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Résume L'objectif de cette thèse était le développement d'un substitut bio-hybride pour la reconstruction du continuum tendon-os sur le principe de la ingénierie tissulaire. Après une analyse bibliographique exhaustive des structures natives et de leur environnement, nous avons d'abord proposé la réalisation de chaque système séparément en utilisant des scaffolds en polycaprolactone réalises par electrospinning. Dans un premier temps, nous avons combiné l'electrospinning et l'electrospraying pour produire un scaffold composé de polycaprolactone et d'hydroapatite avec une structure en forme de nid d'abeille. Notre hypothèse était de doter le substitut d'une structure biomimétique favorisant l'adhésion, la colonisation et la différenciation cellulaire. L'analyse mécanique et biologique in vitro réalisée avec une lignée cellulaire progénitrice et des tests organotypiques a confirmé notre approche originale. Ensuite, le matériel ensemencé avec des cellules souches de moelle osseuse a été implanté avec succès par nos collaborateurs d'Amiens dans le but de traiter un défaut maxillo-facial chez un modèle de rongeur. Parallèlement, pour la reconstruction du tendon, nous avons réalisé différents scaffolds d'electrospinning, dont la taille et l'organisation (aléatoire/alignée) des fibres varient. Dans une perspective bio-inspirée, nous avons combiné les scaffold avec l'étirement dynamique pour reproduire l'entraînement physique. Sous ces stimulations mécaniques, établies d'abord avec la même lignée cellulaire progénitrice, nous avons démontré dans une deuxième étude que les CSM s'alignaient sur l'axe d'étirement et produisaient une matrice extracellulaire, ce qui a permis de conserver les propriétés mécaniques de la matrice biohybride pendant les deux semaines de la culture. Nous avons démontré que la différenciation cellulaire vers la lignée tendineuse et osseuse a été réalisée avec succès en l'absence de tout facteur de différenciation, étant spécifiquement lié aux propriétés des matériaux et à la mécanotransduction. Par conséquent, l'étape suivante, qui consiste à assembler les deux échafaudages avec une zone de transition, devrait conduire à la reconstruction de ce continuum osseux-tendon.

Laboratories

Introduction: from bone tissue engineering to the reconstruction of the musculo-skeletal system of system

In a previous study (PhD thesis of T. Baudequin), our laboratory developed a bio-hybrid tissue made of granules of hydroxyapatite on which cells had been seeded and grown within a bioreactor, to produce a hand-able tissue sheet for the further application in maxillofacial reparatory bone surgery. With the synthesis of their own extracellular matrix, cells encompass the particles forming a sheet-like tissue after one month of culture. 1 Very attractive regarding biocompatibility and osteoinduction, the handle-sheet bone like tissue were far from the specifications established by the laboratory regarding its mechanical properties.

To improve these mechanical properties keeping the sheet aspect, electrospun matrices appeared as a clear alternative to granules for maxillofacial regeneration. The combination of elastic properties and fibrous nature similar to the extracellular matrix raised interesting process and solution for tissue engineering. The research group focused then on two polymers, PCL and PLLA, both polyesters with high biocompatibility currently employed in the biomedical field. Interestingly, the investigated polymers not only appears to be promising for bone tissue regeneration, but also seemed to be good candidates for other tissues such as tendon or muscle, other major systems in the musculo-skeletal system of system. These results allowed us to set the framework for the development of a tissueengineered based model of musculo-skeletal system, with a future emphasis on the reconstruction of the interfaces between the different subsystems, i.e. the osteo-tendinous and the myotendinous junctions. The whole project, involving several researchers at BMBI and Roberval laboratories was selected as a "challenge and funded by the Labex MSST (Maitrise des Systèmes de Systèmes Technologiques)".

Objective of the thesis

In this context, the aim of this PhD thesis was to propose an overall methodology to design and validate a bioartifical system representing the continuum tendon-bone, itself composed of biohybrid systems at different scales. It represents an example of complex bioinspired system of systems (SoSs) in which the different systems are in continuous remodeling and interactions. The structural complexity (as a reconstructed multi-layered tissue) of the proposed bioengineered system presents a major challenge to understand and predict its mechanical and biological behavior.

To this purpose, the following objectives were defined:

Characterize the tissues of interest, their components and the key features that should guide their reconstruction. These living tissues are themselves SoSs, formed by the cells, their extracellular matrix and their interaction and are continuously evolving. For this purpose, we perform the review of literature and interact with the experts in physiology and mechanics of musculo-skeletal system at BMBI laboratory Establish the requirements and design the appropriate bio-inspired scaffold based on the native structure. In the framework of this PhD thesis, we focus in the development of two sub-systems: reconstructed bone and tendon.

Analyze the interactions involved within the different subsystems. They are contingent to the biological properties of the developed tissues, but also to the chemical and mechanical properties of the material scaffolds. These interactions will be monitored through the culture process at the relevant scale to first tune the different cell response toward the desired type of tissue and tailor the mechanical properties of the global SoS.

Having in mind this idea of continuum and based on our previous studies, all scaffolds were prepared by electrospinning techniques. Chapter I was dedicated to the literature review regarding first bone and bone tissue engineering, focusing on electrospun scaffolds. Then, a similar survey was achieved for tendon and tendon tissue engineering, under the form of a review paper in which muscle and the myotendinous junction are also described. Finally, the enthesis issues were also briefly analyzed. Chapter II summarized the Materials and Methods employed for this PhD.

For bone bio-hybrid constructs (chapter III), we elaborated 3D scaffolds with a honeycomblike architecture, based on a technique associating electrospun poly-ε-caprolactone (PCL) nanofibers and electrosprayed hydroxyapatite (HA) nanoparticles. These constructs were designed and built thanks to our collaboration with ICPEES (Dr. G. Schlatter, Dr. A. Hébraud).

The biomimetic topography served as a niche for the growth and differentiation of cells. For in vitro studies, C3H10T1/2 cell line, previously employed in the laboratory thanks to the collaboration with Dr. Delphine Duprez (IBPS), was chosen since these cells are able to differentiate to bone or tendon lineage. Then, in vivo studies were performed by our collaborators at EA 4666 (UPJV) in the framework of a project led by C. Legallais and funded by Région Hauts de France (previously Picardie).

For tendon biohybrid constructs, aligned and random PCL electrospun scaffolds were seeded with cells, in the absence of any differentiation factors. Cyclic stretching was applied to the scaffolds in a bioinspired vision to simulate training. In a first series of investigation (Chapter IV), we also used C3H10T1/2 so as to define culture and stretching conditions in favor of tendon differentiation. Then, we transfer the protocol to rat mesenchymal stem cells (chapter V), to go closer to preclinical in vivo studies. In addition, as these cells present high production of the extracellular matrix, we aimed at studying over time the impact of this neo-synthesis on the mechanical properties of the biohybrid constructs.

Chapter I: State of the art 1. Bone Tissue Engineering: Current Trends and Challenges

Bone Composition and Structure

Bone is a hierarchical and complex hard, dense and highly mineralized connective tissue that support and protect vital organs, allow the body movement, provides the body reservoirs of minerals and growth factors and a site for hematopoiesis. 2 Bone matrix is composed of 70% minerals, 25% of organic compounds and 5% of water. 3 The mineral part is composed mainly of crystals of calcium phosphates (Hydroxyapatite crystals). Type 1 collagen represents around 90% of the organic part of the extracellular matrix. Other collagens such as collagen III, V, XI and XIII, glycoproteins such as Bone Sialo Protein (BSP), vitronectin, osteonectin, thrombospondin, fibronectin and osteonpontin have been also found as constituent for the organic phase of bone matrix. 4 The skeleton of human adults is composed of around 213 bones that can be classified according to their location, shape, consistency or size. 5 Macroscopically, bones can be categorized into two groups: the cortical and the trabucular bones. 6 Cortical bone, which represents the 80% of bones, is dense and compact with a low porosity (10%), has a slow turnover rate and a high mechanical resistance; and constitutes the outer part of all skeletal structures. Cortical bone provide mechanical strength and protection to the body, but it can also participate in metabolic response, particularly when there is severe or prolonged mineral deficit. 7 It is organized in cylindrical structures called osteons that have a diameter of around 200µm in a human adult. Each osteon consists of concentric layers of compact matrix called lamellae that surrounds a central canal called the harvesian canal, which contains blood vessels and nerves fibers. The remaining 20% is the trabecular bone; less dense, more elastic and porous (30-90%), it has a high turnover rate than cortical bone and constitutes the inner part of long bones, vertebras, pelvis and other large flat bones.

Trabecular bones contribute to mechanical support, act as a scaffold for the hematopoietic cells and provide supplies of mineral in acute deficiency states. 7,8 Without osteons, lamellae are organized in a "rod and plate" structure called trabeculae. 9 Relative to its structure and composition there are characteristic mechanical properties for each group of bone. Thus, the cortical bone presented a Young´s modulus of 15-20 GPa and a compressive strength of 100-200MPa and the trabecular bone has a Young´s modulus of 0.1-2GPa and a compressive strength of 2-20MPa. 10 Four different cell types constitute bone tissue: Osteoblasts, bone lining cells, osteocytes and osteoclasts. 11 Osteoblasts, derived from mesenchymal stem cells (MSC), are responsible for new bone synthesis. In their mature form, osteoblasts could undergo two possible pathways: apoptosis or become osteocytes or bone lining cells. Osteocytes, the most abundant cells in bones (90%) are mature osteoblasts located within lacunae surrounded by mineralized bone matrix. Osteocytes are connected creating a network through the lacunae, facilitating the intercellular transport of small signaling molecules, oxygen and nutrients. As osteocytes, bone lining cells derived from osteoblasts. They cover the surface of bones, preventing osteoclasts to enter in contact with bone matrix when matrix resorption should not occur. Osteoclasts are terminally differentiated myeloid cells responsible uniquely to bone resorption.

Bone Remodeling and Injuries

Remodeling

Bone is a dynamic tissue involved in a continuous cycle of remodeling responsible to the maintain of adult skeleton and mineral homeostasis. 12 This tightly interconnected cycle is constituted of three consecutive phases which involves different phases: (I) Old bone resorption by osteoclasts, (II) a transition phase from resorption to new bone formation, and (III) formation of new bone by osteoblasts. 13 Apart from other tissues, bone tissues present an inherent ability to regenerate without scaring and this newly formed bone is almost indistinguishable from adjacent uninjured tissue. 14 

Injuries

However in some cases due to trauma, injury, disease or aging damage, bone could present a significant loss of its repair ability. 15 These conditions may lead to non-union, scar formation and long-term persistent bone defects. 16 In these cases in which the selfregeneration of bone tissue is compromised, bone graft appears as the most widespread solution.

Bone Grafts and Subtitutes for Bone Reconstruction

The main function of bone grafts is to ensure growth and healing, whilst providing mechanical support as long as the processes take place. 17 Bone grafts are classified in different categories: autografts, allografts, xenografts and bone grafts substitutes. Each type differs with regard to their properties of osteogenesis, osteoinduction and osteoconduction. 18 Osteogenesis refers to a material which contain living cells that will produce new bone.

The osteoconduction is the ability to allow bone growth from vascular and osteogenic host cells. Finally, osteoinduction refers to the ability to induce cell differentiation leading to mature bone cells. 19 Autographs are considered as the gold standard: they are harvested from the donor and present the three characteristics expected from the bone grafts, they are osteogenic, osteoconductive and osteoinductive. Autograft includes aspirate bone marrow, cortical or cancellous bone and vascularized grafts. 20 In spite of the respect of the specifications for the bone grafts, the limits in terms of quantity and the risk of morbidity make it considerable other ways to overcome bone regeneration and reconstruction. 21 Bone allografts refer to bone tissue coming from another individual of the same species.

Without the preceding limits in terms of quantity and risk of morbidity, allografts are present in various forms including cortical or cancellous bone and derivatives forms as demineralized bone matrix (DMB). 22 While they lack of osteogenicity, allogeneic cortical and cancellous bone presented osteoconductive properties. DMB are processed in such a way that they provide osteoinduction. 23 As main drawbacks, allografts do not reach a regeneration as complete as autografts, they are immunogenic and they present a risk for the transmission of diseases. 24 Another alternative, xenografts, refers to bony tissue harvested from other species. Moreover, its high immunogenic response turns this possibility into something marginal. Current efforts are made in terms of complete decellularization, deproteination and defatting protocols. 19 In order to overcome these limitations different alternatives have been deployed as the use of synthetic bone grafts substitutes. Among these biomaterials, we can distinguish calcium phosphate ceramics, bioactive glass and calcium sulfate. 25 Calcium phosphates are the most widespread ceramics available on the market. They are a family of calcium salt compounds consisting of calcium ions and organophosphates. The calcium phosphate family includes monocalcium phosphate, dicalcium phosphate, tricalcium phosphate (TCP), hydroxyapatite (HA) and tetracalcium phosphate. 22 In general, most calcium phosphates are forming mixed compounds in form of blocks, cements or powders. 26,27 Interestingly, HA (Ca 10 [PO 4 ] 6 [OH] 2 ) is a mineral of natural origin which comprises about 50% of bone weight. Despite their differences in terms of composition, calcium phosphates are osteoconducive, presented a good osteointegration and could promote osteoinduction. 28 Bioactive glasses or bioglass, are synthetic silica-based materials developed in 1970s with osteoconductive and unique bone binding properties. 29 When implanted in the bone a silica-rich layer occurs and on top of this layer, a layer of HA is formed. 22,30 This layer of HA absorbs proteins and attracts osteoprogenitor cells. 31 Calcium sulfate or plaster of Paris (CaSO4) is a osteoconductive and biodegradable ceramic with the faster resorption rate of ceramics, a faster rate than actual bone deposition which compromise bone healing. 22 However their low cost and easy procurement make it an interesting candidate for bone reconstruction if combined with other materials. 31 

Bone Tissue Engineering

While the aforementioned substitutes for bone allows to a greater or lesser extent for bone reconstruction, none is exempted of further ameliorations to achieve the ideal regeneration: low morbidity, osteoconductive, osteoinductive and osteogenic properties, size restriction, quick accessibility and reasonable cost. 32 In order to achieve all the ideal requirements for bone regeneration, an emerging field, bone tissue engineering (BTE) has appeared during the last 30 years. BTE requires the combination of the appropriate scaffold, cells and/or signaling factors. The goal is to provide the organism with the right biohybrid scaffold that provides both mechanical support and enough information to allow hosted cells to organize a new bone tissue. 

Materials and Scaffolds Manufacture

The "right" scaffold should provide a similar three-dimensional structure as bone tissue with osteoconductive, osteoinductive and osteogenic properties. From bioactive inorganic materials as calcium phosphates 33-37 or bioactive glass 38-41 to polymers both naturals as collagen, fibrin, silk, chitosan, alginate or hyaluronic acid, or synthetics as polycaprolactone (PCL) 42,43 polylactic-acid (PLLA) 44,45 , poly-lactic-co-glycolic acid (PLGA) 46,47 and polyurethanes (PUs) 48-50 or composites (polymers and inorganic compounds) 51-58 and natural derived tissues (decellularised or demineralized bone), a wide range of materials has been used for BTE applications.

To produce the ideal scaffold, different techniques have been developed during the last years as solvent casting, gas foaming, freeze drying, electrospinning, melt-blown process and rapid prototyping process. 59 Despite the differences among the different processes, it has been highlighted that the optimal scaffold for the bone tissue regeneration must have a sufficient porosity to allow cell colonization, nutrient supply, vascularization and tissue ingrowth, while taking into account the mechanical requirements of the bone tissue. The porosity ranges varies from 100-500 µm and the pore distribution is related to the manufactured technique 60 .

Cells

Several cell sources have been investigated for bone tissue engineering. The ideal cell source must meet a series of requirements such as being easily isolated and expanded, as well as presenting an interesting activity in the required field, in this case bone regeneration.

Depending on their state of differentiation, we can distinguish between stem cells (SC) or terminally differentiated cells. Only stem cells present a differentiation potential (pluripotent, multipotent or unipotent) and they could be classified into two groups depending of it origin: embryonic or adult. Embryonic stem cells (ESCs), which are pluripotent, are isolated from the blastocyst. Despite being able to differentiate towards the three germ layers, their use is not exempt of limits such as the risk of immune rejection, as well as ethics' concerns 61 . Recently, induced pluripotent stem (iPS) cells appeared as an alternative to ESCs. iPS are derived from adult somatic cells via the introduction of a series of transcription factors. Recently, some works successfully focused on the differentiation of iPS-derived cells towards bone lineage 62,63 .

However, due to the potential for mutagenesis and the low efficiency of transfection, they

are not yet authorized for clinical application in humans 64 .

Adult mesenchymal stem cells (MSCs) are promising cell sources presenting the ability to differentiate into osteoprogenitors and mature osteoblasts. MSCs could be isolated from several autologous sources as bone marrow, adipose tissue, synovial membrane, dental pulp, skin, cartilage and other sources as umbilical cord. In addition their potential for selfrenewal and clonogenicity, make MSCs a relevant source for clinical application. Bone marrow derived stem cells (BMSCs) are the predominant source for adult MSC for bone tissue engineering and are already used in preclinical studies 65 . However they present several limits including donor site morbidity and lower differentiation potential in aged individuals. Compared to BMSCs, adipose derived stem cells (ADSCs) can be obtained in larger number and in a less invasive procedure. However, further studies should be carried to confirm their bone-forming capacity and safety concerns 66 .

Immortalized cells lines are also commonly used for bone tissue engineering. From animal (MC3T3-E1 67-71 , C3H10T1/2 72 ) or from human (hFOB 73-75 ), cells lines offer advantages as they could be grown for prolonged period in vitro and provide homogenous cell population with well-known properties 76 . However, as they have been genetically modified, their phenotype, their native functions, as well as their response capacity to stimuli may be disturbed 77 . These cells are often used in early investigations as proof of concept, or in fundamental studies.

Chemical and Mechanical Environment

Bone healing occurs immediately after a fracture, orchestrated by a cascade of events guided by cytokines, involving different types of cells as inflammatory cells, vascular cells, mesenchymal progenitor cells and osteocytes. According to their activity, we can distinguish among (I) pro-inflammatory, (II) angiogenic and (II) osteogenic factors 78 . The main families regrouping the different growth factors include transforming growth factor superfamily (TGFβs and bone morphogenetic proteins (BMPs)), 79,80 fibroblast growth factor (FGF) 81 , vascular endothelial growth factor (VEGF) 82 and insulin-like growth factor (IGF) 83 .

TGFβ superfamily comprises over forty members such as the three isoforms of TGF (TGFβ1, TGF 2 and TGF 3) and BMPs. TGFβ stimulates matrix protein synthesis, enhances the proliferation of mesenchymal cells and osteoblasts in fractures and plays an important role in bone remodeling with it facilitating or suppressing role over the activity on osteoclasts 84,85 . Among TGFBβ superfamily, BMPs are involved in different signaling pathways in bone formation, from promoting recruitment and migration of mesenchymal cells to osteogenic differentiation. While more than 20 different BMPs have been identified, isoforms BMP-2, BMP-4 and BMP-7 are the best characterized ones. BMP-2 and BMP-7 have been incorporated in FDA-approved systems for bone regeneration and are commercially available for surgical use on collagen sponge carrier 86 . FGF displays an important role in bone regeneration and homeostasis. While it does not directly induce osteoblast differentiation, FGF plays a role on osteoblast differentiation. It has been suggested that isoforms FGF-2 and FGF-9 play an important role on osteoblasts proliferation and angiogenesis 87,88 . Another proangiogenic factor is VEGF that stimulates neovascularization by stimulating the proliferation and migration of endothelial cells 82 . IGF regulates different processes as bone development, growth and healing by stimulating proliferation and differentiation of osteoblast precursors.

Interestingly, it has also been reported a role on osteoclast survival and remodeling processes 89 .

Besides chemical stimulation, it is well known that mechanical stimulation has a preponderant role in bone homeostasis and remodeling. Indeed, during standing and physical activities, mechanical forces are exerted on the bones. This mechanical environment result in a maintenance or gain of bone mass 90 . Lack of physical activity leads to weakening of the bone and consequently, bone fractures could occur 91 . [START_REF] Duncan | Mechanotransduction and the Functional Response of Bone to Mechanical Strain[END_REF] summarized the different ranges of physical strains that affect bone homeostasis.

Those strains were reported in terms of microstrain (μstrain) where 1000 μstrain corresponds to 0.1% in terms of elongation percentage. Bone resorption occurs below 200 μstrain, the physiological range up to 2500 μstrain, an overuse appears around 5000 μstrain and over this threshold, pathological states appear 92 . Therefore, during the last years, different works have focused on the effect of mechanical stress on bone tissue and the application of a mechanical environment for bone tissue engineering as a key factor towards the proper-engineered construct. This mechanical environment has been generated using different bioreactors that our team summarized in a previous review. 93 

Biomimetic Electrospun Scaffolds for Bone Tissue Engineering

Electrospun based scaffolds present micron to sub-micron fibres which are similar to the extracellular matrix 94 . In addition to the fibrous nature of the material, the versatility of electrospinning to produce scaffolds with tailored morphology and porosity from a wide range of different polymers could explain its success during the last years in the field of tissue engineering 95 . Different scaffolds have indeed been developed for applications in skin 96 , cartilage 97 , tendon/ligament 98 , nerves 99 and bone 100 reconstruction.

In the electrospinning process, a polymer solution is introduced in a syringe. Under a constant flow rate, the solution is extruded through a thin needle. At the exit of the needle, the solution is held by its surface tension. When subjected to an electric field, generally over dozen of kilovolts, the polymer solution becomes charged and when the electric charges overcome the surface tension threshold, the high voltage allows the formation of a stable Taylor cone. The polymer is thus carried out towards the collector presenting opposite charges, in the form of a thin and unique continuous fiber. The solvent evaporates as long as the fiber becomes thinner. As a result, a network of fibers is formed on the collector 101 . The fibers and their spatial configuration are influenced by many parameters such as concentration in polymer, type of solvent, humidity, type of collector used, etc. 102 While the common electrospinning device consists in a single solution flowing through a capillary and a flat collector, variations of the system are possible. Since the electric field mainly contributes to the attraction towards the collector, the device can be placed vertically or horizontally. The collector can take the form of a rotating cylinder, which will allow greater uniformity of the fiber mat, but especially their alignment at high rotational speed. In addition to these techniques where part of the assembly is in motion, aligned fibers may be formed using two spaced apart electrical sources operating alternately. Other geometrical modifications of the ground collector could be performed by playing with the surface topography, where fibers are deposited following the design of the surface.

Electrospinning also makes it possible to spin polymer mixtures (co-spinning), coaxial fibers or to use multiple jets simultaneously.

We hereafter propose a review of the different materials used for scaffold production, the mechanical properties of the biohybrid constructs, as well as both in vitro and in vivo outcomes. We sorted the references in tables, according to increasing scaffold's complexity.

Materials and Manufacture

A wide range of polymers has been used to produce electrospun fibrous scaffolds for bone tissue engineering (Table 1). Generally, these polymers are classified according in two groups: natural or synthetic. Thanks to their origin, natural polymers (collagen 103-105 , gelatin 71,106 , silk 107,108,67,73 or chitosan 109 ), present correct biocompatibility allowing cell adhesion and proliferation. However, their poor mechanical properties, rapid degradation and costs associated to their isolation and purification limit their use. In contrast, synthetic polymers appeared interesting during the last years because they can easily tailor scaffolds with reproducible porosity, shape and better mechanical properties 59 . Among the examples of synthetics polymers used for bone tissue engineering, we can cite PCL 70,110-112 , PLLA 72,74,113 , co-polymers as PLGA 114 or PLCL 115 ; polystyrenes 69 and polyhydroxyalkanoate as PHB 116 . However, synthetic polymers are less favorable to cell adhesion and proliferation. Therefore, composites of both natural and synthetic polymers have been deployed to meet the entire requirement for bone tissue engineering, i.e. suitable mechanical properties but also bioactivity 70,71,74,104-106,112 .

In addition to its fibrous structure, bone specificity depends on its mineralized ECM.

Electrospinning setup, by incorporating mineral particles at the polymer solution, is able to produce fibers with nano-to micro-particles, such as TCP 111 or HA 73,75,109,116 , already widely used as biomaterials for bone regeneration or repair. Others successfully incorporated demineralized bone matrix (DMB) into a PLLA solution to produce composite scaffolds 113 .

Added into the polymer solution 108 or encapsulated by the fibers 109 , electrospinning has successfully used as a vehicle for growth factors delivery. 

Combining natural and synthetic polymers to produce hybrid scaffolds

Table 1 highlights the different potential association of natural and synthetic polymer to produce electrospun fibers. In general, it should be noticed that comparisons are very difficult to make since the diameter of the fibers (from 10 nm to 4500 nm) and their configuration (random / aligned) varied from one study to the other. Due to the wide range of mechanical properties and methods of assessment, it seems thus impossible here to conclude on the benefit of a mixture regarding pure polymer, as far as the mechanical properties are concerned.

Combining polymers with nanoparticles to mimic the mineralized environment

Biomimetic approaches have been developed in order to mimic the native mineralized matrix of bones. [START_REF] Li | Electrospun Silk-BMP-2 Scaffolds for Bone Tissue Engineering[END_REF] produced silk scaffolds loaded with hydroxyapatite nanoparticles. The addition of nanoparticles resulted in fibers with reduced diameter (510 ± 60nm) compared to nude silk scaffolds (590 ± 60nm). 108 Zhang et al. ( 2008) obtained similar results on chitosan scaffolds for which the addition of hydroxyapatite reduced the fiber diameter from 214 ± 25nm to 138 ± 15nm. 75 The mechanical response of scaffolds might be affected by the addition of nanoparticles.

Phrabhakaran et al. (2009) showed that when HA nanoparticles were added to PLLA scaffolds, the tensile strength was reduced from 4.69 ± 0.19MPa to 3.10 ± 0.15MPa. 74 However, recently Chen et al. (2017) found opposite effects when PHB scaffolds were loaded with HA nanoparticles. PHB fibres diameter tends to augment with the addition of HA (2-2.2μm vs. 0.7-1.2 μm). When nanoparticles were added tensile strength passes from 1.67 ± 0.65MPa for PHB to 3.99 ± 0.57MPa for PHB/HA while the elastic modulus remained constant. 116 Again, as far as materials and mechanical properties are concerned, it is very difficult to draw any conclusion since the changes in the electrospinning process, adding nanoparticles, affected other characteristics of the fibers such as their diameter.

Combining polymers with Growth Factors

Growth factors can be included during the electrospinning process in order to endow the fibers with a biological activity. 

Effect of fibers alignment

Different studies have been carried on the effect of fiber diameter and structure, which have an influence on scaffolds mechanical properties and cell activity. Baudequin et al. (2017) investigated the effect of fiber diameter and alignment on PCL, PLLA and blended scaffolds of both polymers. It appeared that the larger the fibers' diameter, the higher the Young

Modulus. When comparing aligned vs random PCL scaffolds with the same concentration in PCL, fibers with similar diameters (1032nm vs 1159nm) presented higher Young Modulus when aligned (63MPa vs 36MPa). 72 Similar results were obtained by [START_REF] Guo | In Vitro Evaluation of Random and Aligned Polycaprolactone/Gelatin Fibers via Electrospinning for Bone Tissue Engineering[END_REF] comparing aligned vs random PCL/gelatin scaffolds : aligned fibers presented higher tensile strength (13.45 ± 3.49MPa vs. 2.05 ± 0.31MPa), and higher tensile modulus (30.45 ± 9.15MPa vs. 26.03 ± 5.73MPa) compared to random scaffolds. 70 From these few studies, it seems that fiber alignment provided improved mechanical properties to the scaffold, probably because the fibers already aligned decreased the overall material elasticity, while random fibers could be submitted to a larger extension during equivalent stretching strain.

Effect of complex 3D structures

Although the micro-to nano-fibers present advantages such as similarity with the extracellular matrix, electrospinning is not devoid of limitations. Its major drawbacks remain in the reduced pores size of the whole layer, which reduces cellular migration and infiltration through the scaffold 119 and in the mechanical properties far under those of the native bone.

To overcome these limitations, different approaches have been deployed in order to create more complex structures attempting to mimic the 3D structure of bone and its mechanical stability. These methods focus on changes on the design of the electrospinning process such as electrospinning changing the collector nature (electrospinning on a solvent bath) 67,73 or combining 3D scaffolds with electrospinning 112 or post-treatment of scaffolds (overlaying electrospun scaffolds 116 , folding scaffolds to make yarns 118 or filling electrospinning fibers in a more complex structure 71 ). There is thus a consensus to demonstrate the potential of using HA nano or microparticles, or even other components of the mineralized bone, to promote cell proliferation and osteogenic differentiation. (≥2μm), tendon-related markers were found 72 . In another study, [START_REF] Guo | In Vitro Evaluation of Random and Aligned Polycaprolactone/Gelatin Fibers via Electrospinning for Bone Tissue Engineering[END_REF] analyzed the impact of PCL/gelatin fibers alignment on MC3T3-E1. When cultured on aligned scaffolds, cell attachment, proliferation and ALP activity were higher compared to random scaffolds 70 . These results were more or less unexpected, since other studies demonstrated that fiber alignment could favor cell differentiation towards tendon lineage. 70 Effect of complex 3D structures [START_REF] Park | Electrospun Silk Fibroin Scaffolds with Macropores for Bone Regeneration: An in Vitro and in Vivo Study[END_REF] analyzed the effect of their 3D silk scaffolds porous structure on cell behavior. When seeded with MC3T3-E1, scaffolds with pores sizes from 100-200μm provided the best environment for cell adhesion, viability, proliferation and ALP activity.

Effect of fiber alignment

After 7 weeks of implantation in a critical bone defect in rat calvaria, porous scaffolds (100-200μm) presented a good resorption and higher bone formation compared to non-porous ones. 67 

Introduction

The most advanced studies on tissue engineering (TE) concerning the musculo-skeletal system focus on bone and cartilage tissue engineering [1][2][3]. TE aims at better understanding and mimicking the intrinsic properties of each tissue and its interface, such as the complete regeneration of the enthesis [4]. Applications on tendon and muscle tissues are less widespread and still emergent, with various approaches that are still far from clinical applications, but very useful for progress in understanding these specific tissues. The numerous parameters that influence the biological or mechanical outcomes make it uneasy to derive any experimental rationale. This lack of rationale has hampered the emergence of a gold standard experimental protocol for the reconstruction of such biohybrid tissues.

Therefore, to unite the efforts that are made by the various teams, the present review focuses on tissue engineered reconstructions of tendon and skeletal muscle tissues, as well as the myotendinous junction (MTJ), which is a key element for further implantation. As with other forms of tissue engineering, muscle or tendon tissue engineering relies on three pillars: cells, biomaterials, and environment, ensured by chemical or physical factors (Figure 1). Bioreactors are often required to perform three-dimensional (3D) cultures and mimic the cells' in vivo niche and environment, while ensuring the better control of cell culture conditions and possibly inducing cell responses to mechanical stimuli.
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Tendon

Tendon Composition and Structure

Tendons are specialized fibrous tissues that join skeletal muscle to bone and make body motion possible through the forces that are generated by the skeletal muscles to bone tissues [5]. They act as highly adapted elastic springs that stretch and store energy, which returns to the system through elastic recoil, thus improving locomotor efficiency. This function is closely related to the tendon's composition and structure. Tendon is a dense, connective tissue with limited cell content, vascularization, and innervation [6]. The main component of tendon is water (60% to 80% in weight) [7].

Collagen represents the major component (60% to 85% dry weight) of the extracellular matrix (ECM), type I collagen being the most abundant and responsible for the fibrous structure [8]. Type I collagen molecules aggregate to form collagen fibrils, the basic nanostructural tendon unit. Bundles of fibrils form fibers, fibers group into fiber bundles or fascicles; and, fascicles bundle together within connective tissue sheaths (endotenon) to form larger bundles that are surrounded by another connective tissue sheath (epitenon) [9] (see Figure 2). Collagen fibers display a wave pattern, which is also known as a crimp [10]. Non-fibrous molecules are present on each level, the main ones being proteoglycans (PGs) [11][12][13][14][15], such as decorin [11,16] and aggrecan [17]. ECM also contains glycoproteins, including tenascin-C and fibronectin [18,19].

Tendon cells are key players in tendon growth, maintenance, adaptation to changes in homeostasis, and remodeling in the case of minor or more severe disturbances to tissue. The cells are responsible for the synthesis and turnover of tendon ECM components and its related structure. Mature tendon contains predominantly tenocytes/tenoblasts [20], which account for around 90-95% of the cell population. Tenocytes are terminally differentiated cells typically anchored to the collagen and located throughout tendon tissue. Tenoblasts are immature tendon cells that give rise to 
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Regarding the composition and structure of the ECM, tendon appears to be an anisotropic and viscoelastic material that is capable of resisting high tensile forces [22]. At a fixed strain rate, the stress-strain curve of tendons has three distinct regions (Figure 3). The tendons stress strain response is strain rate dependent leading to higher stiffness and lower strain break while keeping the same chronological damage process when stretched at high strain rate [23]. The toe region corresponds to low strains (<2%), where the crimp structure is straightened. Once the collagen fibrils have been straightened, the load-deformation relationship becomes relatively linear, representing the physical stretching of the collagen fibrils (~2-4%). Beyond this region, additional loading causes micro failures to individual fibrils up to a failure of the whole tendon over ~8% of strain [24]. The in vivo evaluation of human tendon mechanical properties depends on the investigation method (ultrasound, magnetic resonance imaging) and stretching protocols used. For human tibialis anterior and gastrocnemius tendons, [START_REF] Maganaris | Tensile properties of in vivo human tendinous tissue[END_REF] [25] calculated an elastic modulus (EM) around 1.2 GPa, while an EM value of 600 MPa was reported for the patella tendon [26]. tenocytes. Recently, a new cell type has been characterized in tendon tissue: resident tendon stem/progenitor cells (TSPC). TSPCs represent 1-4% of tendon resident cells, and they exhibit the same characteristics as adult mesenchymal stem cells (MSC) [21].
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Tendon Injuries and Healing

As a result of physical activity (sport or professional activities), trauma, or aging, tendinopathies, which is a clinical syndrome characterized by the combination of pain, swelling, and impaired performance, are an increasing health problem that affects an estimated number of 100 million people worldwide annually [16]. Owing to its hypovascularity and hypocellularity, tendon has a weak intrinsic healing ability and it often responds poorly to pharmaceutical treatments [20]. Thus, total repair requires prolonged rehabilitation in most cases. Tendon healing follows three well-described steps: inflammatory, proliferative, and remodeling phases, the latter characterized by the alignment of collagen fibers parallel to the muscle force direction, which determines the recovery of the tendon tissue's biomechanical properties [27]. The biomechanical cues for repaired tissue are mostly inferior to those of native tissue, causing an increasing rate of tendon re-injuries. To overcome the inability of the repaired tissue to regenerate the functions of native tendon, and to improve healing rates, surgical approaches, such as sutures or transplantation of autografts, allografts, or xenografts have been described and clinically performed. Autografts remain the gold standard for surgical procedures for 
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Tendon Tissue Engineering

Tissue engineering is a promising alternative to the natural healing process for tendon repair, especially in the reconstruction of large damaged tissues. The inability of native tendon to neosynthesize ECM is expected to be overcome by the design and production of a scaffold that hosts cells differentiated into a tendon lineage.
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Cells

Several cell sources can be used for tendon tissue engineering (Table 2). Adult mesenchymal stem cells (MSCs) are a promising cell source as they present the potential for self-renewal, clonogenicity, and multi-lineage differentiation, including tenogenicity. They regulate the inflammation response through the secretion of paracrine factors, and exhibit an immunomodulatory effect, which avoids immunosuppressive treatments after allogenic transplantation. MSCs can be extracted from a variety of tissues, including bone marrow (BMSC), adipose tissue (ASC), or directly from tendon [21]. BMSCs are the most widely-used stem cells in tendon engineering [30][31][32][33][34][35][36][37][38][39]. Related to BMSCs, ASCs are present in great quantities in adipose tissues and are harvested by less invasive techniques [40]. Recent work has shown that ASCs have a minor tenogenic differentiation capacity when compared to BMSCs, in vitro and in vivo after implantation in nude mice [41]. To drive the tenogenic differentiation of BMSC and ASC, adding different growth factors and differentiation factors to the culture medium has been used with success [42].

A murine pluripotent cell line, C3H10T1/2 is another relevant stem cell model [43] used in embryology and tendon repair studies [44], also employed by several teams in tendon engineering approaches [45][46][47].

Tendon Stem/Progenitor Cells (TSPCs) are quite heterogeneous and present common features with adult MSCs. Even if their roles in tendon healing and maintenance remain unclear, these cells are a promising tool in tendon engineering [21,30,48]. Isolated from the mid-substance of patellar tendon, TSPCs may be characterized by various markers [48]. TSPCs have the advantage of having inherent pro-tenogenic abilities and being an autologous source of cells. When compared with BMSCs, TSPCs display the highest levels of tendon-related markers (scleraxis, tenomodulin, cartilage oligomeric matrix protein, and tenascin-C), high clonogenecity, and proliferation. When injected into the injured tendon region in a rat model, TSPCs pretreated in vitro with pro-tenogenic differentiation molecules improve tendon repair [49]. However, they have the same disadvantages as tenocytes, i.e., their scarcity in tendon tissue and a risk of morbidity at the site of tissue extraction [50].

Tenocytes are terminally differentiated tissue-resident cells, which are responsible for the synthesis and homeostasis of the components of the ECM of tendons. Despite the advantages of using autologous cells and the cell type in charge of intrinsic healing tendon [51][52][53][54][55], the use of tenocytes raises a series of obstacles: limited capacity to proliferate, scarcity of donor tendons from which tenocytes can be extracted, low quantity of tenocytes in tendons that make them difficult to collect, cell de-differentiation processes during culture expansion, and a risk of major donor site morbidity [56]. To overcome these limitations, dermal fibroblasts (DFs) have been proposed as an alternative source of cells for tendon reconstruction as it is relatively easy to extract and expand them, and, thanks to their high potential, produce ECM components from them [57]. However, using DFs can result in scar formation, leading to poor mechanical properties when compared to native tissue [58].

Modulation of the Environment Biochemical Stimulation

Once tendons suffer from an injury, a cascade of events takes place to repair the damaged tissue. Cytokines and growth factors that are released by tendon cells or inflammatory cells recruited into the damaged area play a key role during the early phase of tendon healing via the induction of cell proliferation, ECM synthesis, and remodeling [59]. Of these factors, vascular endothelial growth factor (VEGF) [60], insulin-like growth factor-1 (IGF-1) [61], platelet-derived growth factor (PDGF) [62], basic fibroblast growth factor (bFGF) [63], members of the transforming growth factor (TGF-) superfamily [64], Interleukin-6 (IL-6) [65][66][67], and connective tissue growth factor (CTGF) [49] have also been characterized in vivo and in vitro. They are up-regulated during the different stages of the healing process, resulting in increased cellularity and tissue volume [33].

TGF-(isoforms TGF-1, -2, and -3), and IGF-1 interfere at all stages of tendon healing stimulating inflammatory cell migration, proliferation of fibroblasts and other cells at the injury site, collagen, and ECM production [42]. It is well documented that the TGF-activation pathway in response to injury is associated with scar formation and fibrous adhesion formation, and the suppression of the TGF-1 signaling pathway enhances tendon healing in a rat model [68]. The three isoforms of TGF-present different temporal patterns of expression over the course of tendon healing [69], suggesting that more detailed studies are needed in order to improve the outcomes of TGF-applications in tendon healing.

Bone morphogenetic proteins (BMPs) are members of the TGF-superfamily and play important roles in tendon healing. BMP-12 gene transfer in tendon cells increased the tensile strength and stiffness of lacerated tendons [70].

PDGF is also essential for tendon healing. Its administration in rat patella tendons increased the mechanical properties and tissue remodeling when delivered at a late stage after injury [71]. PDGF up-regulated tendon cell growth, collagen production, and ECM remodeling in vitro, but, according to recent work, PDGF may favor a trans-differentiation effect in tenocytes in culture [72].

Platelet-rich plasma containing high growth factor concentrations, among them tendino-inductive factors, gives promising therapeutic effects in vitro and in pre-clinical studies when delivered at the site of injury [73,74].

Biomaterials have been developed extensively to deliver growth factors to the site of injury. Understanding of scaffold design and manufacturing has been accumulated to allow for growth factors to be incorporated into the ECM or immobilized on its surface. In parallel, numerous studies have demonstrated the sensitivity of MSCs towards pro-tenogenic growth factors [29]. New techniques combining stem cells seeded on to scaffolds impregnated with growth factors could stimulate and guide tendon regeneration through the slow diffusion of biomolecules. Hydrogels have been explored to retain bioactive molecules to develop engineered tendon substitutes [75]. The use of a tenogenic differentiation medium (containing BMP-14, also known as growth and differentiation factor-5 (GDF-5)), was recently shown to enhance tendon-like matrix production from ASCs that are seeded on to poly(l/d)lactide (PLA) copolymer filament [76]. These authors reported a similar elastic modulus in bioengineered tissue and in native Achilles tendons.

Mechanical Stimulation

Tendons are subject to loads during movement, and are thus permanently under the effects of mechanical strains of different natures. It has been highlighted that application of physiological loads is necessary for maintaining tendon homeostasis, as well as for preventing excessive degradation of the ECM [77][78][79]. As a result, tendons are then in a continuous process of remodeling, adapting their metabolism, and structure [80]. These adaptations are made possible by the presence of cells in tendons. Fibroblasts have demonstrated their mechanosensitivity by proliferating [81] and producing collagen [82] when stretched through activation and/or the effects of a number of growth factors (details above). It has also been shown that mechanical force drives the development of tendons during embryogenesis [83]. In addition to growth factors, mechanical stimulation modulates cell differentiation, driving MSCs towards a tenocyte lineage [84]. In vitro studies outlined the importance of mechanical cues for the healing process of a lacerated tendon [85]. Thus, mechanical stimulation appears to be necessary for achieving correct tendon reconstruction by means of TE. Current strategies apply cyclic strain to achieve this goal, with a wide range of strains, frequencies, and rest periods [35,38,39,45,54,86,87].

Materials Biological Origin

Tendon composition and structure are mostly driven by type I collagen. For this reason, most research has focused on collagen alone or mixed with other molecules, such as proteoglycans as a support for tendon tissue engineering [88]. Different strategies have been explored to produce the ideal collagen-based scaffold, such as sponges [38,39,51,55,87,89], extruded collagen fibers [52,53,90], or electrochemically-aligned collagen [33,34,91], all being suitable for tendon reconstruction. In this review, simple films or collagen coatings are not presented because their inner mechanical properties are not relevant for TE applications.

Due to its rapid degradability, cost issues, and poor mechanical properties, alternatives to collagen for tendon reconstruction have appeared, including silk fibroin, one of two components synthesized by Bombyx mori silkworms during cocoon production [92]. With a fibrous nature, silk fibroin is a material with biocompatibility, low immunogenicity, and remarkable tensile strength as its main properties [93]. Silk fibroin has therefore been widely used for biomedical applications [94], such as silk yarns [95], knitted scaffolds [37,96,97], or electrospun materials [98].

More recently, decellularized matrices from tendons or other tissue origins were proposed as the "perfect" scaffold as they preserve biochemical composition, offering cells a full biomimetic environment. The chemical treatments performed to effectively remove donor cells may cause an inflammatory response when implanted into the host [99]. Of these chemical treatments, detergents, such as sodium dodecyl sulfate (SDS), 4-ocylphenol polyethoxylate (Triton X-100), or tri(n-butyl)phosphate (TnBP) are the most appropriate for fully removing cells from the tissue. Tendons from a wide range of species, including humans, rabbits, dogs, pigs, equines, rats, chickens, or bovines have been tested in order to find the best way to remove cells and to provide the suitable environment for tendon tissue engineering [100].

Synthetic Material

Synthetic polymers are very attractive candidates for TE as their material properties are typically more flexible than those of natural materials. Synthetic constructs present tunable and reproducible mechanical and chemical properties, they are relatively inexpensive to produce [73] and easy to mold into a variety of forms-meshes, foams, hydrogels, and electrospun. They can be non-toxic [101], and in many cases, processed under mild conditions that are compatible with cells [74,102,103].

Varied approaches have been deployed to generate scaffolds, such as electrospinning [35,45,46,54,[104][105][106][107], yarns [35,107,108], knitting [36,37,97,109], and 3D printing [110], using a wide range of synthetic polymers such as poly (-caprolactone)(PCL) [35,111], poly-L-lactic acid (PLLA) [30,112], poly (lactic-co-glycolic) acid (PLGA) [105,106,113], or poly urethanes (PUs) [45,46,114].

Hybrid Material

Biologic-derived scaffolds have the advantage of being biocompatible and bioactive, recognized by cells, and favoring cell adhesion, migration, and proliferation. However, their rapid degradability and their low mechanical properties might limit their use in tissue engineering [115]. On the other hand, synthetic materials usually present low bioactivity, but better mechanical properties and slower degradation.

Hybrid scaffolds are based on the synergistic effect between natural and synthetic materials. Usually, the biological compound tends to act as cells' carrier, stimulating proliferation and migration over the support, while the synthetic one provides the construct with the stiffness needed to reach mechanical properties near the tendinous native tissue [100]. For tendon tissue engineering, such biohybrid scaffolds have been produced from mixture of collagen and polyesters [107]. All abbreviations regarding materials can be found in the text. ELAC: Electrochemically aligned collagen fibers. 

From Biohybrid Tendon Design to Reconstructed Tissue's Response

We now propose a review of the different scaffolds, the mechanical properties achieved by the biohybrid constructs, as well as both in vitro and in vivo outcomes. We sorted the papers referenced (Tables 123), according to increasing scaffold's complexity.

Macroporous Sponge

Collagen has been widely-used to produce three-dimensional sponges alone [116][117][118][119][120] or in combination with other molecules present in the tendon, such as glycosaminoglycans [38,39,87], to further mimic the rich nature of tendon ECM. In addition, these molecules support cell cultures due to their inherent biocompatibility.

Freeze-drying using ice-crystals as a porogen makes possible the formation of macroporous sponges, allowing for nutriment transport and cell penetration, the main requirements for building a new tissue [117]. The pore structure of sponge mirrors ice-crystal morphology. Generally, interconnected pores with a random (isotropic) configuration are obtained. Anisotropic sponges have been successfully produced by incorporating a directional solidification step into a conventional freeze-drying process.

The group of Harley produced collagen-chondroitin sulfate anisotropic sponges placing the solution in a cold mold prior to sublimation to direct pore formation [38]. Several parameters affected the final pore size and the density of the macroporous sponges, such as solute concentrations or the freeze temperature ( 10, 40 and 60 C): the lower the temperature, the larger the pores' diameter (243, 152 and 55 µm, respectively). [START_REF] Grier | The influence of pore size and stiffness on tenocyte bioactivity and transcriptomic stability in collagen-GAG scaffolds[END_REF] increased the scaffold's density using a cross-linking treatment [55].

In general, sponges have weak mechanical properties (an elastic modulus in the range of 1 kPa), but have nevertheless been used in tendon tissue engineering.

When cultured over anisotropic sponges with oriented pore distribution [38], horse tenocytes presented enhanced proliferation, metabolic activity, and alignment when compared to isotropic sponges. Larger pores (>150 µm) also enhanced cell proliferation and metabolic activity as compared to smaller ones [51]. In contrast, differentiation assessed by up-regulation of tendon-related markers (COL1, COL3, COMP, and DCN) was promoted on sponges with the smaller pores and high cross-linking densities [87].

Butler's group has focused on the effect of mechanical stimulation on cell activity. For their studies, they worked with isotropic porous freeze-dried type I collagen sponges [38,39,87,120] with a mean porosity of 94% and pores with an average size of around 62 µm. Juncosa-Melvin et al. ( 2006) used these sponges to better understand the role of mechanical stimulation on the biomechanical properties of the final constructs [38]. Rabbit BMSCs were cultured for 12 days on the sponges with or without mechanical stimulation (8 h/day at 2.4% strain, once per minute). When stimulated, the constructs presented a linear stiffness and modulus 2.5 and 4 times higher than the non-stimulated ones. In the same study, the authors used those constructs to heal the patellar tendon in a rabbit model. Constructs that were stimulated prior to implantation presented better mechanical properties when compared to non-stimulated ones after 12 weeks of implantation. In another study, [START_REF] Nirmalanandhan | Effect of scaffold material, construct length and mechanical stimulation on the in vitro stiffness of the engineered tendon construct[END_REF] compared different sizes of sponge, long and short (51 vs. 11 mm of length), to better elucidate the importance of construct length in tendon repair [39]. After 14 days of culture, rabbit BMSCs that were cultured on the longest constructs presented a linear stiffness four times higher than that of short constructs (0.047 vs. 0.011 N/mm). Interestingly, for collagen-chondroitin sulfate constructs, a high level of COL1 and COL3 was found once stimulated at 2.4% of strain for 12 days with 3000 cycles per day when compared to collagen sponges [87].

Collagen Extruded Fibers

As tendon presents an inherent alignment of collagen, the aim of recent studies has been to develop fibers that better mimic the native structure. Extrusion of type I collagen fibers has been successfully achieved, allowing for the production of fibers with a diameter varying from 10 to 2000 µm [121,122]. This fibrillogenesis is generally achieved by extruding a solution of acidic collagen over a gelation bath to shift acid pH to neutral [123].

To avoid rapid degradation, extruded fibers are generally reticulated with a combination of treatments, such as glutaraldheyde, cyanamide, carbodiimide, and dehydrothermal [124]. As a result, the fibers' physical properties depend on the original collagen preparation, the fiber bath formation, the cross-linking treatment and the diameter of the extruded tube. Zegoulis et al. (2009) were the first to compare the mechanical properties of fibers that are produced through extrusion, depending on the cross-linking treatment. For example, non-reticulated collagen extruded fibers presented a fiber diameter of 300 µm and a maximum stress of 3 MPa, while after treatment with genipin, fibers of the same diameter reached a maximum stress of 7 MPa [124].

In a recent study, Enea et al.

(2011) compared two methods (EDC or EDC/ethylene-glycol-diglycidyl-ether (EDGE)) to produce reticulated fibers [52]. EDC treatment resulted in softer and smaller fibers (stress at failure of 4.6 MPa; strain at failure 23.2%; modulus 19.3 MPa). EDC/EDGE resulted in stiffer ones (stress at failure 10.5 MPa; strain at failure 23.1%; modulus 46.2 MPa).

Although the cross-linking process provided better mechanical properties and degradation resistance, the reticulated fibers may present a lack of biocompatibility [52,53,125].

After 14 days of culture over the fibers, sheep tenocytes failed on cell colonization, proliferation, and collagen production on EDC/EDGE stiffer fibers when compared to the softer EDC ones [52]. Similarly, Ahmad et al. ( 2015) compared the effect on biomechanics and biocompatibility of different concentrations of two cross-linking agents, EDC and NHS [125]. While the agents' concentration did not provide any significant effect on the mechanical properties of the fibers, the highest agent concentration resulted in less cell adherence and proliferation.

Following the in vitro study, [START_REF] Enea | Collagen fibre implant for tendon and ligament biological augmentation. In vivo study in an ovine model[END_REF] used an open array of multiple fibers of extruded collagen to replace the patellar tendon in an ovine model [53]. After six months, EDC implants presented better integration and tissue ingrowth when compared to EDC/EDGE and higher stress to failure (4 vs. 1 MPa). These results highlight the need for the development of the correct cross-linking methods to better provide a biocompatible environment.

In addition, one can notice that most works have been carried out on single fiber experiments and there is still a lack of biological characterization in the presence of cells (differentiation, collagen synthesis). Further studies need to be performed with more complex structures, such as yarns, threads, or knitting scaffolds with collagen fibers.

Electrochemically-Aligned Collagen (ELAC) Fibers

The Akkus team developed electrochemically-aligned type I collagen fibers (ELAC fibers) [33,34,[126][127][128][129][130]]. In the presence of an electric current (20VDC) produced by parallel electrodes, collagen molecules aligned at the isoelectric point, allowing for the production of collagen-aligned threads with a variable fiber diameter (50-400 µm) [126]. When reticulated with genipin, those ELAC threads showed mechanical properties in the range of those that are found on native tendons, with an ultimate tensile stress of 108 MPa, an ultimate failure strain of 13%, and a Young's modulus of 890 MPa, showing the potential ELAC fibers have as carriers for tendon tissue engineering [129]. Kishore et al. (2012) compared ELAC threads (50-100 µm in diameter) with random collagen threads to better elucidate the influence of collagen alignment on human MSCs [33]. Interestingly, the cells adhered easily in ELAC threads when compared to random ones, but proliferation was higher in random than in ELAC threads. After 14 days, cells that were cultured over ELAC threads presented a spindle-shaped fibroblastic morphology and presented enhanced tendon early (scleraxis) and late (TNMD) differentiation markers after 3 or 14 days. On the other hand, cells cultured on random threads presented a random morphology and less tendon-related marker expression. The alignment of collagen threads is enough to produce tenogenic differentiation in the absence of any differentiation factors.

In another study, Younesi et al. (2014) showed the possibility of producing 3D bio-textiles with ELAC threads [34]. ELAC yarns (triple thread) were woven in a robust and porous scaffold (81% of porosity). This 3D configuration provided upgraded mechanical properties and a tendon characteristic-compliant toe-region when stretched. Further in vivo and in vitro studies need to be performed with these structures in order to confirm the trend and to ensure the promising results of ELAC threads as a strategy for full tendon replacement.

Electrospun Scaffolds Scaffold Structure and Mechanical Properties

Electrospinning leads to the production of fibers that mimic the ECM and therefore create a suitable environment for cell development [131]. There are a remarkable number of parameters that influence the structure of the final scaffold, such as the nature and concentration of the polymer and solvent, but also the form of the collector, conductivity, and displacement (static or rotating) [132]. The major materials that are employed in electrospinning techniques for further tendon engineering applications are polyhydroxyesters, such as PLLA [30], PLGA [105], or PCL [35] alone or combined [47], polyurethanes [45,46], and natural polymeric biomaterials, such as silk fibroin [133,134]. Generally, the fibers produced can thus be randomly deposited or aligned [30,46,47,105], flat, or three-dimensionally structured [35,135].

According to native structure, fiber alignment appears to be a target for mimicking the organization of collagen fibers in tendons. Moffat et al. (2009) produced PLGA random and aligned fibers using a rotating ground collector [105]. When the collector speed was high (20 m/s), the resulting scaffolds were composed of aligned fibers. The elastic modulus of aligned fibers was three times higher than random fibers (341 vs. 107 MPa). In another study, Yin et al. (2010) produced PLLA-aligned fibers using a rotator mandrel turning at 4000 rpm [30]. The mechanical properties of the aligned scaffolds were also enhanced with stiffness and modulus 46 and 36 times higher, respectively, when compared to random materials. As collagen fibers have a crimp-like structure of a variable range of wavelengths (between 45 to 65 µm) and amplitude of 5 to 10 µm [54], further studies have investigated the production of crimped scaffolds [136] and their role in promoting tendon-like tissues. To produce those fibers, [START_REF] Surrao | A crimp-like microarchitecture improves tissue production in fibrous ligament scaffolds in response to mechanical stimuli[END_REF] electrospun PLDLLA into a rotating wire mandrel made by two circular pieces allowing for the production of aligned fibers [54]. Once the final material was placed in a solution with a temperature 10 C above the glass-transition (Tg), the crimp patterns appeared as a result of the release of the energy stored during collection. This process made it possible to create a final electrospun scaffold made pf fibers with a diameter of 0.88 µm and a crimp amplitude and wavelength of 5.2 and 46 µm, respectively. The final modulus of the crimp scaffold was 3 ± 0.3 MPa.

Electrospinning is also a highly adaptable technique that allows for the production of a fibrous micron to sub-micron matrix. In the literature, one can find fibers from 40 to 2000 nm [137]. [START_REF] Erisken | Scaffold fiber diameter regulates human tendon fibroblast growth and differentiation[END_REF] produced PLGA fibers with diameters of 320 nm, 680 nm, and 1800 nm by modifying the polymer concentration [106]. Improved modulus and reduced ductility were found with the highest diameter fibers. In a similar study, Cardwell et al. (2014) synthesized different electrospun poly (esterurethane urea) (PEUUR) scaffolds with fiber sizes of <1 µm, 1-2 µm, and >2 µm aligned or random [46].

Although a thin layer of an electrospun material is very porous, the high packing density of such scaffolds prevents the correct colonization of cells through the material. In addition, when present as a fibrous sheet, electrospinning cannot be considered as a 3D environment. For these reasons, some researchers have been working on modified electrospun set-up devices in order to produce improved scaffolds with high porosity and a 3D structure. Sacrificial fibers [138], air-gap [139], water bath collection [107,140,141], or twisted electrospinning to make yarns [35,107,141], have appeared to be a promising solution to confer electrospun scaffolds a superior ultrastructure. [START_REF] Bosworth | Dynamic loading of electrospun yarns guides mesenchymal stem cells towards a tendon lineage[END_REF] proposed three-dimensional electrospun yarns by continuous strands of twisted aligned PCL fibers resulting in yarns with a final diameter of ~150-200 µm [35]. When compared to a two-dimensional (2D) aligned scaffold, 3D yarns presented a higher ultimate tensile strength and Young Modulus (5 and 14 MPa vs. 1 and 5 MPa). In another study, [START_REF] Xu | Fabrication of electrospun poly(L-lactide-co-"-caprolactone)/collagen nanoyarn network as a novel, three-dimensional, macroporous, aligned scaffold for tendon tissue engineering[END_REF] produced electrospun yarns through a modified water bath collection system [107]. First, P(LLA-CL) and type I collagen fibers were collected in a water basin with a hole in its bottom. As water was continuously drained, the collection system created a vortex flow, producing twisted yarns, and then collected the yarns in a rotating drum. The final yarns were made of aligned fibers with a diameter of 640 nm. When compared to it homologous 2D aligned electrospun scaffold, nanofibrous yarns presented a lower Young's Modulus (2 vs. 4.5 MPa) and lower tensile strength (4 vs. 6 MPa), but higher break at elongation (150% vs. 250%).

In the following section, the interactions between cells and scaffold structures, such as fiber distribution (aligned vs. random, and fiber size), or 2D vs. 3D structure will be presented.

Biological Response

To analyze the effect of scaffold alignment, Moffat et al. (2009) cultured human rotator cuff fibroblasts on PLGA scaffolds with different structures (random vs. aligned) [105]. After 14 days of culture, no differences in cell proliferation were observed. The aligned fiber scaffolds maintained their mechanical properties longer than the random ones in culture, and fiber alignment appeared to be the main contact guidance to make cell attachment and alignment possible along the fiber axis. In a similar study, Yin et al. ( 2010) compared the effect of PLLA fiber alignment on hTSPCs [30]. When cultured over aligned scaffolds, hTSPCS showed a spindle-shaped morphology, a classic fibroblastic phenotype. In addition, cells that were cultured on aligned fiber scaffolds presented tendon up-regulated expression and matrix deposition (collagen) and resisted bone induction when compared with random scaffolds. When the same scaffolds were implanted in an ectopic murine model, aligned morphology and collagen synthesis were also found to be enhanced when fibers were aligned.

The effects of fiber diameter on cell activities have been investigated. In a study by [START_REF] Erisken | Scaffold fiber diameter regulates human tendon fibroblast growth and differentiation[END_REF] human rotator cuff fibroblasts were cultured over scaffolds of PLGA with different fiber sizes [106]. In contact with the different mats, cells presented high production of a tendon-like matrix (COL and GAGs) in nano-fibrous scaffolds, but high tendon-related marker expression (COL1, COL3, and TNMD) in larger fiber scaffolds after 28 days of culture. In a similar study, [START_REF] Cardwell | Electrospun fibre diameter, not alignment, affects mesenchymal stem cell differentiation into the tendon/ligament lineage[END_REF] were interested in the effect of fiber diameter on the differentiation of C3H10T1/2 cells into tendon/ligament lineage [46]. After nine days of culture, cells achieved tendon/ligament-differentiation and produced more collagen on larger fibers, regardless of fiber alignment. Taken together, it seems that small, nano-scale random fibers provide a cell environment similar to that found in the inflammatory phase of the tendon healing process, promoting the synthesis of the ECM and cell proliferation, while larger aligned fibers mimic the normal structure of collagen in tendon, maintaining the tendon cell phenotype. This could explain why larger fibers promote high levels of tendon-related gene expression, ensuring the maintenance of the fibroblast phenotype [142].

Bosworth et al. (2013) compared the effect of scaffold structure on cell behavior [143]. When seeded with equine tendon fibroblasts, the cells presented an alignment through the direction of the fibers and an augmented proliferation over time (14 days), however, proliferation was less pronounced on yarns due to the smaller surface area when compared to flat 2D electrospun scaffolds. In a similar study, Xu et al. (2013) compared cell activity over P(LLA-CL)/collagen yarns and its 2D equivalent [107]. After 14 days of culture, primary tendon cells that were cultured on yarns presented enhanced expression of tendon-related ECM genes (COL1, Decorin, TNC and Biglycan), proliferation and colonization compared to 2D-aligned scaffolds.

Effect of Mechanical Stimulation

Independently of fiber diameter or alignment, mechanical stimulation was suggested to induce tendon-like cell responses with up-regulation of the expression of tendon-specific markers and ECM production both in vivo and in vitro [28,29]. Cardwell et al. (2015) studied the effect of both fiber diameter and mechanical stimulation (static or dynamic load) on cell activity [45]. These authors plated C3H10T1/2 cells on PEUUR fibers with different sizes (600 vs. 1750 nm) under static (50 mN) or a dynamic load (4% cyclic strain for 30 min at 0.25 Hz daily). After three days of culture, no significant changes in COL1, COL3, DCN, or cell alignment was found. Moreover, cells in contact with larger fibers under static load presented elevated levels of TNC and TNMD, suggesting that the fiber diameter and the mechanical environment may alter cell activity.

For Jha et al. ( 2011), when bovine fibroblasts were cultured over crimp patterns and submitted to mechanical stimulation above the unfolding region of the crimp structures, cells produced more tendon/ligament-like tissue (collagen and proteoglycans), and interestingly, crimped scaffolds retained their mechanical properties over time [139]. In 3D nanofibrous electrospun yarns, Bosworth et al. ( 2014) investigated the response of human mesenchymal stem cells (hMSC) when cultured under dynamic loading [35]. During the experiment, electrospun yarns were stimulated for 7 or 21 days, once per day at 5% of elongation and 1 Hz. When submitted to dynamic load, the cells underwent morphological changes and an up-regulation of tendon-related markers (COL1, COL3, TNC, FN). Under dynamic conditions, the cells presented on the outer circumference of the yarns, were more round and the cell layer was thicker when compared to the static conditions. Xu et al. ( 2014) also investigated the effect of mechanical stimulation over electrospun nanofibrous yarns [141]. After 14 days under dynamic loading (4% elongation at 0.5 Hz, 2 h/day), rabbit TDSCs presented an aligned morphology in both static or dynamic cultures, but major proliferation and tendon ECM production (COL1, COL3, TNC) and enhanced expression of tendon-related markers (COL1, COL3, decorin, TNC, biglycan) under dynamic load. After twelve weeks of implantation in a full-size defect in a rabbit model, biohybrid scaffolds that were prepared under dynamic conditions presented better cell alignment, ECM synthesis, and mechanical properties than those that were prepared under static culture.

On the basis of this literature review, it is possible to say that there is still no consensus on the effect of mechanical stimuli on cell differentiation and production of ECM. This might be due to the absence of consensus regarding the frequency and amplitude of the stimulation to apply.

Knitted Scaffolds

The application of textiles techniques has been widely-used for tissue engineering as it offers the possibility of creating complex hierarchical 3D structures with tailored mechanical properties similar to native tissues [144]. Knitting offers the possibility of creating 3D structures made of interconnected loops of yarns or threads [109] that determine both their mechanical properties and their porosity [37]. To create these structures, a combination of biological and/or synthetic materials, such as silk or PLGA, has been tested [36,37,97,145]. Combined with electrospinning or sponges, this makes it possible to produce multi-hierarchical structures that mimic the nature of the rich tendon ECM. [START_REF] Sahoo | Characterization of a novel polymeric scaffold for potential application in tendon/ligament tissue engineering[END_REF] produced a combined nano-micro fibrous knitted scaffold with the combination of PLGA micro fibers (yarns of 25 µm) and electrospun PLGA nano fibers (300-900 nm) [36]. The final combined construct presented pore size from 2 to 50 µm, an initial failure load of 56.3 N and an initial elastic stiffness of 5.80 N/mm. After 14 days of culture, BMSCs showed increased proliferation, collagen production, and up-regulation of tendon related-markers (COL1, decorin, and biglycan) when compared to the PLGA knitted control without electrospun fibers.

In another study, [START_REF] Liu | The interaction between a combined knitted silk scaffold and microporous silk sponge with human mesenchymal stem cells for ligament tissue engineering[END_REF] developed a knitted silk scaffold resulting from interconnected loops with a pore size of 1 mm and good mechanical properties, with a maximum tensile load of 252 N and a stiffness of 40 N/mm [37]. One of the main problems of knitted scaffolds is finding the right way to load the cells. To improve cell loading and proliferation, these authors placed the knitted construct in a silk solution. Once freeze-dried, this made it possible to produce a combined scaffold with final pore sizes from 20 to 100 µm. The mechanical properties of this combined scaffold were similar to those of simple knitting, with a maximum tensile load of 255 N and a stiffness of 45 N/m. After 14 days of culture, human BMSCs showed enhanced proliferation and ECM production (COL1, COL3 and GAGs) in combined scaffolds compared to simple silk knitted scaffolds. In a similar study, [START_REF] Zheng | Alignment of collagen fiber in knitted silk scaffold for functional massive rotator cuff repair[END_REF] studied the effect of the pore direction of the collagen macroporous sponge on knitted scaffolds [97]. Twelve silk yarns (pore size of 1 ⇥ 1 mm) were placed in a type I collagen solution. Unidirectional freezing made it possible to produce aligned pores, while random sponges were made by classic freeze-drying. The final pore size of aligned sponges (110 µm) was smaller than that of the random ones. After seven days of culture, rabbit TSCPs presented the same attachment, spreading and proliferation in both constructs while ECM deposition was aligned into knitting constructs combined with aligned pores, and random constructs with random pores. In a tendon repair model in rabbits, rectangular defects (10 ⇥ 5 mm) in the rotator cuff tendon were filled with random or aligned constructs for 4, 8, and 12 weeks. After 12 weeks, the regenerative tissue was more organized and with more ovoid cells, and collagen fibers were larger and denser in aligned constructs when compared to random constructs, similar to the results found in normal tendons.

Skeletal Muscle

Skeletal Muscle's Composition and Structure

Skeletal muscle is a dynamic tissue that is responsible for voluntary movement, postural maintenance, and soft tissue support, through the conversion of chemical energy into mechanical force applied to bone via tendinous tissue. Skeletal muscle is the most abundant tissue in the human body, representing approximately 40% of body mass [146]. The architecture of skeletal muscle is characterized by a highly ordered arrangement of muscle fibers associated with connective tissue [147] (Figure 2). The cellular structural unit of skeletal muscle is the myofiber. A myofiber is a multinucleated single muscle cell, which ranges from approximately 20-100 µm in diameter. Myofibers are arranged in parallel, with length ranging from a couple of mm to several tens of mm depending on the muscle [148]. Myofibers are wrapped in a fibrous ECM, the endomysium, and bundled in fascicles, each of which is supported by the perimysium (Figure 2). There are thus three fibrous layers of connective tissue in skeletal muscle, i.e., the endo-, peri-, and epi-mysium, the latter enveloping the muscle, and supporting the structural and functional continuity of the muscle-tendon junction. They are composed of collagen (types I and III, mainly) and proteoglycans mostly from the family of small leucine-rich proteoglycans (SLRPs). Decorin is the major proteoglycan in the perimysium [149].

The differentiation of skeletal muscle cells is stimulated by a contact-dependent process. Myofibers are thus formed when undifferentiated muscle cells (myoblasts) fuse together to form elongated, multinucleated myotubes, gathering nuclei in a central position. As the myotubes mature to form myofibers, the nuclei adopt positions near the plasma membrane at the cell periphery [150]. At the ultrastructural level, the major components of myofibers are myofibrils, which represent the molecular machinery that is capable of controlling muscle stretching thanks to a sliding movement between the thin, actin filaments, and the thick myosin ones. Actin and myosin proteins represent approximately 70% of the total protein content of a single fiber [151] and are the main component of sarcomeres, the smallest chain of contractile units (approximately 2.3 µm long). Each myofibril is composed of hundreds of sarcomeres in series. It should be noted that skeletal muscle fibers differ in their phenotypes depending on their myosin heavy chain isoform, which results in differences in twitch speed. Type I fibers express slow-twitch myosin heavy chain (MyHC) isoforms and are suited for endurance while type II fibers express fast-twitch MyHCs that are suited for short and high intensity work [152]. [START_REF] Collinsworth | Apparent elastic modulus and hysteresis of skeletal muscle cells throughout differentiation[END_REF] etablished that skeletal muscle cells exhibited viscoelastic behavior that changed during differentiation: the apparent elastic modulus increased from 11.5 ±1.3 kPa for undifferentiated myoblasts to 45.3 ± 4.0 kPa after eight days of differentiation [153].

As well evidenced by [START_REF] Heinemeier | Lack of tissue renewal in human adult Achilles tendon is revealed by nuclear bomb (14)C[END_REF], skeletal muscle is a very physiologically active tissue. The high rate of tissue turnover leads to continuous renewal of core muscle. This remarkable capacity for regeneration found in skeletal muscle is made possible through the activation of resident multipotent cells to compensate for muscle tissue turnover or in response to injury [154,155]. The most important cells implicated in the regenerative response of muscles are satellite cells. They are an quiescent population of resident muscle progenitor stem cells, which, in response to injury, are activated and migrate to the defect site, expand, and undergo myogenic differentiation or self-renewing of the satellite cell pool [156].

During muscle regeneration, satellite cell behavior is regulated through a cascade of complex signaling pathways controlled by intrinsic factors within satellite cells, as well as extrinsic factors that compose the muscle stem cell niche/microenvironment [157]. Behind these major muscle resident progenitors, fibro/adipogenic progenitors (FAP) have also been described as promoting muscle regeneration through ECM deposition and promyogenic factor secretion. In the case of chronic muscle injuries, the controlled response of FAP may be unbalanced in favor of excessive ECM deposition, leading to fibrosis and impaired muscle regeneration efficiency [158].

Muscle Injuries and Healing

Skeletal muscle injuries typically result from traumatic incidents, such as contusions and strains during sports activities, as well as trauma due to accidents or surgical resection of tumors, and are designated as volumetric muscle losses (VMLs). Approximately 35-55% of all sports injuries involve skeletal muscle damage to the myofibers and/or connective tissue [159]. Furthermore, about 5.8 million reconstructive surgical procedures are performed annually as a result of cancer ablation or road traffic accidents [160]. The detailed healing process of skeletal muscle following trauma has already been well described elsewhere [148,[161][162][163]. Briefly, the healing process is composed of three phases: destruction, repair, and remodeling. During the destruction phase, after necrosis of the ruptured myofibers, the propagation of this necrosis is stopped within a couple of hours by a contraction band in the shelter of which the rupture is sealed by a sarcolemma. The broken myofibers contract and the gap between the stumps is filled by a hematoma, meaning that an inflammatory cell reaction occurs. The repair phase starts with phagocytosis of the necrosis surface by blood-derived monocytes. The myogenic process is then activated by activation of the satellite cells. This activation leads to differentiation into myoblasts, followed by a proliferation stage over 24 h, which contributes to the formation of myoblasts. Finally, these myoblasts fuse to form myotubes within a couple of days. After 5-6 days, the necrotic part is replaced by the regenerated myofibers. Revascularization of the injured site occurs three days after the injury with the formation of angiogenic capillary sprouts. The last repair phase, the remodeling phase, is characterized by the maturation of the newly regenerated myofibers, i.e., a maturation of the contractile material and attachment of the ends of the regenerated myofibers to the intervening scar by a newly-formed musculo-tendinous junction.

Grafts

Critical-sized tissue loss of muscle mass (more than 20%) impairs endogenous repair mechanisms [164]. In these cases, the gold standard procedure is most often achieved by autologous tissue transfer (graft) from an uninjured site in the patient [165], such as the muscle flap transfer [166]. Although frequently successful, harvesting soft tissue from the patient creates new defects and the possibility of increased morbidity. Allografts are used to bypass the drawbacks of autografts, but they are beset by limitations in supply, tissue condition at the time of transplant, and concerns over immunogenicity, morbidity, and cost [167].

Cell Therapy

Cells therapies have been investigated when the regenerative capacity of the skeletal muscle is partly depleted, as in severe myopathies, such as Duchenne or Becker muscular dystrophy. This therapeutic strategy relies on the delivery of myogenic precursors or stem cells to the muscle tissue to improve regeneration and tissue repair thanks to structural and functional integration in the host tissue. It requires a suitable cell population, which is capable of proliferating in vitro to generate sufficient cell quantities for transplantation. Of the cellular candidates, satellite cells, primary myoblasts, fibro-adipogenic progenitors (FAP), and human pluripotent stem cells are considered as promising cell sources thanks to their high regenerative potential in situ or their unlimited proliferative capability.

Despite the potential efficacy of cell-based therapies in muscle regeneration, the poor outcomes of preclinical and clinical trials identified a number of issues [168]. The injected cells face a harsh environment, not only because of the inflammatory response to the muscle injury, but also due to the injection process itself. Intramuscular injections can further damage the tissue, while going through the systemic system, the cells may be unable to attain the injured muscle and instead engraft on to other tissues or organs [139]. Thus, regardless of the approach used, most cells fail to survive a few hours after injection. The cell culture conditions used to expand the cell before the transplantation step need to be improved to maintain the "stemness" or myogenicity characteristics of cells [169]. Interesting studies have shown the influence of substrate physical properties on skeletal cell differentiation. The substrate, on which cells are cultivated, with compliance and elasticity cues mimicking those of the muscle cell micro-environment, may be a regulator for myogenicity [170,171]. Some of the problems that are associated with cell therapies may be fixed by adopting an approach that includes biomaterials as a niche for cells, leading to muscle tissue-engineering strategies.

Skeletal Muscle Tissue Engineering

In this part, we selected the publications of interest, as described in Section 2.3. However, in contrast with tendon, skeletal muscle's properties (and specifically contractility) are mainly driven by cell behavior. The main approaches that can be found in the literature in muscle TE thus focus more on the end behavior of the cells after culture in a scaffold. The mechanical and biological outcomes investigated are thus quite different to those observed in tendon TE. The major biological issues concern myotube formation from myocytes, and contractility properties. The mechanical properties of a biohybrid construct are poorly documented, with the scaffold appearing mostly as a guide for cell organization and differentiation. In addition, one can point out that muscle tissue engineering is a recent approach, with the first papers appearing in 2005.

The publications of interest are presented in two tables. The first (Table 4) deals with general details of the Materials and Methods part, the second (Table 5) reports in vitro outcomes. Due to a lack of information, there is no table summarizing in vivo results.

Cells

The choice of an appropriate cellular source is fundamental for generating functional muscle in vitro. Fishman et al. (2013) established a non-exhaustive list of criteria that cells should meet to be suitable candidates for muscle engineering [172]. According to the literature data (Table 4), four cell types are predominantly employed in muscle engineering: the mouse C2C12 myoblast cell line , primary myoblast-derived satellite cells (SCs) [175,199,200], primary myoblast from different species [181,[201][202][203][204], and mesenchymal stem cells (MSCs) [177,205]. SCs are an appealing solution as they are relatively easy to isolate and are also the direct precursor of myoblasts. Unfortunately, SCs maintained in vitro suffer a severe reduction in their ability to produce myofibers, and a decrease in their proliferative capacity [206]. The C2C12 cell line manages to decrease the variability of primary cell isolation. In addition, using the C2C12 cell line for muscle engineering studies makes possible an objective comparative analysis with works that are published in skeletal muscle bioengineering as it mainly uses this cell type [207].

All of these four cell types are helpful for preliminary design, but there is, to our knowledge, no attempt to cultivate myoblasts or satellite cells of human origin in scaffolds for TE yet.

Modulation of the Environment

Functional muscle formation is an intriguing and highly complex process that requires features, such as cell differentiation and maturation [208]. As shown in Figure 5 The understanding of its effect and how to use it are increasingly controlled. The parameters of the electric field applied can be modulated, according to the type of response desired. It has been shown that depending on whether the regimen applied is direct or alternative, and depending on the voltage/intensity range, it accelerates sarcomere assembly, promoting cell proliferation, differentiation, and/or muscle cell alignment [173,183,192,194,199,200,202,[218][219][220]. Some studies pointed out that electrical stimulation makes intracellular calcium and NO release possible [221]. Others showed that it acts via the activation of PI3K, p38 signaling pathways [222,223]. In parallel, mechanical stresses also play a role in muscle cell growth, differentiation, and function because of the contractile and elastic nature of skeletal muscle [224]. When cells grow on a scaffold, a variety of stretch regimes can be applied. Thus, by modulating the cycle, stretching elongation and duration, muscle cell changes and functionality can be modulated [171,[174][175][176]185,203,225,226]. It seems that cell stretching induces the activation of FAK via integrin, leading to an increase in gene expression [227]. Other studies suggest that stretching may also influence the passage of calcium via the ion channels [228,229] and activate PI3K and p38 signaling pathways [230,231].

It has now been clearly shown that several signaling pathways can be modulated in order to control muscle cell development in tissue engineering. The most recent studies are based on cell culture methods while using a combination of chemical and physical stimulations. More importantly, there is growing evidence that a combination of chemical and physical stimulations in addition to surface topography and scaffold composition may be a solution for generating safe and functional muscle constructs in vitro [184,232]. However, the chronology of these different stimuli actions during the development of muscle cells in vivo remains unclear. It may be of particular interest to investigate not only a combination, but also successive different stimulations (chemical, mechanical, electrical).

IGF, insulin-like growth factor; HGF, Hepatocyte growth factor; FGF, fibroblast growth factor; PI3K, phosphatidylinositol-3-kinase; MKKs, McKusick-Kaufman syndrome; ERK, Extracellular signal-regulated kinases; p38, mitogen-activated protein kinases; JNK, c-Jun NH2-terminal kinases; sGC, soluble guanylyl cyclase; calp, calpain; calc, calcineurin; CaMK, Ca 2+ -calmodulin-dependent protein kinase.

surface topography and scaffold composition may be a solution for generating safe and functional muscle constructs in vitro [184,232]. However, the chronology of these different stimuli actions during the development of muscle cells in vivo remains unclear. It may be of particular interest to investigate not only a combination, but also successive different stimulations (chemical, mechanical, electrical). Other pathways may be involved, such as wnt/frizzled and notch. All these signaling pathways up-regulate the expression of some of the genes responsible for skeletal muscle progenitor development.

Materials Biological Origin

The macromolecular composition and structure of protective sheets surrounding muscle fibers (e.g., sarcolemma, endomysium) are mostly driven by various types of collagen [173,174,176,199,200,242,243]. For this reason, collagen and gelatin have been widely used as materials for muscle tissue engineering [182,183,194,244]. Non-mammalian sources of naturally derived materials have also been explored to produce suitable scaffolds for muscle reconstruction, such as alginate [177,245], fibrin [175,202,246,247], or chitosan [205,248]. They have the capacity to be configured into various shapes, including film, hydrogel, and sponge. Some of these materials are responsive to fabrication methods, such as chemical modification to add cross-linkers [249], or specific functional groups to improve cell attachment [250], or mechanical properties [251], in order to obtain structural control similar to that of native muscle.

Recently, as with tendons, scaffolds that were derived from decellularized skeletal muscle may be the optimal biomimetic biomaterials for repairing large skeletal muscle defects. In the literature, implants of decellularized muscles have been reported with contrasting results. [START_REF] Lin | Evaluation of decellularized extracellular matrix of skeletal muscle for tissue engineering[END_REF] showed that the enzyme detergent method for removing cells from mouse skeletal muscle, made it possible to maintain the biomechanical properties at a level that was comparable to that of native tissue [252]. Several other authors did not observe any myoblast migration towards the scaffold in vivo [253,254]. More recently, Porzionate et al. (2015) performed a comparative analysis between different decellularization protocols on muscles from different species, and especially on human samples. The study evaluated the integration capacity of the decellularized scaffold in vivo. They observed good integration of the scaffold surrounding the native muscle structure and signs of neo-vascularization [255].

Synthetic Materials

Most of the synthetic polymers used for muscle tissue engineering scaffolds are manufactured from polyesters, which include poly(vinyl alcohol) (PVA) [198,205], (PGA) [256,257], poly(lactic acid) (PLA) [258,259], poly(caprolactone) (PCL) [190,191,260], and their copolymer poly[(lacticacid)-co-(glycolic acid)] (PLGA) [113,186,190,195,261,262]. These polymers are well characterized and have been approved by the Food and Drug Administration (FDA) for certain human uses [263]. They can be tailored into porous sponges, fibers, or microspheres for cell encapsulation [261]. PDMS (polydimethylsiloxane) [178,220], which is a type of silicone, is also used for other bio-microsystem applications. Although there are many applications in TE, their lack of biological cues for promoting desirable cell adhesion and responses may be a problem and requires specific coatings [178,220,264].

Hybrid Materials

Hybrid scaffolds consist of the combination of synthetic polymer and natural derived components, in an attempt to benefit from and exploit each asset. Natural components bring bioactivity, favorable environments for cell adhesion, and proliferation, along with remodeling properties, while synthetic materials can obtain the target mechanical properties. Although this type of approach is quite recent for muscle reconstruction, several configurations and combinations can be found in or PEG [196,268] generally functionalized or coated with adhesion peptides, are the most commonly found. To compensate for the mechanical weakness of hydrogels and their lack of conductive properties, which are useful in muscle tissue engineering [269,270], nanomaterials have often been added to the initial polymer. These include gold nanostructures [265,271], graphene [179,195,272], and carbon nanotubes [192,194,198,273,274]. The rationale for developing conductive polymers is the need for the transmission of the electrical impulse, which in turn may influence cell behavior, specifically for cardiac and skeletal muscle [275].

Natural polymers were first used in the form of simple coatings, to efficiently exploit the inherent capacity of cells to produce their own extracellular matrices and assemble themselves into organized and functional tissues. The gel-like structure and smooth aspect of the coating induce cells to proliferate and differentiate in a random orientation. To overcome this anarchic cell arrangement and favor myotube alignment, which is one of the most critical factors in skeletal muscle regeneration, [START_REF] Vandenburgh | Maintenance of highly contractile tissue-cultured avian skeletal myotubes in collagen gel[END_REF] anchored the gel between two fixed points acting as an artificial tendon. Mechanical tension between the anchor points promoted myofiber alignment and stimulated muscle growth [276].

Several studies outlined the role of film stiffness on myotube differentiation into the physiological striated state. The best results were obtained on materials with muscle tissue-like stiffness (elastic modulus around 10 ± 4 kPa) [170,277]. [START_REF] Baniasadi | fabrication and characterization of oxidized alginate-gelatin hydrogels for muscle tissue engineering applications[END_REF] worked on cross-linked-oxidized alginate/gelatin hydrogels and investigated the impact of mechanical properties and degradation rate on the behavior of cultured cells [177]. In order to contract, muscle fibers need to grow parallel [278] to one another with identical anisotropy [279]. This can be achieved using a film with a specific topography to induce this behavior via contact guidance [280].

Topographical nano-[281] or micro-patterning have thus been investigated in grooves [282], waves [178], or more complex configurations [283] to enhance rat satellite cells or C2C12 myoblast fusion thanks to alignment and myotube formation. This approach mainly applied 2D films on to which myoblasts were cultured as monolayers until the formation of mature myotubes. Then, the mature cell layer can be transfer into a 3D contruct hydrogel [247], in order to be transplanted into a rat model. Several studies have shed light on the effect of optimized surface features, such as groove depth [180], width [181], and periodicity [178] on the formation of longer, functional myotubes with striated structures and contractile behavior in vitro [284]. According to these authors, optimal depth varied between 1 to 2.5 µm for a width of 10 µm, with a periodicity of 6 mm. [START_REF] Bajaj | Patterning the differentiation of C2C12 skeletal myoblasts[END_REF] demonstrated that hybrid 30 patterned structures led to the best C2C12 cell differentiation, as assessed by myosin and nuclei staining, as well as the size and orientation of the resulting myotubes [220].

Hydrogels were also developed in 3D to embed/encapsulate the seeded cells. Costantini et al. ( 2016) prepared a chemically-modified gelatin hydrogel and demonstrated the positive impact of mechanical stiffness and geometrical confinement on myoblast culture. Their results showed a parallel orientation of cells cultured in the smallest hydrogel string structure. Interestingly, the highest amount of myotube formation was obtained in a 3D hydrogel with stiffness in the range of 3 kPa, when compared to hydrogels whose stiffness was closer to that of native tissues. They speculated that C2C12 cells, when cultured in a 3D environment, exhibit specific focal adhesion configurations that influence cell polarization and signaling pathways, which were not observed in 2D constructs [285].

In contrast, Cvetkovic et al. ( 2014) produced strips of cross-linked collagen and fibrin with very high elastic moduli from 200 to 400 kPa that they placed on a specific holding tool named "biobiot". Despite the considerable stiffness of the material, cells aligned during gel compaction and formed myotubes, more specifically, under the effect of IGF added to the gel [286].

Hydrogels can be shaped as sponges, with an interpenetrating network structure favoring cell colonization within the 3D scaffold. For example, Bandyopadhyay et al. (2013) developed a biocompatible and biodegradable porous sponge that is made with poly(L-lactide-co-"-caprolactone) copolymers using phase inversion [201]. This type of scaffold, which is characterized by a pore size of around 300 µm, supports adult human myoblast growth and differentiation into multinucleated myotubes in vitro and favors cell colonization in vivo in an ectopic rat model. Similarly, [START_REF] Kin | Regeneration of skeletal muscle using in situ tissue engineering on an acellular collagen sponge scaffold in a rabbit model[END_REF] prepared cross-linked atelocollagen sponge using a freeze-drying technique ( 80 C), with pores in the range of 50-100 µm, and successful cell colonization of the scaffold was achieved in an ectopic rabbit model [243]. Although the hydrogel/sponge manufacturing process is relatively easy to implement, pore size and full interconnectivity remain difficult to control [287,288]. Another way of controlling 3D hydrogel porosity is to mold them into previously prepared PDMS structures that are designed by photolithography. In the study by [START_REF] Bian | Local tissue geometry determines contractile force generation of engineered muscle networks[END_REF], primary muscle cells from rats were mixed with matrigel/fibrin gel to form an elongated hexagonal structure of various sizes. They demonstrated that the networks with the most elongated pores resulted in the best cell response in terms of alignment and contractility [204,278]. 2012) demonstrated the effect of electric field on the differentiation and contraction of cultured C2C12 cells. More specifically, they showed that optimized parameters (1s pulse of 8V for three days) had a beneficial influence whereas higher electric stimulation damaged myocytes [173]. [START_REF] Serena | Electrophysiologic stimulation improves myogenic potential of muscle precursor cells grown in a 3D collagen scaffold[END_REF] aimed partly to mimic neuronal activation by means of an adequate electrical field (pulse of 70 mV/cm for 3 ms). Applying this to muscle precursor cells (MPCs) cultured in 3D collagen scaffolds, they observed enhanced proliferation when compared to non-stimulated cultures. However, ten days after implantation in mice, cell number and distribution were no different in the two conditions [199]. [START_REF] Cvetkovic | Three-dimensionally printed biological machines powered by skeletal muscle[END_REF] subjected their constructs that were located on "biobots" to electrical stimulation (20 V, 1 to 4 Hz), representative of action potentials observed in vivo. They managed to coordinate the contraction of multiple myotubes in the artificial muscle strip [286]. In contrast, Stern-Straeter et al. (2005) focusing on the influence of electrical stimulation of primary myoblast cultures in a 3D degradable fibrin matrix, described the negative impact that is induced by their stimulation on the myogenic differentiation process, with a down-regulation of the transcription factor in the MRF-family [202]. Coordinating the electrical stimulation within the differentiation process of muscle progenitor cells is delicate and should not be introduced too early [200].

Effect of Electrical Stimulation on Biological Response

Effect of Mechanical Stimulation on Biological Response

A number of studies applied mechanical loading to cell-laden scaffolds in order to develop functional and structurally-biomimetic muscle constructs. Mechanical stimulation is another important factor during myogenesis [203,208], through the continuous passive tension applied to skeletal muscle by bone growth during both embryogenesis and neonatal development, as described in Figure 3. It also has a significant impact on the diameter of mature skeletal muscle fibers, as well as on cell numbers and myofiber composition [291].

Twenty years ago, Okano et al. (1997) described the impact of cyclic mechanical stretching (frequency: 60 Hz, amplitude: 5%, for four days) on encapsulated C2C12 myoblasts in a collagen type I gel, and reported an assembly of highly dense and oriented myotubes [176]. More recently, [START_REF] Powell | Mechanical stimulation improves tissue-engineered human skeletal muscle[END_REF] outlined that repetitive stretch/relaxation cycles applied to muscle cells suspended in collagen/Matrigel enhanced the diameter and area of myotubes by 12% and 40%, respectively, and increased the elasticity of the muscle construct, after eight days [203]. [START_REF] Pennisi | Uniaxial Cyclic Strain Drives Assembly and Differentiation of Skeletal Myocytes[END_REF] mobilized uniaxial or equibiaxial cyclic tensile strain (15% of stretch, 0.5 Hz) to induce assembly and differentiation in C2C12 skeletal myocytes seeded on to flexible-bottom plates precoated with collagen-I. The uniaxial strain resulted in a highly aligned array of cross-striated fibers, with the major axis of most cells aligned in a perpendicular manner in relation to the axis of the strain, and caused faster cell differentiation; on the other hand, equibiaxial strain did not induce any clear orientation and it displayed signs of membrane damage and impaired differentiation [174].

The mechanical stimulation of muscle constructs has not been systematically associated with an improved biological response, depending on the strain parameters used (duration, frequency, direction) [203]. For instance, Boonen et al. (2010) investigated the effects of a two day uniaxial ramp stretch (2%), followed by four days of uniaxial intermittent dynamic stretch (4%) at a frequency of 1Hz on the C2C12 or MPC cells in 2D or 3D constructs. They observed either no effect or a lowered effect on the maturation and differentiation of the cells [175]. There is thus not yet any consensus on the protocols to be applied to such constructs.

The simultaneous combination of mechanical forces and geometric constraints imposed by the substrate represents new models for understanding the mechanisms of cell response. [START_REF] Ahmed | Myoblast morphology and organization on biochemically micro-patterned hydrogel coatings under cyclic mechanical strain[END_REF] recently designed a flat support, without any micro-grooves, functionalized by adhesion proteins to control cell orientation. C2C12 cells produce different morphological and cytoskeletal responses to mechanical stimulation depending on their alignment relative to the direction of the cyclic tensile strain: strain applied to 0 micro-pattern lines results in the most irregular actin striation when compared to the highly organized stress fiber orientation observed along the 90 micro-pattern. Myoblast nucleus shape and orientation seem to be determined by geometrical constraints, showing that cyclic tensile strain and geometric constraints may be competing forms of stimuli [225].

Electrospun Scaffolds

Effect of Scaffold Structure and Mechanical Properties on Biological Response

The main materials that were used to produce electrospun scaffolds for skeletal muscle engineering are biocompatible and biodegradable synthetic polymers, such as PLGA [186], PCL [189][190][191][196][197][198]260,292], PVDF [187], and polyurethane [184,185,192]. These materials can also be of natural origin such as collagen [188,195,292], gelatin, decorin, silk fibroin, alone or mixed [190,196]. As for the gels, conductive elements can be added to the polymer, such as graphene [195], carbon nanotubes [192,194,198], polyaniline (PANi) [191], or gold nanoparticules [265,275].

Parallel configurations were studied to mimic the natural organization of bundles of aligned muscle fibers, which is necessary to develop high contractile forces [176]. Of the parameters that could be adjusted during the electrospinning process, Li et al. (2007) showed that the rotation speed of the collector had a considerable impact on the anisotropy of the resulting fiber mesh, which in turn, influenced the mechanical properties of the scaffolds [260]. For instance, the tensile moduli for random/aligned fibers of polyurethane (PU) were 2.1 ± 0.4 MPa and 11.6 ± 3.1 MPa, respectively.

It is well-documented that aligned fibers in electrospun scaffolds cause myoblast cytoskeletal reorganization, cell orientation along the fibers, and cell fusion into myotubes, unlike randomly oriented fibers [184,186,187,190]. Physicochemical cues for polymers influence myoblast differentiation, hydrophilic properties, and low matrix stiffness had a beneficial effect on cell response.

Drexler and Powell (2011) investigated coaxial electrospinning methods to produce scaffolds with tunable stiffness and strength without changing the architecture or the surface chemistry. These authors demonstrated that strength and stiffness were positively correlated with the inner core diameter, with no impact on fiber diameter [293]. This method might then make it possible to produce scaffolds with mechanical properties that are similar to those of native skeletal muscle tissue (⇡10 kPa) [170]. Furthermore, hybrid composite fibers composed of natural and synthetic polymers are of great interest in order to benefit from the synergistic effect of mechanical properties and the biocompatibility of polymers in the same scaffold [205,294]. Aligned PCL/collagen electrospun fibers, when compared to randomly orientated nanofibers, showed higher tensile strength in scaffolds, as well as effective human myoblast alignment and differentiation into myotubes [265].

The influence of electrospun fiber diameter on skeletal muscle cell behavior remains poorly documented. [START_REF] Liao | Effect of Electromechanical Stimulation on the Maturation of Myotubes on Aligned Electrospun Fibers[END_REF] produced polyurethane electrospun fibers with various diameters: 600 nm, and 2 µm to 10 µm by varying the polymer concentration (7%, 10%, and 15%). They did not find any influence of electrospun fiber diameter on the differentiation of C2C12 myoblasts [184]. Sreerekha et al. (2013) designed a multiscale composite scaffold with fibrin nanofibers (50-500 nm) and PCL microfibers (1 to 2.5 µm) [295]. These dimensions mimic the hierarchical structure of ECM that is found in native tissues (Figure 2). Topography scale also has an effect on cell responses: hydrogel micro-patterns designed on electrospun materials or wavy imprinted materials improved C2C12 myotube formation, orientation, and length through a multi-dimensional scale [189,197]. A more complex structure has been proposed in the form of a core-shell scaffold that combines aligned nanofiber yarns in a hydrogel shell to provide a suitable 3D environment successfully guiding the C2C12 myoblast alignment and differentiation [196]. Jun et al. ( 2009) evaluated the effect of PLCL/PANi random fibers on C2C12 myoblast culture. Mechanically, the fibers showed an increase in tensile strength and a decrease in elongation at break as the concentration of PANi increased. While having a minimal effect on the proliferation, the electrically conductive fibers appeared to have a moderate effect on C2C12 cells by increasing the number and length of the myotubes, and enhancing the expression level of myogenic genes [191] 2014) implanted the same type of scaffold for four weeks on to the vastus lateralis muscle of rats. These authors showed that the scaffold displayed early signs of inflammation and fibrotic tissue formation, which decreased over time, while the number of myogenic cells and neovascularization increased, suggesting that this approach could be innovative for muscle repair [297].

Effect of Electrical Stimulation on Biological Response

Electrical stimulation was recently investigated on electrospun bioconstructs to simulate motoneuron activity. Ostrovidov et al. ( 2014) demonstrated the positive effect of administering electric pulses (5 V, 1 Hz, 1 ms) for two days on the maturation and contractility of myotubes from C2C12 cells. These cells were cultured on gelatin electrospun fibers loaded with carbon nanotubes to promote electrical conduction [194]. The same type of results was observed by Sirivisoot and Harrison (2011) on electrospun polyurethane/carbon nanotube scaffolds (5% and 10% w/v polyurethane), when compared with nonconductive electrospun polyurethane scaffolds after electrical stimulation (Biphasic pulses delivered at 20 Hz) [192].

Effect of Mechanical Stimulation on Biological Response

Candiani et al. (2010) used a bioreactor and PU electrospun scaffold to investigate the effect of mechanical conditioning on the development of murine skeletal muscle cells. They applied an unidirectional stretching phase (24 h of stretching at 0.02 mm/h, up to 960 µm of displacement) to mimic bone growth-associated muscle lengthening during embryonic development, followed by a phase of cyclic stretch (frequency 0.5 Hz, amplitude 1 mm). Cyclic stretching induced an eight-fold increase in myosin heavy chain synthesis after 10 days, and contributed to myotube maintenance in a 3D environment [185]. Also, with electrospun PU, [START_REF] Liao | Effect of Electromechanical Stimulation on the Maturation of Myotubes on Aligned Electrospun Fibers[END_REF] demonstrated that mechanical (5% or 10% cyclic strain at 1 Hz for two days post differentiation) or synchronized electromechanical stimuli (20 V at 1 Hz starting at day 0, 4, or 7 days post differentiation) increased the percentage of striated myotubes from C2C12 cells and an up-regulation of ↵-actinin and myosin heavy chains. They highlighted the need to carefully consider the combination of topographical and mechanical stimuli to optimize myogenesis. More specifically, these authors showed that a 5% pre-stretching procedure applied after cell seeding and prior to the application of cyclic strain resulted in enhanced myogenic differentiation. They also evidenced that the timing of electrical stimulation application is a crucial factor for modulating myoblast differentiation [184].

Reconstruction of the Myotendinous Junction

Once a bioengineered tissue has been designed, one of the key challenges for implanting it is its integration into neighboring tissues. Very few studies suggested designing and analyzing biohybrid constructs that mimic the interfaces between two different biological tissues subjected to various mechanical stimuli or strains.

Regarding this aspect, the myotendinous junction (MTJ) is of specific interest. Charvet et al. (2012) reviewed the current understanding of MTJ formation, describing changes during morphogenesis and focusing on the crosstalk between muscle and tendon cells that leads to the development of a functional MTJ. As pointed out, the various mechanisms/events leading to a functional MTJ during embryogenesis are not yet fully understood. However, the structural integrity of MTJs is critical for force transmission from contracting muscle through tendon to bone tissue [298].

The ultrastructure of the MTJ was mostly explored using transmission electron microscopy (TEM), and focused ion beam/scanning electron microscopy (FIB/SEM). At this scale, the MTJ can be described as sarcoplasmic invaginations (ridge-like protrusion), which increase the contact surface between the muscle and tendon. Multidirectional collagen fibers are observed on the tendon side, improving the anchorage between both tissues.

In the past, Larkin's group [299] attempted to reconstruct the junction while using so-called scaffold-free self-organized tendon constructs (SOT). SOT consisted in collagen-rich deposits and flattened, longitudinally-oriented tenocytes extracted from rat tendons. They were put into contact with pre-established cultures of spontaneously contracting multinucleated myotubes. The interface presented an ultrastructure that resembled the fetal/neonatal MTJ. When subjected to tensile tests, rupture was observed on the muscle side [300]. This approach did not imply a specific scaffold, but it provided new insights into the mechanisms that are responsible for the formation and maturation of the junction, in an attempt to mimic the in vivo conditions.

More recently, Atala's group proposed two different approaches that are based on a unique scaffold that is composed of three different areas. In a first study, such scaffolds were prepared by electrospinning and consisted in: (i) an area of collagen/PCL fibers, (ii) an interphase area where fibers of collagen/PCL and collagen/PLLA were co-extruded; and, (iii) an area of collagen PLLA fibers. All of the areas were randomly deposited and fiber size was about 500 nm, independently of the electrospun material. Young moduli were around 4, 20, and 28 MPa, respectively. When C2C12 cells were seeded on to PCL, they formed myotubes, while NIH/3T3 fibroblasts spread on PLLA. There was no evidence of cell reorganization at the interface to form a specific MTJ [301]. In a second study, bioprinting was used with thermoplastic PU and C2C12 myoblasts on the muscle side, and PCL and NIH/3T3 fibroblasts on the tendon side. The interface was created by co-localizing the printing of PU and PCL leading to a 10% overlap. After the composite PU-PCL/C2C12-NIH/3T3 construct was printed, the fibrin-based hydrogel bio-ink was cross-linked. The extruded fibers exhibited a diameter of about 300 µm. According to classic tensile tests, the final construct was elastic on the PU-C2C12 muscle side (E = 0.4 MPa), stiff on the PCL-NIH/3T3 tendon side (E = 46 MPa), and intermediate in the interface region (E = 1.0 MPa). Again, both cell lines grew correctly on their respective surfaces and some interfacial features could be observed under confocal microscopy. This type of approach seems quite promising, because it is relatively easy to set up [302]. The next step would be to use more relevant cell types, as well as performing stimulation inducing mechanical stretching to stress the three areas showing the different mechanical properties, thus leading to different mechanotransduction signals.

It can be seen that the literature on the subject is still quite poor, probably because the biological phenomena leading to the formation of the MTJ have not yet been clearly established. Attempts to engineer such junctions could thus also be helpful for fundamental studies in embryology, for instance, to evaluate hypotheses regarding mechanisms that are potentially involved in the development of such a complex structure.

Conclusions and Perspectives-New Challenges

To conclude, it is obvious that tissue engineering of the musculo-tendinous system is still in its early stages. The investigated protocols summarized in the review are helpful for proposing new perspectives in tendon and muscle healing, which are capable of overcoming the limitations of more classic techniques, such as autologous grafts or more recent purely artificial substitutes or cell therapy. Initially, collagen appeared to be the material of reference, as this fibrillary protein is present both in tendon and muscle. However, the variability of the sources and the various limitations mentioned in this text have led to parallel investigations on synthetic polymers, such as PCL for muscle or PLA, mostly for tendons. Of the shapes used, porous gels and fibers that are produced by electrospinning are the most widely developed. However, there is not yet any consensus regarding the final choice for the material, cell source or stimulation protocol.

Biomimetism or bio-inspiration will probably guide future investigations and this requires in-depth knowledge of the tissue to be reconstructed. In this review, we attempted to follow this process, starting with the biological and mechanical characterization of native tissues (tendon, muscle, and the myotendinous junction), ending with the biological and mechanical outcomes of the reconstructed tissues, as they have been described. Very interestingly, while muscle and tendon might seem quite similar in structure at different scales, they nevertheless present properties that are completely different, as a result of different cell densities (poor in tendon, high with very specialized cells in muscle) and the composition of the ECM.

To date, tissue engineering has designed the scaffold that will host the cells and provide the construct with mechanical properties. In the future, it may be interesting to consider it as a trigger for the "right" cells to produce their own ECM, in a way that is mimicking embryogenesis. Subjected to specific external stimuli, the properties expected of new "smart" materials would thus be different: guiding cell differentiation thanks to their nano/ultrastructure, releasing specific factors on the basis of defined kinetics to mimic the different steps in development, providing signals for cell colonization/differentiation status, or interacting with the new synthesized ECM to provide genuinely hybrid materials with adaptive mechanical properties. The ostotendinous junction or enthesis corresponds the anchorage point between bones and tendons, mediating the integration of the different tissues which present dissimilar cellular, molecular and structural compounds in a tight region of one hundred microns. 120 This natural interface is specifically adapted to allow smooth transmission of strain between tendon and bone, facilitating joint motion. 120,121 In general, there are two types of bone-to-tendon insertions classified as either fibrous or fibrocartilaginous enthesis. 122 Fibrous entheses, which are less common, are characterised from a direct attachment between the tendon and the bone through perforating mineralized collagen fibers whose structure is similar to the tendon midsubstance and are found in areas where the joint angle does not change during motion. 123 Fibrocartilaginous entheses are the most encountered bone-to-tendon interfaces, and are constituted by four distinct zones allowing a greater integration between both structures. These zones are (1) tendon, (2) fibrocartilage, (3) mineralized fibrocartilage and (4) bone. A great example of this junction is the Achilles tendon. As seen before, the tendon region is characterized by an extracellular matrix composed mainly of aligned and parallel fibers of collagen type I, with fibroblasts as the most important cellular population. The non-mineralized fibrocartilaginous region is characterized by its composition in collagen type I and II and glycosaminoglycans, with fibrochondrocytes as cellular population. The mineralized fibrocartilage, which interdigitates with the bone, also contains a significant amount of collagen type X and hydroxyapatite, with the hypertrophic fibrochondrocytes responsible for mineralization as the main cells. The last zone, the bone region is mostly composed of type I collagen, hydroxyapatite and bone cells (osteoblasts, osteocytes and osteoclasts). 124 The different regions not only differ in cells or ECM composition but also in terms of structure. Moving forward within each zone, the extracellular matrix undergoes a series of morphological changes in order to ensure a smooth transition between each unit. These changes are represented in Figure 4. Briefly, collagen fibers change in alignment as they approach the bone side and become mineralized. The combination of both phenomena, the increase in mineral content and the reduction in collagen alignment, modifies the mechanical properties of the enthesis throughout its length and translates into a more complaint behaviour at the tendon extremity than at the bone ones. 125

First Approaches for the Reconstruction of the Bone-Tendon Interface

As seen before, tendon and bone tissue present different capacity for self-repair. While bone healing can be completed after 11-12 weeks with a resulting tissue with the same structural and mechanical properties as prior to fracture, tendon self-healing is highly limited due to it low vascularity and low cellular composition: it may take up to a year to restore it structure and function. 126 Up to now, tendon grafts mainly focus on the improvement of the mechanical properties of the tendon, without taking into account the complexity and heterogeneity of the insertion junction within bone tissue. Because of this, there is an unsatisfied demand for a tissue-engineering scaffold displaying the sophistication of the bone-to-tendon insertion. 127 Ideally, the appropriate biohybrid substitute needs to ensure the different biomechanical and biochemical gradients found in the different zones of the enthesis. Therefore, specific attention was paid on a range of materials with mechanical and/or biochemical gradient to ensure a transition similar to the native enthesis. 128-131 They are summarized in extensive reviews and will not be described in detail here. 125,127,132,133 Kim et al. 2014 proposed a fourlayer freeze-dried substitute consisting in a collagen layer for the tendon region, a collagen/chondroïtin layer for the unmineralized region, a low mineralized collagen layer for the mineralized region and a high mineralized collagen layer for the bone region. Each layer presented a change in the mechanical properties along the scaffolds. 128 [START_REF] Erisken | Functionally Graded Electrospun Polycaprolactone and Beta-Tricalcium Phosphate Nanocomposites for Tissue Engineering Applications[END_REF] proposed a single electrospun PCL scaffold coated with a β-TCP gradient to mimic the mineral gradient found in enthesis. As in the native enthesis, Young´s modulus increased as the β-TCP concentration was higher. 129 A similar strategy was followed by [START_REF] Liu | Nanofiber Scaffolds with Gradients in Mineral Content for Spatial Control of Osteogenesis[END_REF] where a electrospun PLGA scaffold was immersed in a mineralization solution creating a mineral gradient throughout the scaffold. 130 As far as cells were concerned, there is also no clear choice. Some used fibroblasts, chondrocytes and osteoblasts to mimic the different cell populations found in the enthesis, 128 others focused on multipotent stem cells such as

BMSCs or ADSCs following their potential differentiation within the different zones of the engineered substitute. 130 However, the achievement of such complex biohydrid tissue was not demonstrated yet.

Chapter II: Material and Methods diameter rotating cylindrical collector (Nabond, China) (Figure 5). The collector was equipped with a step motor allowing a rotation up to 1000 rpm. The entire system was placed inside a chemical bench, allowing the solvents to be extracted during the process.

To facilitate the removal of the scaffold, the collector is covered with aluminum foil before the electrospinning process. Both sides of the collector are covered with transparent polypropylene strips, leaving 7 cm of scratches in the center of the collector. This concentrated the polymer jet mainly in this area, leading to a more homogeneous scaffold.

Humidity and temperature were not monitored and corresponded to ambient conditions. The collector was covered with aluminum foil before the electrospinning process to better remove the electrospinning mats after the process.

Materials used for electrospinning 1.2.1. Polymers

The ɛ-polycaprolactone (PCL, MW=80kg.mol -1 ) used for the production of electrospun mats at the Laboratoire Roberval was acquired in the form of beads from Sigma-Aldrich (United States).

Hydroxyapatite Nanoparticles

The hydroxyapatite (HA) nanoparticles (nanopowder with a particle size of ≤200 nm (BET) ≥97% synthetic) used for electrospraying were purchased from Sigma-Aldrich (USA).

Solvents

The different solvents used to dissolve the PCL were dichloromethane (DCM, Sigma-Aldrich)

and N,N-dimethylformamide (DMF, Sigma-Aldrich).

Electrospinning Method

The different parameters used for the realization of the electrospun materials as well as their origins are summarized in the 

Chemical Characterization of the Different Electrospun Scaffolds

In addition to the morphology of fibers, hydroxyapatite deposition over the honeycomb-like scaffold was investigated by EDS analysis in order to verify it presence on each scaffold by employing an EDS detector present in the microscope. The measurement is based on the energy and intensity distribution of X-ray signals produced by the electron beam striking the surface of the targeted scaffold.

Mechanical Properties of Electrospun Scaffolds

The elastic modulus of each material was quantified using uniaxial tensile tests. Six samples of each scaffold were cut into strips measuring 1.0 x 3.0 cm. The thickness of each sample was evaluated using a precision dial thickness gauge (Mitutoyo Corporation, Japan) or caliper (minimum scale: 0.1 mm). The samples were attached with the metal grips of the traction machine (Bose Electroforce 3200, TA, USA) and stretched at a speed of 0.1 mm -1 using a 22N cell load. The modulus was calculated by analyzing the stress-strain curve in the elastic zone. 10, 12.5 and 15-wt % were tested for both dry and wet conditions (immersion for 45 minutes in ethanol then immersed in PBS for 1 day) while honeycomb scaffolds were only tested for dry conditions.

Statistical Analysis

At least 6 independent experiments were carried out for each analyze. The significance of the results was tested by analysis of variance (ANOVA) with Turkey´s post hoc test. Once at confluence, the cells were rinsed with PBS 7.4 (Phosphate buffered saline, Thermo Fisher Scientific, USA) and detached from the culture flasks by the action of trypsin EDTA 0.25% (Thermo Fisher Scientific, USA). In a second step, trypsin was inactivated with culture medium containing 10% FBS and the cells were centrifuged at 1060rpm. The cells were resuspended in the medium supplemented with 10% FBS, counted and seeded in 75 cm 2 (T75) culture flasks until confluence to repeat the protocol or be used. The media was completely renewed every 2-3 days.

Primary Bone Marrow Stromal Cells

Bone marrow stromal cells (BMSCs) were isolated from healthy 5-6 weeks Sprague Dawley rats. Once sacrified, both right and left femur were isolated under sterile conditions and immersed in PBS 7.4 (Phosphate buffered saline, Gibco Invitrogen, USA) supplemented with 100 U/mL penicillin (Gibco Invitrogen, USA). After cutting joint capsules at the ends of the diaphysis a disposable needle was used to perform holes in the spongy bone of each extremity. α-MEM culture medium (PAN BIOTECH, Germany) supplemented with 10% foetal bovine serum (FBS, Gibco Invitrogen, USA), 1% of penicillin-streptomycin (Gibco Invitrogen, USA) and 1% amphotericin B (PAN BIOTECH, Germany) was then used to wash the bone marrow cavity to collect cells in a sterile 6-well dishes (BD Falcon™, USA). This procedure was repeated three times for each bone. After 24h non-adherents cells were carefully discarded and adherent cells were cultured with fresh α-MEM for 6-7 days. Cell culture media was replaced every 3 days. When culture dishes became nearly confluent, the cells were detached and serially sub cultured. Cells at third passage (P3) were used for cell seeding experiments.

Cell Culture over Electrospun Scaffolds

For C3H10T1/2 cells, honeycomb scaffolds and 10, 12.5 and 15-wt % scaffolds were cut into squares of 17x17 mm. In addition 10, 12.5 and 15-wt % scaffolds were cut into rectangles of 40 x 12.5 mm for dynamic culture experiments. Once cut, each scaffold was disinfected for 45 minutes in a 70% ethanol solution (Sigma-Aldrich, USA). After three washes with PBS 7.4

(PBS, Sigma-Aldrich, USA), 1x10 5 cells x cm -2 were cultured on each sample. After 2 days of culture, the complete DMEM medium was replaced and cell culture was continuous until the end of the experiments.

For BMSCs, 10-wt % scaffolds were cut into stripes of 40 x 12.5 mm or 35 x 9 mm, disinfected and washed as shown before and soaked into fresh complete α-MEM for 48h before seeding cells to facilitate cell adhesion. Once the time has elapsed, 6x10 4 cells cm -2 were seeded into each scaffold. After 2 days of culture, the complete α-MEM was replaced and cell culture was continuous until the end of the experiments.

Mechanical Stimulation over Cell-Constructs

The mechanical solicitations were conducted over cell-constructs in two different bioreactors: (1) Bose Biodynamic 5100 (TA Electroforce ®, USA) composed of a culture chamber with a volume of about 200 mL, autoclavable, allowing the capture of a sample between metallic clamps to apply mechanical loads during culture. The device and its use are reported in detail in Chapter 4 and 5.

(2) MechanoCulture T6 Mechanical Stimulation System (CellScale Biomaterials Testing, Waterloo, ON, Canada) consisted in a cell culture chamber with a volume of about 400 ml which contained an actuator and screw-driven clamps grips mounted inside and capable of applying uniaxial stretching on 6 parallel samples. The bioreactor and its use are reported in detail in Chapter 5.

Monitoring Cell Activity

Live and Dead

transferred into a 96 well plate (Corning Microplates, USA) and evaporated at 60ºC for 3h.

Once evaporated, the samples were incubated for 5 min with a 100μL mixture solution of Chloramine T/Oxidation buffer (Sigma-Aldrich, USA). After 5 minutes, 100μL mixture solution of DMAB/Percloric acid/Isopropanol was added. The mixture was incubated for 90 min at 60ºC and the absorbance was measured at a wavelength of 560nm using a Spark multimode microplate reader (TECAN, Swiss).

Alkaline Phosphatase Production

Alkaline phosphatase (ALP) coloration was performed with a solution BCIP/NBT (Sigma-Aldrich, USA). Once the cell-constructs were fixed in a 4% PAF solution and rinsed three times with PBS 7.4, each sample was then permeabilized 10 min in a solution of PBS-Triton X-100 0.5% (v/v) (VWR, United Kingdom), rinsed three times with PBS 7.4 and incubated with 1ml of the ready-to-use BCIP/NBT solution for 1h. Areas that stained purple were considered as positive.

ALP activity was assessed using a quantitative colorimetric Alkaline Phosphatase Assay Kit (Abcam, UK) following manufacturer's instruction. The samples were placed in 500 μL of supplied assay buffer, vortexed and then centrifuged for 3 minutes at 13,000 g. The supernatants were recovered and 80μL of each sample was placed in a 96-well plate. The enzymatic reaction was initiated by adding 5mM of the ALP substrate. The plate was then shake and placed 60 min at 25°C in the dark. Adding 20μL of the stop solution provided by the kit stopped the reaction. The plate was briefly agitated, and then the absorbance was measured using a Spark multimode microplate reader (TECAN, Swiss) at 405nm.

Gene Expression

The gene expression was studied using RT-qPCR (reverse quantitative transcription polymerase chain reaction) on the different samples at the Laboratoire de Biologie du Développment (UPMC, Paris) by Dr. Ludovic Gaut. At each time point, the samples were lysed with 350 µl of RLT buffer (Qiagen, Germany). The lysate was then transferred to an RNase-free 1.5ml eppendorfs (Microfuge Tubes 1.5ml, Thermo Fisher Scientific, USA) and centrifuged to extract ribonucleic acid (RNA) according to the manufacturer's protocol. RNA was retroactively transcribed into deoxyribonucleic acid (DNA) using a high-capacity cDNA reverse transcription kit (Applied Biosystems, USA) according to the manufacturer's protocol. The RT-qPCR was performed using the Master Mix SYBR Green PCR (Applied Biosystems). Relative mRNA levels were calculated using the 2-ΔΔCt method. The ΔCts were obtained from standardized Ct with the levels of the Rplp0 gene in each sample. The primers are listed in Table 9 and the reactions were verified before the experiments (efficacy > 80%, R2 > 0.99). 

Genes

Biomechanical Evaluation

An analysis of different mechanical properties was carried on electrospun scaffolds in the presence or absence (controls) of cells by recording the strain ( ) and the stress ( ) over the time course of the experiment (Figure 6). In the experiment, we imposed the displacement (strain) and recorded the corresponding force (stress).
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Where δ is the phase lag. ABSTRACT: The elaboration of biomimetic materials inspired from the specific structure of native bone is one the main goal of tissue engineering approaches. To offer the most appropriate environment for bone reconstruction, we combined electrospinning and electrospraying to elaborate an innovative scaffold composed of alternating layers of polycaprolactone (PCL) and hydroxyapatite (HA). In our approach, the electrospun PCL was shaped into a honeycomb-like structure with an inner diameter of 160 μm, capable of providing bone cells with a 3D environment while ensuring the material biomechanical strength. After 5 days of culture without any differentiation factor, the murine embryonic cell line demonstrated excellent cell viability on contact with the PCL-HA structures as well as active colonization of the scaffold. The cell differentiation, as tested by RT-qPCR, revealed a 6-fold increase in the expression of the RNA of the Bglap involved in bone mineralization as compared to a classical 2D culture. This differentiation of the cells into osteoblasts was confirmed by alkaline phosphatase staining of the scaffold cultivated with the cell lineage. Later on, organotypic cultures of embryonic bone tissues showed the high capacity of the PCL-HA honeycomb structure to guide the migration of differentiated bone cells throughout the cavities and the ridge of the biomaterial, with a colonization surface twice as big as that of the control. Taken together, our results indicate that PCL-HA honeycomb structures are biomimetic supports that promotes in vitro osteocompatibility, osteoconduction, and osteoinduction and could be suitable for being used for bone reconstruction in complex situations such as the repair of maxillofacial defects. KEYWORDS: bone, electrospinning, honeycomb, cell differentiation, biomimetic

■ INTRODUCTION
Bone is a hierarchical and complex mineralized connective tissue involved in a continuous remodelling process. 1 The remodelling cycle is composed of three consecutive phases: (I) resorption of old bone by osteoclasts, (II) transition from resorption to bone formation, and (III) formation of new bone matrix by osteoblasts. 2 This extracellular matrix is composed of organic components, mainly type I collagen and other inorganic compounds such as calcium phosphates. 3,4 It is organized in cylindrical units called osteons, which have a diameter of around 200 μm in a human adult. There are multiple situations in which bone regeneration is compromised, such as diseases, aging, or major defects, where the bone need reconstruction. 5 For example, maxillofacial defects are still a surgical challenge 6 as a result of trauma and disfigurement. 7 Autologous bone grafts remain the "gold standard" 8,9 but are not free of drawbacks such as a high level of postsurgical morbidity or the limited availability and quality of bone. 10 The use of biomaterials and recent developments in tissue engineering 11 are promising for complete regeneration of bone defects by combining materials, cells, and growth factors, making possible the creation of a scaffold that resembles native tissue. 12 Different materials have been proposed over the years to mimic the organic and porous part in bone tissue based on either bio-organic molecules 13-17 or on synthetic polymers such as poly(ε-caprolactone) (PCL), 18,19 or others. 20,21 One of the main limitations of organic compounds is their rapid degradation and the lack of mechanical strength, while synthetic polymers suffer from a lack of osteoconduction and osteoinduction, two major requirements for bone healing. 22 There has thus been interest in recent years in combining these polymers with bioceramics such as tricalcium phosphate (TCP) or hydroxyapatite (HA) to benefit from the inorganic composition inherent to the bone. 23-25 The structure of the extracellular niche and the 3D organization are also of prime importance. Varied approaches have been deployed to generate scaffolds. These include hydrogel formation, 26 freeze-drying, 27 extrusion, 28 or more recently 3D printing. 29 Of these approaches, electrospinning 30 is one of the most promising techniques for creating a fibrous matrix that mimics the extracellular bone matrix, creating a 3D environment suitable for the cells. 31,32 However, although a thin layer of an electrospun material is considered to be very porous, the high packaging density of a scaffold prevents the cells from correct colonization through thick materials. In addition, these structures do not mimic the osteon organization. Very recently, the advantage of using concave areas to stimulate osteoblasts and therefore enhance bone formation was highlighted using a variety of techniques. 33-35 Composite scaffolds with a controlled 3D microstructure could be obtained using cooperative electrostatic interactions during simultaneous electrospinning and electrospraying on a rotating micropatterned collector. 36 As an illustration, honeycomb structures were composed of PCL in which nanoparticles of hydroxyapatite were inserted to control the bilayered structure of the cavities. 37 Therefore, in this study, we proposed the development of new, multilayered scaffolds made of PCL fibers and HA particles with controlled pore size, mimicking the osteon structure, imagined as a honeycomb network. 38 According to the characterization of its physical and mechanical properties, the colonisation and differentiation in the honeycomb structures were assessed using two approaches: (I) study of the early fate of a mesenchymal stem cell line of mice origin, cultured on the scaffold in the absence of any differentiation factor, and (II) the organotypic culture of bone from chicken embryos, a common biocompatibility test for implantable biomaterials.

■ MATERIALS AND METHODS

Fabrication of the Honeycomb Collectors. Honeycomb micropattern collectors were manufactured by means of photolithography. An SU-8 2050 (Microchem) photoresist layer with a thickness of 60 μm was deposited over a silicon wafer. The photoresist layer was exposed to UV light through a honeycomb mask using a mask aligner (MJB4, SUSS Microtec). The photoresist layer was then developed and cured to obtain the honeycomb micropatterns. Finally, a Plassys MEB5505 electron beam evaporator was used to deposit a conductive layer (composed of a 120 nm Al layer and a 30 nm Au layer) on the collectors. The micropatterns covered a square area measuring 44 mm × 44 mm. The internal size of the honeycombs was 160 μm, the width and height of the honeycomb walls were 20 and 60 μm, respectively (see Figure 1B).

Scaffold Production by Electrospinning/Electrospraying. A solution of 15 wt % poly(ε-caprolactone) (PCL, MW = 80 kg mol -1 , CAPA 6806, Perstorp) was dissolved in dichloromethane (DCM, Sigma-Aldrich)/N,N-dimethylformamide (DMF, Reagent Plus ≥99%, Sigma-Aldrich) (60/40 v/v) for 24 h before electrospinning. Then 10 wt % hydroxyapatite (HA, Sigma-Aldrich, nanopowder with a particle size of ≤200 nm (BET), ≥97% synthetic) suspension was prepared in ethanol (Sigma-Aldrich) 48 h prior to electrospraying and ultrasonicated for 5 min (Branson Sonifier) just before processing. Alternating deposition (13 layers, Supporting Information, Table S1) of electrospun PCL layers (distance 15 cm; flow rate 2 mL/h; needle diameter 18G; voltage 25 kV) and electrosprayed HA layers (distance 15.5 cm; flow rate 0.6 mL/h; needle diameter 18G; voltage 25.5 kV) was performed over a homemade rotating collector. For control, 15% PCL was electrospun over a flat aluminum foil with the same parameters.

SEM Characterization and Energy Dispersive X-ray Spectroscopy (EDS) Analysis. The morphology and topography of the honeycomb-like scaffolds were observed by scanning electron microscopy (Philips XL30 ESEM-FEG). Electrospun mats were cleaned with ethanol, placed in an ultrasound bath to remove any impurities, and gold coated prior to observation. Hydroxyapatite deposits over the honeycomb-like scaffold were investigated by EDS analysis using the EDS detector present in the microscope. The measurement is based on the energy and intensity distribution of Xray signals produced by the electron beam striking the surface of the targeted scaffold.

Tensile Testing. The scaffold ́s modulus was quantified using uniaxial tensile testing. One sample of each scaffold (n = 3) was cut up into a stripe measuring 1.0 cm × 3.0 cm, with a thickness of 31 ± 5 μm. The thickness of the scaffolds was evaluated using a precision dial thickness gauge (Mitutoyo Corporation, Japan). The samples were secured with the metallic grips of the tensile tester (Bose Electroforce 3200, TA, USA) and stretched at a rate of 0.1 mm s -1 using a cell load of 22N. Modulus was calculated by analysis of the stress-strain curve in the elastic zone. Ultimate strength (UTS) was measured from the highest peak in the stress-strain curve.

Cell Seeding on Scaffolds. The embryonic murine cell line C3H10T1/2 (ATCCCL-226) was cultured on to a Corning T-75 flask at a confluence of 85% with Dulbecco's Modified Eagle's Medium low-glucose (DMEM; Hyclone, USA) supplemented with 10% fetal bovine serum (FBS, Gibco Invitrogen, USA), 2 mM glutamine (Gibco Invitrogen, USA), and 1% of penicillinstreptomycin (Gibco Invitrogen, USA) under standard culture conditions. To evaluate the response of the cells to materials, the scaffolds were cut into squares measuring 17 mm × 17 mm, disinfected with ethanol 70% (Sigma-Aldrich, USA) for 45 min, and washed with PBS 7.4 (phosphate buffered saline, Gibco Invitrogen, USA) for 10 min before the cell culture experiment. Each scaffold was plated with a density of 1 × 10 5 cells cm -2 . After 2 days of culture, the culture media were replaced and the culture was prolonged for three additional days.

Cell Viability and Proliferation. After 5 days of culture cell viability was estimated with a Live/Dead kit (Invitrogen, Waltham, MA, USA). Calcein AM (1 mM) and ethidium homodimer-1 (EthD-1, 1 mM) fluorescent dyes were used to stain viable and dead cells, respectively. The samples were observed using fluorescence microscopy (Leica Microsystem, Wetzlar, Germany), allowing us to qualitatively determine cell viability and distribution. Next, cell proliferation was evaluated at different time points (24,48, and 96 h) with 3-(4, 5-dimethylthiazol-2yl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT) assay. After different time periods, 2.5 mg/mL of MTT in complete culture media was added on each well. After 3 h of incubation, dimethyl sulfoxide (DMSO) was used to dissolve formazan crystals. The absorbance of the solution was measured using a Spark multimode microplate reader (TECAN, Swiss) at a wavelength of 590 nm. SEM (Philips XL30 ESEM-FEG) was used to observe the attachment of the cells to the scaffolds. After 5 days of culture, all the samples were washed twice with PBS, fixed in a solution of Rembaum for 1 h, and then washed twice with permuted water. Each sample was finally gold-coated for SEM observation.

Cell behavior on the scaffold was assessed using rhodamine phalloidin (Invitrogen, USA) to selectively stain the F-actin. The cells were fixed with 4% (w/v) paraformaldehyde solution (PAF, Agar Scientific, United Kingdom) in PBS for 10 min then permeabilized with 0.5% Triton X-100 (VWR, United Kingdom) for 10 min. Nonspecific binding sites were blocked by incubating the substrates in 1% (w/v) BSA (Sigma-Aldrich, USA) in PBS for 15 min. The staining solution rhodamine phalloidin was added at 5 U/mL for 45 min. In addition, Hoechst 33342 39 was added to every experiment. Samples were then washed in PBS and observed with an Inverted ZEISS 710 confocal microscope (Zeiss, Germany) and Leica fluorescence microscopy (Leica Microsystems, Germany).

Gene Expression Analyses. Gene expression was studied using RT-qPCR (reverse transcription quantitative polymerase chain reaction) after 5 days of culture on the scaffolds. Briefly, samples were lysed with 350 μL of RLT Buffer (Qiagen, Germany) and centrifuged to extract the RNA (ribonucleic acid) according to the manufacturer's protocol. The RNA was retro-transcribed into DNA (DNA) using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA) according to the manufacturer's protocol. RT-qPCR was performed using the SYBR Green PCR Master Mix (Applied Biosystems). Relative mRNA levels were calculated using the 2-ΔΔCt method. 40 The ΔCts were obtained from Ct normalized with the Rplp0 gene levels in each sample. The primers are listed in Supporting Information, Table S2, and reactions were checked before the experiments (efficiency >80%, R 2 > 0.99). The results were compared with data from samples cultured without scaffolds, i.e., data were plotted as a ratio to a cell-only control group, highlighting the intrinsic effect of the scaffolds on the gene expression.

Alkaline Phosphatase (ALP) Activity. ALP activity, an early marker of osteoblast differentiation, was assessed using a quantitative colorimetric Alkaline Phosphatase Assay Kit (Abcam, UK) after 5 days of culture following manufacturer's instruction. In addition, BCIP/NBT (Sigma-Aldrich, USA) solution was used according to the manufacturer's protocol to stain alkaline phosphatase. Areas that stained purple were considered as positive.

Organotypic Culture. Slices of bone from chicken embryos explanted tissue were put over the surface of honeycomb scaffolds (n = 20). 41 Every sample was cultured over 2 weeks into Dulbecco's Modified Eagle's Medium low-glucose (DMEM; Hyclone, USA) supplemented with 40% fetal bovine serum (FBS, Gibco Invitrogen, USA), 2 mM glutamine (Gibco Invitrogen, USA), and 0.15% of penicillin-streptomycin (Gibco Invitrogen, USA) under standard culture condition. After 2 weeks of culture, 16 samples were observed with an Optical Microscopy (×25), and four samples were fixed into Rembaum solution for 1 h and then washed twice with permuted water. Each sample was finally coated with gold for SEM observation.

Statistical Analysis. All data are represented as mean ± standard deviation (SD). Mann-Whitney nonparametric statistical test was used to define the significance of the results.

■ RESULTS

Production and Materials Characterization of Honeycomb-Like Electrospun Scaffold. Honeycomb-like scaffolds were produced by the alternate electrospinning of PCL fiber layers and the electrospraying of HA particle layers over a micropatterned collector as depicted in Figure 1. The mechanisms making microstructuration possible were explained by an electrostatic template effect, which was induced by the fiber portions deposited over the pattern holes during the first step of electrospinning. These portions of fiber, hanging in the air, retained their electric charges, leading to repulsive forces located at precise areas defined by the design of the patterned collector. On the other hand, the portions of fiber in direct contact with the collector patterns were able to dissipate their charges efficiently, thus leading to attractive forces. These repulsive and attractive forces were then able to act after an electrospraying step, resulting in precise deposits of microparticles on the attractive areas thanks to the so-called electrostatic template effect. 37 We produced the 3D scaffolds with six bilayers (Figure 1): each bilayer consisted of a layer of electrospun PCL fibers with an average fiber diameter of 145 ± 39 nm covered by a layer of electrosprayed HA nanoparticles (Figure 1C). A final layer of PCL fibers was deposited in order to encapsulate the last layer of HA microparticles. The final thickness of the scaffold was measured as 31 ± 5 μm. The main challenge consisted in maintaining the design of the electrostatic template intact during the various electrospinning and electrospraying steps (Figure 2A-C). Enough particles had to be electrosprayed to ensure efficient electric contact with the collector patterns as shown in the inset of Figure 1B. An electrospinning time of 8 min for each layer of fibers and an electrospraying time of 10 min for each layer of particles were necessary to ensure that the honeycomb patterns were preserved throughout the process. These parameters made possible the formation of a 3D composite scaffold with a honeycomb structure, the walls of which were formed by dense deposits of HA microparticles and PCL fibers, whereas the honeycomb cavity of the collector was covered by only few PCL fibers, thus forming 3D cavities with a diameter of 160 μm sparsely filed with PCL fibers (Figure 2D). The HA deposits were verified with EDS analysis, confirming the presence of calcium (Figure 2E,F). To investigate the strength of the material, uniaxial tension tests were performed on three samples (Figure 3). The displacement velocity was set at 0.1 mm s -1 to avoid any damage during the loading phase. Application of Hooke's law led to the calculation of a mean modulus of 3.77 ± 0.35 MPa. The ultimate tensile strength was obtained at 971 ± 155 kPa.

Cells' Viability and Scaffold Colonization. The scaffolds were seeded with C3H10T1/2 cells at a density of 10 5 cells/ cm 2 without any osteogenic factors in order to assess the effect of the scaffold alone. After 5 days of culture, Live/Dead assays were performed to evaluate the cell viability on the polymeric scaffold (Figure 4). The pictures taken under fluorescence microscopy showed excellent cell viability after 5 days of culture with most of living cells in contact with the fibers of the scaffold. MTT assay (Figure 5) indicated that cells cultured on the honeycomb scaffold proliferated, in contrast with TCP where they were probably already at confluence. This is in agreement with the increased available surface offered by the 3D structure. Indeed, Figure 6 clearly showed that after 2 h, C3H10T1/2 cells still presented a round shape and started to adhere on the fibers (Figure 6A). It seems that, at first, the cells preferred to attach to the top of the cavity, spreading along the fibers with an elongated shape (Figure 6B). After 48 h of culture, the C3H10T1/2 started to cover the whole depth of the cavity, from the ridge to the bottom (Figure 6C). The cells appeared uniformly distributed without any preference (Figure 6E and Supporting Information, Figure S1). Taken together, these results show that the cells could cover the entire surface of the cavity.

Cell Differentiation. The preferential differentiation outcomes of C3H10T1/2 cells cultured in the honeycomb scaffolds were evaluated though the expression of genes of interest by means of RT-qPCR at the end of 5 days of culture. Tendon-and bone-related markers were simultaneously analyzed on the cells cultured in the honeycomb scaffold and control without any differentiation factors to better demonstrate the role of our material and its specific geometry (Figure 7). Runx2, a specific bone transcription factor, 42 and Bglap a late marker involved in bone mineralization 43 were used as bone-related genes. To assess to what extent stem cells were committed to the tendon lineage, we used Scx (Scleraxis), a bHLH transcription factor expressed in tendon progenitors and differentiated cells, 44 and Tnmd (Tenomodulin) a late tendon-specific marker. 45 The expression of the gene Col1a1 was also analyzed, although we were aware that Col1a1 is expressed in both bone and tendon tissues. The relative mRNA levels of bone and tendon genes in the stem cells cultured on the honeycomb-like scaffold and control conditions led to an increase in Bglap expression (up to 6-fold increase), associated with decreased expression of the Scx tendon-related gene compared to the control plastic cultures, suggesting a shift toward bone differentiation. However, these results must be taken with caution as the late tendon marker Tnmd was also significantly upregulated in cells cultured on the honeycomb scaffold compared to their controls cultured on plastic. C3H10T1/2 are embryonic cells that are not able to produce ALP in conventional cultures when they are not totally differentiated into osteoblast cells. This enzyme was therefore a suitable marker for investigating cell differentiation because of the intrinsic properties of the honeycomb scaffold. As shown in Figure 8, after 5 days of conventional culture (without any growth factors) in the honeycomb scaffold, high ALP-positive staining (in purple) was found (Figure 8C, indicating changes in phenotype toward osteoblast cells. The negative control without cells showed no staining. In addition, ALP synthesis was quantitatively assessed (Figure 8D) under both culture conditions. ALP activity was found 1.7-fold increased on the honeycomb scaffold. Altogether, these results clearly support the positive effect of the honeycomb scaffolds on cells' differentiation toward bone lineage in the absence of any differentiation factor.

Organotypic Culture. The colonisation by cells originating from bone slices of chicken embryos was observed by scanning electron microscopy and optical microscopy after 14 days of culture. The cells from the explanted tissue spread over a surface of 4.7 mm 2 for the control (15% PCL random) (Figure 9A) and 11 mm 2 for the honeycomb scaffolds (Figure 9B). This migration took place over the whole cavity in both the depth and ridge of the honeycomb (Figure 9C,D) with no preference between regions between the top and bottom of the cavities.

■ DISCUSSION

In a previous work, we established the advantages for surgeons of using biomaterials produced as sheets with versatile properties for treating defects in the maxillofacial area. 46 These sheets are easy to handle and their final shape can be adjusted to fill the defect. In the present study, we demonstrated that the honeycomb structure composed of PCL electrospun fibers and hydroxyapatite nanoparticles is a relevant candidate for a semi-3D organized support for bone regeneration.

Our first goal was to produce such a specific scaffold, adopting a biomimicry approach in order to improve osteinduction. Our hypothesis was that architecture plays an essential role regarding cell response and the mechanical properties of the substitute obtained with respect to the natural tissue to be regenerated. During bone regeneration, osteoclasts dig cavities in the bone and osteoblasts produce new bone. 47 During this process, osteocytes are formed and remain in the center of a biophysical niche that can be mirrored in our honeycomb architecture. We thus focused on producing a scaffold mimicking this structure in order to evaluate the relationship between specific morphology properties. It has already been demonstrated that electrospun PCL fibers using template-assisted technique leads to the generation of specific patterns. 48 In previous studies, honeycomb 3D composite micropatterned scaffolds have already been prepared with poly(lactic acid) fibers and PCL particles 36 as well as bilayer micropatterned scaffolds with one layer of hydroxyapatite nanoparticles covering electrospun PCL fibers for lab-on-chip applications. 37 In the present work, we demonstrated the feasibility of electrospraying several layers of hydroxyapatite between PCL layers during the process. We were thus able to develop more complex, three-dimensional structures of greater magnitude and, at the same time, mimicking the morphology and composition of the mineral component present in bone.

The final scaffold presented an overall thickness of around 30 μm in accordance with previously developed sheets. 46 The originality of the scaffold also relied on the presence of honeycomb pores (of around 160 μm diameter) corresponding to domains sparsely filled by the electrospun fibers. This pore size has been described by many authors as being optimal for promoting cell colonization and bone formation. 49-54 The Young modulus was very low (3.77 ± 0.35 MPa) compared to classical scaffolds dedicated to bone regeneration (a range of hundreds MPa or more). This can be explained by the facts that the scaffolds are poorly dense in fibers. However, such a mechanical property was intended to allow easy manipulation and changes in shape, as already stated in Baudequin. 46 To assess the impact of such architecture on the fate of cells, the scaffolds were then seeded with mouse pluripotent stem cells: C3H10T1/2. This cell line was chosen for its maintained capacity to differentiate into different tissues such as bone, cartilage, adipose tissue, etc. 55, 56 Shea 57 demonstrated that BMP2 treatment of C3H10T1/2 mesenchymal stem cells induces both chondrogenesis and osteogenesis. Takata 58 used them to evaluate the potential of a specific ketone found in raspberries to promote osteogenesis. In the present study, it should be specified that the C3H10T1/2 were seeded on the scaffold in the absence of any differentiation factor to avoid any guided differentiation toward bone lineage that could be only to the result of the presence of BMP2. The cell behavior observed in our experiments was thus expected to be strictly induced by cell-material interactions.

In contact with the 3D honeycomb scaffold, and after 5 days of culture, the cells presented high viability over the entire surface, both in the center of the cavity and in the ridges. We demonstrated that cells arranged themselves according to the shape of the support: they were elongated on the ridges and spread randomly across the width at the bottom of the cavity. Cells were thus able to colonise the whole material, as shown by the proliferation assay, and take advantage of the added surface provided by 3D shapes and the support of the electrospun fibers.

The increase in expression of characteristic bone genes, such as Bglap, showed clear differentiation toward the osteoblastic lineage. This finding was corroborated by the clear ALP production and staining observed on the cell-seeded scaffolds. This osteoinduction may be attributed to the combined effect of the presence of hydroxyapatite nanoparticles and of the specific morphology of the scaffold. Gomez-Lizarraga 59 demonstrated that electrospun PCL combined with HA nanoparticles promoted cell viability and proliferation. To deeply analyze the role of the honeycomb structure alone, it would be interesting to compare the outcomes with those of the same scaffold devoid of HA. However, the production of such scaffold with the present method is not possible because HA electrospraying is mandatory to perform layer by layer production of the 3D structure.

Tenomodulin also appeared to increase with respect to the control; this increase might be due to regions located at the top of the cavity, with straight fibers that could promote cell differentiation into tendon lineage. BMSCs were shown to differentiate toward the tendon lineage when the support on which they grew presented an alignment. 60 Finally, thanks to the organotypic study, we demonstrated that differentiated cells present in the bones of chicken embryos were able to leave and colonize the honeycomb structure. The surface on which cells spread was larger on this support than on a simple support composed of PCL 15%. This shows the potential of this scaffold for osteoconduction, which is a major advantage in case of surgical implantation.

■ CONCLUSION

In this study, we succeeded in producing a biomimetic scaffold with the relevant properties of osteocompatibility, osteoconduction, and osteoinduction. Successive layers of electrospun PCL and electrosprayed HA nanoparticles on a collector equipped with hexagonal micropatterns led to the production of a scaffold with an overall shape of a sheet but with a 3D honeycomb structure. In this scaffold, mesenchymal stem cells showed a preference for early differentiation toward bone lineage in the absence of any differentiation factors. These results are very promising for exploiting this material in bone reconstruction either in vitro as tissue engineering approaches or directly in vivo as a regenerative supporting biomaterial.
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Effect of Fiber Size

Synthesis and Characterization of the Electrospun Scaffolds

In order to analyze the impact of different fiber sizes on cell behavior, three different polymer concentrations were prepared. For this purpose, 10, 12.5 and 15 wt % of PCL granules were added to a DCM/DMF solution. Previous studies carried in our laboratory showed that a co-solvent of dichloromethane (DCM) and dimethylformamide (DMF) led to a suitable solution for electrospinning. The DCM/DMF 4:1 ratio gave the best results in terms of electrospinning process stability and controlled fibers diameter and was thus employed here.

PCL scaffolds were produced by fiber deposition over a rotating collector. Scanning electron microscope (SEM) revealed that each scaffold consisted in an interpenetrating network of randomly distributed fibers (Figure 8). In the electrospinning process, beads might form. These pearls have to be avoided in order to ensure the mechanical properties and the homogenous porosity of the scaffolds. While the quasi-totality of the scaffold surface was homogenous for all the PCL concentrations, 10 wt % remained the most homogenous one without imperfections and fiber aggregates. In addition, SEM observation allowed us to analyze the average diameter of each scaffold fibers, summarized in Figure 9: the higher the polymer concentration, the larger the fibers' diameter. Within this range, we created PCL scaffolds with variable diameters of 0.52 ± 0.25 μm for 10-wt%, 1.44 ± 0.52 μm for 12.5-wt% and 2.21 ± 0.8 μm for 15-wt%. The elastic modulus was calculated using uniaxial tensile tests, as described in Materials and Methods section. For this purpose, dry or wet scaffolds (immersion for 45 minutes in ethanol then immersed in PBS for 1 day) were analyzed. Wetting the material corresponded to conditions for cell culture. The thickness of each sample was measured with a caliper (0.1mm accuracy without taking into account the porosity (Figure 10).

The results showed a significant difference (p<0.001) between 15-wt % scaffolds, for both dry and wet conditions, and the other groups (10 and 12.5-wt %). 15-wt % scaffold was the most rigid one, with an elastic modulus twice higher than those of 10 and 12.5-wt % scaffolds. No difference was observed for each group between the dry or wet conditions. 

Early Cells Response

The next step consisted in the evaluation of the impact of fiber diameter on C3H10T1/2 cell culture and potential differentiation. The scaffolds (surface area = 17 x 17 mm) were seeded with cells at a density of 10 5 cells/cm 2 . MTT assay was performed after 1, 2 or 3 days of culture in order to evaluate the early influence of fiber diameter on cell proliferation. Results are shown in Figure 11. After 1 day of culture, each scaffold plated with cells presented a similar number of cells colonizing the surface with 2.4x10 5 , 2x10 5 and 2.2x10 5 cells/scaffold for 10, 12.5, 15-wt % of PCL respectively. At day 2, the cell population present in each After 5 days of culture over the different scaffolds, C3H10T1/2 cells presented similar response whatever the scaffold employed. Related to the control (tissue culture plate), we could observe on the one hand a high increase of Tnmd, a tendon-related marker, for each group with values 32, 24 and 21-fold high. In parallel, the expression of Scx, an early marker of tendon differentiation decreased for each condition. On the other hand, Dlx5, RunX2 and Bglap, bone-related markers also increased in each condition. Particularly Bglap, which is a bone mineralization marker, suggested the presence of C3H10T1/2 cells shifting towards bone lineage (Figure 12).

Discussion

Based on previous results and bibliography, our first hypothesis was that electrospun fibers' diameter could modulate the cell response, particularly leading to a shift towards tendon differentiation of C3H10T1/2 cultured on fibers with large diameter (>2 μm) or towards bone differentiation for smaller fibers (<1 μm). Increasing polymer concentration led indeed to an increase of fiber diameter in a range from 500 nm to 2.2 µm. From a mechanical point of view, all scaffolds could be easily handled, the 15-wt % scaffold appearing as the most "rigid" (14.08 ± 0.30 MPa) although these values are far from the native tendon. From a biological point of view, the cells cultivated over the different scaffolds presented similar adhesion (day 1) and proliferation (day 3). The analysis of gene expression by RT-qPCR was then performed to better elucidate the effect of fiber diameters on C3H10T1/2, especially in terms of cells differentiation. The results are not easy to interpret. The down regulation of Scx together with the up regulation of Tnmd could be explained as an engaged tendon differentiation. Indeed, it has been shown that Scx, involved in the activation of Tnmd, is naturally attenuated after the activation of the Tnmd-related genes. 146,151 Bone-related markers, appeared also being up regulated, for any fiber diameter. At this stage, and in the absence of any differentiation factor, it is thus impossible to validate our initial hypothesis.

The increase of both tendon and bone markers suggests the presence of two different engaged populations in the same scaffold. This might be due to the heterogeneity in the fibers' diameters.

As this parameter cannot be exploited to guide cellular behavior, we decided to keep PCL 10wt % scaffolds whose fibers diameter is 0.52 ± 0.25 μm, being the scaffold most homogeneous and to play on others to favor C3H10T1/2 differentiation towards tendon lineage.

Towards a Biomimetic Model

In this section, the objective is to investigate two different strategies allowing the guidance of C3H10T1/2 to achieve a tendinous differentiation based on biomimetic strategies: 1) the development and characterization of aligned scaffolds mimicking the anisotropic structure of collagen fibers in native tendon and 2) the development of an in vitro protocol to reproduce the mechanical sollitations that tendons overcome in vivo.

Electrospun Fibers Alignment

Tendon is an anisotropic and viscoelastic tissue capable of withstanding high tensile forces.

To mimic this inherent alignment of tendon, particularly the alignment of collagen fibers, several groups developed an aligned network of electrospun fibers. Such aligned scaffolds, in comparison with random ones, showed greater efficacy as a support for the tendon reconstruction recapitulating better mechanical properties, cellular alignment similar to that found for tenocytes in vivo, a greater production of a tendinous extracellular matrix and an up-regulated tendon related genetic expression as found on hTSPC, 2, hMSCs 6, and on human rotator cuff fibroblasts 20 in the absence of any growth factor.

To get aligned fibers, one of the most widespread strategies rely on the increase of the rotating collector speed 153 . As this technique was not available at UTC at that time, we collaborated with the group of Prof. B. Glasmacher (IMP, Leibniz University Hanover, Germany).

Synthesis and Mechanical Characterization of Aligned Scaffolds

Aligned fibers were successfully produced by electrospinning over a rotating drum collector turning at high speed (2000rpm), using the same PCL 10% solution (Figure 13). The diameter distribution of the aligned fibers seemed to be more homogeneous than random ones, with fewer size variations along the fiber axis. In addition, the fibers were larger when generated on the high speed collector (0.81 ± 0.1 µm) compared to random ones (0.52 ± 0.25 µm). It is well known that changing the electrospinning process, although keeping the same polymer, may lead to different response. In the present case, the different collector size might also affect the fiber diameter. Then, we analyzed the gene expression of prior detailed tendon markers (Scx, Tnmd, Aqp1), bone related markers (Dlx5, Runx2 and Bglap) and common markers (Col1a1) (Figure 17).

We prolonged the culture time for three weeks to also investigate long-term effects. After a week of culture, only Runx2 and Blap appeared statistically decayed (p<0.05) when cells were cultured over aligned scaffolds compared to random ones. Thus, after a brief period of culture, the bone differentiation potential of C3H10T1/2 might decrease when cultured on aligned scaffolds. After 3 weeks of culture, interestingly both tendon (Scx and Tnmd) and bone (Runx2 and Bglap) related markers decreased (p<0.001). This decrease was found both in the early markers (Scx and Runx2) and in the late markers (Tnmd and Bglap).

Regarding a common marker, Col1a1, only the C3H10T1/2 cultured over aligned fibers showed a significant increase (p<0.001), indicating that aligned fibers favor the expression of collagen over time.

Discussion

Based on previously reported studies analyzing the positive impact of aligned scaffolds for tendon tissue engineering 134,154,155 , we produced aligned PCL fibers in cooperation with the IMP Hanover. Unfortunately, once electrospun, the same PCL contration (10%) led to scaffolds presenting higher fiber diameters when aligned compared to random fibers. This effect have been previously reported on another study that compared PLGA scaffolds with differents fibers morphologies. Under the same polymer concentration, aumgenting the rotation speed resulted in aligned fibers with higher diameters than random ones. 152 Related to the mechanical properties, aligned scaffolds presented a higher elastic modulus compared to random ones. This result is in concordance with previous studies in with aligned mats resulted in improved mechanical properties. This is explained as an improvement of the anisotropic mechanical behaviour of electrospun scaffold by the alignment of the fibers. 134,152,156 If the fibers are aligned, C3H10T1/2 took a spindle shape morphology aligned with the fibers, similar to tendon cells aligned with collagen fibers. With random fibers, cells were found sparsely directed in all the axes without any predilection. This was previously reported and described as a contact guidance of aligned substrate that induce a change in the morphology of cells, addapting their morphology in the same axe as fibers 95 . However, fiber and cell alignment did not drive their differentiation towards tendon lineage, as far as genomic markers were concerned. Moreover, we observed that prolonging culture time resulted in a decrease of all related markers compared to shorter times. This may be to a self renewal of C3H10T1/2 multipotency over time.

Dynamic Culture as a Key Factor Guiding Tendon Differentiation

As reported in bibliography study, mechanical stimulaton is another environmental factor that can promote cell differentiation, activity and ECM deposition similar to those found on tendon tissue. The technical difficulty to perform such dynamic culture is mainly to generate controlled stretching while respecting the constraints of an in vitro culture in an incubator: maintain temperature, sterility, gaz exchange and a suitable culture medium for cell development. Besides the technical hurdles, one should note the lack of standardized protocols or even recommendations to guide cells towards the right performance, in this case tendon-like differentiation.

The procedure to define a protocol for mechanical solicitation will therefore be presented here. The main objectives are : i) to analyze the impact of mechanical solicitation on cell behaviour (morphology and differentiation), and ii) to evaluate the impact of this stimulation on the mechanical properties of the biohybrid material over time.

Development of a Mechanical Stimulation Protocol

Taking into account the previously described requirements, the bioreactor Bose Biodynamic 5100 allowed us to perform mechanical stimulations in a controlled atmosphere, as it is possible to place the device into an incubator allowing the temperature and C0 2 to be controlled at 37ºC and 5% respectively. The bioreactor consists in one culture chamber with up to 200 ml volume capacity with two rods connected to one motor and the other to a force transducer of 22N. The scaffold can be fixed between the rods and the cell culture media can continuously circulate thanks to a system of peristaltic pumps connected to the cell chamber. In addition all the pieces can be autoclaved, allowing maintaining the sterility as long as the culture time take place. The entire device is shown in Figure 18.

The existence of the force transducer allows either to apply the force (stress), leading to the deformation (strain) as an output or to use the deformation as an input and to obtain a force as the output. The software provided by the manufacturer records all the stress strain data.

Although the device offers a complete monitoring, a first part of the workwas dedicated to the implementation of the experiments. Before starting, two fundamental questions had to be adrressed : 1) time of culture, i.e.

short test vs. long culture assay and 2) choice of a dynamic stretching protocol to perform.

Regarding the time, in order to compare the cell activity under a mechanical environment with our previous results, we decided to perform a 5-day mechanical loading regime.

Moreover, as cells needs some time to attach, 11h of static culture were performed out of the culture chamber. The cell seeded scaffoldwas then integrated into the bioreactor under sterile conditions and rest for other additional 11h prior starting the mechanical stimulation cycles. The objective was to let the cells time to attach and to spread all over the surface of the scaffold prior starting stretching. As the culture chamber's volume was 170 mL, we chose to keep it for the 5 days and avoid the use of the peristaltic pump to renew the medium. To guarantee air exchange, we plug a 0.2µm air filter to avoid any contamination.

As first phase of investigation, we applied cycles of 1 h stretching + 11h of rest twice a day, imposing the strain as input and recording the resulting stress with the force transducer as output. We decided to work with 1% amplitude of strain at 1 Hz frequency, following literature with electrospun scaffolds 138,157 (physiological range). During the rest periods (11h) a static strain of 0 0.5% was applied. This "preload" was intended to ensure a permanent tension during both the stretching and resting phases, avoiding any compression. An illustration of the variables can be seen in Figure 19. Gene expression analysis for cells under static vs dynamic culture did not show significant difference (Figure 21), but for Bglap, which slightly increased in dynamic culture, compared to static one, with no statistical difference. A B material, respectively. After about 24h, these permutations seemed to stabilize and the resulting force remained stable until the end. In addition, by looking closely at each stimulation cycle, the force seemed to decay throughout each cycle.

When the scaffold was equipped with cells, the changes in the first 24 h response were less pronounced. The stress remained stable during the 5 days. The force needed to deform the scaffold was in the same range of magnitude than control, but always slightly higher (Figure 23). For more detailed analyses, we focused on each sinus of each dynamic stretching. We chose to represent here the first sinus of the first cycle and the last sinus of the last cycle for the control (Figure 24) and the cell-seeded scaffold (Figure 25). 

Discussion

As explained above, mechanical stimulation has been used during the last years as a relevant environmental factor to guide cells towards a tendon activity in tissue engineering strategies. In this chapter, we decided to apply a low range of deformation (1%) to asses the impact on C3H10T1/2 differentiation.

After 5 days of mechanical stimulation, cells appeared to be aligned in the stretching axis, indicating that they have positively responded to the stimuli, orientating their morphology as previously described in other works. 138,139,158,159 These changes are attributed to mechanotransduction. However, this guidance in morphology did not result in any positive cell differentiation.

From a mechanical point of view, we confirmed that the set up was efficient for several days and allowed us to record strain and stress parameters, although the sensor's sensitivity was not fully adapted to the electrospun materials. We did not observe significant differences between bare scaffolds and cell seeded ones.

Five days of culture might not be long enough for complete cell colonization and production of an important extracellular matrix, which could result in relative change in mechanical properties. Despite these results, our system revealed promising results. Both in the presence or absence of cells, after 5 days of mechano-culture the scaffold did not present signs of mechanical degradation, supporting the mechanical stress without this being irreversible, which is necessary for a long-time culture.

Conclusion

In this chapter, we investigated several ways to drive cells differentiation towards tendon lineage, using electrospun PCL as scaffold. The challenge was high, since we intentionally chose not to use any differentiation factor, to assess the only impact of physical parameters: size, orientation or stretching of the fibers. Unfortunately, we did not succeed in these investigations with C3H10T1/2 cells. The choice of this cell line was guided by the previous expertise of our lab, as well as the potential to use their progenitor status to guide them either to bone or tendon. Based on the results presented here, we should now reconsider this choice: indeed, their capacity for high proliferation might lead to a "permanent" synthesis appeared very low, which was not favorable to study the impact of cells on the mechanical properties of the biohybrid scaffold. The conclusion of this study regarding the choice of cells now guides us towards using mesenchymal stem cells.

We learnt also a lot on the mechanical stimulation process. Taking into account the overall obtained results, the next stage will consist in increasing the mechanical culture time inside the bioreactor, as well as modifying the strain range. This deformation should be larger to expect a significant cell response.

mechanical properties could be monitored throughout the culture process. Our study highlights the importance of correlation between cellular and mechanical changes when submitted to a mechanical stimulation protocol. This model can be adapted to any material or mechanical load, making it possible to determine both the range of stimulation and the cell response in the scaffold.

Introduction

Native tendon is made of an anisotropic and viscoelastic material capable of resisting high tensile forces. Tendon cells, mainly tenocytes, are rather scarce, and are responsible for synthesising extracellular matrix, which is mainly composed of type I collagen with a highly organised structure.

The main objective of tendon tissue engineering is to design and produce a cell-construct that will help to regenerate damaged tissue or mimic it for comprehensive in vitro studies.

To achieve this goal, researchers have searched in recent years for the most efficient cells, the right materials, and the appropriate chemical or mechanical environment [1,2]. Although the holy grail is still a long way off, most studies have clearly demonstrated the advantages of reproducing the mechanical environment in order to guide the cell-scaffold constructs towards tendon repair [2].

Bone marrow stromal cells (BMSC) are the most widely-used stem cells for tendon tissue engineering [3,4], among other stem or progenitor cells, as they have the potential for selfrenewal, clonogenicity, and multi-lineage differentiation, including tenogenicity. In many studies, biochemical factorsmainly from the transforming growth factor family (TGF-)are added to the culture medium to foster this differentiation [5,6].

Regarding the scaffold issue, electrospinning has been used for several years to tailor an environment for cell development and differentiation similar to that of extracellular matrix, but with different fibre sizes, porosity, elasticity and mechanical properties for tendon tissue engineering [7]. Some researchers have shown the influence of alignment as the first guiding point for aligning cells as in tendons [3]. Fibre size is also a parameter that may influence cell activity. Recently, Lee et al. showed that small, nano-scale random fibres provided a cell environment similar to that found in the inflammatory phase of the tendon healing process, promoting the synthesis of the extracellular matrix (ECM) and cell proliferation, while larger aligned fibres mimicked the normal structure of collagen in tendon, maintaining the tendon cell phenotype [8].

Mechanical stimulation is another key environmental factor for reproducing in vivo conditions. Physiotherapists recommend periodic stretching in training to heal defects or to improve capacity [9][10][11][12]. In vitro, some studies have stated that proper stimuli applied to biohybrid scaffolds could act on cell proliferation, differentiation or function, following mechanotransduction pathways [13][14][15]. While different stimuli have been tested with a wide range of amplitudes, frequencies and time, it should be noted that little is known about how mechanical stress may affect both cell and material responses throughout the tissue engineering process [16].

In order to better understand the inter-dependency between mechanical stimulations and biohybrid scaffold responses (both biological and mechanical), we performed static and dynamic cultures of rat BMSCs on dedicated electrospun PCL scaffolds using bioreactors (T6 CellScale and Bose Biodynamic 5200). The mechanical behaviour and cellular activity of the cell-constructs during the stimulation period were recorded and analysed for 12 days, then compared with those obtained under static conditions. At the biological level, we focused on cell proliferation, differentiation towards tendon lineage (in the absence of specific differentiation factors) and organisation of the neo-synthetized ECM. At the mechanical level, we followed up the changes in both the viscous and elastic properties of the pure and cell-seeded scaffolds.

Materials and Methods

Scaffold preparation and characterisation

Poly(ε-caprolactone) (PCL, MW=80kg.mol -1 Sigma Aldrich, United States) was dissolved in dichloromethane (DCM, Sigma-Aldrich)/N,N-dimethylformamide (DMF, ReagentPlus ® Sigma-Aldrich, USA) (80/20 v/v) for 24h to make an electrospinning solution at 10 wt %. Once dissolved, the solution was poured into a 10 ml glass syringe. Scaffold fabrication was performed over a rotating collector for 3H (distance 15 cm, flow rate 0.017ml/min, needle diameter 18G, voltage 15kV). In order to evaluate the morphology and mechanical properties of the PCL scaffolds, scanning electron microscopy and tensile testing were carried out retrospectively. 

Morphological characterisation

The morphology of the electrospun scaffolds was observed using scanning electron microscopy (Philips XL30 ESEM-FEG). Electrospun mats were cleaned with ethanol and goldcoated prior to observation. To analyse the diameter of the electrospun 10 wt % PCL fibres, ImageJ software was used. After setting up the scale, a line was drawn manually across the diameter of randomly-selected fibres (n=50) from 3 different SEM micrographs. The degree of isotropy in two samples from three scaffolds (n=6) was analysed using Mountain™ software. The main directions of the fibres were analysed using the Fourier Transform method.

Elastic properties

The scaffold modulus for dry and wet scaffolds was quantified using uniaxial tensile testing.

Three samples for each scaffold (n=3) were shaped into a strip measuring 1.0 cm x 3.0 cm.

For wet samples, the scaffolds were immersed in ethanol 70% (Sigma-Aldrich, USA) for 45 min then washed three times with PBS 7.4 (phosphate buffered saline, Gibco Invitrogen, USA). The thickness was evaluated using a precision dial thickness gauge (Mitutoyo Corporation, Japan). The samples were secured within the metallic grips of the tensile tester (Bose Electroforce 3200, TA, USA) and elongation at 0.1 mm s -1 was performed with a working load of 22N. The applied force was measured each second and the modulus obtained from the slope of the linear region.

Pre-culture preparation

Cell harvesting and culture

Bone marrow stromal cells (BMSCs) were isolated from rat bone marrow thanks to their short-time adherence to plastic, in accordance with previously described protocols [17,18].

Briefly, 6-week-old male Sprague Dawley rats (n=4) were sacrificed, and both right and left femurs were aseptically removed and washed 3 times with 1x PBS 7.4 (phosphate buffered saline, Gibco Invitrogen, USA). Next, bone marrow was flushed out using α-MEM culture medium (PAN BIOTECH, Germany) supplemented with 10% foetal bovine serum (FBS, Gibco Invitrogen, USA), 1% penicillin-streptomycin (Gibco Invitrogen, USA) and 1% amphotericin B (PAN BIOTECH, Germany). The released cells were then collected into 6-well dishes (BD Falcon™, USA). After 24h, non-adherent cells were carefully discarded and adherent cells were cultured with fresh α-MEM for 6-7 days, the time needed for BMSC colonies to reach confluence. The cell culture media were replaced every 3 days. When the culture dishes started to approach confluence, the cells were detached and serially subcultured. The cells at the third passage (P3) were used for the cell seeding experiments.

Cell seeding on scaffolds

Electrospun mats were cut into strips measuring 40 x 12.5 mm or 35 x 9 mm as shown in Table 1, disinfected with ethanol 70% (Sigma-Aldrich, USA) for 45 min, and then washed three times with PBS for 10 min. Disinfected scaffolds were soaked in fresh α-MEM for 48h before seeding the cells. After that, the media was discarded and each scaffold was plated with a density of 6x10 4 cells cm -2 .

Mechanical stimulation

After two days of static culture, each construct was placed in a bioreactor for mechanical stimulation or in well dishes for static culture. Mechanically-stimulated cell constructs were stretched twice a day at 5% strain for 1h at 1Hz with 11h of rest between each cycle for 5 or 12 days (considered as 1 or 2 weeks of culture time respectively). For this purpose, two different bioreactors were used: (1) the MechanoCulture T6 Mechanical Stimulation System (CellScale Biomaterials Testing, Waterloo, ON, Canada), consisting of an actuator and screwdriven clamp grips mounted inside a cell culture chamber capable of applying uniaxial stretching to 6 parallel samples, was chosen for the biological assays. Cell culture media were replaced every 5 days, and (2) the Bose Biodynamic 5100 (TA Electroforce®, USA), consisting of a cell culture chamber connected to a flow pump in which one sample was attached thanks to a system of rods and clamps. One rod was attached to a step motor making it possible to apply uniaxial displacement. The other rod was connected to a force transducer of 22N making it possible to constantly monitor the force applied to each displacement. Cell culture media circulated continuously through the flow pump connected to a reservoir of 500 mL, making it possible to maintain the culture for up to two weeks. This system was chosen for biomechanical evaluation. For static culture, each construct was cultured for 5 or 12 days without tension and the cell culture media were replaced every 3 days.

Post-culture evaluation

To investigate the effects of dynamic culture on cell activity, seeded PCL 10-wt % scaffolds were secured in the grips of the T6 CellScale bioreactor after two days of static culture and cultured for 5 or 12 days under dynamic culture conditions (5% strain for 1h at 1Hz with 11h of rest). After this time, the cell-constructs were removed for biological analyses.

DNA and hydroxyproline content

Total DNA and collagen from each sample were extracted at 5 or 12 days of static or dynamic culture with the reagent, Trizol (TRI Reagent®, Sigma-Aldrich, USA) according to the manufacturer´s protocol. Briefly, once lysed by the action of 1ml of Trizol, chloroform (Sigma-Aldrich, USA) was added to obtain a colourless upper aqueous phase with RNA, an interphase with DNA, and a lower red phenol-chloroform phase with proteins. DNA was then isolated and quantified using NanoDrop ND-1000 (Thermo Scientific, USA). Proteins were isolated and hydrolysed in 6N HCl (Sigma-Aldrich, USA), and total hydroxyproline content was determined using hydroxyproline assay (Hydroxyproline Assay Kit, Sigma-Aldrich, USA) [19]. Hydroxyproline content was related to the collagen content [20].

Morphology and ECM components

After 5 or 12 days of static or dynamic culture, cells-constructs were fixed in a solution of 4% (w/v) paraformaldehyde solution (PAF, Agar Scientific, United Kingdom) in PBS for 15 min then rinsed three times with PBS 7.4. After 10 min of permeabilisation in a solution of PBS-Triton X-100 0.5% (v/v) (VWR, United Kingdom), cell-constructs were blocked at 4ºC overnight with a solution of 1% (w/v) BSA (Sigma-Aldrich, USA). The morphology of the rBMSCs under static or dynamic culture was assessed using rhodamine phalloidin (Invitrogen, USA) to selectively stain the F-actin. For immunofluorescence staining, cellconstructs were treated with primary antibodies to collagen type I (COL1, 1:100, Abcam, United Kingdom) or to tenomodulin (TNMD, 1:200, Abcam, United Kingdom) overnight at 4ºC. After incubating overnight at 4ºC with secondary fluorescent antibodies, Hoechst 33342 (Sigma-Aldrich, USA) was added as counterstaining for cell nuclei.

Biomechanical evaluation of cell construct

Bose Biodynamic 5100 consists of one culture chamber with two rods, one connected to a motor and the other to a force transducer of 22N. The entire system is placed in an incubator making it possible to control the temperature and C0 2 at 37ºC and 5% respectively. Cell culture media circulated continuously thanks to a system of peristaltic pumps connected to the cell chamber. Either stress ( ) or strain ( ) could be set up as the driving parameter. We decided to set deformation, 5% cyclic sinusoidal strain as the control parameter. We recorded the resulting force at 20 points per second, corresponding to 20 points per sinus, during the 12 days of dynamic culture.

Strain

(1)

Stress ( 2 
)
Where and are the initial strain and stress respectively, and and are the frequency and dephasage angle between stress and strain respectively. Plotting together stress vs strain, we were able to calculate the relative dissipation energy by calculating the surface between the curves in each sinus. Because sinusoidal stress was applied, we also determined the storage modulus (E'), loss modulus (E''), complex modulus (E*) and tan δ. Each 1h cycle, consisting of 3600 sinuses, was divided into six intervals of 600 sinus and the results are given as an arithmetic average. After the first analysis, we decided to represent the results from 1200 to 3600 sinus of each cycle, where a closed loop region was found. For statically-cultured cell-constructs and controls, each sample was placed on the bioreactor and, once secured between the rods, one cycle of 3600 sinus was set at a given time (7 and 14 days) to compare in the same way as the dynamic conditions. For the control without cells, scaffolds were submitted at the same parameters as the cell-constructs, including disinfestations and incubation with cell culture media.

Results

PCL scaffold synthesis and characterisation

Electrospinning PCL into a DCM/DMF 4:1 co-solvent led to the production of a homogenous scaffold without pearls. SEM images showed a final material composed of a dense network The scaffolds were then characterised following the uniaxial traction test described in the Materials and Methods section. In order to evaluate potential alteration of the mats in an aqueous solution, the scaffolds were analysed in both dry and wet conditions. Stress/strain profiles were similar, showing a "J" zone, characteristic of the nonlinear mechanical response of a viscoelastic material, in which we were able to identify three different regions;

the toe region (<2% strain), heel region (<8% strain) and linear region (<18% strain) (Fig 3A 

Biological outcomes and tendon extracellular matrix deposition

The number of cells presented on the constructs was assessed by means of DNA quantification. Cell proliferation was observed in either static or dynamic conditions, with an almost 4-fold increase after 2 weeks (Fig 4A). Dynamic stimulated cell-constructs appeared to have greater proliferation compared to static cultures with 4.1 ± 1.3 x 10 6 vs 2.91 ± 0.8 x 10 6 respectively, after 2 weeks of culture, although the difference was not statistically significant.

In order to determine the effect of the mechanical stretching on ECM neo-synthesis, hydroxyproline was measured (Fig 4B). Hydroxyproline concentration is related to fibrillar collagen and comprises around 13.5% of the collagen [22]. It could be detected in all the culture conditions. After a week of culture, no difference in collagen production was observed between the static or dynamic conditions. After two weeks, a significant increase 

Mechanical stimulation and biomechanical evaluation of cell constructs

The Biodynamic device Bose Biodynamic 5100 makes it possible to apply defined cyclic properties, along with the complex modulus (E*), no significant differences were found between the different parameters for the different culture conditions with or without cells.

s were found for each condition. For the dissipated energy (hysteresis), cell-constructs seemed to present lower values than controls, with 0.64 ± 0.35 vs 0.92 ± 0.14 in static conditions and 0.90 ± 0.11 vs 1.47 ± 0.57 in dynamic ones (Fig 7 ). For E'', another parameter related to viscosity, the same trend was found, with lower values for cell-constructs (0.30 ± 0.16MPa & 0.37 ± 0.13MPa) in both static and dynamic conditions, compared to controls (0.42 ± 0.07MPa & 0.59 ± 0.14MPa). In terms of elastic properties, the storage modulus (E') appeared higher for the dynamic control with 6.63 ± 0.89 MPa. E* followed the same trends as E', with the highest value found for dynamic control (6.68 ± 0.87 MPa).

After 14 days of culture, the results showed a slight increa E" for cell-constructs, both static and dynamically cultured ( In the absence of cells, all mechanical parameters presented lower percentages than those obtained in cell-constructs. Tan δ remained almost constant for the static controls (4 ± 7%)

and decreased for dynamic ones (-3 ± 6%). For dissipated energy, controls presented a B A decrease of -4 ± 17% and -10 ± 2% for static and dynamic conditions respectively. E'' presented the same trend as dissipated energy, with the highest decrease obtained for static conditions (-25 ± 4) compared to dynamic ones (-9 ± 6%). The elastic parameter (E') appeared to decrease particularly for the static control (-20 ± 9%), compared to a slight reduction for the dynamic control (-6 ± 0.1%). E* followed the same trends as E', with the highest decrease found with the static control with -20 ± 9% vs -6 ± 0.2% for the dynamic control.

In the presence of cells, Tan δ seemed to increase particularly in both static and dynamic cultures, with an enhancement of 22 ± 16% and 16 ± 5% respectively. Dissipated energy presented a similar trend with enhancement of 25 ± 7% and 14 ± 9% for static and dynamic culture of cell-constructs, respectively. In terms of E'', cell-constructs presented an increase of 45 ± 5% for static and 31 ± 19% for dynamically-cultured cell-constructs. For E', dynamically-cultured cell-constructs presented the highest increase, with 16 ± 20%, while for static cultures a slight increase of 7 ± 6% was found. Regarding E*, the same trends appeared

as for E', with the highest increase for dynamic conditions (16 ± 20%).

Static control appeared to have the lowest values for E', E" and E*, followed by dynamic control. On the other hand, both cell-constructs (dynamic or static cultured) presented the highest enhancement of mechanical properties over time, with higher viscosity for static conditions and higher elasticity for dynamic ones.

Discussion

The aims of this study were: i) to investigate the role of mechanical stimulation on BMSC differentiation towards tendon lineage when cultured on adapted scaffolds; ii) to understand whether or not there is any correlation between the changes on the mechanical properties of the biohybrid scaffold and the activity of the seeded BMSCs, in association with the production and arrangement of the newly-formed ECM produced by cells. To the best of our knowledge, the second point, which effectively depends on the first one, has not yet been investigated.

Our first goal was thus to develop a biomaterial suitable for this approach. Electrospinning has been widely used in the development of materials mimicking the fibrous nature of the tendon extracellular matrix [23]. While our PCL scaffold presented an elastic modulus of 8.05 ± 0.82MPa (Fig 3), which is still a long way from native tendon [24], the stress-strain curve revealed three regions similar to those found in tendons [4]. Taking into account this stressstrain response, and comparing them with the mechanical behaviour of tendon, we decided to apply a cyclic sinusoidal strain of 5% (0-5%) corresponding to the heel region of both tendon and our electrospun scaffold. Within this region, tendon collagen fibres began to organise and stretch, and the stiffness began to increase [25]. This was intended to calculate the viscoelastic behaviour of our cell-constructs when submitted to cyclic stretching with repeated stretching cycles and strain rates within a low range. This type of strain range represents a more physiological testing method, simulating physiological activities for tendons [26]. For this study, then, repeated sinus strain with a strain rate of 0-5% at 1Hz was used not only as mechanical stimulation but also as mechanical evaluation of the cellconstructs.

After one week of culture, there was no difference in terms of proliferation between static and dynamic conditions (Fig 4A). After two weeks, the number of cells was found to have tripled for the static culture and even quadrupled for cells submitted to dynamic stretching.

We can thus conclude that the mechanical stimulation enhanced the proliferative ability of BMSCs, inducing an increase in cell proliferation in response to mechanical load. This result is consistent with other experiments conducted with BMSCs, where more cells were found after 2 weeks of culture compared to shorter culture times under 5% of stretching [27].

Other studies have shown similar results with fibroblasts [28] and TDSCs [29]. While an increase in cell proliferation is found as a response to mechanical stimulation, the mechanisms involved in this mechano-response still need to be clarified [30].

When stimulated, BMSCs presented an elongated morphology aligned with the stretching direction (Fig 5B ,D), while cells cultured under static conditions were randomly organised on the scaffold (Fig 5A ,C). Similar behaviour was found in another study that analysed the impact of mechanical stimulation on cell alignment when cultured on randomly-oriented scaffolds in the same range of nanofiber size [31].

Regarding collagen synthesis, the cell-constructs showed continuous production over time, with more collagen found after 2 weeks of culture for each condition (Fig 4B). After two weeks of culture, more collagen was found on cell-constructs subjected to mechanical stretching, in agreement with several other studies [32][33][34]. This effect has been shown consistently in in vivo studies carried out on tendons where an increase in collagen synthesis was observed as a part of the tendon adaptation response to continuous mechanical loading [35].

Analysis of the ECM produced by cells in both static and dynamic cultures was also performed by immunofluorescence staining of type I collagen and tenomodulin (Fig 5).

Collagen I is the most abundant collagen in tendons, and tenomodulin is a late tendon differentiation marker, and a key glycoprotein for the mature state of tendons [36,37]. Both were more abundant under mechanical stimulation when compared to static culture samples. Furthermore, they appeared to be arranged in the stretching direction. Taken together, these data with cell alignment achieved in dynamic conditions, revealed a tendonlike phenotype of BMSCs under dynamic culture conditions, similar to native tendon arrangement [38].

Native tendon is a viscoelastic material, combining viscous liquid-like, and solid-like behaviour. While the notion of viscoelasticity includes time dependency, meaning that the mechanical response depends on the deformation rate (ε), tendon tissue engineered constructs tend to be characterised by quasi-static mechanical tests at ranges of strain that do not reproduce physiological conditions [26,39]. In this study, we decided to follow the cell-constructs' mechanical properties with a set of relevant parameters (tan δ, relative dissipation energy, E*, E' and E'') throughout the entire dynamic stimulation. Our experiment, generating 5% of strain at 1Hz, was intended as a continuous dynamic tensioncompression test, and it was monitored continuously throughout the culture period. As we found that during the first 1200 stretching cycles the mechanical behaviour was not stable (Annexed figure), we decided to analyse and represent the V% resulting from 1200 to 3600 sinus where a neat loop was observed, similar to the mechanical behaviour observed in tendons [40]. For the controls, our results showed that E' declined over time. This decrease was more pronounced for static (-20%) than for dynamic controls (-6%) (Fig 8). This could be explained as water-induced softening of the polymer. Water absorption effectively leads to a loss of the polymer's mechanical properties, resulting in a slight decrease in its elastic properties.

This effect has already been shown on PCL electrospun materials [41]. Dynamic stretching seems to attenuate these effects, probably by reducing the water uptake due to the continuous stretching cycles.

For cell-constructs, our results showed that the presence of cells on the surface of our material made possible the increase in E´ after 14 days of culture (Fig 8). In addition, mechanical stimulation presented the highest increase in E' (16%) compared to static culture (7%). These results may be explained as the result of newly-deposited type I collagen fibres.

Type I collagen is effectively an important stress-bearing component of connective tissues. It is secreted by cells and hierarchically assembled into fibrils from a packaging of collagen molecules, embedded in a soft matter formed of water and proteoglycans. This organisation gives the collagen structure enough rigidity to be considered an elastic beam [42]. In addition, the aligned orientation adopted by collagen fibres through the stretching direction could explain the higher E' percentage for dynamically-cultured cell-constructs, as aligned collagen fibres are better suited up to supporting tensile stress [43].

The value of tan δ is an indicator of how efficiently the material absorbs and dissipates energy due to molecular rearrangements and internal friction. When we compared its evolution over time (Fig 8), the controls presented the lowest values. While the static control presented a slight increase of 4%, the dynamic control presented a decrease in tan δ of 3%.

This can be explained as a consequence of water uptake. While water absorption decreased for dynamically-stimulated controls as a consequence of continuous dynamic loadings, thus resulting in a reduction in dissipated energy, the static controls remained waterlogged, resulting in an increase in water movement through the scaffold. As a result, a higher tan δ percentage was found.

Cell-constructs, in both static and dynamic cultures, presented an enhanced tan δ of 22% and 16% respectively, compared to cell-free control scaffolds (Fig 8). Because tan δ represents the ratio of viscosity to elasticity, the highest values of tan δ were related to a higher damping factor. In a rabbit Achilles tendon regeneration model, Nagasawa et al. found higher values of tan δ for regenerated tendons after surgery compared to controls [37]. This increase was explained as the result of the neosynthesis of collagen fibres. As this "new" fibre presented a lower amount of mature cross-linking, collagen mobility was increased within the tissue, resulting in more energy in our cell-constructs, where cells produced collagen, compared to controls without cells. In addition, the random organisation of collagen fibres for static conditions may explain the greater tan δ percentages.

Hysteresis, here represented as relative dissipation energy, is another viscoelastic parameter on which we focused. It represents the difference between the loading and the unloading curves, or mean energy dissipation [44], and is a cross-validation of tan δ. Greater hysteresis means a more viscous material that dissipated more energy. Hysteresis on tendons depends primarily on water movements through the tissue and the reordering of the collagen fibres that make up the tendon [45]. After two weeks, while both static and dynamic controls presented a decrease of 4% and 10% respectively, the scaffolds where cells were cultured presented an increase in dissipated energy, with 25% and 15% for static and dynamic cultures 

Conclusion

Correlating both the biological and mechanical results, it seems that mechanical stimulation has a positive effect on cell proliferation and collagen synthesis, which was greater than static culture conditions. Cell and collagen alignment, together with an increase in tenomodulin under dynamic culture conditions, provides a better environment for BMSCs to differentiate towards a tendon-like phenotype. Furthermore, the mechanical properties of the cell-constructs were enhanced over time compared to the control scaffolds without cells.

This could be explained as a result of the cellular activity, translated into the production of an ECM. By synthesising collagen, which in tendons and ligaments is responsible for its mechanical properties, the viscous properties (tan delta, dissipated energy and E'') were increased in both the static and dynamic cultures. The random nature of this ECM conferred higher viscous properties for cells cultured under static conditions, explained as an increase in the mobility of collagen and the associated water molecules within these random fibres, while dynamically-stimulated cell-constructs presented aligned collagen fibres towards the direction of the stretching. These aligned fibres could better retain water molecules, resulting in less mobility compared to random ones. In addition, due to the elastic nature of the collagen fibres when they are stretched, the alignment may explain a greater increase in elasticity (E') under mechanical cultivation. Chapter VI: Conclusion and Perspectives
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Conclusion

The initial goal of this PhD thesis was the design of a biohybrid system recapitulating part of the musculo-skeletal system, i.e. tendon and bone with specific attention on the junctionthe enthesis. Our approach focused on the development by tissue engineering of such a biohybrid system taking into account the biological and mechanical properties of each subsystem. To this end, the versatility of electrospinning had been chosen for the achievement of a continuum between each subsystem, as well as future basis for the enlargements towards the total bone-tendon-muscle system, as defined in the challenge supported by the Labex MSST (Maitrise de Systèmes de Systèmes Technologiques) at UTC.

One of the strength of the whole project was to elaborate such biohybrid constructs from the knowledge acquired at BMBI on "native" tissues, thanks to the interaction with researchers from C2MUST team, from bibliographical survey, as well as from discussions with clinicians to understand their expectations. Instead of directly focusing on the interface between reconstructed tissues, we wanted in the present work to ensure that the built-up of the continuum was achievable using electrospinning methods that should be adapted and evaluated for each type of tissue. For clinical perspectives, we also postulated that cell differentiation towards different lineages (here bone and tendon) should be obtained without any differentiation factor (that are specific for each tissue), playing only on cellmaterials interactions and mechano-transduction.

First, the development of a material for bone tissue regeneration was achieved using a combination of electrospinning PCL and electrospraying hydroxyapatite, resulting from the collaboration with Dr. G. Schlatter and Dr. A. Hébraud at ICPEES (Strasbourg). Besides its fibrillar and mineral components close to the extracellular bone matrix, the final substitute was shaped into a macroscopic "honeycomb" organization similar to the osteons that form part of the bone. This configuration was designed on purpose to create a cell niche that supports biological activity, based on the structure-function premise, to accentuate the effect on cell differentiation. This end point has been achieved in vitro with C3H10T1/2 cell line and organotypic culture, in collaboration with Dr. Delphine Duprez (IBPS, Paris). In vivo trials were then performed by our collaborators at Institut Faire Faces, Amiens, in the EA 4666 from UPJV (Dr. M Naudot, Dr. S. Le Ricousse). Seeding the honeycomb PCL-HA with BMSCs 24h pre-implantation allowed to speed up bone reconstruction in a critical size calvarial defect. With promising results, the process can nevertheless be improved, involving the automation of electrospinning and electrospraying steps to reduce the errors of the manipulator, or changes in environmental conditions. While in vitro and in vivo assays have been carried out with animal primary cells, future work must be carried out with humanmesenchymal stem cells whose origins are still questionable.

Then and in parallel, we addressed the question of engineering a tendon structure, based on electrospinning process, considering both biological and mechanical properties of such biohybrid system, with an original perspective: we studied not only the cell response to mechanical solicitations, but also the changes in mechanical properties of the biohybrid constructs due to cell arrangement and extracellular matrix neosynthesis. As there were no literature consensus on the guidelines to drive progenitor cells or stem cells towards tendon lineage in the absence of any differentiation factor, we investigated, for the PCL-based scaffold: (1) the effect of electrospun fibers size and alignment, with some materials prepared by IMP Hannover, (2) the effect of cyclic stretching in dedicated bioreactors (Bose BioDynamic 5100 and MechanoCulture T6). So far, the results obtained are rather promising with BMSCs, and were less successful with our initial progenitor cell line (C3H10T1/2), may be due to its high proliferation and renewal potential. We demonstrated that BMSCs were able to align on random scaffold under cyclic stretching strain, and to produce an extracellular matrix that reinforced the biomaterials structure. To our knowledge, it is the first time that such a biomechanical study was conducted. We therefore develop robust protocols using the above mentioned bioreactor that could be transferred to other materials. We consider thus this study as a success of interdisciplinary approaches involving two laboratories at UTC (BMBI/Roberval) and many collaborators.

This thesis work has therefore made it possible to go through different stages for the development of a continuum between the bone and the tendon, obtaining each subsystem in an isolated manner, with the final objective of a future junction between each of them.

Perspectives

Unfortunately, in the time framework, we were not able to achieve the design of the interface between bone and tendon biohybrid structure. This part of the work, based on the proofs, is currently carried out by a post-doc student C.Y. Leon-Valdiviesoat Roberval laboratory. A collector with a special topography should allow us to develop a honeycomb shaped material that evolves into a random material for the tendon. In a short period of time, biological tests will be carried out to evaluate the cell behavior of BMSCs cultured on this material and the incidence of each sub-unit on cell differentiation. Later on, in the framework of the PhD of M. Beldjilali Labro, the muscle part could be added.

These biohybrid systems of systems will not be applied directly to human. They will be nevertheless very helpful to understand what is occurring at the tissue or cell level during embryogenesis, or during healing process, since it will let scientists access to data that are impossible to collect in vivo. These kinds of organoids could be employed to reduce animal trials, being more relevant in case human cells have to be used.

In parallel, future opportunities may arise in the field of tissue engineering for the improvement of the mechanical properties of our biohybrid substitutes, such as 3D (bio) impression or melt-spinning, as well as a cooperation with physiologists to evaluate the training effect on our biohybrid system as a parallel model for the development of an optimal in vivo training method, in which different frequencies or deformations in the physiological range can be used to increase the cellular and mechanical behavior of the biohybrid substitute.
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Figure 1 .

 1 Figure 1. Bone structure, adapted from Sevier Medical Art.

Figure 2 .

 2 Figure 2. The three pillars of bone tissue engineering: cells are ideally cultivated on a biomimetic scaffold in order to guide their performance as close as in the native bone. The mechanical and biochemical environment are of key relevance in eliciting targeted responses.

Figure 3 .

 3 Figure 3. A. Scheme of the different parameters involved in the electrospinning process. B. General representation of the components of an electrospinning system. C. Three types of needles employed in the electrospinning technique. From right to left: single needle, co-axial needle and a multiple needle system. D. Different types of collectors for the realization of different organization of electrospun fibers. From right to left and from top to bottom: flat collector, parallel collector, and rotatory drum collector at high speed and rotatory collector at low speed.

Figure 1 .

 1 Figure 1. The three pillars of tendon/muscle tissue engineering: cells are cultured on a scaffold where they can attach, proliferate, or differentiate, giving them a phenotype relevant for the renewal of tissue functions. The mechanical and biochemical environments are of prime importance for triggering specific responses.
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 1 Figure 1. The three pillars of tendon/muscle tissue engineering: cells are cultured on a scaffold where they can attach, proliferate, or differentiate, giving them a phenotype relevant for the renewal of tissue functions. The mechanical and biochemical environments are of prime importance for triggering specific responses.

Figure 2 .

 2 Figure 2. Overview of the bone-tendon-muscle continuum in the human musculo-skeletal system (a). Multi-scale description of a skeletal muscle (b) and a tendon (c).
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 2 Figure 2. Overview of the bone-tendon-muscle continuum in the human musculo-skeletal system (a). Multi-scale description of a skeletal muscle (b) and a tendon (c).

Figure 3 .

 3 Figure 3. Typical tendon response to stretching at fixed strain rate: stress-strain curve illustrating the various deformations of the collagen fibrils.
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 3 Figure 3. Typical tendon response to stretching at fixed strain rate: stress-strain curve illustrating the various deformations of the collagen fibrils.

Figure 4 .

 4 Figure 4. Rationale for the choice of studies and contents reported in the tables, for tendon, and muscle tissue engineering, respectively.
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 4 Figure 4. Rationale for the choice of studies and contents reported in the tables, for tendon, and muscle tissue engineering, respectively.
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 4 fiber diameters <1 µm, 1-2 µm or >2 µm EM = yarns. 20 filaments/yarn 25 µm diameter of filament + electrospun nanofibers Initial failure load = 56.3 N Initial Elastic Stiffness = 5.80 N/mm Initial toe region Stiffness = 0.34 N

  , several intracellular pathways are responsible for enhancing proliferation and differentiation expression of cell genes during muscle development [209]. The effects of a wide variety of chemical and/or physical factors on muscle cell progenitor cultures have been investigated extensively. Many previous studies have demonstrated the ability of chemical stimulation to induce muscle cells and differentiation by studying the effect of certain growth factors [210-212]. At the same time, many studies suggest the benefits of using physical factors because of their potential ability to accelerate growth and development in skeletal muscle engineering [213-216]. Electric and mechanical factors are the most commonly used in the literature. Electrical stimulation is of particular interest because of the indisputable role of the electrical cues issued by the central nervous system in the development of skeletal muscles in vivo [217].

Figure 5 .

 5 Figure 5. Schematic representation of skeletal muscle cell mechanotransduction: chemical signals are initiated by growth factors such as insulin-like growth factor (IGF), Hepatocyte growth factor (HGF), and fibroblast growth factor (FGF) binding to their respective receptors to trigger RAS, phosphatidylinositol-3-kinase (PI3K), and McKusick-Kaufman syndrome (MKKs) signaling cascades and activate Extracellular signal-regulated kinases (ERK), mitogen-activated protein kinases (p38), and c-Jun NH2-terminal kinases (JNK) pathways, respectively [233-235]. Electrical stimulation induces calcium release from the endoplasmic reticulum [236]. Calcium can act by activating either ERK [237] or calp, camk and calc [238-240]. Mechanical stretching signals involve the transmembrane protein integrin and the calcium ion channel [241]. Activating integrin triggers the FAK signaling pathway. Electrical and mechanical stimulations are also likely to activate the JNK and p38 pathways.
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 5 Figure 5. Schematic representation of skeletal muscle cell mechanotransduction: chemical signals are initiated by growth factors such as insulin-like growth factor (IGF), Hepatocyte growth factor (HGF), and fibroblast growth factor (FGF) binding to their respective receptors to trigger RAS, phosphatidylinositol-3-kinase (PI3K), and McKusick-Kaufman syndrome (MKKs) signaling cascades and activate Extracellular signal-regulated kinases (ERK), mitogen-activated protein kinases (p38), and c-Jun NH2-terminal kinases (JNK) pathways, respectively [233-235]. Electrical stimulation induces calcium release from the endoplasmic reticulum [236]. Calcium can act by activating either ERK [237] or calp, camk and calc [238-240]. Mechanical stretching signals involve the transmembrane protein integrin and the calcium ion channel [241]. Activating integrin triggers the FAK signaling pathway. Electrical and mechanical stimulations are also likely to activate the JNK and p38 pathways.Other pathways may be involved, such as wnt/frizzled and notch. All these signaling pathways up-regulate the expression of some of the genes responsible for skeletal muscle progenitor development.

  Recently, both Kasper et al. (2018) and Rangarajan et al. (2014) highlighted the attractive strategy of electrical stimulation for activating the signaling pathways that are presented in Figure 5 [289,290]. Hashimoto et al. (

  . McKeon-Fischer et al. (2011) electrospun PCL with multiwalled carbon nanotubes (MWCNT) and with PAA/PVA hydrogel. The addition of MWCNT increased the mechanical properties of the "actuator" to more than the values of native skeletal muscle. Primary rat muscle cell cultures within a hydrogel were the first to display interactions among actin filaments in the large multinucleated formations [296]. Later, McKeon-Fischer et al. (

Figure 4 .

 4 Figure 4. Representation of the two types of enthesis. A. Fibrous enthesis. B. Fibrocartilaginous enthesis.

1 .

 1 Scaffold Production by Electrospinning 1.1. Electrospinning Device Three different electrospinning set-ups were used for the production of the different mats analyzed during this thesis. The electrospinning apparatus of Laboratoire Roberval (UTC, FRE 2012, France, Compiègne) consisted in a high-voltage generator (Gamma High Voltage, USA), a syringe pump (Kd Scientific, USA), a 19G needle (Cadence Science, USA) and a 7.5 cm

Figure 5 .

 5 Figure 5. Electrospinning device of Laboratoire Roberval.

1. 4 .

 4 Electrospun Scaffold Characterization 1.4.1. Morphological Characterization of the Different Electrospun Scaffolds The morphology of the different scaffolds was observed by scanning electron microscopy (Philips XL30 ESEM-FEG, Netherlands). Each sample was covered with gold before observation. The diameter of the fibres was measured on 20 fibres randomly taken by the Service d'Analyse Physico-Chimique (SAPC) of UTC.

2. Cell Culture 2 . 1 .

 21 The Origin of the Cells 2.1.1. Mesenchymal Stem Cells Line The murine stem cells C3H10T1/2 (ATTCCCL-226) mouse line was a gift from Université Pierre et Marie Curie (UMR 7622, Institut de Biologie du Développement Paris-Seine). The cells (at passage P10) were cultured on a 75cm 2 flask (T75, BD Falcon, Dutscher, Germany) in DMEM Low-Glucose medium (Hyclone, USA) supplemented with 10% fetal calf serum (FBS, Gibco Invitrogen, USA), 1% Penicillin-Streptomycin (Gibco Invitrogen, USA) and 2mM L-Glutamine (Gibco Invitrogen, USA) under standard culture conditions up to 80% confluence.

Figure 6 :Figure 7 :

 67 Figure 6: Schematic representation of stress vs strain.

Figure 1 .

 1 Figure 1. Design of the honeycomb-like scaffolds. (A) Odd steps: electrospinning process. Even steps: electrospraying process. (B) Geometry of the honeycomb collector. (C) Both steps were repeated to achieve the production of a 3D multilayer scaffold with HA microparticles mainly located over the wall of the honeycomb collector thanks to the electrostatic template effect.

Figure 2 .

 2 Figure 2. (A-C) SEM images obtained using a backscattered electron detector in order to enhance the contrast between HA and PCL. (A) Top view of a bilayer scaffold obtained from the electrospraying of HA particles over a layer of PCL fibers, which were previously electrospun on to a honeycomb-like micropatterned collector. (B) Top view of a PCL-HA 3D scaffolds obtained from deposits of four bilayers of PCL fibers and HA particles. The inset shows a schematic view of the cross section of this type of scaffold. The black arrows represent the conductive paths formed by the aggregated fibers and particles in contact with the walls of the collector patterns. The red arrows represent the repulsive areas due to the suspended charged fiber segments. (C) Top view of a PCL-HA 3D scaffold obtained from deposits of six bilayers of PCL fibers and HA particles. (D) Cross-section of a PCL-HA 3D scaffold showing the 3D microcavities sparsely filled by PCL fibers. Image obtained with the Everhart-Thornley detector of SEM. (E) SEM micrographs of the honeycomb-like scaffold for EDS and fiber diameter analysis. (F) EDS spectra of the sample focused over nanoparticles presented on the top of honeycomb wall.

Figure 3 .

 3 Figure 3. Representative plot of the stress-strain curve of the honeycomb scaffold (with error bars). (A) Ultimate tensile stress (UTS). (B) Linear region where the modulus was calculated from 5 to 10% strain.

Figure 4 .

 4 Figure 4. (A-C) C3H10T1/2 viability after 5 days of culture over honeycomb scaffold (n = 3). (A) Live and dead stained cells superposed on the honeycomb scaffold. Calcein AM (green) dye shows living cells membranes. EthD-1 dye (red dots) stained the nuclei of dead cells. (B) Live and dead staining on cells. (C) Hoechst 33342 staining all cell nuclei (blue). Scale bar = 100 μm.

Figure 5 .

 5 Figure 5. MTT analysis for comparing proliferation of C3H10T1/2 on honeycomb compared to tissue culture plate (TCP) at D1 (light gray), D2 (medium gray), and D5 (dark gray) (n = 3). The data obtained for MTT of the cells cultured on honeycomb-like scaffolds were compared to those of the control cells (tissue culture plate, TCP) with the Mann-Whitney nonparametric statistical test. The pvalues are indicated for the tests, showing a significant difference between the two groups (** for p-value = 0.0043).

Figure 6 .

 6 Figure 6. Fluorescence staining of actin cytoskeleton (red) and nuclei (blue) of C3H10T1/2. The cells were cultured for 2 h (A), 24 h (B), 48 h (C), and 96 h (D) free of growth factors over honeycomb-like scaffolds. Magnification ×20. (E,F) Cells cultured for 48 h and 96 h, respectively, over the scaffold. Magnification ×10. Scale bars equal 200 μm. Insert images on (A) and (F) show SEM pictures of adherent cells over the scaffold surface.

Figure 7 .

 7 Figure 7. Gene expression of tendon-and bone-related markers in C3H10T1/2 cells cultured on the honeycomb-like scaffolds compared to cells cultured without scaffold. The genes Scx, Tnmd, and Col1a1 were uses as tendon markers to assess tenogenic differentiation, although Col1a1 is also expressed in bones. Dlx5, Runx2, and Bglap were used as bone markers to assess bone differentiation. The results are displayed as scattered dot plots, each plot representing the result of one sample (n = 5 for each condition). The data obtained for gene expression of the cells cultured on honeycomb-like scaffolds (orange dots) were compared to those of the control cells (black dots) with the Mann-Whitney nonparametric statistical test. The p-values are indicated for the tests, showing a significant difference between the two groups (** for p-value = 0.0079).

Figure 8 .

 8 Figure 8. (A-C) Alkaline phosphatase staining on the honeycomb-like scaffold after 5 days of culture. (A) Control honeycomb-like scaffold without cells. (B) C3H10T1/2 cells on culture into TCP control. (C) C3H10T1/2 cells on culture into honeycomb-like scaffold. (D) Alkaline phosphatase activity. The data obtained for alkaline phosphatase activity of the cells cultured on the honeycomb-like scaffolds (blue bar) were compared to those of the control cells cultured on TCP (white bar) with the Mann-Whitney nonparametric statistical test. The p-values are indicated for the test, showing a significant difference between the two groups (** for p-value = 0.0043).

Figure 9 .

 9 Figure 9. Scanning electron micrographs of honeycomb electrospun scaffold. (A) A 15% polycaprolactone scaffold being colonized by cells from slices of chicken embryos after 14 days. Scale bar = 500 μm. (B-D) represent the scaffold after being colonized by cells from slices of chicken embryos after 14 days. Scale bar = 500, 200, and 50 μm, respectively. (E) Migration surface calculated by correlating cell surface in pixels to mm 2 . The data obtained for cell migration of the cells cultured on the honeycomb-like scaffolds (orange bar) were compared to those of the control cells cultured on poly(εcaprolactone) (blue bar) with the Mann-Whitney nonparametric statistical test. The p-values are indicated for the test, showing a significant difference between the two groups (*** for p-value <0.0001).

Figure 8 :

 8 Figure 8: SEM images of three scaffolds obtained by electrospinning different concentrations of PCL A, D. PCL 10%. B, E. PCL 12.5%. C, F. PCL 15%. Top images: scale bar of 500µm. Bottom images: scale bar of 10µm

Figure 9 :

 9 Figure 9: Average fiber diameter relative to the PCL concentration. Fibers' size distribution for the different electrospun scaffolds (10 % in blue, 12.5 % in red and 15 % in green).

Figure 10 .

 10 Figure 10. Average elastic modulus relative to PCL concentration analyzed in dry (bleu) or wet conditions (red). The p values are indicated for the tests showing a significant difference. (*** For p value <0.001).

Figure 12 .

 12 Figure 12. Gene expression of tendon-and bone-related markers in C3H10T1/2 cells cultured on the different scaffolds. The data obtained for gene expression of the cells cultured over the scaffolds were compared to those of the control cells (tissue culture plate) with the Mann-Whitney nonparametric statistical test. (* for p value <0.05, ** for p value <0.01).

Figure 13 .

 13 Figure 13. SEM images of two scaffold obtained by electrospinning PCL 10-wt % under different rotatation speeds. . A. Random PCL 10-wt % at medium speed (1000rpm). B. Aligned PCL 10-wt % at high speed (2000 rpm). Scale bars of 10µm.

Figure 14 .

 14 Figure 14. Fiber size distribution for random 10-wt % (up) and aligned 10-wt % (down) scaffolds.

Figure 15 .

 15 Figure 15. Average elastic modulus relative to fiber alignment. A. Representative stress vs strain curves for each morphology. B. Average elastic modulus. The p values are indicated for the tests showing a significant difference. (*** For p value <0.001).

2. 1 . 2 .

 12 Impact of Fiber Alignment on Cell Response C3H10T1/2 cells were cultured under the same conditions (10 5 cells/cm 2 ) on each type of scaffolds. After 2 days of culture, confocal microscopy showed a random morphology when cells were cultured over random PCL scaffolds (Fig 16A) while cells cultured over aligned scaffolds spread along the fibers with an elongated shape (Fig 16C). After 5 days, both conditions presented a complete cell colonization of the scaffold surface. Regarding the cell morphology, the same tendency was observed, with cells spreading over the fiber alignment (Fig 16D) and without a particular orientation when cultured over random PCL scaffolds (Fig 16B).

Figure 16 .

 16 Figure 16. Effect of fibers alignment on cell morphology. Fluorescence staining of actin cytoskeleton (red) and nuclei (blue) of C3H10T1/2. The cells were cultured for 2 days (A,C) or 5 days (B,D) free of grow factors over random (A,B) or aligned PCL 10-wt % scaffolds (C,D). Scale bars 50 µm.

Figure 17 .

 17 Figure 17. Gene expression of tendon-and bone-related markers in C3H10T1/2 cells cultured on aligned or random scaffolds for 1 or 3 weeks (n=6). 10-wt % random scaffold (Random 1 week) was chosen as a control. The data obtained for gene expression were compared with the Mann-Whitney nonparametric statistical test. (* for p value <0.05, *** for p value <0.001).

Figure 18 .

 18 Figure 18. (A) Bose Biodynamic cell culture room. A. Bioreactor chamber. B. Rods. C. Clamping scews of glazed walls. D. Glazed walls. E. Clamps. (B) Mounted bioreactor inside an incubator.

Figure 19 .

 19 Figure 19. Dynamic cultivation protocol. (A). Representation of the applied strain. Amplitude and 0,static are set to 0.5% strain. The offset 0 is 1% and the period T 1s. (B). Representation of the resulting stress.

Figure 20 .

 20 Figure 20. Fluorescence staining of actin cytoskeleton (red) and nuclei (blue) of C3H10T1/2 after 5 days of static (A-B) or dynamic culture (C-D). Scale bars of 50µm.

Figure 21 .

 21 Figure 21. Gene expression of tendon-and bone-related markers in C3H10T1/2 cells cultured on random scaffolds under static or dynamic culture conditions for 5 days inside the Bose Biodynamic 5100 bioreactor (n=6). Static culture was chosen as a control.

Figure 23 .

 23 Figure 23. Strain vs time (A) and stress vs time (B) for a 5 days mechanically stimulated cellconstruct.

Figure 24 .Figure 25 .

 2425 Figure 24. Representation of the strain and stress vs. time (A) and stress vs. strain (B) curves of the first sinus from the first cycle at day 1 and the last sinus from the last cycle at day 5. Scaffold 10-wt % control without cells
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Figure 1 .

 1 Figure 1. Electrospinning device.

  of continuous smooth fibres (Fig 2A), as found in [21]. These fibres presented an average diameter of 0.52 ± 0.25 μm. Distribution analyses of the fibres revealed a random conformation, a with 53.3 % of anisotropy (Fig 2B).

Figure 2 .

 2 Figure 2. SEM pictograph of a 10-wt % PCL scaffold (A). Fibre orientation distribution in PCL scaffolds (B).

Figure 3 .

 3 Figure 3. Stress (MPa) vs strain (%) curve for 10-wt % PCL scaffolds in a dry (dark grey) or wet (light grey) state, obtained using the Electroforce 3200 system.

  in collagen synthesis under dynamic stretching was noted, with 18.8 ± 2.6 μg vs 12.1 ± 1.4 μg of hydroxyproline for the static culture. Mechanical stimulation thus induced elevated collagen content in the scaffold, compared to the static culture, most probably in relation to cell numbers.

Figure 4 .

 4 Figure 4. Cell proliferation (A) and hydroxyproline synthesis (B) over time, at 1 and 2 weeks of static and dynamic culture performed with the T6 CellScale. Hydroxyproline concentration was related to collagen content. (n = 6) (*** are indicated for p <0.001)

Figure 5 .

 5 Figure 5. Fluorescence staining of the actin cytoskeleton (red) (A-D), type-1 collagen (green) (E-H) and tenomodulin (green) (I-L), of rat BMSCs cultured in static and dynamic conditions for 1 or 2 weeks with MechanoCulture T6. Cell nuclei were stained blue as a counter-stain. Scale bar of 50µm.

(

  sinusoidal) strain to the cell-seeded or empty scaffolds, and to concomitantly record the resulting stress. After 2 days of static culture, the cell-construct or the control scaffolds were fixed inside the bioreactor chamber and the mechanical test was launched. Both signal force and displacement were recorded over time and found to be smooth, without any background noise, making it possible to plot the stress/strain curves (Fig6B). We could thus calculate the elastic modulus by plotting the slope of the stress vs strain curve, and the relative dissipation energy by calculating the surface area between the curves, along with the damping factor (Fig6B). All the relevant parameters were extracted following the equations described previously and presented in Fig 7.

Figure 6 .

 6 Figure 6. Design of the dynamic culture process during 12 days of stimulation (A).Representative stress vs strain curve (B) of the first sinus from the first cycle and the last sinus from the last cycle for cell-constructs subjected to dynamic culture conditions.

Fig 7 )

 7 , compared to both static and dynamic controls. For E' and E*, the same trend was found after 14 days of culture, with values for statically cultured cell-constructs of 4.24 ± 0.78 MPa and 0.44 ± 0.08MPa respectively and 5.04 ±0.11 MPa and 0.49 ± 0.02MPa for cell-constructs under dynamic stimulation.To better determine the effects of mechanical stimulation and cell culture on different groups, we decided to analyse the variation (V%) in the mechanical parameters (P) between the first cycle of day 2 (i.e. the first day of mechanical stimulation) and the last cycle of day 14 (i.e. the last day of culture) (Fig8). V% = 100*(P d14 -P d2 )/ P d2 .

Figure 8 .

 8 Figure 8. Evolution in the mechanical properties of the scaffolds under both dynamic (A) and static (B) conditions. These percentages were expressed in terms of variation (V%). V% resulted from the following equation: ((Last cycle -First cycle) / (First cycle))*100.

  Unexpectedly, our results showed different initial values between the conditions (Fig 7), whereas the stimulation had not yet started. The presence of such wide variability led us to consider an initial disparity in terms of mechanical properties between the scaffolds tested in each group. When mechanical tests were carried out in the linearity domain, this variability remained attenuated (Fig 3), but in the present study, under a regime of low deformation within the non-linearity range, the differences were accentuated.

respectively (Fig 8 ).

 8 The reduced values for controls may be explained as a result of the hydrophobic nature of PCL, which hinders the movement of water molecules through the scaffold, resulting in a loss of energy dissipation. The increase in cell-constructs presented over time (Fig8) may be explained as the gain in water retention caused by the production of an ECM by cells. Interestingly, in a rabbit Achilles tendon model, most of the water molecules were found bundled within the collagen fibres[26]. The same phenomenon can explain the increased values for cell-constructs compared to controls. In addition, the highest values of hysteresis for static cultures may be the result of higher mobility of water through the newly randomly deposited collagen fibres compared to the aligned fibres produced under dynamic loads.As with tan δ and hysteresis, the loss modulus (E'') also took into account the energy dissipation and confirmed our previous results. As seen before, when initial and last values were compared (Fig 8), the controls without cells presented a reduction in E'' with -25% for static and -9% for dynamic controls. The cell-constructs presented an increased loss modulus over time, with 45% for static and 31% for dynamic cultures. Taken together, these results consistently demonstrated that cell-constructs, either in static or dynamic culture conditions, presented increased viscosity over time, compared to nude biomaterials. Finally, dynamic cultures exhibited a greater increase in the elastic properties of the cell-constructs, with a lesser gain in viscous properties, while the static cultures had a greater influence on the viscous properties, with a lower increase in elasticity. This effect may be explained by the effect of the alignment of the extracellular matrix, particularly the collagen fibres, which align through the tensile axis, resulting in an increase in the elastic properties of the cellconstructs submitted to dynamic culture conditions (Fig9).

Figure 9 .

 9 Figure 9. Schematic representation of evolution in the mechanical properties for cellular constructions in the absence or presence of mechanical stimulation.

Table 2 .Figure 1 .

 21 Figure 1. Tan delta values for both dynamic (A) and static (B) conditions cultured or not with cells for days 2 and 14. Tests were performed in the Bose BioDynamic 5100. Bar plots represent the arithmetic media of both cycles from 1200 to 3600 sinuses.

  

  

  

  

  

  

  

Material Scaffold Preparation Shape and Structure of the scaffold Mechanical Properties of the Scaffold Ref

  

	PCL/Gelatin PCL/Gelatin Chitosan/HA PCL/PLLA PLLA PLLA/HA PLLA/Collagen/HA PHB/HA PLLA/PCL PLA/PCL/HA PCL/Starch	Electrospinning random and aligned fibers Electrospinning random fibers Electrospinning random fibers Electrospinning aligned fibers to produce yarns. Yarns assembled to create a 3D structure Electrospinning random fibers Electrospinning random fibers. Staked layers to perform a 3D structure Electrospinning random fibers Combined rapid prototype (RP) and electrospinning	RNFs diameter = 344-347nm ANFs diameter = 355-356nm RNFs diameter = 10-1000nm RNFs chitosan diameter = 138nm RNFs chitosan/HA diameter = ANFs diameter = 400-900nm Porosity = 77.61 % 214nm RNFs PLLA diameter = 860nm RNFs PLLA/HA diameter = 845nm RNFs PLLA/Collagen/HA diameter RNFs PHB diameter = 0.7-1.2μm RNFs PHB/HA diameter = 2-2.2μm = 310nm RNFs PLA/PCL diameter = 776nm RNFs PLA/PCL/HA diameter = 332-583nm RNFs PCL diameter = 400nm RP fibers diameter = 300μm RP porosity = 79.4% RNFs and RP porosity = 68.3% RNFs PCL/Gelatin diameter =	RNFs 344nm -> TM=38.6 MPa; TS=7.9 MPa RNFs 334nm -> TM=33.4 MPa; TS=5.5 MPa RNFs 347nm -> TM=26.0 MPa; TS=2.0 MPa ANFs 355nm -> TM=45.3 MPa; TS=20.9 MPa ANFs 335nm -> TM=36.3 MPa; TS=15.6 MPa ANFs 363nm -> TM=30.4 MPa; TS=13.4 MPa Gelatin NFs -> YM=105 MPa; TS=2.50 MPa PCL NFs -> YM=4.98 MPa; TS=2.70 MPa PCL/Gelatin NFs -> YM=30.8; TS=1.29 MPa ND 3D structure PCL/PLLA -> EM =57.23-74.91MPa RNFs PLLA -> TS = 4.69MPa RNFs PLLA/HA -> TS = 3.10MPa RNFs PLLA/Collagen/HA -> TS = 2.05MPa RNFs PHB -> TS=1.67 MPa; EM=275.25 MPa RNFs PHB/HA-> TS=3.99 MPa; EM=267.15 MPa Stacked PHB layers -> TS=5.88 MPa; EM=132.78 MPa Stacked PHB/HA layers -> TS=12.43 MPa; EM=798.25 MPa ND ND	Guo et al. 2015 70 Zhang et al. 106 Zhang et al. 2008 75 Cai et al. 2012 118 Prabhakaran et al. 2009 74 Chen et al. 116 2017 Fang et al. 2010 68 Canha-Gouveia et al. 112 2015 2005
	PCL/Collagen PCL/Collagen PLA/Demineralized Bone Powders Fibroin/Chitosan/H a/BMP2 PCL/Gelatin	Electrospinning random fibers. 3D scaffolds obtained by wrapping fibers mats Electrospinning random co-axial fibers. Inner PCL and outer fiber Collagen Electrospinning random fibers Electrospinning co-axial fibers Combined 3D printed and electrospinning	RNFs diameter = 513nm RNFs Silk/PEO diameter = 590nm RNFs coaxial = 442nm RNFs diameter = 300-700nm outer layer 101nm outer layer 167nm Thin fibers diameter = 546nm; 79.32% Thick fibers diameter = 534nm; 764.55nm 3D printed diameter = 0.39mm Combined scaffold porosity =	RNFs -> YM=4.59 MPa Wrapped scaffold in the axial direction => 0.61 MPa Wrapped scaffold in the radial direction =>1.0 MPa ND ND ND RNFs PCL/Gelatin -> Compressive modulus=18.55MPa Combined scaffold -> Compressive modulus=30.50MPa	Ekaputra et al. 2009 104 Haslauer et al. 2011 105 Ko et al. 2008 113 al. 2015 109 Shalumon et Yu et al. 2016 71
	PLCL/Fibrinogen Silk/PEO/HA/BMP2	Electrospinning random and aligned fibers. 3D honeycomb scaffolds Electrospinning random fibers	RNFs diameter = 195-462nm ANFs diameter = 195-491nm HC diameter = 213-445nm RNFs Silk/PEO diameter = 575nm RNFs Silk/PEO/BMP2 diameter = 570nm RNFs Silk/PEO/HA diameter = 510nm	ND ND	Nedjari et al. 117 2017 Shih et al. Vepari et al. 2006 108
	Collagen	Electrospinning random fibers	RNFs diameter = 50-1000nm RNFs Silk/PEO/HA/BMP2	ND	2006	103
			diameter = 520nm			
	PS Silk	Electrospinning random and aligned fibers Electrospinning over a modified water bath collector	RNFs diameter= 1-3.5μm ANFs diameter = 1.5-4.5μm RNFs diameter = 200-500nm Pores sizes = 0-500μm Porosity = 90-93%	ND ND	Terranova et al. 2016 69 Park et al. 2010 67
	PCL, PLLA and PCL/PLLA Silk/HA	Electrospinning random, aligned and coaxial fibers Electrospinning over a modified water bath collector	RNFs PCL diameter = 665-1159nm RNFs diameter = 1.49μm RNFs PLLA diameter = 681nm 2461nm CNFs PCL/PLLA diameter = 1928-ANFs PCL diameter = 1032nm Pores sizes = 42.3-301.1μm	RNFs PCL -> YM = 21-30MPa Compressive modulus of Silk mats= 3.4-102KPa CNFs PCL/PLLA -> YM = 32-60MPa ANFs PCL -> YM = 15MPa RNFs PLLA -> YM = 24MPa Compressive modulus of Silk/HA mats = 8.1-29.3KPa	Yang et al. al. 2017 Baudequin et 2015 73
						30

Table 1 . Material characteristics of electrospinning based strategies for bone tissue engineering. (RNFs = Random Nano Fibers; ANFs = Aligned Nano Fibers.

 1 

	Cells	Culture Media	Mechanical Properties of Biohybrid Constructs	Major Outcomes	Ref
	MC3T3-E1	α-MEM, 10% FBS	ND	compared to random fibers. Aligned fibers resulted in better cell attachment, proliferation, alignment ad ALP activity when	Guo et al. 2015 70
	BMSC from NZ Rabbit	DMEM; 15% FBS	ND	Better cell attachment and deeper infiltration was found on PCL/gelatin scaffolds, compared to PCL alone.	Zhang et al. 2005 106
	BMSC from Pig	DMEM; 10% FBS; 10nM dexamethasone; 50µM ascorbic acid; 10mM β-glycerophosphate.	ND	Tubular PCL/Col/BMSCs cell constructs presented osteocalcin production. positive levels of collagen deposition and osteogenic differentiation with calcium deposition and	Ekaputra et al. 2009 104
		α-MEM; 10% FBS; 0.1µM			
	ADSCs from Human	dexamethasone; 50µM ascorbic acid; 10mM β-glycerophosphate.	ND	Collagen covering PCL fibers enhanced early cell spreading and increased calcium deposition	Haslauer et al. 2011 105
		DMEM/F12; 10% FBS; 100nM		Cell proliferation didn't differs among random,	
	ADSCs from Human	dexamethasone; 10mM β-glycerophosphate; 50µM ascorbic acid.	ND	aligned or honeycomb scaffolds, cells cultured over honeycomb-like scaffolds up-regulated osteogenic differentiation, mineralization and ALP activity.	Nedjari et al. 2017 117
	BMSCs from Human	IMDM; 10% FBS; 0.1mM dexamethasone; 10mM β-glycerophosphate; 0.2mM ascorbic acid.	ND	Collagen nanofibers supported osteogenic activity. differentiation with positive levels of transcripts as osteocalcin, osteonectin and osteopontin, and ALP	Shih et al. 2006 103
				Cell attachment was better on large fibers Cell	
		α-MEM; 10% FBS; 10nM;		proliferation was better on aligned fibers and large	
	MC3T3-E1	dexamethasone; 50µg/ml ascorbic	ND	random fibers compared to smallest random fibers.	
		acid		Large aligned fibers showed better ALP activity	
				compared to small random fibers.	

Table 2 . In vitro performances of biohybrid scaffolds in bone tissue engineering

 2 

	hMSCs derived from ESCs	acid; 10mM β-glycerophosphate DMEM; 10% FBS; 10nM dexamethasone; 50µg/ml ascorbic	ND	3D scaffolds provide better environment for cell proliferation and ECM mineralization.	Cai et al. 2012 118
		DMEM; 10% FBS; 100nM			
	BMSCs from Rabbit	dexamethasone, 10mM β-glycerophosphate and 0.2mM ascorbic acid.	ND	Composite scaffolds of NHB/HAP showed better cell proliferation, up-regulated bone transcripts and improved ALP activity than PHB scaffolds.	Chen et al. 2017 116
				Combining PCL nanofibers meshes with TCP	
	WJSCs from Human	α-MEM; 10% FBS; 10nM dexamethasone, 10mM β-glycerophosphate and 50µg/ml ascorbic acid.	ND	improves cells attachement, proliferation and differentiation towards bone lineage. This effect is differentiation and ALP activity even without accentuated in the presence of an osteogenic medium. In addition, dynamic culture improves cell	Canha-Gouveia et al. 2015 112
				osteogenic supplementation medium.	
				The combination of 3D printing and electrospinning	
	MC3T3-E1	α-MEM; 10% FBS	ND	improves cells migration and proliferation.	Yu et al. 2016

Table 3 . In vivo performances of biohybrid constructs in bone tissue engineering.
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  Zhang et al. (2004) were the first to produce a combined gelatin and PCL electrospun scaffold with fibers diameters from a range of 10 to 1000nm, to combine the advantages of natural and synthetic polymers. This blend scaffold presented a lower tensile strength of 1.29 MPa than those of PCL and gelatin alone, 2.70 MPa and 2.50 MPa respectively,

although its Young Modulus was higher than PCL alone (30.8MPa vs. 4.98MPa)

106 

. Results are uneasy to interpret since PCL concentration was different in the blend.

[START_REF] Ekaputra | Composite Electrospun Scaffolds for Engineering Tubular Bone Grafts[END_REF] 

proposed composite scaffolds of PCL and collagen with a fiber diameter of 513 ± 83 nm. When electrospun together, the Young Modulus was lower compared to PCL alone (4.59 ± 1.46MPa vs. 12.35 ± 3.31MPa)

104 

.

[START_REF] Prabhakaran | Electrospun Nanostructured Scaffolds for Bone Tissue Engineering[END_REF] 

combined PCL with collagen and HA nanoparticles. The addition of collagen resulted in smaller fibers' diameter (310 ± 125nm) compared to the scaffold without collagen (845 ± 140nm) and to decreased tensile strength (2.05 ± 0.10MPa vs. 3.10 ± 0.15MPa).

74 

While these authors added either collagen or gelatin together with the synthetic polymer, Haslauer et al. (2011) proposed co-axial electrospinning where the inner part was PCL and the outer layer collagen. Co-axial scaffolds resulted in increased fiber diameter (442 ± 45nm vs. 280 ± 51nm)

105 

. Unfortunately, the mechanical properties of such scaffolds were not assessed. In our group, Baudequin et al.

(2017) prepared coaxial electrospun fibers combining PCL and PLLA polymers. When PCL was the outer layer and PLLA was the inner one, fibers with a diameter of 1928nm and a Young modulus of 38MPa were obtained. When PLLA was the outer layer, fibers presented a larger diameter (2461nm) but Young Modulus became lower, with 30 MPa.
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  [START_REF] Fang | Electrospun PCL/PLA/HA Based Nanofibers as Scaffold for Osteoblast-like Cells[END_REF] produced combined scaffolds of PCL and PLA with added nanoparticles of HA. From a ratio of 0.1 to 1, increased amounts of nanoparticles resulted in smaller electrospun fibers. For the maximal concentration of HA

fibres presented a diameter of 332 ± 11.3nm, significant smallest compared to 776 ± 15.6nm for PCL and PLA scaffolds without nanoparticles.

68 

In other work,

[START_REF] Ko | In Vitro Osteogenic Differentiation of Human Mesenchymal Stem Cells and in Vivo Bone Formation in Composite Nanofiber Meshes[END_REF] 

analyzed the impact of demineralized bone powders (DPBs) to mimic the composition of the bone matrix. Addition of DPBs in a solution of PLLA resulted in reduced fibers when compared to PLLA scaffold alone.

113 

  [START_REF] Shalumon | Modulation of Bone-Specific Tissue Regeneration by Incorporating Bone Morphogenetic Protein and Controlling the Shell Thickness of Silk Fibroin/Chitosan/Nanohydroxyapatite Core-Shell Nanofibrous Membranes[END_REF] encapsulated BMP-2 within the fiber by coaxial electrospinning where the outer layer was made of a combination of silk fibroin, chitosan and hydroxyapatite nanoparticles, and the inner layer containing BMP-2 in a

	phosphate-buffered saline solution. Two sizes of the outer layer were investigated, a thick
	one (167 ± 41nm) and a thin one (101 ± 9nm), keeping the whole fiber diameter constant
	(about 540 nm). In both types of fibers, 80 % of BMP-2 was released during the first 2 weeks
	but more BMP-2 was released at each time point for the thinner layer, which seems logical
	since the diffusive length was decreased. 109

[START_REF] Li | Electrospun Silk-BMP-2 Scaffolds for Bone Tissue Engineering[END_REF] 

directly added BMP-2 into the polymeric solution of silk. The addition of BMP-2 did not affect the size of the different electrospun fibers.

108 

Instead of combining the growth factors with the polymer solution entrapping the factors within the fibers,

  average diameter of 300μm) and nanofibers from electrospinning (diameter range from 400nm to 1.4μm) in the same structure. The objective was to associate mechanical stability from RP process and cell interactions with electrospun fibers. Electrospun fibers

	Hypothesis regarding hybrid natural/synthetic scaffold hMSCs proliferation, differentiation (OCN, ALP, Cbfa1) and mineralization. After 12 weeks of
	implantation in a rat critical-sized skull defect, PLA/DPB scaffolds presented almost complete Zhang et al. (2004) cultured New Zealand White rabbit BMSCs PCL/gelatin scaffolds. After 1 week of culture, cells presented better attachment, proliferation and infiltration through the bone healing and higher bone density compared to PLA scaffolds 113 .
	meshes were made apart and superimposed between 2 layers of RP, resulting in a final scaffold, indicating a 3D cell growth compared to pure PCL scaffolds where cells remained at
	scaffold made by 6 layers of RP and 5 layers of electrospun meshes. While the combination the surface 106 . In a longer study (28 days), Ekaputra et al. (2009) confirmed that PCL/gelatin
	of both techniques resulted in a final scaffold with reduced porosity (68.3%) compared to RP scaffolds presented a higher ability for cell proliferation and osteoinduction, acknowledged scaffolds (79,4%), a fully interconnected porous structure was successfully manufactured. 112 by an over synthesis of protein classically present in bone cells, i.e. COL1, OCN and OPN. Of
	Park et al. (2010) electrospun silk fibroin into a methanol coagulation bath to get a fibrous Instead of overlapping 3D and electrospinning, Yu et al. (2016) produced 3D printed PCL note, mineralization only occurred on combined PCL/gelatin scaffolds 104 . Prabhakaran et al.
	silk network with fibers diameter ranging from 200 to 500nm. The final scaffold thickness scaffolds and electrospun PCL/collagen meshes separately. Electrospinning meshes were (2009) compared the effect of adding collagen to PLLA/HA scaffolds on the activity of hFOB.
	was 1.5mm, much higher than classical ones (about 200 -300 µm). The fibrous scaffold then dispersed into short nanofibers with a high-speed dispersion homogenizer. Once After 20 days of culture, cells proliferation, ALP activity and mineralization were increased
	dispersed, previous 3D printed scaffolds were filled with the nanofibers and the composite on PLLA/collagen/HA scaffolds compared to PLLA/HA scaffolds 74 . In Haslauer et al. study
	material were lyophilized and cross-linked with glutaraldehyde. The resulted scaffold was (2011) hADSCs cultured over coaxial fibers (PCL inside, collagen outside) presented high cell
	made of combined nano electrospun fibers with an average diameter of 764.55 ± 283.29nm spreading and increased calcium deposition after 14 days of culture. 105 It thus confirms that
	and microfibers from 3D printing with a diameter of 0.39 ± 0.02mm, a porosity of 79.32 ± 8.32% and a compressive modulus of 18.55 ± 0.56MPa. 71 the addition of natural polymers could increase the scaffold biocompatibility.
	As last example, Nedjari et al. (2017) proposed honeycomb scaffolds made of PLCL and Effect of scaffold's functionalization
	fibrinogen by electrospinning over a microstructured honeycomb collector. Scaffolds were
	composed of thick (462 ± 117 nm) and thin fibers (195 ± 50 nm). Interestingly, honeycomb Li et al. (2006) investigated the effect of loading silk scaffolds with HA nanoparticles and
	scaffolds presented a structure with cavities with a difference of 10μm between the top and BMP-2 on hBMSCs' response. After 14 days, cells cultivated in the presence of BMP-2 and/or
	the bottom of the honeycomb structure. However, the impact on the mechanical behavior HA showed better differentiation (BSP). When cell culture was prolonged for 31 days,
	of the scaffold was not analyzed. 117 combined scaffolds presented higher mineralization compared to scaffolds without HA. 108
	For Zhang et al. (2008), when HA was loaded into chitosan scaffolds, hFOBs presented higher
	1.4.2. Biological Outcomes proliferation and mineralization after 10 and 15 days of culture. 75 Fang et al. (2010)
	investigated the effect of adding HA on PCL/PLLA scaffolds on MC3T3-E1 activity.
	61 ± The biological outcomes performed by the different scaffolds listed in the previous part are Nanofibrous scaffolds with HA provide better cell spreading, proliferation and
	6.35% with pore sizes ranging from 60-130μm and an ultimate tensile strength of 71.68 ± summarized in Table 2 and analyzed hereafter. From the table, the first view highlights the mineralization. 68 Chen et al. (2017) analyzed the impact of HA on laminated electrospun PHB
	5.61MPa 118 . Chen et al. (2017) proposed laminated electrospun scaffolds of PHB fibers diversity of the cultured cells, outlining again the lack of standardized procedures to scaffolds. After 7 days of culture, rMSCs presented higher early proliferation. After 14 days
	loaded with HA. Each scaffolds was formed by the superimposition of 8 layers. Compared to evaluate biocompatibility and cell-materials interactions. In addition, one should pay cells cultured over PHB/HA presented higher bone activity (ALP activity) and differentiation
	single layer, multilayered scaffolds presented higher ultimate tensile strength (12.43 ± attention on the presence, or not, of differentiation factors in the culture medium, such as … (OCN, ALP) than its homologous without HA. After 2 months into an ectopic bone formation
	In the positive case, it is then difficult cell differentiation to the scaffolds' characteristics. mice model, PHB/HAP composite scaffolds showed more vascularization and bone-like tissue
	formation 116 . When adding demineralized bone powder (DBP) into PLA, Ko et al. (2008)
	demonstrated that after 21 days of culture, both PLA and PLA/DPB scaffolds supported

reached a total porosity of 70%. In the same experiment, authors combined the coagulation bath with salt leaching using sodium chloride particles of different sizes producing three groups of porous scaffolds. They presented a real porosity about 90-93% with pores sizes distribution: <100, 100-200 and >300μm, respectively

67 

. In similar experiments, Yang et al. (2015) produced porous electrospun silk scaffolds with fibers of 1.49 ± 0.30μm diameter. A solution containing silk/HA was then added into each scaffold and freeze-dried. Resulting scaffolds presented pores sizes ranging between 42.30 ± 9.73μm and 301.10 ± 69.34μm depending on silk concentration. Adding HA nanoparticles resulted in an increase of the compressive modulus up to 30.8 ± 0.89 KPa, compared to silk scaffold with the same polymer concentration (14.4 ± 1.09 KPa) 73 . Cai et al. (2012) proposed a three-dimensional macroporous scaffold by folding several times aligned electrospun scaffolds of PCL and PLLA. Once folded, yarns of electrospinning were made by cryostat microtome resulting in aligned yarns with a width of 100-200μm. Yarns were honeycombed at 65ºC (melting temperature of PCL) creating a 3D scaffold were melted PCL combined tightly with PLLA fibers. Final scaffolds presented a porosity of 77.1.21MPa vs. 3.99 ± 0.57MPa) and elastic modulus (798.25 ± 120.07MPa vs. 267.15 ± 64.18MPa) 116 . Canha-Gouveia et al. (2015) combined electrospinning PCL with rapid prototyping (RP) of blended starch and polycaprolactone to produce combined microfibers from RP (

Table 1 .

 1 Material characteristics for tendon tissue engineering.

	Material	Scaffold Preparation	Shape and Structure of the Scaffold	Mechanical Properties of the Scaffold	Ref.
	Collagen	Freeze drying	Sponges L = 11, 23 or 51 mm 94% porosity, pore size = 62 µm	For L = 23 mm spec. EM = 0.02 MPa Maximum Stress = 0.005 MPa Linear Stiffness = 0.05 N/mm	[38,39]
	Collagen/Chondroitin Sulfate		Sponge pore size = 53 µm	Linear Stiffness = 0.025 N/mm	[87]
	Collagen/Chondroitin Sulfate		Isotropic sponge pore size = 87 µm Anisotropic pore sizes = 55, 152, 243 µm	ND	[51,55]
	Collagen	Extrusion	EDC Crosslinked fiber diameter = 215 µm EDC/EDGE Crosslink diameter = 137 µm	Fiber diameter 215 µm ! EM = 19.3 MPa Fiber diameter 137 µm ! EM = 46.2 MPa	[52,53]
	Collagen	ELAC	Collagen thread diameter = 50-100 µm	ND	[33]
	Collagen		Woven collagen scaffold with 81% of porosity	Stiffness = 23.8 N/mm	[34]
	PLGA		Random nanofibers = 568 nm Aligned fibers = 320, 680 and 1800 nm	Random nanofibers ! EM = 107 MPa Aligned fibers ! EM = 341-510 MPa	[105, 106]
		Electrospinning			

PLLA

Aligned nanofiber diameter = 430 nm Random nanofiber diameter = 450 nm Aligned nanofibers ! Stiffness = 3.48 N/mm; EM = 22.76 MPa Random nanofibers ! Stiffness = 0.07 N/mm; EM = 0.63 MPa

Table 2 .

 2 In vitro performances of biohybrid scaffold in tendon tissue engineering (" = increase, # = decreases).

	Cells	Mechanical Stimulation of the Scaffold	Mechanical Properties of Biohybrid Construct	Major Outcomes	Ref.
	BMSCs from NZ Rabbit	2 days of static culture and 2.4% strain once every 5 min for 8 h/day for 12 days	Long construct (51 mm): Non-stimulated: LS = 0.047 N/mm LS = 0.066 N/mm after stimulation.	Longest constructs: highest linear stiffness in vitro. Still very weak	[37,38]
	BMSCs from NZ Rabbit	2 days of static culture and 2.4% strain 8 h/day for 12 days at 100 or 3000 cycles/day	Stimulated constructs 100 cycles LS = 0.080 N/mm; 3000 cycles LS = 0.032 N/mm	100 cycles/day: " linear stiffness 3000 cycles/day: " mRNA levels of Col1 and Col3. ECM not shown	[87]
	Primary horse tenocytes	None	ND	Anisotropic sponges: " cell number, alignment and metabolic activity Smaller pores with high crosslinking density: " differentiation Pores >150 µm: " cell proliferation and activity	[51,55]
	Sheep patellar tendon fibroblasts	None	ND		
					[54]
		2 days static culture + 3 days static			
	C3H10T1/2	(50 mN)/dynamic load (4% strain 0.25 Hz for 30 min)	ND	Static load, larger fibers, non-alignment: " tenogenic differentiation	[45,46]
	Human BMSCs	5 days of static culture. Cyclic uniaxial strain at 5% elongation at 1 Hz 1 h/day for 7 or 21 days	After 21 days on dynamic culture, UTS = 50 MPa; EM = 110 MPa. Under dynamic culture UTS = 20 MPa; EM = 110 MPa	aligned fibers: " cell alignment FN)/unloaded cells Uniaxial cyclic strain: " tendon-related markers (COL1, COL3, TNC,	[34]
	Rabbit tendon cells	Static culture for 1 day. Cyclic uniaxial strain at 4% elongation at 0.5 Hz 2 h/day for 14 days	ND	Dynamic culture: " Tendon related markers (COL1, COL3, decorin, (COL2). Cells aligned in both static or dynamic culture TNC, Biglycan and # of bone (Runx2) or cartilage related markers	[107]

EDC/EDGE crosslinking: better mechanical properties, proliferation but # cell viability EDC cross-linked fibers " ECM production

[52] 

Human MSCs None ND ELAC threads: " cell adhesion, #proliferation, " tendon differentiation compared to random threads

[32] 

Human BMSCs None ND Cells aligned in the 3D structure. Up-regulation of tendon-related markers (TNMD and COL1). New matrix deposition

[33] 

Human Rotator Cuff Fibroblasts None For 600 nm diameter, after 14 days: Aligned Constr: EM = 341 MPa, Random Constructs: EM = 107 MPa Aligned/random scaffolds: No differences in cell proliferation or cell matrix deposition Nanofiber: " cell proliferation and matrix synthesis Microfiber: " tendon-like gene markers [105,106] Human TSPC from foetal Achilles Tendon None ND Aligned scaffolds: " tendon differentiation (aligned cells and expression of COL1, SCX, Eya2) [29] Bovine fibroblasts Short term: 10% of cyclic uniaxial strain at 1 Hz 3 h/day. Long term: 3 h/day at 1 Hz in alternate days for 2/4 weeks After 4 weeks on dynamic culture: Crimped structures EM = 33 MPa Uncrimped structures EM = 17 MPa For non-stimulated culture: uncrimped EM = 8.7 MPa Crimped-like fibers: " collagen accumulation Dynamic culture: " ECM production (collagen and proteoglycans)

Table 2 .

 2 Cont. 

	Cells	Mechanical Stimulation of the Scaffold	Mechanical Properties of Biohybrid Construct	Major Outcomes	Ref.
	Pig BMSCs	None	Failure load = 1. 82 N; Elastic Stiffness = 0.64 N/mm;	knitted structure + electrospun nanofibers: " cell proliferation, collagen production and tendon-related markers	[35]
			Toe Region Stiffness = 0.05 N/mm	(COL1, Decorin, Biglycan)	
	Human BMSCs	None	Tensile Load = 257 M Tensile Stiffness = 50 N/mm	Combined silk scaffolds with cells shows higher proliferation, ECM production (COL1, COL3 and GAGs) than knitted silk scaffolds.	[36]
	Rabbit TSPCs	None	ND	No difference in cells attachment, spreading and proliferation Aligned collagen sponges ! aligned ECM deposit	[97]

Table 3 .

 3 In vivo performances of biohybrid construct in tendon tissue engineering (" = increase).

	Animal Model, Tissue Site and Duration of Implantation	Mechanical Stimulation before Implantation	Mechanical Properties of the Biohybrid Construct Following Implantation	Biological Outcomes	Ref.
					[107]
			Failure force = 139.85 N		
	Rabbit tendon 12 weeks	None	Stress at failure = 4.34 MPa Energy = 0.42 J Stiffness = 26.67 N/mm	Combined knitted and collagen-aligned sponge: " ovoid cells, larger and denser collagen fibers	[97]

Rabbit patellar tendon 12 weeks 2.4% strain every 5 min for 8 h/day for 12 days prior implantation Stimulated repair: LS = 241.6 N/mm; EM = 441.2 MPa. Non-stimulated repair: LS = 88.6 N/mm; EM = 343.2 MPa Stimulated repair constructs: " mechanical properties over time than non-stimulated repair [38] Sheep patellar tendon 3 or 6 months None After 6 months: EDC cross linked: EM = 73 MPa EDC/EDGE cross linked: EM = 68 MPa EDC cross-linked fibers: " mechanical properties, integration, resorption and tissue ingrowth after 6 months [53] -Mice muscle for 1 or 6 weeks -Mice skin for 1 week None None -Cytotoxicity model: aligned cells with more oriented bundles of collagen compared to random scaffolds -Subcutaneous model: " concentration of collagen with aligned morphology in aligned scaffolds [30] -In vivo: Mice back for 2, 4 or 8 weeks -In situ: Rabbit tendon for 4 or 12 weeks In situ: Static or dynamic culture, 4% elongation at 0.5 Hz 2 h/day, 14 days In situ: EM = 426.69 MPa for dynamic group EM = 41.5 MPa for static group -In vivo: Mechanical stimulation: " neo-tendon tissue formation with aligned ECM deposition -In situ: Dynamic culture: " alignment of cells and matrix deposition. Larger collagen fibers on pre-stimulated construct

Table 4 :

 4 PDMS and fibrin [247], PEG and fibrin [204], PLGA and collagen [195], PCL and collagen [265], and PCL and silk fibroin [196].3.4. From Biohybrid Muscle Design to Reconstructed Tissue's Response 3.4.1. Films and Hydrogels Effect of Scaffold Structure and Mechanical Properties on Biological ResponseOf the materials used, collagen[173,174,176,188,199,200,203,213,243], fibrin[175,202,204,246,266], gelatin[182,183,194,267], alginate [177,245], and polymers, such as PLLA [180], PDMS [178,220],

Table 4 .

 4 Materials characteristic for muscle tissue engineering.

	Material	Scaffold Preparation	Shape and Structure of the Scaffold	Mechanical Properties of the Scaffold	Ref.
	Collagen I		Membrane Flexcell	EM = 930 kPa	[174]
	Collagen		Sheet -smooth	ND	[173]
	Collagen I-Matrigel		Layer	ND	[200]
	Fibrin		Layer	ND	[175]
	Collagen I		3D cylinder hydrogel with inner diameters: 0.90 and 0.53 mm	ND	[176]
	Oxidized alginate/gelatin cross-linking	Hydrogel (Layer)	Layer	EM = 1 and 10 kPa	[177]
	PMDS/NCO-sP(EO-stat-PO) hydrogel/fibronectin coating		Fibronectin lines micropattern (30 µm wide parallel lines with 40 µm spacing) coating on hydrogel	EM ~1 MPa	[225]
	PDMS/laminin coating		Micropatterned waves with 3, 6 and 12 µm in periodicity	ND	[178]
	PDMS/fibronectin coating		Fibronectin geometrical cues: linear, 30 , circular micropatterns	EM = 100 and 500 Pa	[220]
	poly-l-lactide/trimethylene carbonate		Micropatterns with groove widths (5, 10, 25, 50, 100 µm) and depths (0.5, 1, 2.5, 5 µm)	ND	[180]
			Hydrogel slabs cross sections:		
	Gelatin methacryloyl		2000 µm ⇥ 2000 µm, 500 µm ⇥ 500 µm 1000 µm ⇥ 1000 µm,	Compressive modulus = 1 to 17 kPa	[182]
	Gelatin methacrylate		Micropatterns with groove-ridges: 100 µm/50 µm; 100 µm/100 µm	ND	[183]
	Mix of matrigel and fibrin	Hydrogel (3D matrix)	3D matrix: 1.5 mm thick-hexagonal holes lengths = 0.6, 1.2, or 1.8 mm ND	[204]
	Mix of collagen and matrigel		3D matrix	ND	[203]
	Fibrin		None	ND	[202]
	ECM proteins		3D matrix	EM = from 200 to 500 kPa; Passive tension = from 860 to 1150 µN	[286]
	Polycarbonate polymer and titanium with gold nanoparticulates		Micropatterns with ridges, grooves, arrays of holes (5-75 µm)	ND	[181]
	L-lactide/e-caprolactone copolymer (70/30)	Hydrogel (3D porous sponge)	Porous sponge = 3 cm diameter, 2-3 mm thickness with an average pore size of about 320 µm	ND	[201]
	Atelocollagen		Porous sponge = pore diameters with a range of 50 to 100 µm	ND	[243]
	Collagen		Porous sponge	ND	[199]

Table 4 .

 4 Cont. 

	Material	Scaffold Preparation	Shape and Structure of the Scaffold	Mechanical Properties of the Scaffold	Ref.
	Polyurethane	Smooth film or random or aligned fibers Aligned fiber size = 600 nm-10 µm	EM = 0.5-1-22 MPa	[184]
	Polyesterurethane (DegraPol ® )	Highly oriented fiber (10 µm diameter) Scaffold thickness = 200 µm	ND	[185]
	PCL	Highly oriented fibers = 438-520 nm range	Non-aligned scaffolds = EM 2.1 MPa	[260]
		1500 rpm: 0.6-0.9 µm range		
	PLGA	oriented with standard deviation: 19.5 300 rpm: 0.4-0.8 µm range	ND	[186]
		random with standard deviation: 74.7		
	ß-PVDF	Fiber diameter = ~200 nm Films with a thickness = ~110 µm	ND	[187]
	Collagen I	Spring-shape		ND	[188]
	Chitosan/PVA	Random structure: diameter = 137 nm, pore size = 1.9 µm 2	Break strain = 83.42%, Peak stress = 6.63 MPa	[205]
				EM = 36 MPA; UTS = 15 MPa;	
		Parallel -oriented with wavy micropatterns:	Elongation to break = 4%	
	PCL	period. = 90um-depth = 14um-fiber diam. = 148 nm random orientation: size fibers = 265 nm	EM = 7 MPa; UTS = 4 MPa; Elongation to break = 161%	[189]
		aligned fibers: size fibers = 354 nm	EM =17 mMPa; UTS = 14 MPa;	
		Electrospinning		Elongation to break = 64%	
	PCL blends with PLGA or decorin	Aligned fiber diameters from 0.4-0.7 µm to 0.7-2.7 µm, for 15% w/v and 20% w/v of polymer solution	ND	[190]
				Tensile strain-Elongation at	
		Random 3D interconnected pores or oriented fibers	break-EM-conductivity:	
		Fiber diameters:		PLCL/PANi (100/0): 18.2 MPa-248%-4.74 MPa	
	PCL/PANi: (100/0); (85/15); (70/30)	PLCL/PANi (100/0) = 516 nm	PLCL/PANi (85/15):	[191]
		PLCL/PANi (85/15) = 499 nm PLCL/PANi (70/30) = 466 nm	16.7 MPa-176%-6.8 MPa-0.160 ± 0.046 S/cm PLCL/PANi (70/30):	
				14.1 MPa-160%-6.41 MPa-0.296 S/cm	
	Polyurethane/carbon nanotubes	Thickness = 36-64 µm range; Fiber diameter = 441-1533 nm range; Pore area = 2.5-12.3 µm 2	EM = 6.1-41.0 MPa range Elongation at break = 115-300% range Tensile strength = 9.95-45.02 MPa range;	[192]
	Gelatin crosslinked by GTA, +/ 0.5 or 5 mg/mL MWNTs	Fiber diameter from 18 kV = 250 to 900 nm and from 15 kV = 300 to 600 nm	EM (20% gelatin 5 mg/mL MWNTs) = 1170 kPa EM (20% Gelatin) = 509 ± 37 kPa EM (20% gelatin 0.5 mg/mL MWNTs) =1170 kPa	[194]
	PLGA/collagen with graphene oxide nanoparticules	Randomly oriented average diameter = 440 nm	Hydrophilicity angle contact = 85 ; Tensile strenghs = 16.8 MPa; E = 460 MPa Surface energy = 32.35 mN/m;	[195]

Table 4 .

 4 Cont. 

	Material	Scaffold Preparation	Shape and Structure of the Scaffold	Mechanical Properties of the Scaffold	Ref.
		Fiber diameters = from 296 to 334 nm Fiber orientation:	Tensile strength-Elongation at break EM: Random parallel: 4.01 MPa-53%-4.33 MPa	
	PCL/collagen sputter-coated with gold nanoparticules	----	Random parallel Aligned perpendicular Aligned parallel Random perpendicular	Random perpendicular: 3.06 MPa-91.67%-42.93 MPa Aligned perpendicular: Aligned parallel: 4.88 MPa-42.33%-4.43 MPa 3.86 MPa-53%-4.07 MPa	[265]
	Fibers:PCL/silk fibroin/polyaniline Hydrogel: PEG	Aligned fiber diameters within hydrogel = 600 to 900 nm Yarn diameters within hydrogel = 50, 100, 165 µm	Tensile stress = 1.49 to 4.02 cN by yarn diameter: Strain of yarns with diameters from 76% to 107%, 25 to 165 µm	[196]
	PCL/multiwalled carbon nanotubes (MWCNT) Hydrogel: PAA/PVA	Fiber diameter averages: PCL: 1.032 µm PCL-MWCNT-Hydrogel:1.861 µm PCL-MWCNT: 1.704 µm	Electrical conductivity PCL: 0.026 S/cm PCL-MWCNT-Hydrogel: 0.039.011 S/cm PCL-MWCNT:0.043 S/cm	[296]
	PCL Hydrogel: PEG	Random, parallel, perpendicular fibers versus hydrogel pattern; Hydrogel pattern: 100 and 200 µm width	ND	[197]

Table 5 .

 5 In vitro performances of biohybrid construct in muscle tissue engineering (" = increase, #= decrease).

	Cells	Mechanical and/or Electrical Stimulation	Biological Outcomes	Ref.
	C2C12	Mechanical: uniaxial cyclic tensile strain (CTS)-semi-sinusoidal tensile stretching pulses with a duration of 1 s. Peak amplitude 15%	Cell alignment perpendicular to the direction of strain " myotube/myoblast ratio and % of myosin-positive myotubes	[174]
	C2C12	Mechanical: 24 h of static culture Electrical: period 1 s, duration 0.1 s for 72 h, amplitude: 0.1 V to 12 V	Pulses lower than 8 V: " cell adherence and proliferation Cell repetitive contraction at 8 days Pulses of 0.1 V: " cell differentiation	[173]
			" sarcomere assembly and expression of late muscle maturation markers	
	MPCs/C2C12	Electrical: 4 V/cm, 6 ms pulses, frequency 2 Hz for 48 h	Faster maturation of myotubes in 3D model system than in 2D	[200]
			MPCs more mature than C2C12 and more susceptible to the	
			electrical stimulation	
	MPCs/C2C12	Mechanical: 2 days uniaxial ramp stretch of 0-2% followed by an uniaxial intermittent stretch regime of 2-6% (3 h on, 3 h off)	# maturation into functional muscle fibers	[175]
	C2C12	Mechanical: Cyclic stretching of 60 Hz 5% amplitude for 4 days	" degree of cell orientation and differentiation. Formation of a necrotic core in larger diameter rode	[176]
	MSCs	-	Coverage of the total surface hydrogels OA/GEL (30/70) after 14 day culture	[177]
	C2C12	Mechanical: orientation relative to the cyclic strain direction: 0 -45 -90 , amplitude 7% at 0.5 Hz for 4 days	Alignment of the actin stress fibers relative to the strain direction constraints of 30 µm width Significant effect on stress fiber orientation under geometric	[225]
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	Cells	Mechanical and/or Electrical Stimulation	Biological Outcomes	Ref.
	C2C12	-	Wave periodicity (6 µm) of scaffold: " alignment of moyblasts and myotubes	[178]
	C2C12	Electrical: 20 V, 50 ms pulse, 1 Hz	30 hybrid structure: " differentiation into myotubes with the highest fusion index	[220]
	C2C12	-	" cell differentiation and maturation with 25 µm grooves width and 0.5-1 µm depth after 7 days of culture	[180]
	C2C12	-	GelMA 3 and 4%: " myogenesis " cell parallel orientation Hydrogel structures (500 µm ⇥ 500 µm) and (1000 µm ⇥ 1000 µm)	[182]
	C2C12	Electrical: 48 h of stimulation at 22 mA,1 Hz, and 2 ms	Surface topography with ridge width 50 µm: " myotube orientation compared to width of 100 µm	[183]
			Electrical stimulation " myoblast alignment and myotube diameter	
	Neonatal rat skeletal myoblasts -	Elongated pores: " cell alignment maturation into myotubes Tissue networks: " fraction of myogenin-positive nuclei, and cell	[204]
	Primary human skeletal cells	Mechanical: 3 sets (5% strain for 2 days,10% strain for 2 days and 15% strain for 4 days) of 5 stretch/relaxation cycles, each separated by 30 s of rest, with 28 min of rest after the third set	Repetitive stretch/relaxation cycles: " myofiber diameter, area percentage and aligned multinucleated myofibers	[203]
	Primary rat myoblast	Electrical: biphasic stimulation 6.8 mA; 4 ms. Electric bursts lasted for 250 ms, delivered at intervals every 4 s	# expression of the MRFs, MyoD and myogenin and AChR-"	[202]
	C2C12	Electrical: bipolar pulses: 20 V, amplitude (21.6-V cm 1 field strength) and 50 ms pulse	IGF-1: " rate of fusion, maturation and myotube density Electrical stimulation triggered contraction	[286]
	C2C12/primary myoblast	-	Microscale topography: modulates myoblast alignment	[181]
	Human myoblast	-	" desmin and MyoD expression and myotube formation	[201]
	MPCs	Electrical: Pulses 70 mV/cm for 3 ms, frequency 33.3 mHz	" expression of MyoD and desmin compare to non-stimulated control and " total amount and release rate of NO X	[199]
	C2C12	Electrical: 20 V, 1 Hz, for 1 h with 5 h of rest Synchronized electromechanical: pre-stretching mechanical protocol: 5% cyclic strain at 1 Hz, followed by electrical stimulation	" degree of myotube striation when applied during post differentiation period compared to prior one striation compared to unstimulated control Synchronized elecromechanical stimulation " degree of myotube	[184]
		Mechanical: 5 days of static culture (24 h of stretching at 0.02 mm/h,		
	C2C12	up to 960 µm displacement) followed by stretching pattern (frequency 0.5 Hz, amplitude 1 mm, 30 sec rest, followed by 28 min rest)	Cyclic stretching pattern stimulation: " myosin accumulation	[185]
	C2C12	-	Parallel electrospun fibers " myoblast alignment, myosin expression and sarcomeric protein organization	[186]
	C2C12	-	Negative poled ß-PVDF " cell adhesion and proliferation. Oriented ß-PVDF fibers " cell alignment	[187]
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	Cells	Mechanical and/or Electrical Stimulation	Biological Outcomes	Ref.
			Stained MHC-positive cells at day 7, multi-nucleated with parallel	
	C2C12	-	orientation along the microfiber at day 10 Myoblasts showed typical sarcomeric cross-striations	[188]
			The entire tissue continuously pulsated by autonomous contraction	
	Rabbit MSCs	-	Hybrid (chitosan/PVA) composition: " myogenesis	[205]
	C2C12	-	Periodic grooves: " myotube formation and orientation	[189]
	C2C12	-	Aligned PCL/PLGA 50% fibers: " cell growth and differentiation versus to randomly oriented fibers # myotube alignment Decorin addition: " cell fusion, myotube length but	[190]
	C2C12	-	PLCL/PANi (85/15) and (70/30): " myotube length and width and " expression of myogenin, troponin T and MHC genes	[191]
	C2C12	Electrical: 10 µA at 10 Hz, 6 h/day, 21 days	Modulation of myotube maturation depend on the conductivity of the scaffolds	[192]
	C2C12	Electrical: 5 V, 1 Hz, 1 ms for 2 days	" speed and the rate of myotube formation and length " myogenin and FAK gene expression contractibility of myotubes Increasing carbon nanotube concentration " maturation and	[194]
	C2C12	-	GO-PLGA-Col hybrid scaffold composition " cell attachment and proliferation, myogenic differentiation, myoblast fusion and	[195]
			myotube maturation	
	C2C12	-	Hybrid scaffold/hydrogel: " formation of 3D aligned and elongated myotube yarns embedded in hydrogels " Cell adherence, alignment and elongation with 50 and 100 µm	[196]
	C2C12	-	PCL-carbon nanotubes-hydrogel: " multinucleated cellular formation	[296]
	C2C12	-	Aligned nonofibers: " cells elongation compared to random and perpendicular nanofibers expression and myogenesis 100 µm pattern sizes on parallel fibrous scaffolds " MHC	[197]
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	Structure	Concentration	Solvent	Flow Rate	Voltage	Speed	Distance	Time
				(ml/h)	(kV)	(rpm)	(cm)	(h)
	Random	10%	DCM/DMF	1.14	15	1000	15	3.5
	Random	12.50%	DCM/DMF	1.2	15	1000	15	3.5
	Random	15%	DCM/DMF	1.2	15	1000	15	3.5
	Aligned	10%	DCM/DMF	1.2	25	2000	15	2
	Honeycomb	15%	DCM/DMF	2	25	100	15	0.13

Table 4 . Parameters for the realization of the different PCL scaffolds.

 4 While 10, 12.5 and 15% electrospun scaffold resulted from a continuous process without additives, honeycomb scaffolds arose from successive layers of PCL electrospinning and HA electrospraying. The process to obtain these materials is summarized in Table5.

	Layer	Technique	Solution	Time	Voltage	Distance	Needle diameter	Flow rate
	1st	Electrospinning	A	8min	25kV	15cm	18G	2,0ml/h
	2nd	Electrospraying	B	10min	25,5kV	15,5cm	18G	0,6ml/h
	3d	Electrospinning	A	8min	25kV	15cm	18G	2,0ml/h
	4th	Electrospraying	B	10min	25,5kV	15,5cm	18G	0,6ml/h
	5th	Electrospinning	A	8min	25kV	15cm	18G	2,0ml/h
	6th	Electrospraying	B	10min	25,5kV	15,5cm	18G	0,6ml/h
	7th	Electrospinning	A	8min	25kV	15cm	18G	2,0ml/h
	8th	Electrospraying	B	10min	25,5kV	15,5cm	18G	0,6ml/h
	9th	Electrospinning	A	8min	25kV	15cm	18G	2,0ml/h
	10th	Electrospraying	B	10min	25,5kV	15,5cm	18G	0,6ml/h
	11th	Electrospinning	A	8min	25kV	15cm	18G	2,0ml/h
	12th	Electrospraying	B	10min	25,5kV	15,5cm	18G	0,6ml/h
	13th	Electrospinning	A	8min	25kV	15cm	18G	2,0ml/h

Table 5 . Electrospinning and electrospraying parameters step by step. Solution A: PCL at 15-wt % W/V in DCM/DMF 60/40%; Solution B: HA at 10% W/V in Ethanol.
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Table 9 . List of primers used for RT-qPCR.
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	Both elastic moduli were similar, with 8.05 ± 0.82 MPa for the dry scaffolds and 7.93 ± 2.66
	MPa for the wet ones (Fig 3B).

Table 1 . Initial scaffold length, width and thickness of the cell-constructs for Bose Biodynamic 5100 and T6 CellScale

 1 

	Annexes

. * Represents values for scaffolds destined for the T6 CellScale bioreactor.
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After 5 days of culture on scaffolds, cell-constructs were washed with PBS 7.4 and viability was estimated with a Live/Dead kit (Invitrogen, Waltham, MA, USA). Cells were stained with a solution containing calcein-AM (1 mM) and ethidium homodimer-1 (EthD-1, 1 mM) to stain viable and dead cells, respectively. Then the stained samples were observed using fluorescence microscopy (Leica Microsystem, Wetzlar, Germany).

Fluorochrome Excitation wavelength Emission wavelength Color

Calcein AM 488 nm 491-573 nm Green

Ethidium homodimer-1 561 nm 581-735 nm Red Table 6. Fluorescent stains used for cell viability analysis.

Cell Morphology

Once the cell culture phase was achirved, cell-constructs were washed three times in PBS 

Fluorochrome Excitation wavelength Emission wavelength Color

Hoechst 33342 346 nm 460 nm Bleu Rhodamine-phalloidin 540 nm 565 nm Red Table 7. Fluorescent stains used for cell morphology analysis.

For immunofluorescence staining, each sample was permeabilized 10 min in a solution of PBS-Triton X-100 0.5% (v/v) (VWR, United Kingdom), rinsed three times with PBS 7.4 and incubated in a solution containing mouse primary antibodies anti-rat collagen type I (COL1, 1:100, Abcam, United Kingdom) or anti-rat tenomodulin (TNMD, 1:200, Abcam, United Kingdom) in a solution of BSA 0.1% overnight at 4ºC, then washed three times with PBS 7.4

and incubated for 1h at room temperature with secondary fluorescent antibodies donkey anti-mouse 488 (Invitrogen, USA). After washing three times with PBS 7.4, samples are counterstained with a solution containing 0.5 μg/ml Hoechst 33342 (Sigma-Aldrich, USA) in PBS for cell nuclei staining.

Fluorochrome Excitation wavelength Emission wavelength Color

Donkey anti-mouse 488 495 519 Green

Hoechst 33342 346 460 Bleu Table 8. Fluorescent antibodies used for cell morphology analysis.

Hydroxyproline Quantification

After each time point, cell-constructs were removed from cell culture media and placed into separated RNase-free 1.5ml eppendorfs (Microfuge Tubes 1.5ml, Thermo Fisher Scientific, USA). Then samples were lysed by the action of 1ml of Trizol (TRI Reagent®, Sigma-Aldrich, USA) for 5 min at room temperature. Upon addiction of 0.2 mL of chloroform (Sigma-Aldrich, USA), samples were allowed to stand for 15 min. By centrifuging the resulting mixture at 12,000 g for 15 min at 4ºC, proteins are separated in a lower red organic phase. To precipitate the proteins from the lower-phase, 0.3 mL of 100% ethanol (Sigma-Aldrich, USA) was added. The mixture was then mixed by inversion and allowed to stand for 2-3 minutes at room temperature. Upon a centrifugation at 2,000 × g for 5 minutes at 4 °C, soluble proteins were found in the supernatant. Then proteins were precipitated with 1.5ml of 2propanol (Isopropanol, Sigma-Aldrich, USA) and centrifuged at 12,000 g for 10 min at 4ºC.

After precipitation, proteins were washed three times in a 2ml solution of 0.3M-guanidine hydrochloride (Sigma-Adrich, USA) in 95% ethanol. After washing, proteins were resuspended in a solution of ethanol 100%, dryed at 65ºC for 10 min and hydrolysed with a solution of 6N HCl at 120ºC for 3h. Once lysate, 50 μL of the hydrolyzed proteins were

In the same manner, by obtaining E* we could calculate E' and E'': 
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Chapter IV: Towards the Development of a Tendon Tissue-Engineered

Construct

In this chapter, we plan to evaluate the potential of electrospun PCL scaffolds to guide C3H10T1/2 differentiation towards tendon lineage. PCL was chosen because it will ensure continuity in the future process (for the bone-tendon reconstruction), and also based on the previous data generated by our group. We orientated the cell choice to this progenitor cell line (kind gift of Dr. Delphine Duprez, IPBS) because they have also the capacity to derive to tendon lineage. 72 To remember, this cell line successfully differentiated towards bone lineage using honeycomb PCL-HA scaffolds (see chapter 3). We thus hypothesized that the same progenitor cells can follow different fates according to their environment. As the final goal of our project is the establishment of a reconstructed bone-tendon continuum in the same culture, the use of differentiation factors to guide cells to either bone or tendon lineage is not acceptable. Following the preliminary data for our group (Baudequin et al., 2017) and results found in the literature, we plan to investigate several hypothesis and conditions that could promote cell differentiation towards tenocyte's phenotype:

(I) size of the fibers: T. Baudequin suggested a link between fiber diameter and C3H10T1/2 differentiation (II) alignment of the fibers: according to the literature, cells differentiation into tenocytes can be guided by fiber alignment 134-137 (III) mechanical stimulation: static stretching or uniaxial cyclic strain appeared to promote expression of some tendon-related markers 137-139 Of note, some of these results are still controversy. Therefore, it seemed important to us to set up our own experiments and analysis, first with C3H10T1/2 cells.

In this part, we benefitted from the collaborations of Dr D. showing the highest number of cells. This difference is significant (p<0.001). After 3 days of culture, the number of cells was similar for each scaffold (near 4.0x10 5 cells/scaffold).

Indeed, C3H10 are known to rapidly expand. As the cells' seeding density was high, this stable state was rapidly achieved. To better understand the impact of fibers diameter on cell behavior, the preferential differentiation outcomes of C3H10T1/2 cells cultured in each scaffold is evaluated through the expression of genes of interest by means of RT-qPCR at the end of 5 days of culture.

Bone differentiation was analyzed with Dlx5 (transcription factor involved in the activation of bone specific markers 140,141 ), RunX2 (early bone specific transcription factor 142,143 ) and Bglap (late marker involved in bone mineralization 144,145 ) while Scx (bHLH transcription factor involved in early events of tendon differentiation 146,147 ), Tnmd (a late tendon-specific marker 148,149 ) and Aqp1 (Involved in tendon development 150 ) were used for tendon differentiation. Col1, a non-specific marker can be expressed in both tendon and bone. The relative expression levels are shown in Figure 12.

Impact of Mechanical Load on Scaffold Mechanical Response

Besides the cellular behaviour, it is interesting to follow the mechanical evolution of the biohybrid construct (i.e scaffold + cells) during the whole duration of the stimulation test.

Compared to a control without cells, wa aimed at determining the potential mechanical impact of the presence of cells on the scaffold.

As explained earlier, for each sinus of an imposed strain (1%), a resulting force was collected thanks to a force transducer. Every second, the software imposed to record at least 20 Once the "native" sample was secured between the grips and maintained at 0.5% strain prior to the first stretching, the force exerted on the sensor increased without any additional load. Then the recorded force started to decrease until it reached equilibrium (Fig 22). We hypothesized that these changes were the results of water up-take and creep of the For both conditions (with or without cells), the displayed graphs were quite similar. It is worth to mention that for both conditions, the stress vs. time curves always appeared slightly lower for the last sinus when compared to the first sinus. This indicated that less force was needed to deform the scaffold when repeated stimulations are applied for a time.

Of note, the range (22N) of the force transducer available for these experiments was not really adapted for these small deformations, although the results were quite repeatable.

Plotting on the same graph the stress and strain curves vs time allows the estimation of the phase lag ( ) between the curves. This could provide us in the future some information on the viscoelastic nature of the scaffolds. On The results are therefore not suitable to proof statistical evidence. Nevertheless, at this low range of strain tested, the presence of these cells did not seem to have any impact on the phase lag. Moreover, remaining constant over time (5 days) for each condition, it indicated the mechanical stability of the scaffolds for this time period.