mobility--an Update[END_REF]. At increasing rates, the ground substances might be squeezed to fast, and its compressive behavior is added to the whole PDL behavior. This is of great importance since chewing activity implies loading frequencies ranged from 1 to 1.5 Hz [START_REF] Foster | Effect of Texture of Plastic and Elastic Model Foods on the Parameters of Mastication[END_REF]. The viscous behavior of PDL during the unloading part of the compressive test (Figure 3c, E (%) < 0) is partly due to the refilling of the interstitial spaces by the ground substance. This fluids exchange has been shown to be enhanced at the alveolar bone-PDL interface, and almost insignificant at the cement-PDL interface, due to the low permeability of the cementum compare to alveolar bone [START_REF] Bergomi | Hydro-Mechanical Coupling in the Periodontal Ligament: A Porohyperelastic Finite Element Model[END_REF].

As can be seen with this description, the PDL's biomechanical environment is very complex. Data regarding the distribution of stresses and strains around the PDL would be of great interest to better understand this biomechanical environment. A better knowledge on the local mechanical properties around the PDL may be needed to improve the numerical models developed to estimate the strains and stresses fields. For example, nanoindentation experiments could be performed on different location to evaluate the variation of properties around the root [START_REF] Hurng | Discontinuities in the Human Bone-PDL-Cementum Complex[END_REF]. In vivo stresses and strains distributions would allow to better associate the external mechanical loading applied on the tooth and the tissue produced by the cells.

PDL mechanotransduction or how to explain the relationship between structure and biomechanics

Mechanotransduction is the mechanism by which the cellular activity is linked to its biomechanical environment. It is known that some of cells' activities are driven by their strain state [START_REF] White | The Shear Stress of It All: The Cell Membrane and Mechanochemical Transduction[END_REF]. The cell's biomechanical environment has an influence on its strain state under an applied external loading, by inducing cellular deformation through the direct deformation of the PDL's extracellular matrix or by the fluid flow induced shear strain in both the PDL and the bone [START_REF] Henneman | Mechanobiology of Tooth Movement[END_REF].

It is known that cells orientation depends on their substrate deformation in two dimensions [START_REF] Neidlinger-Wilke | Cell Alignment Is Induced by Cyclic Changes in Cell Length: Studies of Cells Grown in Cyclically Stretched Substrates[END_REF]. More specifically, cells' orientation has been shown to be parallel to the principal orientation of deformation under static loading and perpendicular to it under cycling loading on a 2D stretched membrane [START_REF] De | Dynamics of Cell Orientation[END_REF][START_REF] Wang | Specificity of Endothelial Cell Reorientation in Response to Cyclic Mechanical Stretching[END_REF]. Similarly, a flow induced shear strain promotes the alignment of endothelial cells in the direction of flow [START_REF] Liu | Electrofluidic Pressure Sensor Embedded Microfluidic Device: A Study of Endothelial Cells under Hydrostatic Pressure and Shear Stress Combinations[END_REF]. The orientation and cell's activities also depends on the amplitude of the deformation [START_REF] Dartsch | Orientation Response of Arterial Smooth Muscle Cells to Mechanical Stimulation[END_REF][START_REF] Jacobs | Induction of IL-6 and MMP-8 in Human Periodontal Fibroblasts by Static Tensile Strain[END_REF]. A cyclic mechanical loading applied parallelly to the main orientation of a nanofibrous poly-caprolactone/gelatin scaffold has been shown to promote the PDL's cells alignment along the fibres whereas on a randomly oriented scaffold, the cells were oriented perpendicular to the applied loading [START_REF] Kim | Dynamic Mechanical and Nanofibrous Topological Combinatory Cues Designed for Periodontal Ligament Engineering[END_REF]. This phenomenon is known as contact guidance [START_REF] Guido | A Methodology for the Systematic and Quantitative Study of Cell Contact Guidance in Oriented Collagen Gels. Correlation of Fibroblast Orientation and Gel Birefringence[END_REF]. Furthermore, it is known that cells are sensitive to the substrate stiffness [START_REF] Discher | Tissue Cells Feel and Respond to the Stiffness of Their Substrate[END_REF]. In three dimensions, static and dynamic mechanical loading induced the alignment of dermal fibroblast parallel to the direction of loading cultured in a fibrous media [START_REF] Gauvin | Dynamic Mechanical Stimulations Induce Anisotropy and Improve the Tensile Properties of Engineered Tissues Produced without Exogenous Scaffolding[END_REF]. Moreover, unidirectionally loaded tendon fibroblasts have been shown to produce a highly anisotropic collagen fibrous media whereas bi-axially loading promotes the development of a randomly arranged collagen fibres [START_REF] Thomopoulos | The Development of Structural and Mechanical Anisotropy in Fibroblast Populated Collagen Gels[END_REF]. Cell's and collagen degree of alignment can thus provide relevant data on the PDL structure -biomechanics interrelationship.

It has been observed that periodontal cells' orientation varies depending on their location around the dental root, with almost perpendicular, parallel, and randomly oriented cells in regard to the collagen bundles on the cervical, the middle, and the apical part of the root, respectively (Figure 4) [START_REF] Hirashima | Three-Dimensional Ultrastructural Analysis of Cells in the Periodontal Ligament Using Focused Ion Beam/Scanning Electron Microscope Tomography[END_REF]. These results imply that, depending on the location around the root, the periodontal cells do not undergo the same amplitude and type o strains (static or cyclic, uniaxial or multiaxial), and thus do not have the same activity. For example, it might be interesting to investigate if the alignment between periodontal cells and collagen bundles in the middle part of the dental root may arise from static occlusal forces applied during daily activity [START_REF] Parfitt | Measurement of the Physiological Mobility of Individual Teeth in an Axial Direction[END_REF], or even from gravity that can have an influence on the zero strain state of soft tissues [START_REF] Gao | Estimating Zero-Strain States of Very Soft Tissue under Gravity Loading Using Digital Image Correlation[END_REF]. As enounced previously, at the oblique locations, the PDL fibres spread from the bone to the cementum in a cervical-apical orientation (see Figure 2C). But if the majorities of these investigations have been performed on the mandible, some results suggest that the PDL fibres in the maxilla are oriented from the bone down to the cementum, in an apical-cervical orientation, as if the fibres prevented the tooth from falling from the maxillary bone [START_REF] Picton | Extrusive Mobility of Teeth in Adult Monkeys (Macaca Fascicularis)[END_REF]. But to the authors' knowledge, a direct comparison between mandible and maxilla PDL organization has never been performed. Moreover, while numerous studies having shown a significant influence of intrusive or extrusive loadings, considered forces in the order of the force of gravity on tooth mobility [START_REF] Moxham | The Effects of Axially-Directed Extrusive Loads on Movements of the Mandibular Incisor of the Rabbit[END_REF][START_REF] Moxham | The Mobility of the Lathyritic Rabbit Mandibular Incisor in Response to Axially-Directed Extrusive Loads[END_REF][START_REF] Moxham | A Quantitative Assessment of the Effects of Axially Directed Extrusive Loads on Displacement of the Impeded and Unimpeded Rabbit Mandibular Incisor[END_REF][START_REF] Shimada | The Effects of Intrusive Loading on Axial Movements of Impeded and Unimpeded Rat Incisors: Estimation of Eruptive Force[END_REF][START_REF] Burn-Murdoch | Evidence That the Response to Applied Forces of Continuously Erupting Rat Incisors Contains More than One Component[END_REF], the influence of gravity forces alone is not known. According to the authors, this is an interesting point to consider, because gravity is associated to a static loading that might have an influence on the specific orientation at this location around the PDL. This highlights the importance for understanding the influence of the different type strains on the cellular activity within the PDL.

Figure 4 Focused ionized beam / scanning electronic microscope 3D reconstructed images of PDL cells in horizontal, oblique, and apical regions of the root, on a mouse model. The arrows indicate the collagen bundles direction. ab= alveolar bone, BV = blood vessel. Scale bars = 10 µm (from[141] ).

A tensile strain is perceived by the cells when the substrate on which they adhere is stretched. It has been shown that periodontal fibroblasts are sensitive to stretching, up to 9 %, by adapting their cytoskeleton along the direction of the stress [START_REF] Pender | Quantitation of Actin Polymerization in Two Human Fibroblast Sub-Types Responding to Mechanical Stretching[END_REF][START_REF] Norton | A Methodical Study of Shape Changes in Human Oral Cells Perturbed by a Simulated Orthodontic Strain in Vitro[END_REF][START_REF] Chiba | Cytoskeletal Changes and the System of Regulation of Alkaline Phosphatase Activity in Human Periodontal Ligament Cells Induced by Mechanical Stress[END_REF][START_REF] Kaneko | Temporal Effects of Cyclic Stretching on Distribution and Gene Expression of Integrin and Cytoskeleton by Ligament Fibroblasts In Vitro[END_REF]. It is assumed that this stretch sensitive property is due to the binding of cells to the extracellular matrix through integrins that are proteins with an intra-and an extracellular part [START_REF] Ma | Cyclic Stretch Induced Gene Expression of Extracellular Matrix and Adhesion Molecules in Human Periodontal Ligament Cells[END_REF][START_REF] Gumbiner | Cell Adhesion: The Molecular Basis of Tissue Architecture and Morphogenesis[END_REF]. In response to slight cyclic stretching, periodontal fibroblasts produce a higher quantity type I collagen extracellular matrix compared to unstretched control fibroblasts. However, stretching at magnitude higher than 10 % resulted in no difference between experimental and control [START_REF] Howard | Mechanical Forces Alter Extracellular Matrix Synthesis by Human Periodontal Ligament Fibroblasts[END_REF]. In a same way, tensile cycles are believed to up-regulate the production of metalloproteinase proteins needed in the degradation of old or damaged collagen at low (1.5 %, [START_REF] Kook | Involvement of JNK-AP-1 and ERK-NF-ΚB Signaling in Tension-Stimulated Expression of Type I Collagen and MMP-1 in Human Periodontal Ligament Fibroblasts[END_REF]) or high (10 %, [START_REF] Chen | Differential Regulation of Collagen, Lysyl Oxidase and MMP-2 in Human Periodontal Ligament Cells by Low-and High-Level Mechanical Stretching[END_REF][START_REF] Tantilertanant | Cyclic Tensile Force-Upregulated IL6 Increases MMP3 Expression by Human Periodontal Ligament Cells[END_REF]) magnitude of stretching. Tensile strain also plays a role in the bone remodeling at the interface between the bone and the PDL. A cyclic tensile loading has been shown to up-regulate the expression of osteogenic genes [START_REF] Liu | Effect of the Cyclic Stretch on the Expression of Osteogenesis Genes in Human Periodontal Ligament Cells[END_REF] while inhibiting osteoclastogenesis [START_REF] Kanzaki | Cyclical Tensile Force on Periodontal Ligament Cells Inhibits Osteoclastogenesis through OPG Induction[END_REF]. Moreover, the strain gradient occurring at the entheses might be one explanation of the graded increase of mineral content at the interface between mineralized tissues and PDL [START_REF] Grandfield | Strain-Guided Mineralization in the Bone-PDL-Cementum Complex of a Rat Periodontium[END_REF].

The compressive strains submitted at the cellular level are due to hydrostatic pressure exerted by the interstitial fluids. As for the tensile loading, the compressive strains are sensed through an increased attachment of the integrins to their substrate [START_REF] Wenger | Pneumatic Pressure Bioreactor for Cyclic Hydrostatic Stress Application: Mechanobiology Effects on Periodontal Ligament Cells[END_REF]. The synthesis of type I collagen by periodontal ligament fibroblasts is not up regulated when subjected to a compressive cyclic loading whereas type VI collagen has been shown to be produced [START_REF] Wenger | Pneumatic Pressure Bioreactor for Cyclic Hydrostatic Stress Application: Mechanobiology Effects on Periodontal Ligament Cells[END_REF]. Collagen type VI is known to mediate cell attachment [START_REF] Aumailley | Cell Attachment Properties of Collagen Type VI and Arg-Gly-Asp Dependent Binding to Its Α2(VI) and Α3(VI) Chains[END_REF]. It is well assumed that static compression loadings involved in orthodontic movement of are associated with the resorption of the alveolar bone [START_REF] Li | Orthodontic Tooth Movement: The Biology and Clinical Implications[END_REF]. Static compressive load applied to fibroblasts indeed resulted in the gene expressions related to bone resorption [162-166].

In the case of shear loading, stress and strain develop because the applied mechanical loading pushes the cell to move whereas the adhesive substrate applies a resistance to retain it. As we have seen previously, under compression, the PDL's behavior is driven by the flow of interstitial fluids [START_REF] Van Driel | Time-Dependent Mechanical Behaviour of the Periodontal Ligament[END_REF]. These fluids flow, not perfectly perpendicular to the substrate, result in the development of shear strain and stress at the cellular level. Under pulsating shear flow, an increase in nitric oxide and Prostaglandin E2 production by periodontal fibroblast has been measured [START_REF] Van Der Pauw | Response of Periodontal Ligament Fibroblasts and Gingival Fibroblasts to Pulsating Fluid Flow: Nitric Oxide and Prostaglandin E2 Release and Expression of Tissue Non-Specific Alkaline Phosphatase Activity[END_REF]. These two molecules are involved in collagen turnover [START_REF] Murrell | Nitric Oxide Activates Metalloprotease Enzymes in Articular Cartilage[END_REF][START_REF] Goldstein | The Effect and Interaction of Bradykinin and Prostaglandins on Protein and Collagen Production by Lung Fibroblasts[END_REF]. Moreover, static fluid shear stress is assumed to be involved in the differentiation of PDL cells into osteogenic cells [START_REF] Zheng | The Effects of Fluid Shear Stress on Proliferation and Osteogenesis of Human Periodontal Ligament Cells[END_REF][START_REF] Tang | Fluid Shear Stress Stimulates Osteogenic Differentiation of Human Periodontal Ligament Cells via the Extracellular Signal-Regulated Kinase 1/2 and P38 Mitogen-Activated Protein Kinase Signaling Pathways[END_REF].

Regarding the mechanobiology of the alveolar bone, the major role of the bone embedded osteocytes in orchestrating the bone remodeling process, through bone osteoblasts and osteoclasts supply, is well stated [START_REF] Bonewald | The Amazing Osteocyte[END_REF][START_REF] Gould | Location of Progenitor Cells in Periodontal Ligament of Mouse Molar Stimulated by Wounding[END_REF]. The bone being much stiffer than the PDL, the deformations underwent by the tissue are very small. The bone remodeling process is thus mainly driven by a flow induced shear strain on the membrane of the osteocytes [START_REF] Schaffler | Osteocytes: Master Orchestrators of Bone[END_REF]. Within bone tissue, the osteocytes are all connected through a set of canaliculi going from an osteocyte to another. These canaliculi, 250 nm in diameter [START_REF] You | Ultrastructure of the Osteocyte Process and Its Pericellular Matrix[END_REF], are filled with interstitial fluids [START_REF] Wang | In Situ Measurement of Solute Transport in the Bone Lacunar-Canalicular System[END_REF]. When the tissue is strained, the flow of these fluids increases and the shear stress on the osteocytes membrane is modified [START_REF] Price | Real-Time Measurement of Solute Transport within the Lacunar-Canalicular System of Mechanically Loaded Bone: Evidence for Load-Induced Fluid Flow[END_REF].

The cementum is a particular tissue as it contained cells only on the apical part of the root. This implies that on the middle and cervical region of the root, the turnover potential for the acellular cementum is limited. Thus, the precise cementum remodeling mechanisms are not well-known. It is believed that the remodeling of cementum might be similar to the bone remodeling process. Indeed, a cementocytes network, similar to the osteocytes network in bone, is formed within the cementum [START_REF] Zhao | The Cementocyte -An Osteocyte Relative?[END_REF] and similar microstructures with slight differences can be observed [START_REF] Cool | Comparisons between Bone and Cementum Compositions and the Possible Basis for Their Layered Appearances[END_REF].

The bone and cementum remodeling mechanisms highlight the importance of the entheses biomechanics and their ability to transfer loads from the PDL to modify the fluid flows within these mineralized tissues [START_REF] Lu | Functional Attachment of Soft Tissues to Bone: Development, Healing, and Tissue Engineering[END_REF][START_REF] Qian | Deformation Analysis of the Periodontium Considering the Viscoelasticity of the Periodontal Ligament[END_REF][START_REF] Odagaki | Role of Osteocyte-PDL Crosstalk in Tooth Movement via SOST/Sclerostin[END_REF].

Tissue engineering for periodontal tissue regeneration: toward the development of an ideal biomaterial

Current biomaterials: current status and future perspective

Currently developed biomaterials for periodontal regeneration, including monophasic or composite materials, aim to provide the most suitable biochemical and biomechanical microenvironment for cells adhesion and tissue production [START_REF] Vaquette | Tissue Engineered Constructs for Periodontal Regeneration: Current Status and Future Perspectives[END_REF]. The biochemical pathway is generally achieved by incorporating biological agents involved in the PDL's cells activity. The biomechanical properties of the biomaterial have been much less studied. They can be tuned by the association between the composition and the 3D architecture of the scaffold. The difficulty in this is to find the suitable compromise between the apparent mechanical properties needed to support the whole structure, and the material's mechanical properties that are directly related to the mechanical forces transmitted at the cellular level.

As natural polymers, collagen, gelatin, or chitosan based biomaterials have been extensively used to provide a good substrate for PDL's cells culture [START_REF] Liang | Recent Advances in Periodontal Regeneration: A Biomaterial Perspective[END_REF][START_REF] Vaquette | Tissue Engineered Constructs for Periodontal Regeneration: Current Status and Future Perspectives[END_REF][START_REF] Zhang | Novel Chitosan/Collagen Scaffold Containing Transforming Growth Factor-Β1 DNA for Periodontal Tissue Engineering[END_REF]. In addition to their high biocompatibility, they have been shown to promote adhesion and growth of periodontal fibroblasts [START_REF] Zhang | Novel Chitosan/Collagen Scaffold Containing Transforming Growth Factor-Β1 DNA for Periodontal Tissue Engineering[END_REF][START_REF] Momose | Collagen Hydrogel Scaffold and Fibroblast Growth Factor-2 Accelerate Periodontal Healing of Class II Furcation Defects in Dog[END_REF][START_REF] Berahim | Biologic Interaction of Three-Dimensional Periodontal Fibroblast Spheroids With Collagen-Based and Synthetic Membranes[END_REF]. Loaded with biological cues, they also show interesting properties to regenerate periodontal mineralized tissues [START_REF] Miranda | Mesenchymal Stem Cells Associated with Porous Chitosan-Gelatin Scaffold: A Potential Strategy for Alveolar Bone Regeneration[END_REF][START_REF] Nakajima | Periodontal Tissue Regeneration with PRP Incorporated Gelatin Hydrogel Sponges[END_REF]. Thin films of such natural polymers have an apparent elastic modulus around 100 MPa [START_REF] Taravel | Collagen and Its Interactions with Chitosan: III. Some Biological and Mechanical Properties[END_REF]. As stated before, the apparent modulus of the PDL has been measured from 0.15 to 10 MPa (see section 3.2). In this bulk form, such natural polymers-based biomaterials are thus not suitable for periodontal ligament regeneration application. The apparent elastic modulus of collagen constructs can nevertheless be tuned by modifying their internal organization. By arranging collagen fibres into bundles (as it can be observed within the PDL), one can decrease the collagen apparent modulus from 180 MPa (fibre) to 27 MPa (bundles) [START_REF] Kew | Acta Biomaterialia Synthetic Collagen Fascicles for the Regeneration of Tendon Tissue[END_REF]. This can be of great interest for periodontal regeneration application.

Some artificial polymer-based biomaterials have shown interesting properties regarding periodontal regeneration. Poly(lactic-co-glycolic) Acid (PLGA) is a biodegradable co-polymer that has been extensively used for biomedical applications [START_REF] Gentile | An Overview of Poly(Lactic-Co-Glycolic) Acid (PLGA)-Based Biomaterials for Bone Tissue Engineering[END_REF][START_REF] Campos | Surface Entrapment of Fibronectin on Electrospun PLGA Scaffolds for Periodontal Tissue Engineering[END_REF]. Similarly, polycaprolactone (PCL) has also been used for periodontal regeneration [START_REF] Batool | Synthesis of a Novel Electrospun Polycaprolactone Scaffold Functionalized with Ibuprofen for Periodontal Regeneration: An in Vitro and in Vivo Study[END_REF]. Foams made of PLGA or PCL have an elastic modulus around 5 MPa, which is similar to the PDL's apparent modulus [189,[START_REF] Croisier | Mechanical Testing of Electrospun PCL Fibers[END_REF]. At the fibre's scale, PCL shows an elastic modulus close to 100 MPa measured by micro tensile experiments and on the order to the GPa using indentation techniques [START_REF] Baker | Determining the Mechanical Properties of Electrospun Poly-ε-Caprolactone (PCL) Nanofibers Using AFM and a Novel Fiber Anchoring Technique[END_REF][START_REF] Ostafinska | Synergistic Effects in Mechanical Properties of PLA/PCL Blends with Optimized Composition, Processing, and Morphology[END_REF]. With relatively similar properties, PLGA has a modulus close to 100 MPa and 5 GPa measured by micro tensile or indentation tests, respectively [START_REF] Shirazi | Nanomechanical Properties of Poly(Lactic-Co-Glycolic) Acid Film during Degradation[END_REF][START_REF] Ngiam | The Fabrication of Nano-Hydroxyapatite on PLGA and PLGA/Collagen Nanofibrous Composite Scaffolds and Their Effects in Osteoblastic Behavior for Bone Tissue Engineering[END_REF]. This distinction between apparent and material's scale elastic modulus is of great importance as the apparent modulus will drive the apparent behavior of the construct under a specific loading, whereas the material's scale modulus will drive the cellular local behavior at the surface of these substrates [START_REF] Discher | Tissue Cells Feel and Respond to the Stiffness of Their Substrate[END_REF]. Furthermore, both PLGA and PCL undergo creep behavior under static loading [START_REF] Dreher | Characterization of Load Dependent Creep Behavior in Medically Relevant Absorbable Polymers[END_REF][START_REF] Yang | Study on Creep Property of Polyurethane Composites[END_REF]. These mechanical properties at different length scale are close to the PDL's ones, that makes PCL and PLGA as promising scaffold candidates for periodontal ligament regeneration strategies.

The addition of bioactive materials in these polymer scaffolds, such as hydroxyapatite or tricalcium phosphate, also appears to promote bone or cementum gene expression by periodontal cells [START_REF] Liao | A Novel Bioactive Three-Dimensional β-Tricalcium Phosphate/Chitosan Scaffold for Periodontal Tissue Engineering[END_REF][START_REF] Liu | Periodontal Regeneration with Stem Cells-Seeded Collagen-Hydroxyapatite Scaffold[END_REF] and to increase their elastic modulus or strength [START_REF] Zhang | Processing and Properties of Porous Poly(L-Lactide)/Bioactive Glass Composites[END_REF][START_REF] Ehrahimian-Hosseinabadi | Evaluating and Modeling the Mechanical Properties of the Prepared PLGA/Nano-BCP Composite Scaffolds for Bone Tissue Engineering[END_REF]. Mechanical properties can also be tuned by providing the scaffold a specific architecture, for example by using electrospinning or other additive manufacturing techniques [START_REF] Croisier | Mechanical Testing of Electrospun PCL Fibers[END_REF][START_REF] Full | Effect of Fiber Orientation of Collagen-Based Electrospun Meshes on Human Fibroblasts for Ligament Tissue Engineering Applications[END_REF][START_REF] Liu | Gelatin Scaffolds[END_REF][START_REF] Mozdzen | Modifying the Strength and Strain Concentration Profile within Collagen Scaffolds Using Customizable Arrays of Poly-Lactic Acid Fibers[END_REF].

In order to promote the regeneration of the whole cementum -PDL -alveolar bone complex, numerous studies have proposed multiphasic scaffolds that mimics the periodontium architecture [START_REF] Lee | Three-Dimensional Printed Multiphase Scaffolds for Regeneration of Periodontium Complex[END_REF][START_REF] Vaquette | A Biphasic Scaffold Design Combined with Cell Sheet Technology for Simultaneous Regeneration of Alveolar Bone/Periodontal Ligament Complex[END_REF][START_REF] Ivanovski | Multiphasic Scaffolds for Periodontal Tissue Engineering[END_REF][START_REF] Staples | Fibre Guiding Scaffolds for Periodontal Tissue Engineering[END_REF]. These types of scaffold are mainly made of polymeric scaffold between two stiffer and bioactive layers. But in such studies, no attention is paid to the permeability of the external layers. Despite all of these major efforts, little attention has been paid to the state of strain underwent by the cells within the scaffold whereas, in the authors' opinion, it is a major factor to consider for the development an efficient biomaterial for periodontal ligament regeneration. Once implanted in the periodontal defect, the cells seeded within the scaffold will be subjected to a complex biomechanical environment. The scaffold, depending on its apparent mechanical properties, will deform according to the external loading and the geometry of the tooth. These deformations will be transmitted at the cellular level depending on the true stiffness and permeability of the material, and the architecture of the scaffold. Thus, all of these properties are of major importance for the development of engineered materials for periodontal regeneration.

According to the periodontal ligament properties, the biomaterial should be anisotropic, such as an oriented fibrous scaffold. Its apparent tensile elastic modulus should be close to 150 KPa for small deformations (from 0 to 10 %) and around 5 MPa for higher deformations, in the fibres direction [START_REF] Yoshida | In Vivo Measurement of the Elastic Modulus of the Human Periodontal Ligament[END_REF].

In the case of a multiphasic scaffold, the external layers should have a permeability in the order to 10 - 14 m 4 /Ns to allow the suitable compressive and shear strain on the cells [START_REF] Bergomi | Hydro-Mechanical Coupling in the Periodontal Ligament: A Porohyperelastic Finite Element Model[END_REF]. At the cellular level, the materials should have a modulus close to collagen modulus, that is 0.1 to 0.5 GPa in the longitudinal direction and between 1 and 10 GPa in the transverse direction for fibres of 10 2 nm in diameter [START_REF] Shen | Stress-Strain Experiments on Individual Collagen Fibrils[END_REF][START_REF] Dutov | Measurement of Elastic Modulus of Collagen Type i Single Fiber[END_REF][START_REF] Wenger | Mechanical Properties of Collagen Fibrils[END_REF].

Because of the impossibility to immobilize the damaged region, as it can be done for bone fracture healing for example, an ideal biomaterial should have the suitable biomechanical and structural properties at the time it is implanted within the periodontal defect [START_REF] Wang | Cell Orientation Determines the Alignment of Cell-Produced Collagenous Matrix[END_REF]. To achieve this objective, tissue engineering through bioreactor stimulation appears as a promising strategy [START_REF] Kim | Dynamic Mechanical and Nanofibrous Topological Combinatory Cues Designed for Periodontal Ligament Engineering[END_REF][START_REF] Gauvin | Dynamic Mechanical Stimulations Induce Anisotropy and Improve the Tensile Properties of Engineered Tissues Produced without Exogenous Scaffolding[END_REF][START_REF] Zhang | A Biaxial Rotating Bioreactor for the Culture of Fetal Mesenchymal Stem Cells for Bone Tissue Engineering[END_REF].

Bioreactor can be used to stimulate biochemically and biomechanically a scaffold seeded with cells to produce a specific tissue. By adapting the mechanical loading to the type of scaffold, and by mimicking the tooth geometry in the bioreactor, one can simulate the periodontal ligament biomechanical environment. An in situ characterization of cellular membrane through fluorescence, can allow assessing the strain state at the cellular level by measuring the change in the shape of the cellular membrane before and after loading [START_REF] Impergre | Tribocorrosion of Polyethylene/Cobalt Contact Combined with Real-Time Fluorescence Assays on Living Macrophages: Development of A Multidisciplinary Biotribocorrosion Device[END_REF].

Biomechanical specifications

Regarding this state of the art, there are no more consensuses about the biomechanical specifications that are needed to be considered in the further development of a functional biomaterial for periodontal tissues regeneration. PDL's mechanical environment has an influence on collagen fibres orientation and thickness [START_REF] Thomopoulos | The Development of Structural and Mechanical Anisotropy in Fibroblast Populated Collagen Gels[END_REF][START_REF] Elsaadany | Design and Validation of Equiaxial Mechanical Strain Platform, EQUicycler, for 3D Tissue Engineered Constructs[END_REF], periodontal cells orientations, morphology and activities [START_REF] Hirashima | Three-Dimensional Ultrastructural and Histomorphological Analysis of the Periodontal Ligament with Occlusal Hypofunction via Focused Ion Beam/Scanning Electron Microscope Tomography[END_REF][START_REF] Neidlinger-Wilke | Cell Alignment Is Induced by Cyclic Changes in Cell Length: Studies of Cells Grown in Cyclically Stretched Substrates[END_REF][START_REF] Jacobs | Induction of IL-6 and MMP-8 in Human Periodontal Fibroblasts by Static Tensile Strain[END_REF], and composition of the ground substance [START_REF] Kaneko | Occlusal Hypofunction Causes Changes of Proteoglycan Content in the Rat Periodontal Ligament[END_REF]. The authors now proposed some biomechanical guidelines that should be followed for the further development of an efficient biomaterials for periodontal regeneration using a bioreactor. Figure 5 gives a summary of these specifications. Obviously, the biochemical and biological cues are other important factors that need to be precisely controlled during the manufacturing process.

An important parameter that needs to be controlled in cells mechanosensitivity is their deformation state under an external applied loading in vitro, for example by in situ observation of the cellular membrane through fluorescence microscopy [START_REF] Hall | Mapping Three-Dimensional Stress and Strain Fields within a Soft Hydrogel Using a Fluorescence Microscope[END_REF]. The strain state depends obviously on the type of loading, but also on the elasticity and permeability of the scaffold. They will drive how mechanical forces are transmitted from the external loading device to the cellular membrane. The stiffness ability of the scaffold will define the stretching of cells whereas its permeability will drive the fluid flow on the cellular membranes. These parameters thus have to be controlled, or at least known, in order to consider them in the cellular response [START_REF] Al-Munajjed | Influence of Pore Size on Tensile Strength, Permeability and Porosity of Hyaluronan-Collagen Scaffolds[END_REF].

The periodontal ligament has a complex geometry implying a complex strain distribution depending on the location around the root [START_REF] Qian | Deformation Analysis of the Periodontium Considering the Viscoelasticity of the Periodontal Ligament[END_REF]. In 2009, Berendsen et al., developed an experimental device allowing a cyclically load in hydrogel containing PDL fibroblasts scaffold with cylindrical geometry. Within this set up, the hydrogel and fibroblasts were subjected to shear strains. The results showed that the production of type I collagen by the PDL fibroblasts was up-regulated when the displacement applied to the cylindrical artificial root was about 200 µm [START_REF] Berendsen | Three-Dimensional Loading Model for Periodontal Ligament Regeneration in Vitro[END_REF]. This study is of great interest as it is the first that investigate geometry close to the dental root geometry. However, one can wonder if the hydrogel scaffold, a very soft material, was the most suited for periodontal regeneration model.

As we have stated previously in the current review, fibroblasts appear to be aligned to the collagen bundles in the middle part of the PDL [START_REF] Hirashima | Three-Dimensional Ultrastructural Analysis of Cells in the Periodontal Ligament Using Focused Ion Beam/Scanning Electron Microscope Tomography[END_REF]. This configuration suggests that the fibre-based architecture of the PDL has an importance in biological process associated to periodontal regeneration. It has been observed that periodontal fibroblasts naturally aligned with the principal orientation of the fibres when cultured in an electrospun scaffold, even without any applied stretching [START_REF] Staples | Fibre Guiding Scaffolds for Periodontal Tissue Engineering[END_REF][START_REF] Lee | Nanofiber Alignment and Direction of Mechanical Strain Affect the ECM Production of Human ACL Fibroblast[END_REF].Different technologies may help to obtain geometries similar to biological fibrillar geometries, with evolving preferential directions [START_REF] Park | Spatiotemporally Controlled Microchannels of Periodontal Mimic Scaffolds[END_REF], or various fibres thickness [START_REF] Chen | Direct Writing Electrospinning of Scaffolds with Multidimensional Fiber Architecture for Hierarchical Tissue Engineering[END_REF].

Another important feature of PDL is its anchorage on its both sides to the cementum and the alveolar bone. This sandwiched configuration results in a non-homogeneous strain field within the PDL between the tooth and the surrounding bone due to its graded property at the entheses. The arising strain gradient at the interface is believed to be of major importance for the load transfer from the PDL to the mineralized tissue to allow their remodeling and to avoid the failure at the interface by reducing the stress concentration state between two dissimilar materials [START_REF] Genin | Functional Grading of Mineral and Collagen in the Attachment of Tendon to Bone[END_REF]. Berendsen et al. coated the walls of chamber with a calcium phosphate based materials to promote the anchorage of the scaffold and simulate the presence of entheses [START_REF] Berendsen | Three-Dimensional Loading Model for Periodontal Ligament Regeneration in Vitro[END_REF]. To our knowledge, no information about the influence of this attachment zone on the cellular activities was demonstrated. Moreover, considering the alignment between PDL cells and collagen bundles on the obliquely orientated part of the PDL collagen, this anchorage may play a role in the support of the tooth against the static physiological loading.

In order to develop a biomaterial that might be able to sustain the mechanical environment of PDL when implanted, one should consider physiological loading involved in daily activities. A recently developed experimental device allows applying realistic chewing kinematics to artificial mandibular and maxillary dental arches [START_REF] Jeannin | MARIO: The First Chewing Bench Used for Ageing and Analysis the Released Compounds of Dental Materials[END_REF][START_REF] Abouelleil | Development of a Chewing Simulator for Testing Dental Materials: A Pilot Study[END_REF]. This kind of experimental devices could be used to measure the displacement kinematic of the dental root under physiological loadings (work in progress), and to validate the final mechanical properties of the biomaterials purposed for periodontal regeneration under realistic loadings.

The final step in the development of such a biomaterial is its validation in an environment close to human periodontium. The final biomaterial has to show biomechanical properties that allow its resistance during mastication [START_REF] Ben-Zvi | Response of the Tooth-Periodontal Ligament-Bone Complex to Load: A MicroCT Study of the Minipig Molar[END_REF][START_REF] Jeannin | MARIO: The First Chewing Bench Used for Ageing and Analysis the Released Compounds of Dental Materials[END_REF]. The validation of structural properties of the PDL could be performed by comparing with reference values for collagen and periodontal cellular network as proposed by Alves et al. [START_REF] Alves | Cellular and Collagen Reference Values of Gingival and Periodontal Ligament Tissues in Rats: A Pilot Study[END_REF]. [START_REF] Jeannin | MARIO: The First Chewing Bench Used for Ageing and Analysis the Released Compounds of Dental Materials[END_REF]. The cellular activity being related to these mechanical stimuli, an in situ observation of the strain field at the cellular membrane is of great interest to control the load transfer [START_REF] Hall | Mapping Three-Dimensional Stress and Strain Fields within a Soft Hydrogel Using a Fluorescence Microscope[END_REF]. Last but not least, the properties of the final biomaterial have to be validated in order to ensure that it will provide a suitable environment for the cells when implanted in the human body. The elastic and ultimate properties of the biomaterial have to be compared to a healthy human PDL. Its mechanical fatigue should be evaluated within a realistic mechanical environment [START_REF] Jeannin | MARIO: The First Chewing Bench Used for Ageing and Analysis the Released Compounds of Dental Materials[END_REF]. Finally, its behavior within a physiological environment can be evaluated using animal models [START_REF] Alves | Cellular and Collagen Reference Values of Gingival and Periodontal Ligament Tissues in Rats: A Pilot Study[END_REF]. It has not been discussed in the context of this review article, but the perfusion fluid composition and types of cell used for the development of such a biomaterial are also of major interest.

influence on the distribution of stress and strain around the scaffold. An initial condition of loading should be investigated to understand the cells orientation in the obliquely orientated fibres. Loading kinematics associated with mastication, deglutition or other physiological activities should also be investigated

Besides the technological challenge that is the development of an ideal biomaterial, the aim for the definition of such biomechanical specifications is to improve our scientific knowledge regarding periodontal regeneration. The best strategy to accurately control the behavior of an implanted biomaterial is to perfectly understand its biological, biochemical, and biomechanical environment: a better understanding for a better healing. By gathering experimental data and theoretical modeling, the discipline of mechanobiology appears as essential to improve our knowledge regarding biological mechanisms [START_REF] Shivashankar | Mechanobiology[END_REF]. A few mechanobiological models have already been proposed in the past. But the models developed so far only consider mainly consider simple static loadings conditions often associated to orthodontic movements [START_REF] Wagner | First Steps Towards Understanding the Periodontal Ligament Mechanobiology in Orthodontic Tooth Displacement: Gathering of Experimental Data for Numerical Modelling[END_REF][START_REF] Van Schepdael | Mechanobiological Modeling Can Explain Orthodontic Tooth Movement: Three Case Studies[END_REF][START_REF] Van Schepdael | A Mechanobiological Model of Orthodontic Tooth Movement[END_REF]. The biomechanical specifications defined in the current review may also be of interest for the further development of mechanobiological models to better understand the biological mechanisms involved in periodontal tissues regeneration.
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Figure 2

 2 Figure 2 Light microscopy images of a mouse PDL section observed at three locations around the dental root. A: Description of the different observation areas. B: Horizontal fibres area. C: Oblique fibres area. D: Apical fibres. Scale bars = 300 µm for A and 20 µm for B, C, and D. Gin: Gingiva, Den: Dentin, Cem: Cementum, AB: Alveolar Bone, PDL: Periodontal Ligament.From[START_REF] Hirashima | Three-Dimensional Ultrastructural Analysis and Histomorphometry of Collagen Bundles in the Periodontal Ligament Using Focused Ion Beam/Scanning Electron Microscope Tomography[END_REF].

Figure 3 a

 3 Figure 3 a: Force displacement curves obtained in vivo on human incisors in the labio-oral direction at different displacement rate (0.15 mm in 0.1 s, 1.0 s or 5.0 s. From [76]). b: Force displacement curve from a mini-pig not extracted molar loaded in axial compression, thus simulated an in vivo condition (from [75]). c: Stress-strain curve of an extracted bovine molar in compression (E (%) < 0) and in tension (E (%) > 0). The protocol included compressive loading (CL), unloading (CU) and tensile loading (TL) up to failure. The analyzed mechanical parameters were elastic modulus (εf), maximal stress (Smax), maximizer strain (Emax) and strain energy dens ity (UE) (from[START_REF] Pini | Tensile and Compressive Behaviour of the Bovine Periodontal Ligament[END_REF]).

Figure 5

 5 Figure 5 Summary schematic of the biomechanical specifications that have to be considered for the development of an ideal biomaterial for periodontal tissue regeneration. Tissue engineering strategy involves cellular culture within a scaffold subjected to specific stimuli. The scaffold materials properties drive the mechanical stimuli transmitted to the cells. Stretching of the cells is driven by the elastic properties of the scaffold, whereas compressive and shear strains are driven by the presence of a fluid phase[START_REF] Al-Munajjed | Influence of Pore Size on Tensile Strength, Permeability and Porosity of Hyaluronan-Collagen Scaffolds[END_REF]. To promote the production of a tissue similar to the human PDL by the cells, the applied mechanical loading should be similar to physiological conditions. Particularly, the geometry and anchor have an