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Teaching activities

• BL01: Biological sciences for engineers. Histology and Cadmium toxicity in vitro:

Analysis of histology sections by microscopy and MTT test on cell culture (270h of Lab's practice).

• BL20: Cell Physiology and Metabolism. The program identifies key issues in structural organization of the cell's membranes and the implications in terms of intra and extracellular exchanges (8h of supervised work).

• BT03: Tissue engineering and Immunotechnology. Overview of techniques for the study of animal tissues and the manipulation of human tissues for experimental and biomedical purposes (4h of Lecture).

Supervising Activities

• 2020 (6 months): Co-supervision of a final internship. Development of a core shell hydrogel through microfluidic device for C2C12 and BMSC co-culture.

• 2019 (3 months): Co-supervision of a student project. Differentiation of mesenchymal stem cells for tendon tissue engineering.

• 2019 (1 month): Co-supervision of a student project (3 students). Assessment of culture media for stem cells and C2C12 cells line for direct co culture. 

General Introduction

Tissue engineering holds the promise to improve the quality of human life. It either I)

favors in situ tissue regeneration, II) builds functional tissue substitutes that could be implanted to replace injured/pathological ones, III) proposes innovative and relevant in vitro models to study physiology, physiopathology or even development of a given tissue.

The goal is the comprehensive monitoring of the development and repairing processes, as well as improvement of all human biologic systems. Moreover, tissue engineering is of interest to evaluate in vitro the effect of molecules on growing or repairing processes of a given tissue or continuum of tissues. Tissue engineering is complex and requires an in-depth understanding of all components of both in vivo and in vitro environments. This emerging science gathers interdisciplinary skills at different scales including engineering sciences such as biomechanics, materials science, instrumentation, biology, physics and chemistry, clinical sciences, among others. In almost all cases, tissue engineering is about integrating cells into scaffolds where they can adhere, proliferate or differentiate to ultimately acquire functions and properties of the native tissue. In addition, the use of bioreactor may be requested to perform 3D culture and mimic the cells' in vivo niche and environment, while ensuring a better control of cell culture condition and possibly induce cell response to mechanical stimuli. The previous achievements in the Research group Cells, Biomaterials, Bioreactors (CBB) , as well as the physiological knowledge on the musculo-skeletal system in the research group C2MUST, both in the laboratory of Biomechanics & Bioengineering (BMBI -UMR CNRS 7338) at UTC, consist of designing and validating "challenge" in 2015: to target a biohybrid reconstruction of the muscletendon-bone continuum. This challenge is named "Interfaces" and was funded by Labex MS2T (Maitrise de Systèmes de Systèmes Technologiques).

The overall methodology consists to design and validate a bioartificial system representing the continuum muscle-tendon-bone (Figure 1), itself composed of biohybrid systems at different scales to understand and predict the mechanical and biological behavior of the muscle-tendon-bone continuum. This reconstruction is a complex bioinspired system of systems in which the different systems are continuously changing and interacting. The goal was then to monitor these interactions through multi-scale structure modification of the scaffold and electrical/mechanical stimulation to promote cells differentiation into the desired type of tissue (bone, tendon or muscle) and to tailor the mechanical properties of the whole system (biomaterial and cell types).

To achieve the reconstruction of the continuum bone-tendon-muscle by using smart tissue engineering approaches, major challenges need to be tackled on: • the understanding of the native tissue architecture and composition at different scales,

• the design of electrospun materials mimicking the structure,

• the use of relevant cell types,

• the culture of the biohybrid constructs under dynamic conditions in bioreactors to exploit mechanical stimulation (as in a body), and/or well as electrical stimulation for enhanced tissue maturation.

Among the techniques to manufacture bio scaffolds, electrospinning has been chosen due to its versatility. Indeed, the electrospun mat can be composed of fibers aligned or randomly organized, of different sizes and compositions, and even shaped in 3D with specific collectors. We postulate that the surface properties (nano-/micro-topography, protein coating, functionalization) and physical cues guide cell adhesion, proliferation and most importantly differentiation into bone, tendon or muscle lineage.

The overall plan was to work first on the definition of optimal condition for each of these tissues, and then to assemble and investigate the osteo-tendinous junction on one hand, and the myotendinous junction on the other hand. In this 5-year project, two

PhDs and two post-doctoral fellows have joined their efforts to progress towards the final goal. In the framework of this PhD, the goal is first to achieve the differentiation of myocytes into functional myotubes, and then to focus on the musculo-tendinous junction, integrating gradually the work performed in parallel by the other stakeholders.

This Ph.D. thesis is divided in five chapters. The introduction is composed of two chapters. I propose the state of the art of our bioinspired vision for the reconstruction of the tendon/muscle continuum. I therefore start from the knowledge of biological tissues, considering both adult and embryonic stages (chapter 1). Current tissue engineering strategies are then analyzed (chapter 2). This chapter is adapted from a review article (Beldjilali-Labro et al., 2018a) entitled "Biomaterials in Tendon and Skeletal Muscle Tissue

Engineering: Current Trends and Challenges". The first results are presented in chapter 3 through a scientific article entitled " Multiscale-engineered muscle constructs: PEG hydrogel micro-patterning on electrospun PCL mat functionalized with gold nanoparticles".

This work deals with the choice of electrospun based scaffolds to guide cell differentiation.

It particularly focusses with the interaction between C2C12 cells culture on PCL based scaffolds with different surface topography. The next chapter (chapter 4) is also presented through a scientific article. It is entitled "Effect of mechanical or electrical stimulation applied to multiscale cell-seeded electrospun construct for skeletal muscle tissue engineering". This work deals with the effect of physical stimulation on cell differentiation within the chosen scaffolds and is presented as a scientific paper.

In both chapters 3 and 4, qualitative and quantitative analyses are performed, RT PCR analysis has been performed in collaboration with the team of Pr Claire Stewart at Liverpool John Moores University (UK). The last chapter (chapter 5) proposes preliminary evaluation of several approaches to reconstruct the musculo-tendinous junction and will guide the future works as exposed in Conclusion and Perspective.

Chapter 1

Research Context

Musculo-tendinous system refers to the intimate interface between muscular and tendinous tissues and their interaction at the myotendinous junction (MTJ). MTJ appears early during the development and is characterized by the entanglement of muscular and tendinous fibers. MTJs are strong tissues that support movement by transmitting mechanical forces exerted by the muscle to the bones through the tendon. However, MTJ can brake due to overload or genetic condition. To study traumatic injuries or MTJ diseases, few tissues engineered approaches are currently in progress either for understanding cellular mechanism underlying MTJ weaknesses or building reconstruction models.

In this chapter, the purpose is to give an overview of the musculo-tendinous system, to understand the functions and structure at different scale for each of its components (muscle, tendon, myotendinous junction). Elements regarding biology development are provided to understand these steps in view of reaching mature engineered tissues in the framework of this PhD. Then, I analyze the state of the art in the tissue engineering approaches for the reconstruction of these components.

Myotendinous System

Muscle

Skeletal muscle is the most dynamic and abundant tissue in the human body, representing approximately 40% of its mass [START_REF] Janssen | Skeletal muscle mass and distribution in 468 men and women aged 18-88 yr[END_REF] and 50-75% of its protein content.

From a mechanical point of view, the main functions of skeletal muscle are to convert chemical energy into mechanical energy applied to bone via the tendinous tissue, maintain posture and support soft tissue. This soft and elastic tissue presents Young moduli around 11.10±4.10 kPa depending of the muscle, age or stretching impose [START_REF] Lima | Assessment of the mechanical properties of the muscle-tendon unit by supersonic shear wave imaging elastography: a review[END_REF]. It also plays a role in general metabolism with various functions, including locomotion, breathing, protecting internal organs, and coordinating global energy expenditure through the storage of substrates such as amino acids and carbohydrates [START_REF] Trovato | Morphological and Functional Aspects of Human Skeletal Muscle[END_REF].

Skeletal muscles' activation is performed under voluntary or reflex control of the central nervous system and peripheral nerves, in contrast to smooth and cardiac muscles, which are subject to involuntary control by the vegetative nervous system (Figure 1.1). Moreover, skeletal muscle is a very physiologically active tissue, but present a low turnover. Indeed, [START_REF] Collins | Self-Renewal of the Adult Skeletal Muscle Satellite Cell[END_REF], have demonstrated through retrospective birth dating of DNA of 14C content, that skeletal muscle nuclei from 37-and 38-year-old individuals have a renewal of average of 15 years. Nevertheless, skeletal muscle maintains a remarkable capacity to regenerate itself following injury. This capacity for regeneration is made possible through the activation of resident multipotent cells, the satellite cells [START_REF] Heinemeier | Lack of tissue renewal in human adult Achilles tendon is revealed by nuclear bomb 14C[END_REF][START_REF] Relaix | Satellite cells are essential for skeletal muscle regeneration: the cell on the edge returns centre stage[END_REF]. They are a quiescent population of resident muscle progenitor stem cells, which, in response to injury, are activated and through asymmetric divisions and migrate to the defect site. They expand and undergo myogenic differentiation or self-renewing of the satellite cell pool [START_REF] Kuang | Niche Regulation of Muscle Satellite Cell Self-Renewal and Differentiation[END_REF][START_REF] Kuang | Asymmetric Self-Renewal and Commitment of Satellite Stem Cells in Muscle[END_REF](Figure 1.2).

Moreover, [START_REF] Rantanen | Satellite cell proliferation and the expression of myogenin and desmin in regenerating skeletal muscle: evidence for two different populations of satellite cells[END_REF] showed that though proliferation does not begin until about 24 hours after injury, some muscle progenitor cells (MPC) upregulate expression of the differentiation marker myogenin within 8 hours.

From macroscopic organization to ultrastructure

The macroscopic architecture of skeletal muscle is characterized by a highly ordered arrangement of muscle fibers known as myofibers associated with connective tissue [START_REF] Frontera | Skeletal muscle: a brief review of structure and function[END_REF] (Figure 1.3).

Myofibers are highly elongated cells with a very elastic, with a Young's modulus of 4.2 ± 1.1 kPa for a single fiber and surrounded by a resistant plasma membrane called the sarcolemma [START_REF] Puttini | Gene-mediated restoration of normal myofiber elasticity in dystrophic muscles[END_REF]. The differentiation of skeletal muscle cells is stimulated by a contact-dependent process. Myofibers are thus formed when undifferentiated muscle cells i.e. 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 and have approximately a range from 20 to 100 µm in diameter [START_REF] Roman | Nuclear positioning in skeletal muscle[END_REF]. They are arranged in parallel, with lengths from a couple of cm to several tens of cm in humans [START_REF] Huard | Muscle injuries and repair: current trends in research[END_REF].

Myofibers are wrapped by a fibrous extracellular matrix (ECM), composed of types I and III collagen and proteoglycans, mostly from the family of small leucine-rich proteoglycans (SLRPs). This so-called endomysium bundles the myofibers into fascicles. A layer of matrix, the perimysium, in turn surrounds these fascicles providing pathways for blood vessels and nerves. Finally, a third and dense connective tissue, the epimysium, delimits the different muscles, facilitates their sliding along each other, and supports the structural and functional continuity of the muscle-tendon junction.

At the ultrastructural level, the major components of myofibers are the myofibrils.

Myofibrils are divided into contractile units, or sarcomeres, that are delimited by Z lines.

Hundreds of sarcomeres in series give the typical striated appearance of the muscle fiber.

The main components of the sarcomeres are thick myosin and thin actin myofilaments, which represent approximatively 70% of the total protein content of a single fiber (Figure 1.4). They are responsible for muscle contraction [START_REF] Greising | Systems biology of skeletal muscle: fiber type as an organizing principle[END_REF]. Thin myofilaments consist mainly of F-actin and other associated proteins (troponin, tropomyosin) and are anchored in the Z line, which is rich in α-actin. Other proteins are also found in the Z line, such as desmin, which helps maintaining the structural and mechanical integrity of the cell, connecting the sarcomere to the sarcolemma and other subcellular structures. Each thick myofilament is formed by several myosin molecules, each of which consists of two heavy chains in turn associated with two light chains. The myosin filaments are anchored in the center of the sarcomere at the M line. The central zone of the sarcomere (the A band), where the myosin is situated, is darker (electron-dense) in transmission electron microscopy. By contrast, the area which contains only actin (the I band), presents a clearer appearance. The H band is the area at the center of the A band where there is only myosin.

In the rest of the A band the actin and myosin filaments are intertwined. In this zone, the movement of the myosin heads slides actin filaments towards the center of the sarcomere, thereby shortening the sarcomere and the muscle fiber to generate force. same muscle may vary over time, changing from slow to fast, depending on the degree of exercise. It appears that hybrid fibers may play a central role in many fiber-type transitions [START_REF] Bottinelli | Human skeletal muscle fibres: molecular and functional diversity[END_REF][START_REF] Medler | Mixing it up: the biological significance of hybrid skeletal muscle fibers[END_REF].

In vertebrae, the skeletal system composed of the bone, cartilage, tendon, ligament and muscle derives from the mesoderm. The latter is divided into three sections: the paraxial, intermediate, and lateral mesoderm. Studies on development reveal that, excluding the craniofacial area, all components of the musculoskeletal system originate from the lateral plate mesoderm somite's [START_REF] Brennan | Myogenin resides in the nucleus and acquires high affinity for a conserved enhancer element on heterodimerization[END_REF][START_REF] Chal | Making muscle: skeletal myogenesis in vivo and in vitro[END_REF][START_REF] Bentzinger | Building muscle: molecular regulation of myogenesis[END_REF]. Once formed, under the inductive effect of neighboring tissues, the somites are rapidly subdivided into different compartments including the sclerotomes (bones) and the dermatomyotomes that subsequently give rise to various cell lineages. Myotome later forms muscles, whereas syndetome is the origin of tendons (Figure 1.6).

Myogenesis is characterized by successive and overlapping period of precursor cell proliferation, followed by the expression of muscle-specific genes, and finally, fusion of the differentiating myoblasts into mature myotubes [START_REF] Zuk | 40 -Stem Cells from Adipose Tissue[END_REF]) (Figure 1.6B).

In vertebrates, muscle formation is regulated by four basic helix-loop-helix (bHLH) transcription factors called Myogenic Regulatory Factors (MRFs); Myf5, Mrf4(Myf6), MyoD and Myogenin) [START_REF] Sher | Chapter 2.5 -Development and Disease of Mouse Muscular and Skeletal Systems[END_REF]. More precisely, at the molecular level, proteins

Wnt and Sonic Hedgehog (Shh) are the main regulators of myogenesis [START_REF] Bentzinger | Building muscle: molecular regulation of myogenesis[END_REF]. Wnt and Shh are involved in lineage specification of muscle progenitors in the somite and the subsequent formation of dermomyotome and myotome by playing a critical role in upregulation of myogenic specific marker genes. The expression of Wnt proteins induces the expression of both Pax3 and Pax7, the first molecular markers of myogenic precursors in the dermomyotome while it inhibits the expression of sclerotome marker Pax1 [START_REF] Capdevila | Control of dorsoventral somite patterning by Wnt-1 and beta-catenin[END_REF]. Wnt and Shh signaling also promotes the expression of myotome-specific markers including MyoD, Myf5, and myosin heavy chain. The expression of Pax3 gradually declines with the initiation of myogenesis, whereas the expression of basic helix-loop-helix (bHLH) transcription factors MRFs increases [START_REF] Yusuf | The eventful somite: patterning, fate determination and cell division in the somite[END_REF]. Pax-3 and Myf-5, work through separate pathways to activate MyoD and cause cells of dermomyotome to become committed to forming muscle. With increased levels of MyoD, the mononuclear cells, called myoblasts, begin to fuse into myotubes. At this stage, myogenin is expressed. Finally, Myf-6 (formerly called is expressed in maturing myotubes. Concurrently Pax7-positive progenitor cells at the later stages of development move from the central dermomyotome into the underlying myotome and produce a reservoir of muscle stem cells called satellite cells [START_REF] Lepper | Inducible lineage tracing of Pax7-descendant cells reveals embryonic origin of adult satellite cells[END_REF]. As explained in §1.1, in the adult skeletal muscle system, satellite cells are quiescent under normal conditions, whereas they become activated to proliferate and repair the damaged tissue upon injury [START_REF] Yokoyama | The myogenic transcriptional network[END_REF].

Moreover, during embryogenesis, the musculoskeletal system develops while containing within itself a force generator in the form of the musculature. This generator becomes functional relatively early in development, exerting an increasing mechanical load on neighboring tissues (tendon and skeleton) as development proceeds [START_REF] Felsenthal | Mechanical regulation of musculoskeletal system development[END_REF]. Nonetheless, some recent studies have shown that, similar to the development of other musculoskeletal tissues, the initial specification of myoblasts is independent of mechanical cues reviewed by [START_REF] Lemke | Mechanical forces during muscle development[END_REF], whereas during subsequent stages of development mechanical signals originating from the developing muscle units are needed for proper muscle formation. During myofiber formation, the early attachment of myotubes to a tendon results in passive tension. This tension is needed for the proper assembly and alignment of myotubes during their formation. It is suggested to be maintained through titin, a protein that resembles a spring extending half the length of the sarcomere [START_REF] Gautel | The sarcomeric cytoskeleton: from molecules to motion[END_REF][START_REF] Valdivia | Mechanical Control of Myotendinous Junction Formation and Tendon Differentiation during Development[END_REF]. It has been shown that, in Drosophila, mechanical tension and spontaneous muscle twitching precede the formation of immature muscle fibers [START_REF] Weitkunat | Tension and forceresistant attachment are essential for myofibrillogenesis in Drosophila flight muscle[END_REF][START_REF] Weitkunat | Mechanical tension and spontaneous muscle twitching precede the formation of cross-striated muscle in vivo[END_REF].

Subsequently, mechanical signals are needed for muscle morphogenesis and mechanical adaptation. In the absence of muscle contraction, muscles are smaller and display a delay in splitting, whereas exercised muscles become larger [START_REF] Lima | Assessment of the mechanical properties of the muscle-tendon unit by supersonic shear wave imaging elastography: a review[END_REF]. The evolution of stiffness (Young Modulus) is also a good indicator of this differentiation as demonstrated by [START_REF] Collinsworth | Apparent elastic modulus and hysteresis of skeletal muscle cells throughout differentiation[END_REF]. They established that skeletal muscle cells exhibit viscoelastic behavior that change during differentiation: the apparent elastic modulus increase from 11.5 ±1.3 kPa for undifferentiated myoblasts to 45.3 ± 4.0 kPa after eight days of differentiation [START_REF] Collinsworth | Apparent elastic modulus and hysteresis of skeletal muscle cells throughout differentiation[END_REF][START_REF] Heinemeier | Lack of tissue renewal in human adult Achilles tendon is revealed by nuclear bomb 14C[END_REF].

Tendon

Tendon

Tendons are specialized fibrous tissues that join skeletal muscle to bone and allow body motion through the forces generated by the skeletal muscles and transmitted to bone tissues [START_REF] Kirkendall | Function and biomechanics of tendons[END_REF]. However, the tendon is a passive actor, unable to induce movement on its own. It acts as a highly adapted elastic spring that stretches and stores energy, which returns to the system through elastic recoil, improving locomotory efficiency. Its structure, function and physiology reflect the intense and repeated mechanical stresses that it must withstand.

The in vivo evaluation of human tendon mechanical properties depends on the investigation method (ultrasound, magnetic resonance imaging) and stretching protocols used. Young modulus ranging from 500 to 1850 MPa have been reported in the literature in Human [START_REF] Maganaris | In vivo human tendon mechanical properties[END_REF][START_REF] Lacroix | Relationship between tendon stiffness and failure: a metaanalysis[END_REF][START_REF] Bojsen-Møller | Mechanical properties, physiological behavior, and function of aponeurosis and tendon[END_REF].

From macroscopic organization to ultrastructure

Tendon's composition and structure are closely related to its function. Tendon is a dense connective tissue with limited cell content, vascularization and innervation [START_REF] Hart | Gender and pregnancy affect neuropeptide responses of the rabbit achilles tendon[END_REF]. The major component of tendon is water (60 to 80 % in weight) [START_REF] Birch | Tendon matrix composition and turnover in relation to functional requirements[END_REF], while its extracellular matrix is mainly constituted of type I collagen fibers (95% to 99% dry weight) and proteoglycans (<1% dry weight) such as decorin, versican, and aggrecan [START_REF] Yoon | Tendon proteoglycans: biochemistry and function[END_REF] [START_REF] Derwin | Proteoglycans and glycosaminoglycan fine structure in the mouse tail tendon fascicle[END_REF][START_REF] Yoon | Tendon proteoglycans: biochemistry and function[END_REF]. Type I collagen fibers are responsible of the fibrous structure [START_REF] Kannus | Structure of the tendon connective tissue[END_REF] and the tensile strength of the tendon whereas proteoglycans are responsible for the viscoelastic nature of the tendon.

Tendon cells are scarce but are key players in tendon growth, maintenance, adaptation to changes in homeostasis and remodeling in case of minor or more severe disturbances to tissue. Cells are responsible for the synthesis and turnover of tendon extracellular matrix Focusing on the structure, type I collagen molecules aggregate to form collagen fibrils, the basic nano structural 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) [START_REF] Silver | Collagen self-assembly and the development of tendon mechanical properties[END_REF] (figure 8). Collagen fibers display a wave pattern, which as a crimp [START_REF] Rigby | The Mechanical Properties of Rat Tail Tendon[END_REF]. Other types of collagen are present in the tendon in smaller proportions, including type III, V, VI, XII and XIV [START_REF] Mienaltowski | Structure, physiology, and biochemistry of collagens[END_REF]. Types III, V and VI belong to the Fibrils-Forming family of collagens involved in fibril assembly regulation, while types XII and XIV belong to the class of Fibril-Associated

Collagen with Interrupted Triple Helix (FACIT).

FIGURE 1.7: Hierarchical structure of tendon spanning from the single collagen molecule up to fibrils, fascicles, and whole tendon, with a focus of the structure of fibril-associated proteoglycans, the most abundant of which is decorin in tendon.

In addition, non-fibrous molecules are present on each level, the principal ones being the proteoglycans (PGs). Proteoglycans in the extra-cellular matrix (ECM) are known to regulate the assembly (i.e. fibrillogenesis) of the chief structural component of the tendon, type I collagen [START_REF] Schönherr | Interaction of biglycan with type i collagen[END_REF][START_REF] Danielson | Targeted disruption of decorin leads to abnormal collagen fibril morphology and skin fragility[END_REF][START_REF] Kuc | Increased diameters of collagen fibrils precipitatedin vitroin the presence of decorin from various connective tissues[END_REF][START_REF] Derwin | Proteoglycans and glycosaminoglycan fine structure in the mouse tail tendon fascicle[END_REF]?). Decorin, the most abundant tendon PG, is considered as a key regulator of matrix assembly because it limits collagen fibril formation and thus directs tendon remodeling due to tensile forces [START_REF] Mccormick | Extracellular modifications to muscle collagen: implications for meat quality[END_REF][START_REF] Danielson | Targeted disruption of decorin leads to abnormal collagen fibril morphology and skin fragility[END_REF]. Aggrecan is a highly glycosylated PG playing a key role in the regulation of the osmotic pressure and thus tissue hydration which make the tissue ideal for resisting to compressive load with minimal deformation [START_REF] Vogel | Structural specialization in tendons under compression[END_REF]. However, the role of those molecules is still not completely understood. Finally, ECM also contains glycoproteins including tenascin-C and fibronectin. Tenascin-C, protein presents in regions submitted to high mechanical forces, contributes to tendon mechanical stability [START_REF] Martin | The role of tenascin-c in adaptation of tendons to compressive loading[END_REF] while fibronectin located at the surface of collagen molecules, contributes to wound healing [START_REF] Sharma | Biology of tendon injury: healing, modeling and remodeling[END_REF].

Tendon development

Tendon development is divided into two stages:

• the emergence of precursors/progenitors based on their origin and localization,

• the commitment and differentiation based on pivotal signaling cascades.

Interestingly, tendon is likely to require the presence of muscle for full development, with modalities depending on the anatomical site. Current knowledge [START_REF] Gaut | Tendon development and diseases[END_REF] organizes them into three main groups depending to their position in the body: the craniofacial, the limbs and the axial tendons. Each of them has a different cell origin. The 1.2. Tendon craniofacial tendons originate from neural crest cells, while the limbs tendons have been shown to derive from the lateral plate of mesoderm. Finally, the axial tendons, associated to the segmented muscles of the vertebral column, derive from the somites (Figure 1.8).

They especially come from the syndetome, a subdomain of somite comprising the tendon progenitor cells. Tendon development is regulated by several factors. Among them, a few are identified to play an important role in tenogenesis: Scleraxis (Scx), a bHLH transcription factor, is the earliest known marker and regulator of tenogenesis. It promotes tendon differentiation and tenocyte specification [START_REF] Alberton | Conversion of Human Bone Marrow-Derived Mesenchymal Stem Cells into Tendon Progenitor Cells by Ectopic Expression of Scleraxis[END_REF][START_REF] Chen | The development of zebrafish tendon and ligament progenitors[END_REF]. In axial tendon, muscle is required for the initiation of tendon development since it arises from the syndetome, a somite subdomain adjacent to the sclerotome and myotome. Scx initial expression is induced and regulated through the interplay of sonic hedgehog (Shh)

and Wnt signaling in the syndetome. In the same way, fibroblast growth factor (FGF), specifically FGF8 and FGF4 from myotome, and transforming growth factor beta (TGF-β), are induced through the signaling pathways MAPK/ERK and SMAD2/3 respectively [START_REF] Schweitzer | Analysis of the tendon cell fate using Scleraxis, a specific marker for tendons and ligaments[END_REF][START_REF] Havis | Transcriptomic analysis of mouse limb tendon cells during development[END_REF]. On the contrary, signals from the sclerotome lineage play a negative role. Scx induction might be blocked by Shh through Pax1 activity in the sclerotome. Mechanotransduction is also probably a key element on tendon development. The force exerted by muscles on tendons is required for the activation of FGF and TGF-β(at the muscle-tendon interface), to maintain the expression levels of Scx, leading to tendon terminal differentiation [START_REF] Maeda | Conversion of Mechanical Force into TGF-β-Mediated Biochemical Signals[END_REF][START_REF] Havis | TGFβ and FGF promote tendon progenitor fate and act downstream of muscle contraction to regulate tendon differentiation during chick limb development[END_REF][START_REF] Stern-Straeter | Mechanical force regulates tendon extracellular matrix organization and tenocyte morphogenesis through TGFbeta signaling[END_REF]. Shear force generated during muscle contraction may stimulate and activate either TGF-βor integrin signaling [START_REF] Subramanian | Tendon development and musculoskeletal assembly: emerging roles for the extracellular matrix[END_REF][START_REF] Munger | Cross talk among TGF-β signaling pathways, integrins, and the extracellular matrix[END_REF]. However, in the limb and craniofacial area, Scx expression is initiated in the absence of muscle, in mouse, chicken and zebrafish embryos [START_REF] Edom-Vovard | Fgf4 Positively Regulates scleraxis and Tenascin Expression in Chick Limb Tendons[END_REF][START_REF] Chen | Tendon healing in vivo: gene expression and production of multiple growth factors in early tendon healing period[END_REF]. Further cell differentiation, maturation and segregation into individual tendons, seems induced by muscle cell migration. The absence of muscle eventually prevents further tendon development and leads to a loss of Scx expression. Scx then regulates the expression of tenomodulin (Tnmd), a late stage tenogenic marker, involved in tendon's maturation and functional performance [START_REF] Dex | Tenomodulin is Required for Tendon Endurance Running and Collagen I Fibril Adaptation to Mechanical Load[END_REF]. Tnmd is considered as a highly specific marker of differentiated tenocytes. Scx has also been shown to regulate positively Col1a1 transcription in mouse tendons [START_REF] Shukunami | Scleraxis is a transcriptional activator that regulates the expression of Tenomodulin, a marker of mature tenocytes and ligamentocytes[END_REF].

Two other transcription factors, the homeobox protein Mohawk (Mkx) and the zinc finger transcription factor early growth response factor 1 (EGR1), promote final lineage commitment and differentiation into tendon cells [START_REF] Lin | Mohawk promotes the tenogenesis of mesenchymal stem cells through activation of the TGFβ signaling pathway[END_REF][START_REF] Ito | The Mohawk homeobox gene is a critical regulator of tendon differentiation[END_REF]. They activate Scx and Tnmd expression in various stem cell types and positively regulate type I collagen production in vivo [START_REF] Lejard | EGR1 and EGR2 Involvement in Vertebrate Tendon Differentiation[END_REF][START_REF] Guerquin | Transcription factor EGR1 directs tendon differentiation and promotes tendon repair[END_REF]. Besides, Mkx activates the expression of TGF-β2 gene by binding to its promoter. It is also supposed to inhibit muscle differentiation by repressing MyoD transcription [START_REF] Lin | Mohawk promotes the tenogenesis of mesenchymal stem cells through activation of the TGFβ signaling pathway[END_REF].

In developing tendons, tenocytes align in parallel arrays along the tendon axis and deposit large amounts of extracellular matrices including collagens, elastin and small leucin-rich proteoglycans [START_REF] Kannus | Structure of the tendon connective tissue[END_REF]. The increased presence of collagen type I, is not a specific marker of tenogenic differentiation. Indeed, it is a major component of other musculoskeletal tissues such as bone and skin. However, the development of an aligned collagen structure and mechanical function can indicate appropriate tenogenesis and tendon formation [START_REF] Theodossiou | Models of tendon development and injury[END_REF].

Myotendinous Junction

The myotendinous junction (MTJ) is a highly specialized anatomic region in the musculotendinous system. The tension generated by muscle fibers is transmitted from their intracellular contractile proteins to the extracellular connective proteins in the tendon (Figure 1.9). 

Organization and structure

Skeletal muscle and tendon are complex, multiphasic, neighboring tissues with their own specialized structural, mechanical and functional properties as seen in §1 and §2. Thus, their disparity requires a specific interface because:

• the machinery that gives the muscle its contractile function is intracellular [START_REF] Kuo | Signaling in Muscle Contraction[END_REF], while the collagen matrix that gives the tendon its connective strength is extracellular. In order to effectively transmit force generated from the intracellular contraction of the muscle proteins to the extracellular collagen fibers of the tendon, the composite junction requires contiguous transmembrane connections.

• the difference between the mechanical properties of tendon (E from 100kPa to 2 GPa) and muscle (E from 10 to 55 kPa) at the MTJ interface makes it more subject to damage (Lima et al., 2018) (Constantinos N Maganaris and[START_REF] Maganaris | In vivo human tendon mechanical properties[END_REF]. The muscle is the most flexible of these tissues, but also the thinnest at its insertion with the tendon.

It submits the MTJ to greatest stress and exposes this area to rupture. Therefore, to counterbalance this apparent weakness, the interface region between muscle and tendon must possess important structural features to protect the MTJ from mechanical damage during movement.

At the macroscopic scale, the muscle-tendon interface is not a well-defined separation.

Muscle and tendon tissues meet in a zone where they overlap, resulting in a gradient in tissue composition.

At the microscopic level, the major structural features of the MTJ observed by electron microscopy are the extensive invaginations and evaginations of the sarcolemma with the tendon extracellular matrix (Figure 1.10). Consequently, the interdigitations known as "finger-like" greatly increase the contact area between the two types of tissues by 10 to 50 times. This feature enables MTJ to resist to the high mechanical stresses ≈1,8-3,5x10 4 N.m -2 generated by muscle contraction [START_REF] Tidball | Adhesive strength of single muscle cells to basement membrane at myotendinous junctions[END_REF]) (Tidball and Daniel 1986). Thereby, it allows a smoother transition of mechanical strength as well as a greater dissipation of mechanical stresses, which reduce the risk of abrupt stress concentration and thus the risk of rupture. At the protein level, the organization of myotendinous anchoring system is also influenced by both muscle and tendon tissues and their interaction [START_REF] Tidball | Adhesive strength of single muscle cells to basement membrane at myotendinous junctions[END_REF]. Adhesive complexes are essential for MTJ function since they are responsible for transmitting mechanical forces, maintaining and securing skeletal muscle fibers to tendon fibrils. Two major and distinct transmembrane linkage systems have been described in the MTJ, both constitute a structural link between tendinous extracellular matrix proteins and 1.3. Myotendinous Junction myofibrils (Figure 1.11). The two anchoring systems require laminin-2 to form functional myotendinous junction [START_REF] Holmberg | Laminin-211 in skeletal muscle function[END_REF]. Laminin-211 is highly expressed at the MTJ level and is the only isoform present in adulthood while laminin-221 and 411 are expressed at the embryonic stage [START_REF] Grounds | Strength at the extracellular matrixmuscle interface[END_REF].

The first linkage system contains the dystrophin-associated protein complex (DAPC) [START_REF] Gawor | The molecular cross talk of the dystrophinglycoprotein complex[END_REF]. It is initiated on the muscle cell side with the binding of actin to dystrophin. Dystrophin is located at the inner surface of the cell membrane and is capable of binding to muscle cell membrane proteins. This in turn binds to Bdystroglycan and at the extracellular site, α-dystroglycan is linked to ECM laminin-2 through sarcoglycan. The sarcoglycan complex may function in stabilizing the entire complex.

The second system contains α7β1 integrin, which is the predominant integrin in adult skeletal muscles. It plays important roles in skeletal muscle development and function.

The β1 subunit participates in the linkage with actin via several subsarcolemmal proteins, including αactinin, talin, vinculin, paxillin and tensin [START_REF] Tidball | Structural changes at the myogenic cell surface during the formation of myotendinous junctions[END_REF][START_REF] Turner | Paxillin and focal adhesion signalling[END_REF]. The α7 subunit binds ECM proteins such as collagens, fibronectin, vitronectin, and laminins in the basal lamina surrounding individual muscle fibers. The inactivation of specific adhesion proteins, such as the α7 integrin subunit, leads to severe disruption, especially to the detachment of MTJs from the ECM [START_REF] Miosge | Organization of the myotendinous junction is dependent on the presence of alpha7beta1 integrin[END_REF].

ECM surrounding the MTJ is rich in collagen I and tenascin-c on the tendon side. On the muscle side, the sarcolemma is in close contact with the muscle basement membrane in which laminins and type IV collagen are the major constituents with the presence of type XIV collagen. They play an important role in the basement membrane formation.

More recently, type XXII collagen, a member of the FACIT (Fibril Associated Collagens with Interrupted Triple helices) collagen family, has also been shown to be solely present at the MTJ [START_REF] Jakobsen | Composition and adaptation of human myotendinous junction and neighboring muscle fibers to heavy resistance training[END_REF].

Development of the myotendinous junction (MTJ)

Despite their distinct embryonic origins, muscle and tendon's morphogenesis take place in close spatial and temporal association. In return, the correct assembly of the MTJ is crucial for proper muscle and tendon functions. Unfortunately, the signals mediating the connection between muscles and tendons, and the mechanism governing the establishment of the junction site have not been fully elucidated yet [START_REF] Charvet | The development of the myotendinous junction. A review[END_REF]; [START_REF] Subramanian | Tendon development and musculoskeletal assembly: emerging roles for the extracellular matrix[END_REF]; [START_REF] Nassari | Non-myogenic Contribution to Muscle Development and Homeostasis: The Role of Connective Tissues[END_REF][START_REF] Vandusen | 17 -Muscle-tendon interface[END_REF], propose review of the current understanding and provide some insight into MTJ development (Figure 13).

In vertebrates, [START_REF] Charvet | The development of the myotendinous junction. A review[END_REF] categorizes the MTJ formation in five major events :

1. The earliest morphological modification at the nascent MTJ is the formation of close interactions between myogenic cells and tenoblast cells, as described by [START_REF] Tidball | Structural changes at the myogenic cell surface during the formation of myotendinous junctions[END_REF].

2. Tenoblasts and myoblasts, initially separated by several micrometers, progressively develop interactions between themselve. 5. The sarcolemma starts to fold, and myofibrils associate with subsarcolemmal densities.

FIGURE 1.12: Myotendinous junction formation. A muscle fiber (red) secretes ECM components into its surroundings (the myomatrix), which includes the integrin ligands Tsp4 and Lama2. This ECM accumulates in the absence of (tendon precursor cells) TPCs. Some of these components overlap with those of the tendon ECM, which is secreted by tenocytes (white). Myomatrix is primarily composed of Lam trimers and Fn. By contrast, the tendon matrix is rich in Col1a trimers and thrombospondin pentamers. In the presence of tensile force from muscle contraction (1) changes in ECM organization and other factors lead to release of active Tgfβligand. Tgfβ-mediated mechanotransduction is essential for tenocyte differentiation and morphogenesis (2). Tgfβligand binds to receptors on tenocytes to increase pSMAD3 signaling (3), secretion of ECM components (4) and growth/branching of microtubule rich projections (5). Cartoon depiction of tenocyte morphogenesis in the presence of mechanical force. The myotendinous junction (MTJ) is the narrow zone in which ECM components of tendon and muscle interact. Inspired by [START_REF] Subramanian | Tendon development and musculoskeletal assembly: emerging roles for the extracellular matrix[END_REF] In mammalian tendons, tenocytes and collagen fibrils start organizing themselves in parallel array in response to the contractile force of the developing muscle during the late embryonic and neonatal periods. The neo-synthesized ECM provides a support, which in turn drives the thick and thin filaments of sarcomere in myotubes to organize themselves into parallel arrangement. The gradual alignment of collagen fibers results from the progressive formation of sarcomeres and increasing in contraction forces. This process suggests a mechanical crosstalk between muscle and tendon. Finally, the anchorage of collagen fibers into the sarcolemma results from the recruitment of linkage complexes of transmembrane proteins, which extends from the last Z-line. It leads to the formation of sarcolemma protrusions, leading to "finger-like" forms. Some of the mechanisms under which muscle cells signal to the tendon cells to form and maintain a stable MTJ have been recently explained using the Drosophila model.

It was shown that moleskin (Msk), known as a nuclear import protein, is conserved in Drosophila and humans. This protein is essential for muscle attachment [START_REF] Liu | Moleskin is essential for the formation of the myotendinous junction in Drosophila[END_REF]). Msk is synthesized by muscle cells and modulates the neuroregulinglike ligand (Vn) secretion, accumulation and localization at the site of the muscle-tendon attachment site. Vn activates EGF-signalling pathway in tendon cell precursors which induces in turn the expression of most tendon cell-specific genes, including the markers of terminally differentiated tendon cells, (β1-tubulin and delilah).

Moreover, the factor Roundabout (Robo) was demonstrated playing a role in directing muscles to their corresponding tendons. Robo is expressed in a subset of muscle fibers and acts as a guidance receptor for the protein Slit, an important tendon-specific guidance signal produced by the tendon cells [START_REF] Ordan | A non-signaling role of Robo2 in tendons is essential for Slit processing and muscle patterning[END_REF]. However, the contribution of Robo on muscle patterning remains elusive.

Finally, another protein complex has been described as playing a role in guiding the Ventro-Lateral (VL) muscles. This complex includes the transmembrane protein Kontiki (Kon) located at myotube tips and signals through the intracellular adaptor complex Dgrip/Echinoid. This protein complex allows the establishment of a stable connection between myotubes and tendon cells [START_REF] Schnorrer | The Transmembrane Protein Kontiki Couples to Dgrip to Mediate Myotube Targeting in Drosophila[END_REF].

To conclude this section, the structure, composition and molecular mechanisms involved in the development of the MTJ are still unclear and not well documented. The difficulty of studying this intermediate region is due to the lack of a specific marker, as well as the difficulty of carrying out tests in humans. The emergence of diverse animal models such as mice, chicken, zebrafish or Drosophila has however facilitated the study of this junction. These models have made it possible to highlight information that had previously been difficult to access such as the "cross-talk" between muscle and tendon.

MTJ current repair solutions

In traumatic injuries, where the muscle-tendon interface is completely separated, simple suture has been shown to not provide adequate functional recovery. Therefore, research is directed toward the potential use of growth factors, such as insulin-like growth factor 1 (IGF-1), basic fibroblast growth factor (bFGF), nerve growth factor (NGF) or hepatocyte growth factor (HGF) [START_REF] Kasemkijwattana | Use of growth factors to improve muscle healing after strain injury[END_REF][START_REF] Kasprzycka | The factors present in regenerating muscles impact bone marrow-derived mesenchymal stromal/stem cell fusion with myoblasts[END_REF].

The benefit of growth factors particularly for MTJ repair has not been evaluated.

Furthermore, a cocktail of growth factors may act through multiple signaling pathways and have mitogenic effects on fibroblasts, thus increasing the formation of fibrotic tissue and limiting their potential of repair on the MTJ [START_REF] Jones | Insulin-like growth factors and their binding proteins: biological actions[END_REF].

Additionally, cell-based therapies may hold potential for musculoskeletal tissue regeneration. However, such treatments have undergone several unsuccessful clinical trials because of poor cell delivery, survival, and proliferation in vivo [START_REF] Bareja | Satellite cell therapy -from mice to men[END_REF][START_REF] Lacitignola | Cell therapy for tendinitis, experimental and clinical report[END_REF][START_REF] Maclean | Tendon regeneration and repair with stem cells[END_REF][START_REF] Motohashi | Muscle satellite cell heterogeneity and selfrenewal[END_REF].

Myotendinous Junction

Among the other current strategies to regenerate the MTJ injury, graft repair techniques are being explored. They involve either autogenic fascial patches, biological or synthetic scaffolds. However, to date, those techniques are not able to accurately replace native MTJ-like morphology. They also promote fibrotic scar tissue formation and may not result in the formation of a native-like MTJ at the repair interface, increasing the likelihood of future damage [START_REF] Kääriäinen | Relation between myofibers and connective tissue during muscle injury repair[END_REF].

Chapter 2

Tissue Engineering approaches for the myotendinous system

Tissue engineering (TE) is a promising approach to repair tendon and muscle when natural 

Current approaches for myotendinous junction reconstruction

Engineering a tissue for myotendinous junction repair is a complex task, in link with the complexity of the native tissue. As explained in the previous parts, the MTJ is not a smooth continuous division between muscle and tendon to limit stress-associated failure.

The gradient of structural and mechanical properties throughout the entire interface region should be replicated to mimic its functions. In addition, this tissue is always submitted to mechanical passive and active strains, that probably contribute to its specific structure. Therefore, to properly engineer a composite muscle-tendon system, those very specific biological, biomechanical and structural properties of the muscle fibers, tendon and interface must be accounted for (Figure2.2). Griffin, Sen, Bönnemann, Sweeney and Discher, 2004;[START_REF] Myers | The Influence of Strain Rate on the Passive and Stimulated Engineering Stress-Large Strain Behavior of the Rabbit Tibialis Anterior Muscle[END_REF][START_REF] Pollock | Relationship between body mass and biomechanical properties of limb tendons in adult mammals[END_REF][START_REF] Lieber | Skeletal Muscle Structure, Function, and Plasticity[END_REF][START_REF] Lima | Assessment of the mechanical properties of the muscle-tendon unit by supersonic shear wave imaging elastography: a review[END_REF] Atala's group proposes two different approaches based on a unique scaffold composed of 3 different areas (Figure 2. [START_REF] Pollot | Natural polymeric hydrogel evaluation for skeletal muscle tissue engineering[END_REF]. In a first study, such scaffolds are prepared by electrospinning and consisted in: i) an area of collagen/ poly-ε-caprolactone (PCL) fibers, ii) an interphase area where fibers of collagen/PCL and collagen/poly-L-lactic acid (PLLA) are co-extruded, ii) an area of collagen PLLA fibers. All the areas are randomly deposited, and fiber size is about 500 nm, independently of the electrospun material. Young's moduli are around 4, 20, and 28 MPa, respectively. When C2C12 are seeded on to PCL, they form myotubes, while NIH/3T3 fibroblasts spread on PLLA. There is no evidence of cell reorganization at the interface to form a specific MTJ [START_REF] Ladd | Biomaterials Co-electrospun dual scaffolding system with potential for muscle e tendon junction tissue engineering[END_REF].

In a second study, [START_REF] Merceron | A 3d bioprinted complex structure for engineering the muscle-tendon unit[END_REF] used the co-printing of two synthetic polymers poly-urethane (PU) and PCL together with a bio-ink based on hyaluronic acid, fibrinogen and gelatin (Figure 16). could be observed under confocal microscopy. This type of approach seems quite promising, because it allows to control the depositing of cells locally. It highlights the ability offered by 3D printing to deposit different cell types in precise locations, paving the way to complex multicellular scaffolds for regeneration.

In the scaffold-less tissue engineering field, [START_REF] Larkin | Structure and functional evaluation of tendon-skeletal muscle constructs engineered in vitro[END_REF] attempt to reconstruct the junction using so-called scaffold-free self-organized tendon constructs (SOT) . SOT consists in collagen-rich deposits and flattened, hosting longitudinally oriented tenocytes extracted from rat tendons. They are put into contact with pre-established cultures of spontaneously contracting multinucleated myotubes. The interface presents an ultrastructure that resembles the fetal/neonatal MTJ. When subjected to tensile tests, rupture is observed on the muscle side. [START_REF] Swasdison | In vitro attachment of skeletal muscle fibers to a collagen gel duplicates the structure of the myotendinous junction[END_REF], produce encouraging muscle-tendon units by co-culturing embryonic tendon fibroblasts with myoblasts between fixed posts.

Finally, [START_REF] Hashimoto | Reconstitution of the complete rupture in musculotendinous junction using skeletal muscle-derived multipotent stem cell sheet-pellets as a "bio-bond[END_REF] develop a 3D gel-patch tissue system using skeletal musclederived multipotent stem cells (Sk-MSCs) sheet-pellet for MTJ reconstruction. They found that their Sk-MSC sheet-pellet transplantation achieved favorable results in the reconstruction and/or reconnection of the ruptured muscles and tendons. This approach does not imply a specific scaffold but provides new insights into the mechanisms responsible for the formation and maturation of the junction, to mimic the in vivo conditions. As shown above, the bibliography is rather scarce in this field, probably because tissue engineering is still in its infancy and researchers still focus on single tissue reconstruction.

To be exhaustive on the possible alternatives to build a tendon-muscle continuum, we propose hereafter a summary of these approaches proposed for tendon, as tendon reconstruction was one part of the PhD thesis of Alejandro Garcia Garcia (2019), as well as an extended review for muscle tissue engineering, as some parts of this PhD will deal also with this issue.

Current approaches in Tendon T.E

This paragraph focuses on biomaterials for scaffolds and thus for the reconstruction of the tendon-muscle continuum tissue. Scaffold for tendon tissue engineering construct (TEC) must tolerate high and impulsive forces and stresses for daily living activities. [START_REF] Ker | Why are mammalian tendons so thick?[END_REF] estimated that peak stresses can approach 100 MPa during intensive exercise. Such large forces/stresses require specific TEC materials and design to prevent rupture.

Regarding synthetic materials, only a few FDA-approved could be considered: polyε-caprolactone (PCL) [START_REF] Naghashzargar | Nano/micro hybrid scaffold of PCL or P3HB nanofibers combined with silk fibroin for tendon and ligament tissue engineering[END_REF](, poly-L-lactic acid (PLLA) [START_REF] Sensini | Tendon Fascicle-Inspired Nanofibrous Scaffold of Polylactic acid/Collagen with Enhanced 3D-Structure and Biomechanical Properties[END_REF],poly-lactic-co-glycolic acid (PLGA) [START_REF] Moffat | Novel nanofiber-based scaffold for rotator cuff repair and augmentation[END_REF], or polyurethanes (PUs) [START_REF] Cardwell | Static and cyclic mechanical loading of mesenchymal stem cells on elastomeric, electrospun polyurethane meshes[END_REF]. Synthetic constructs present tunable and reproducible mechanical and chemical properties. They are relatively inexpensive to produce and easy to mold into a variety of forms: meshes, foams, hydrogels, electrospun, yarns [START_REF] Xu | Fabrication of electrospun poly(L-lactide-co-ε-caprolactone)/collagen nanoyarn network as a novel, three-dimensional, macroporous, aligned scaffold for tendon tissue engineering[END_REF] , knitting [START_REF] Zheng | Alignment of collagen fiber in knitted silk scaffold for functional massive rotator cuff repair[END_REF], and 3D printing [START_REF] Park | Three-Dimensional Bio-Printed Scaffold Sleeves With Mesenchymal Stem Cells for Enhancement of Tendon-to-Bone Healing in Anterior Cruciate Ligament Reconstruction Using Soft-Tissue Tendon Graft[END_REF]. However, introducing some of those materials can lead to increased inflammation and rejection after implantation.

Regarding biological scaffold, most research has focused on collagen alone or in mixture with other molecules, such as proteoglycans, as a support for tendon tissue engineering. Since, the composition and structure of tendons is mainly determined by type I collagen, different strategies have been explored to produce the ideal collagen-based scaffold, such as sponges [START_REF] Myers | The Influence of Strain Rate on the Passive and Stimulated Engineering Stress-Large Strain Behavior of the Rabbit Tibialis Anterior Muscle[END_REF], gel, extruded collagen fibers [START_REF] Gentleman | Mechanical characterization of collagen fibers and scaffolds for tissue engineering[END_REF], or electrochemically aligned collagen [START_REF] Uquillas | Effects of phosphate-buffered saline concentration and incubation time on the mechanical and structural properties of electrochemically aligned collagen threads[END_REF]. Collagen basescaffold permits a more rapid infusion of cells and/or growth factors, but they are often too compliant and weak to transmit muscle forces. Therefore, some alternatives to collagen for tendon reconstruction have appeared such as silk fibroin. With this fibrous nature, silk fibroin is a biocompatible material, low immunogenicity, and remarkable tensile strength as main properties [START_REF] Kuo | Novel strategies in tendon and ligament tissue engineering: Advanced biomaterials and regeneration motifs[END_REF]. More recently, decellularized matrices of tendons from a wide range of species were proposed as scaffold. As they preserve biochemical composition, offering cells a full biomimetic environment. However, as for collagen scaffold, they present rapid degradability and low mechanical properties, which might limit their use in TE.

Finally, some hybrid scaffolds based on the synergistic effect between natural and synthetic materials have been employed for tendon TE. They combine the properties of both the biological and synthetic compound. The biological compound tends to act as cells' carrier, by stimulating proliferation and migration over the support. While, the synthetic compound provides the stiffness needed for the construct to reach mechanical properties near the tendinous native tissue [START_REF] Mallick | Biomaterial scaffolds for tissue engineering[END_REF]. More information regarding cells and environment pillars can be found in the review in annex (Beldjilali-Labro et al., 2018a).

Current approaches in Muscle TE

Cells type

(From Beldjilali-Labro et al. ( 2018a))

The choice of an appropriate cellular source is fundamental for generating functional muscle in vitro. [START_REF] Fishman | Immunomodulatory effect of a decellularized skeletal muscle scaffold in a discordant xenotransplantation model[END_REF] established a non-exhaustive list of criteria that cells should meet to be suitable candidates for muscle engineering. According to the literature data (Table 4), four cell types are predominantly employed in muscle engineering: the mouse C2C12 myoblast cell line (Hashimoto and Sato, 2012a;McKeon-Fischer and Freeman, 2011), primary myoblast-derived satellite cells (SCs) [START_REF] Boonen | Effects of a combined mechanical stimulation protocol: Value for skeletal muscle tissue engineering[END_REF][START_REF] Serena | Electrophysiologic stimulation improves myogenic potential of muscle precursor cells grown in a 3D collagen scaffold[END_REF]Langelaan et al., 2011a), primary myoblast from different species [START_REF] Baniasadi | Design, fabrication and characterization of oxidized alginate-gelatin hydrogels for muscle tissue engineering applications[END_REF][START_REF] Kheradmandi | Skeletal muscle regeneration via engineered tissue culture over electrospun nanofibrous chitosan/PVA scaffold[END_REF]. 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 [START_REF] Shadrach | Stem cells for skeletal muscle repair[END_REF]. 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 [START_REF] Liao | Development and Progress of Engineering of Skeletal Muscle Tissue[END_REF].

Modulation of the Environment

Functional muscle formation is an intriguing and highly complex process that requires features, such as cell differentiation and maturation [START_REF] Bandyopadhyay | In Vitro and In Vivo Evaluation of L-lactide/ε-caprolactone copolymer Scaffold to support Myoblast Growth and Differentiation[END_REF]. As

shown in Figure 5, several intracellular pathways are responsible for enhancing proliferation and differentiation expression of cell genes during muscle development [START_REF] Egerman | Signaling pathways controlling skeletal muscle mass[END_REF]. 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 [START_REF] Powell | Mechanical stimulation improves tissue-engineered human skeletal muscle[END_REF][START_REF] Bian | Local tissue geometry determines contractile force generation of engineered muscle networks[END_REF][START_REF] Gilbert | Developmental Biology[END_REF][START_REF] Kheradmandi | Skeletal muscle regeneration via engineered tissue culture over electrospun nanofibrous chitosan/PVA scaffold[END_REF]. 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 [START_REF] Shadrach | Stem cells for skeletal muscle repair[END_REF][START_REF] Liao | Development and Progress of Engineering of Skeletal Muscle Tissue[END_REF][START_REF] Egerman | Signaling pathways controlling skeletal muscle mass[END_REF]. Electric and mechanical factors are the most used in the literature. Electrical stimulation is of interest because of the indisputable role of the electrical cues issued by the central nervous system in the development of skeletal muscles in vivo [START_REF] Mauro | PKCalpha-mediated ERK, JNK and p38 activation regulates the myogenic program in human rhabdomyosarcoma cells[END_REF]. 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 (Hashimoto and Sato, 2012b;[START_REF] Hosseini | Engineered contractile skeletal muscle tissue on a microgrooved methacrylated gelatin substrate[END_REF][START_REF] Sirivisoot | Skeletal myotube formation enhanced by electrospun polyurethane carbon nanotube scaffolds[END_REF][START_REF] Ostrovidov | Myotube formation on gelatin nanofibers -Multi-walled carbon nanotubes hybrid scaffolds[END_REF][START_REF] Serena | Electrophysiologic stimulation improves myogenic potential of muscle precursor cells grown in a 3D collagen scaffold[END_REF]Langelaan et al., 2011a;[START_REF] Shin | Stimulated myoblast differentiation on graphene oxide-impregnated PLGA-collagen hybrid fibre matrices matrices[END_REF][START_REF] Michailovici | Nuclear to cytoplasmic shuttling of ERK promotes differentiation of muscle stem/progenitor cells[END_REF][START_REF] Wang | Involvement of the p38 mitogenactivated protein kinase α, β, and γisoforms in myogenic differentiation[END_REF][START_REF] Fujita | Fabrication of scaffold-free contractile skeletal muscle tissue using magnetite-incorporated myogenic c2c12 cells[END_REF]. Some studies pointed out that electrical stimulation makes intracellular calcium and NO release possible [START_REF] Ikeda | Effects of low-intensity pulsed ultrasound on the differentiation of c2c12 cells[END_REF]. Others showed that it acts via the activation of PI3K, p38 signaling pathways [START_REF] Ricotti | Boron nitride nanotube-mediated stimulation of cell co-culture on micro-engineered hydrogels[END_REF][START_REF] Salgarella | Optimal ultrasound exposure conditions for maximizing c2c12 muscle cell proliferation and differentiation[END_REF]. In parallel, mechanical stresses also play a role

Current approaches in Muscle TE

in muscle cell growth, differentiation, and function because of the contractile and elastic nature of skeletal muscle [START_REF] Campion | Regulation of skeletal muscle development by the central nervous system in the fetal pig[END_REF]. 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 [START_REF] Valentin | Functional skeletal muscle formation with a biologic scaffold[END_REF][START_REF] Pennisi | Uniaxial Cyclic Strain Drives Assembly and Differentiation of Skeletal Myocytes[END_REF][START_REF] Boonen | Effects of a combined mechanical stimulation protocol: Value for skeletal muscle tissue engineering[END_REF][START_REF] Okano | Tissue engineering of skeletal muscle. Highly dense, highly oriented hybrid muscular tissues biomimicking native tissues[END_REF][START_REF] Candiani | Cyclic Mechanical Stimulation Favors Myosin Heavy Chain Accumulation in Engineered Skeletal Muscle Constructs[END_REF][START_REF] Wang | Nanofiber Yarn/Hydrogel Core-Shell Scaffolds Mimicking Native Skeletal Muscle Tissue for Guiding 3D Myoblast Alignment, Elongation, and Differentiation[END_REF][START_REF] Khodabukus | Defined electrical stimulation emphasizing excitability for the development and testing of engineered skeletal muscle[END_REF]Bajaj et al., 2011a). It seems that cell stretching induces the activation of FAK via integrin, leading to an increase in gene expression [START_REF] Buvinic | ATP released by electrical stimuli elicits calcium transients and gene expression in skeletal muscle[END_REF]. Other studies suggest that stretching may also influence the passage of calcium via the ion channels [START_REF] Eltit | Membrane electrical activity elicits inositol 1,4,5-trisphosphate-dependent slow Ca2+ signals through a Gbetagamma/phosphatidylinositol 3-kinase gamma pathway in skeletal myotubes[END_REF][START_REF] Rahnert | ERK phosphorylation correlates with intensity of electrical stimulation in mouse tibialis anterior[END_REF] and activate PI3K and p38 signaling pathways [START_REF] Zöllner | Stretching skeletal muscle: chronic muscle lengthening through sarcomerogenesis[END_REF]Ahmed et al., 2010a).

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 [START_REF] Liao | Effect of Electromechanical Stimulation on the Maturation of Myotubes on Aligned Electrospun Fibers[END_REF][START_REF] Moon Du | Cyclic mechanical preconditioning improves engineered muscle contraction[END_REF]. 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). [START_REF] Zhang | Effect of cyclic stretch on beta1Dintegrin expression and activation of FAK and RhoA[END_REF][START_REF] Hara | Calcium influx through a possible coupling of cation channels impacts skeletal muscle satellite cell activation in response to mechanical stretch[END_REF][START_REF] Tatsumi | Release of hepatocyte growth factor from mechanically stretched skeletal muscle satellite cells and role of pH and nitric oxide[END_REF]. Electrical stimulation induces calcium release from the endoplasmic reticulum [START_REF] Adam | Signaling through PI3K/Akt mediates stretch and PDGF-BB-dependent DNA synthesis in bladder smooth muscle cells[END_REF]. Calcium can act by activating either ERK [START_REF] Hanke | Passive mechanical forces upregulate the fast myosin heavy chain IId/x via integrin and p38 MAP kinase activation in a primary muscle cell culture[END_REF] or calp, camk and calc [START_REF] Pavesi | Controlled electromechanical cell stimulation on-a-chip[END_REF][START_REF] Sørensen | Phosphorylation of fibroblast growth factor (FGF) receptor 1 at Ser777 by p38 mitogen-activated protein kinase regulates translocation of exogenous FGF1 to the cytosol and nucleus[END_REF][START_REF] Suzuki | Involvement of Ras and Ral in chemotactic migration of skeletal myoblasts[END_REF]. Mechanical stretching signals involve the transmembrane protein integrin and the calcium ion channel [START_REF] Walker | Dosedependent modulation of myogenesis by HGF: implications for c-Met expression and downstream signalling pathways[END_REF]. Activating integrin triggers the FAK signaling pathway. Electrical and mechanical stimulations are also likely to activate the JNK and p38 pathway. Other pathways may be involved, such as wnt/frizzled and notch. All these signaling pathwaysh up-regulate the expression of some of the genes responsible for skeletal muscle progenitor development

Materials of 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 (Hashimoto and Sato, 2012b;[START_REF] Pennisi | Uniaxial Cyclic Strain Drives Assembly and Differentiation of Skeletal Myocytes[END_REF][START_REF] Okano | Tissue engineering of skeletal muscle. Highly dense, highly oriented hybrid muscular tissues biomimicking native tissues[END_REF][START_REF] Serena | Electrophysiologic stimulation improves myogenic potential of muscle precursor cells grown in a 3D collagen scaffold[END_REF]Langelaan et al., 2011a;[START_REF] Bustamante | Electrical stimulation induces IL-6 in skeletal muscle through extracellular ATP by activating Ca(2+) signals and an IL-6 autocrine loop[END_REF][START_REF] Perez-Ruiz | Control of Myf5 activation in adult skeletal myonuclei requires ERK signalling[END_REF]. For this reason, collagen and gelatin have been widely used as materials for muscle tissue engineering [START_REF] Costantini | Engineering Muscle Networks in 3D Gelatin Methacryloyl Hydrogels: Influence of Mechanical Stiffness and Geometrical Confinement[END_REF][START_REF] Hosseini | Engineered contractile skeletal muscle tissue on a microgrooved methacrylated gelatin substrate[END_REF][START_REF] Ostrovidov | Myotube formation on gelatin nanofibers -Multi-walled carbon nanotubes hybrid scaffolds[END_REF][START_REF] Cárdenas | Depolarization of skeletal muscle cells induces phosphorylation of cAMP response element binding protein via calcium and protein kinase Calpha[END_REF]. Non-mammalian sources of naturally derived materials have also been explored

to produce suitable scaffolds for muscle reconstruction, such as alginate [START_REF] Baniasadi | Design, fabrication and characterization of oxidized alginate-gelatin hydrogels for muscle tissue engineering applications[END_REF][START_REF] Glossary Dargelos | Characterization of the calcium-dependent proteolytic system in a mouse muscle cell line[END_REF], fibrin [START_REF] Boonen | Effects of a combined mechanical stimulation protocol: Value for skeletal muscle tissue engineering[END_REF][START_REF] Shin | Stimulated myoblast differentiation on graphene oxide-impregnated PLGA-collagen hybrid fibre matrices matrices[END_REF][START_REF] Friday | Calcineurin activity is required for the initiation of skeletal muscle differentiation[END_REF][START_REF] Low | Integrin and cytoskeletal involvement in signalling cell volume changes to glutamine transport in rat skeletal muscle[END_REF], or chitosan (McKeon-Fischer et al., 2011b;[START_REF] Kjaer | Role of extracellular matrix in adaptation of tendon and skeletal muscle to mechanical loading[END_REF]. 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 [START_REF] Hennink | Novel crosslinking methods to design hydrogels[END_REF], or specific functional groups to improve cell attachment [START_REF] Rowley | Alginate type and RGD density control myoblast phenotype[END_REF], or mechanical properties [START_REF] Davidenko | Control of crosslinking for tailoring collagen-based scaffolds stability and mechanics[END_REF], 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 | Mohawk promotes the tenogenesis of mesenchymal stem cells through activation of the TGFβ signaling pathway[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. Several other authors did not observe any myoblast migration towards the scaffold in vivo [START_REF] Gamba | Experimental abdominal wall defect repaired with acellular matrix[END_REF][START_REF] Fishman | Immunomodulatory effect of a decellularized skeletal muscle scaffold in a discordant xenotransplantation model[END_REF]. More recently, [START_REF] Porzionato | Decellularized human skeletal muscle as biologic scaffold for reconstructive surgery[END_REF] 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.

Synthetic Materials

Most of the synthetic polymers used for muscle tissue engineering scaffolds are manufactured from polyesters, which include poly(vinyl alcohol) (PVA) (McKeon-Fischer et al., 2011b;[START_REF] Kheradmandi | Skeletal muscle regeneration via engineered tissue culture over electrospun nanofibrous chitosan/PVA scaffold[END_REF], (PGA) [START_REF] Saxena | Skeletal Muscle Tissue Engineering Using Isolated Myoblasts on Synthetic Biodegradable Polymers: Preliminary Studies[END_REF][START_REF] Saxena | Vascularized three-dimensional skeletal muscle tissue-engineering[END_REF], poly(lactic acid) (PLA) [START_REF] Rimington | Biocompatible 3D printed polymers via fused deposition modelling direct C2C12 cellular phenotype in vitro[END_REF][START_REF] Ricotti | Adhesion and proliferation of skeletal muscle cells on single layer poly(lactic acid) ultra-thin films[END_REF], poly(caprolactone) (PCL) [START_REF] Abarzua | Improving myoblast differentiation on electrospun poly(ε-caprolactone) scaffolds[END_REF][START_REF] Jun | The stimulation of myoblast differentiation by electrically conductive sub-micron fibers[END_REF][START_REF] Li | Engineering controllable anisotropy in electrospun biodegradable nanofibrous scaffolds for musculoskeletal tissue engineering[END_REF], and their copolymer poly[(lactic acid)-co-(glycolic acid)] (PLGA) [START_REF] Zhao | Fabrication of functional PLGAbased electrospun scaffolds and their applications in biomedical engineering[END_REF]Aviss et al., 2010a;[START_REF] Abarzua | Improving myoblast differentiation on electrospun poly(ε-caprolactone) scaffolds[END_REF][START_REF] Shin | Stimulated myoblast differentiation on graphene oxide-impregnated PLGA-collagen hybrid fibre matrices matrices[END_REF][START_REF] Kim | Muscle regeneration by adipose tissue-derived adult stem cells attached to injectable PLGA spheres[END_REF][START_REF] Xu | Fabrication of PLGA/MWNTs composite electrospun fibrous scaffolds for improved myogenic differentiation of C2C12 cells[END_REF]. These polymers are well characterized and have been approved

by the Food and Drug Administration (FDA) for certain human uses [START_REF] Middleton | Synthetic biodegradable polymers as orthopedic devices[END_REF]. They can be tailored into porous sponges, fibers, or microspheres for cell encapsulation [START_REF] Kim | Muscle regeneration by adipose tissue-derived adult stem cells attached to injectable PLGA spheres[END_REF]. PDMS (polydimethylsiloxane) (Lam et al., 2006a;[START_REF] Fujita | Fabrication of scaffold-free contractile skeletal muscle tissue using magnetite-incorporated myogenic c2c12 cells[END_REF], 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

Hybird Materials

Hybrid scaffolds consist of the combination of synthetic polymer and natural derived components, 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 Table 4: PDMS and fibrin [247], PEG and fibrin [START_REF] Cha | Study of myoblast differentiation using multi-dimensional scaffolds consisting of nano and micropatterns[END_REF], PLGA and collagen [START_REF] Shin | Stimulated myoblast differentiation on graphene oxide-impregnated PLGA-collagen hybrid fibre matrices matrices[END_REF], PCL and collagen (Choi et al., 2008a), and PCL and silk fibroin [START_REF] Wang | Nanofiber Yarn/Hydrogel Core-Shell Scaffolds Mimicking Native Skeletal Muscle Tissue for Guiding 3D Myoblast Alignment, Elongation, and Differentiation[END_REF]. 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) (Engler, Griffin, Sen, Bönnemann, Sweeney and Discher, 2004;[START_REF] Griffin | Adhesion-contractile balance in myocyte differentiation[END_REF]. [START_REF] Baniasadi | Design, fabrication and characterization of oxidized alginate-gelatin hydrogels for muscle tissue engineering applications[END_REF] worked on cross-linkedoxidized alginate/gelatin hydrogels and investigated the impact of mechanical properties and degradation rate on the behavior of cultured cells. In order to contract, muscle fibers need to grow parallel [START_REF] Bian | Engineered skeletal muscle tissue networks with controllable architecture[END_REF] to one another with identical anisotropy [START_REF] Courtney | Design and analysis of tissue engineering scaffolds that mimic soft tissue mechanical anisotropy[END_REF]. This can be achieved using a film with a specific topography to induce this behavior via contact guidance [START_REF] Dalby | Fibroblast reaction to island topography: changes in cytoskeleton and morphology with time[END_REF].

From Biohybrid Muscle

Topographical nano- [START_REF] Yang | Nanopatterned muscle cell patches for enhanced myogenesis and dystrophin expression in a mouse model of muscular dystrophy[END_REF] or micro-patterning have thus been investigated in grooves [START_REF] Sanzari | Parylene C topographic micropattern as a template for patterning PDMS and Polyacrylamide hydrogel[END_REF], waves (Lam et al., 2006a), or more complex configurations [START_REF] Janakiraman | Lithography Technique for Topographical Micropatterning of Collagen-Glycosaminoglycan Membranes for Tissue Engineering Applications[END_REF] 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 construct hydrogel [START_REF] Lam | Microfeature guided skeletal muscle tissue engineering for highly organized 3-dimensional free-standing constructs[END_REF], 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 [START_REF] Altomare | Biodegradable microgrooved polymeric surfaces obtained by photolithography for skeletal muscle cell orientation and myotube development[END_REF], width [START_REF] Charest | Myoblast alignment and differentiation on cell culture substrates with microscale topography and model chemistries[END_REF], and periodicity (Lam et al., 2006a) on the formation of longer, functional myotubes with striated structures and contractile behavior in vitro [START_REF] Qazi | Biomaterials based strategies for skeletal muscle tissue engineering: Existing technologies and future trends[END_REF]. 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 | Integrative Biology Patterning the di ff erentiation of C2C12 skeletal myoblasts w[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.

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.

In contrast, [START_REF] Cvetkovic | Three-dimensionally printed biological machines powered by skeletal muscle[END_REF] 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.

Hydrogels can be shaped as sponges, with an interpenetrating network structure favoring cell colonization within the 3D scaffold. For example, [START_REF] Bandyopadhyay | In Vitro and In Vivo Evaluation of L-lactide/ε-caprolactone copolymer Scaffold to support Myoblast Growth and Differentiation[END_REF] developed a biocompatible and biodegradable porous sponge that is made with poly(Llactide-co-ε-caprolactone) copolymers using phase inversion. 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.

Although the hydrogel/sponge manufacturing process is relatively easy to implement, pore size and full interconnectivity remain difficult to control [START_REF] Omidian | Elastic, superporous hydrogel hybrids of polyacrylamide and sodium alginate[END_REF][START_REF] Lee | Interaction of fibroblasts on polycarbonate membrane surfaces with different micropore sizes and hydrophilicity[END_REF]. 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 [START_REF] Cha | Study of myoblast differentiation using multi-dimensional scaffolds consisting of nano and micropatterns[END_REF].

Film and Hydrogel: Effect of Electrical Stimulation on Biological Response

Recently, both [START_REF] Kasper | Mimicking exercise in three-dimensional bioengineered skeletal muscle to investigate cellular and molecular mechanisms of physiological adaptation[END_REF] and Rangarajan et al. (2014a) highlighted the attractive strategy of electrical stimulation for activating the signaling pathways that are presented in Figure 2.5. Hashimoto and Sato (2012b) 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. [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. [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. In contrast, [START_REF] Stern-Straeter | Mechanical force regulates tendon extracellular matrix organization and tenocyte morphogenesis through TGFbeta signaling[END_REF] 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. Coordinating the electrical stimulation within the differentiation process of muscle progenitor cells is delicate and should not be introduced too early (Langelaan et al., 2011a).

Film and Hydrogel: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 [START_REF] Wang | Nanofiber Yarn/Hydrogel Core-Shell Scaffolds Mimicking Native Skeletal Muscle Tissue for Guiding 3D Myoblast Alignment, Elongation, and Differentiation[END_REF][START_REF] Bandyopadhyay | In Vitro and In Vivo Evaluation of L-lactide/ε-caprolactone copolymer Scaffold to support Myoblast Growth and Differentiation[END_REF], through the continuous passive tension applied to skeletal muscle by bone growth during both embryogenesis and neonatal development, as described in Figure 2.3. It also has a significant impact on the diameter of mature skeletal muscle fibers, as well as on cell numbers and myofiber composition [START_REF] Alberts | Genesis, modulation, and regeneration of skeletal muscle[END_REF].

Twenty years ago, [START_REF] Okano | Tissue engineering of skeletal muscle. Highly dense, highly oriented hybrid muscular tissues biomimicking native tissues[END_REF] 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, equiaxial strain did not induce any clear orientation and it displayed signs of membrane damage and impaired differentiation [START_REF] Pennisi | Uniaxial Cyclic Strain Drives Assembly and Differentiation of Skeletal Myocytes[END_REF].

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) [START_REF] Wang | Nanofiber Yarn/Hydrogel Core-Shell Scaffolds Mimicking Native Skeletal Muscle Tissue for Guiding 3D Myoblast Alignment, Elongation, and Differentiation[END_REF]. For instance, [START_REF] Boonen | Effects of a combined mechanical stimulation protocol: Value for skeletal muscle tissue engineering[END_REF] 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. 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 | Biomaterials 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°micropattern. 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.

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 [START_REF] Guex | Anisotropically oriented electrospun matrices with an imprinted periodic micropattern: A new scaffold for engineered muscle constructs[END_REF][START_REF] Abarzua | Improving myoblast differentiation on electrospun poly(ε-caprolactone) scaffolds[END_REF][START_REF] Jun | The stimulation of myoblast differentiation by electrically conductive sub-micron fibers[END_REF][START_REF] Wang | Nanofiber Yarn/Hydrogel Core-Shell Scaffolds Mimicking Native Skeletal Muscle Tissue for Guiding 3D Myoblast Alignment, Elongation, and Differentiation[END_REF][START_REF] Cha | Study of myoblast differentiation using multi-dimensional scaffolds consisting of nano and micropatterns[END_REF]McKeon-Fischer et al., 2011b;[START_REF] Li | Engineering controllable anisotropy in electrospun biodegradable nanofibrous scaffolds for musculoskeletal tissue engineering[END_REF][START_REF] Choi | 3D Cell Printing of Functional Skeletal Muscle Constructs Using Skeletal Muscle-Derived Bioink[END_REF], PVDF [START_REF] Martins | Effect of poling state and morphology of piezoelectric poly(vinylidene fluoride) membranes for skeletal muscle tissue engineering[END_REF], and polyurethane [START_REF] Liao | Effect of Electromechanical Stimulation on the Maturation of Myotubes on Aligned Electrospun Fibers[END_REF][START_REF] Candiani | Cyclic Mechanical Stimulation Favors Myosin Heavy Chain Accumulation in Engineered Skeletal Muscle Constructs[END_REF][START_REF] Sirivisoot | Skeletal myotube formation enhanced by electrospun polyurethane carbon nanotube scaffolds[END_REF]. These materials can also be of natural origin such as collagen [START_REF] Takeda | In situ cross-linked electrospun fiber scaffold of collagen for fabricating cell-dense muscle tissue[END_REF][START_REF] Shin | Stimulated myoblast differentiation on graphene oxide-impregnated PLGA-collagen hybrid fibre matrices matrices[END_REF][START_REF] Choi | 3D Cell Printing of Functional Skeletal Muscle Constructs Using Skeletal Muscle-Derived Bioink[END_REF], gelatin, decorin, silk fibroin, alone or mixed [START_REF] Abarzua | Improving myoblast differentiation on electrospun poly(ε-caprolactone) scaffolds[END_REF][START_REF] Wang | Nanofiber Yarn/Hydrogel Core-Shell Scaffolds Mimicking Native Skeletal Muscle Tissue for Guiding 3D Myoblast Alignment, Elongation, and Differentiation[END_REF]. As for the gels, conductive elements can be added to the polymer, such as graphene [START_REF] Shin | Stimulated myoblast differentiation on graphene oxide-impregnated PLGA-collagen hybrid fibre matrices matrices[END_REF], carbon nanotubes [START_REF] Sirivisoot | Skeletal myotube formation enhanced by electrospun polyurethane carbon nanotube scaffolds[END_REF][START_REF] Ostrovidov | Myotube formation on gelatin nanofibers -Multi-walled carbon nanotubes hybrid scaffolds[END_REF]McKeon-Fischer et al., 2011b), polyaniline (PANi) [START_REF] Jun | The stimulation of myoblast differentiation by electrically conductive sub-micron fibers[END_REF], or gold nanoparticules (Choi et al., 2008a;McKeon-Fischer and Freeman, 2011).

Parallel configurations were studied to mimic the natural organization of bundles of aligned muscle fibers, which is necessary to develop high contractile forces [START_REF] Okano | Tissue engineering of skeletal muscle. Highly dense, highly oriented hybrid muscular tissues biomimicking native tissues[END_REF]. Of the parameters that could be adjusted during the electrospinning process, [START_REF] Li | Engineering controllable anisotropy in electrospun biodegradable nanofibrous scaffolds for musculoskeletal tissue engineering[END_REF] 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. 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 [START_REF] Liao | Effect of Electromechanical Stimulation on the Maturation of Myotubes on Aligned Electrospun Fibers[END_REF]Aviss et al., 2010a;[START_REF] Martins | Effect of poling state and morphology of piezoelectric poly(vinylidene fluoride) membranes for skeletal muscle tissue engineering[END_REF][START_REF] Abarzua | Improving myoblast differentiation on electrospun poly(ε-caprolactone) scaffolds[END_REF]. Physicochemical cues for polymers influence myoblast differentiation, hydrophilic properties, and low matrix stiffness had a beneficial effect on cell response. [START_REF] Drexler | Regulation of electrospun scaffold stiffness via coaxial core diameter[END_REF] 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. This method might then make it possible to produce scaffolds with mechanical properties that are similar to those of native skeletal muscle tissue (up to 10 kPa) (Engler, Griffin, Sen, Bönnemann, Sweeney and Discher, 2004). 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 [START_REF] Kheradmandi | Skeletal muscle regeneration via engineered tissue culture over electrospun nanofibrous chitosan/PVA scaffold[END_REF][START_REF] Kim | The development of genipin-crosslinked poly(caprolactone) (PCL)/gelatin nanofibers for tissue engineering applications[END_REF]. 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 (Choi et al., 2008a).

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. [START_REF] Sreerekha | Fabrication of fibrin based electrospun multiscale composite scaffold for tissue engineering applications[END_REF] designed a multiscale composite scaffold with fibrin nanofibers (50-500 nm) and PCL microfibers (1 to 2.5 µm).

These dimensions mimic the hierarchical structure of ECM that is found in native tissues (Figures 1.3 and 1.7). 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 [START_REF] Guex | Anisotropically oriented electrospun matrices with an imprinted periodic micropattern: A new scaffold for engineered muscle constructs[END_REF][START_REF] Cha | Study of myoblast differentiation using multi-dimensional scaffolds consisting of nano and micropatterns[END_REF]. 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 [START_REF] Wang | Nanofiber Yarn/Hydrogel Core-Shell Scaffolds Mimicking Native Skeletal Muscle Tissue for Guiding 3D Myoblast Alignment, Elongation, and Differentiation[END_REF]. 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.

Electrospun Scaffold: Effect of Electrical Stimulation on Biological Response

Electrical stimulation was recently investigated on electrospun bioconstructs to simulate motoneuron activity. [START_REF] Ostrovidov | Myotube formation on gelatin nanofibers -Multi-walled carbon nanotubes hybrid scaffolds[END_REF] 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. The same type of results was observed by [START_REF] Sirivisoot | Skeletal myotube formation enhanced by electrospun polyurethane carbon nanotube scaffolds[END_REF] 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).

Electrospun Scaffold: 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 a 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. 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 ( 20V 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 α-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.

Chapter 3

Multiscale-engineered muscle constructs: PEG hydrogel micro-patterning on an electrospun PCL mat functionalized with gold nanoparticles
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Abstract

The development of new, viable and functional engineered tissue is a complex and challenging task. Skeletal muscle constructs have specific requirements as cells are sensitive to the stiffness and geometry of the materials, as well as to the biological micro-environment.

The aim of this study was thus to design and characterize a multi scale scaffold, and to optimize it regarding the differentiation process of C2C12 skeletal myoblasts.The significance of the work lies in the microfabrication of lines of polyethylene glycol (with different widths and spacing), on poly(ε-caprolactone) nanofiber sheets obtained using the electrospinning process, coated or not with gold nanoparticles to act as a potential substrate for electrical stimulation. The differentiation of C2C12 cells was studied over a period of seven days and quantified through both expression of specific genes, and analysis of the myotubes' alignment and length using confocal microscopy. We demonstrated that our multiscale bio-construct was easy to handle, presented tunable mechanical properties, and supported the different stages skeletal muscle cells go through, from myoblasts to myotubes. More specifically, the scaffold with 500 µm spacing between the micropatterns induced the most advanced differentiation. This model induces a higher expression of myotube markers with a 1.5-fold increase for MyoD and 2-fold for embryonic myosin heavy chain, but also improve the parallel orientation of the myotubes with a variation of less than 15°.In contrast, the presence of gold nanoparticles did not affect the outcome of the cells. These scaffolds: i) showed the ability of sustained myogenic differentiation by enhancing the organization of reconstructed skeletal muscle; ii) could be suitable for the application of mechanical and electrical stimulation to mimic the muscle's physiological function.

Introduction

The reconstruction of the lost function or mass of skeletal muscle caused by chronic diseases and traumatic injuries is often difficult to achieve despite the highly regenerative nature of this tissue [START_REF] Juhas | Engineering skeletal muscle repair[END_REF][START_REF] Shadrin | Striated muscle function, regeneration, and repair[END_REF]. As with other tissues, natural or synthetic biomaterials have been developed to replace or repair the structure of the skeletal muscle. While, none of them has successfully replaced its structure/function yet. These biohybrid constructs can also represent suitable "native-like" tissue models for in vitro investigations, leading to better understanding of the muscle regeneration process, or dedicated to the evaluation of new chemical or physical protocols for the treatment of muscular diseases or injuries. The highly organized structure of skeletal muscle in long parallel conductive fibers formed through the differentiation and fusion of satellite cells into multinucleated myotubes is undoubtedly a challenge for its reconstruction [START_REF] Frontera | Skeletal muscle: a brief review of structure and function[END_REF][START_REF] Sosa | Ultrastructure of skeletal muscle fibers studied by a plunge quick freezing method: myofilament lengths[END_REF]. Controlling tissue organization in vitro by aligning myoblasts in preparation for the formation of myotubes is thus recognized as a crucial step [START_REF] Wakelam | The fusion of myoblasts[END_REF]. An effective scaffold for skeletal muscle tissue engineering needs to provide such fundamental elements, i.e., an appropriate microenvironment that will allow muscle cells to grow, differentiate and align to support the transmission of muscular force [START_REF] Cheng | Engineering Aligned Skeletal Muscle Tissue Using Decellularized Plant-Derived Scaffolds[END_REF] . In recent years, several strategies have emerged to develop such biohybrid constructs, from the design of complex architecture to the use of external stimuli to foster the formation of parallel-aligned myofibrils. Some studies focused on topographical cues at the nano-or micro-scale to promote spatial alignment of myoblasts on the biomaterial, studying the impact of the size and design of the micropatterns on cell alignment and fusion [START_REF] Charest | Myoblast alignment and differentiation on cell culture substrates with microscale topography and model chemistries[END_REF]. Nano topography-guided approaches have been shown to promote tissue differentiation and activate specific function, using polydimethylsiloxane (PDMS) substrates patterned with parallel nanogrooves [START_REF] Jiao | Regulation of skeletal myotube formation and alignment by nanotopographically controlled cell-secreted extracellular matrix: REGULATION OF MYOTUBE FORMATION BY MATRIX NANOTOPOGRAPHY[END_REF][START_REF] Xu | Nanotopography-responsive myotube alignment and orientation as a sensitive phenotypic biomarker for Duchenne Muscular Dystrophy[END_REF]. The electrospinning technique [START_REF] Riboldi | Electrospun degradable polyesterurethane membranes : potential scaffolds for skeletal muscle tissue engineering[END_REF][START_REF] Aviss | Aligned electrospun polymer fibres for skeletal muscle regeneration[END_REF]Choi et al., 2008b) has also been widely used, as it provides fibers that mirror the structure of native collagen fibrils of extracellular matrix [START_REF] Jiang | Fabrication of polycaprolactone electrospun fibers with different hierarchical structures mimicking collagen fibrils for tissue engineering scaffolds[END_REF][START_REF] Teo | Electrospun scaffold tailored for tissue-specific extracellular matrix[END_REF]). Yet fibers must be highly aligned in order to offer cells a parallel support to form myotubes, otherwise cells follow the random organization of the electrospun fibers [START_REF] Zhong | Effect of nanofiber orientation of electrospun nanofibrous scaffolds on cell growth and elastin expression of muscle cells[END_REF]. Photolithography, hot embossing, and soft lithography are helpful for creating micro-topographical cues. A previous study has shown enhanced alignment of myotubes using photolithography patterned micro-channels, spaced from 5 to 100 µm apart and with varying depths [START_REF] Shimizu | Alignment of skeletal muscle myoblasts and myotubes using linear micropatterned surfaces ground with abrasives[END_REF]. Meanwhile, other studies have investigated the effect of geometrical patterns, such as wavy, square, circle or plots, on myogenic differentiation [START_REF] Lam | The effect of continuous wavy micropatterns on silicone substrates on the alignment of skeletal muscle myoblasts and myotubes[END_REF][START_REF] Junkin | Cellular selforganization by autocatalytic alignment feedback[END_REF]. They established that myotubes formed on large patterns were able to follow geometric cues in the microenvironment.

Yet, the limitation of geometric guidance appeared on patterns with sharp corners, and small curve radius. Finally, other approaches involving electrically conductive materials or polymers such as carbon, gold, iron nanoparticles, polyaniline, and polypyrrole, have been investigated to mimic the natural environment and have shown they can improve the formation, maturation and guidance of myotubes 1-3. Although substrates from nano to microfeatures are acknowledged for favoring myotube formation, they have demonstrated some limitations as guidance cues when cell-substrate interaction is overridden by cell-cell interactions (Lam et al., 2006a). Thus, it can be hypothesized that coupling microtopography and electrospun nanofibers could closely mimic the topographical aspect of natural muscle bundles and efficiently enable the formation of aligned myotubes over large areas. The aims of the present study is then to associate the effect of multiscale scaffolds and conductive nanoparticles to prepare nano-to-macro hierarchically organized tissue engineered skeletal muscle. The easy-to-handle construct was integrated into this design phase to obtain in fine a biohybrid construct capable of sustaining external stimuli such as stretching cycles or elect. We first manufactured a double-scaled scaffold, based on poly(ε-caprolactone) (PCL) electrospun nanofibers coated with gold nanoparticles (Au NPs) and then micropatterned it with polyethylene glycol (PEG) hydrogel lines. The PCL nanoscale fibers were expected to promote cell adhesion and guidance, while the gold particles were selected because of their nanostructure, easy surface functionalization process, and conductive properties. Finally, the PEG linear patterns were used to contribute to enhanced cell guidance. C2C12 myoblasts were then cultured on the scaffolds designed to evaluate their growth and differentiation into a new type of tissue engineered skeletal muscle.

Materials and Methods

Scaffold preparation and characterization

Three steps were necessary to obtain the multiscale scaffold (Figure 3.1).

Step 1: Preparation of electrospun PCL A solution of 10 wt% poly(ε-caprolactone) (PCL, MW = 80.000 Da, Sigma-Aldrich, St. Louis, MO) in dichloromethane (DCM, Sigma-Aldrich) /N,N-dimethylformamide (DMF, Reagent Plus ≥99%, Sigma-Aldrich) (80:20 v/v) was prepared under stirring for 24 h before electrospinning. Polymer solutions were loaded into a 5 mL syringe equipped with a (18G) stainless steel gauge needle. Grounded aluminum foil was used as the collector electrode. The distance between needle and aluminum collector was 15 cm and the collector had a diameter of 75 mm. Solution was fed in constantly using a syringe pump at 1.02 mL/h. The voltage applied was optimized to obtain good spinnability, with a typical value of 15 kV.

Step 2: Preparation of Au NP-doped PCL nanofibrous scaffolds The electrospun scaffolds were immersed in 2 mL aqueous solution of chloroauric acid HAuCl 4 (20 mM Sigma-Aldrich) for 1 h, during which the color of the scaffolds changed to purple (supplementary data). Subsequently, the Au NP-doped nanofibrous scaffolds formed were rinsed three times with deionized water and vacuum dried at room temperature for 24 h. 

SEM characterizatioN

The topography of the electrospun scaffolds was observed using environmental scanning electron microscopy (Philips XL30 ESEM-FEG). Fiber diameter was measured after setting up the scale bar. Average fiber diameters (n=100 fibers) were analyzed with ImageJ software (NIH, Bethesda, Maryland). The isotropy value of the scaffold (n=6) was analyzed using Mountain™ software (with smoothing and maintaining the default frequency thresholds at 5% and 80% Str ISO 25178) and the main orientations of the fibers were analyzed using the Fourier Transformation method (n=6). Gold deposits over the electrospun scaffold were investigated using Energy Dispersive X-ray Spectroscopy (EDS) analysis with the 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 target scaffold.

Scaffold conductivity

Electrical conductivity was measured by a source meter (model 2602-A, Keithley instruments, Inc.) using a two-point probe method at room temperature. Three replicates of the Au NP-doped scaffolds were cut into 1 cm x1 cm squares. The contacts at both ends of each sample were copper sheets and the needle probes were held perpendicular to the contacts. In addition, in order to determine the baseline, we used PCL scaffolds without Au NPs as controls. However, because their resistivity was beyond the sensitivity of our instrument, we supposed it was non-conductive. Contact angle measurement A standard static sessile drop method (VCA Optima XE, AST Products) was used to characterize the wettability of the electrospun scaffolds. A 10 µL water droplet was dropped on to the surface of the scaffold (n=3) and a side-view photo was taken to measure the contact angles. The measurement was repeated twice.

Mechanical properties

The whole scaffold's elastic modulus was quantified using uniaxial tensile testing. One sample of each scaffold (n = 3) was cut into a strip measuring 1.0 x 3.0 cm, with a thickness of 100 ± 10 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 0.05 mm.s -1 using a cell load of 22N. The elastic modulus was calculated by analyzing the recorded stress-strain curve in the elastic zone, where the relationship is linear, i.e., generally between 5 and 10 % strain. The local Young modulus (E) of each scaffold was measured with a Chiaro nanoindenter system (Optics 11, Amsterdam, NL) mounted on an optical microscope. Two probes were selected based on estimation of the materials' stiffness and the manufacturer's probe selection chart. The probes selected were 5.23 N/m with a tip radius of 9 µm for mats without PEG, and with a spring constant of 47.69 N/m and a radius of 25 µm for mats with PEG hydrogel. Before testing, the optical sensitivity and geometrical factors were calibrated by indenting a hard surface (e.g., glass slide). A fibrous mat was deposited on a glass slide and the probe was placed in contact with the scaffold where an indentation of 15µm was made. All experiments were performed at room temperature. For each condition, about 9 curves were acquired. Data were analyzed with DataViewer 2.2 software (Optics 11, Amsterdam, NL) using the Hertzian contact theory to calculate the local E.

Profilometry

The surface structure of the different samples was measured using an optical profilometer laser (Sensofar) on 3 samples (PCL, Au NPs PCL, and micropatterned scaffold) using a 1746 x 1313 µm zone. For each specimen, 3 measures were performed to extract roughness features: height parameters (Sv), valleys and peaks (Sp) including arithmetical mean height (Sa), root mean square height (Sq), and maximum height (Sz). Skewness (Ssk) is the degree of symmetry in the surface heights about the mean plane, while kurtosis (Sku)

indicates the randomness of height and the sharpness of the structures on the surface.

Specimens were also examined with SEM (accelerating voltage of 20 kV) to analyze fiber texture after the addition of hydrogel.

Cell seeding on scaffolds

Murine C2C12 skeletal muscle myoblast cells (ATCC CRL-1772) was cultured on T-75 flasks at 50 % of confluence with growth media, Dulbecco's Modified Eagle's Medium high-glucose (HDMEM; Hyclone, USA) supplemented with 10 % fetal bovine serum (FBS, Gibco Invitrogen, USA) and 1 % of penicillin-streptomycin (Gibco Invitrogen, USA).

To evaluate the response of the cells to materials, the scaffolds were cut into rectangles measuring 30 mm × 10 mm, disinfected with ethanol 70 % (Sigma-Aldrich, USA) for 45 min, washed three times with PBS (phosphate buffered saline, Gibco Invitrogen, USA) pH 7.4 and incubated in growth media for 30 min before starting the cell culture in 6-well plates. Each scaffold was plated with a density of 5.10 3 cells for viability and proliferation tests and 5 × 105 cells for the confocal analysis. With the highest density, after 48h, culture was about 80 % of confluence. Then, the growth media was changed to differentiating media constituted of HDMEM supplemented with 2 % horse serum (HS, Gibco Invitrogen, USA) and 1 % of penicillin-streptomycin (Gibco Invitrogen, USA) and culture was prolonged for five more days.

Evaluation of cell adhesion, viability, and proliferation Adhesion

On day 1, the cell-seeded scaffolds were removed from the culture media, gently washed with PBS and soaked in a buffered 4 % paraformaldehyde (PFA) solution (VWR) prior to observation using scanning electron microscopy (SEM) (XL 30-ESEM FEG, Philips, The Netherlands) to evaluate the cells' attachment and growth.

Viability

On days 2, 3 and 5, cell viability was estimated with the Far-Red fixable dead cell staining Kit (ViaQuant™, GeneCopoeia). The samples were observed using fluorescence microscopy at a wavelength of 650 nm (Leica Microsystem, Wetzlar, Germany), allowing determination of cell viability and distribution.

Proliferation

CellTiter 96®AQueous One Solution Cell Proliferation Assay (Promega) was used to evaluate the cell proliferation at different time points (days 1, 3, and 5). 100 µL MTS solution in complete culture media were added to each well (n=6). After 4 h of incubation at 37°C, the absorbance of the solution was measured using a Spark multimode microplate reader (TECAN, Swiss) at a wavelength of 570 nm and was then recorded with a 96-well plate reader. Finally, cell behavior after 7 days of culture on the scaffold was assessed through immunofluorescence. After washing with PBS, the samples were fixed in a 4 % PFA solution for 10 min at room temperature. Samples were permeabilized with a 0.2 % TritonX-100 solution for 10 min and blocked with a 2 % bovine serum albumin solution (BSA, Sigma) for 30 min. Myosin, actin and nuclei staining of cells was performed, using myosin heavy chain antibodies (1/200, Neo Biotech) for 2 hours followed by secondary staining using Alexa 594 overnight (1/200, Thermofisher), prior to Alexa Fluor 488 Phalloidin (1/200, Thermofisher) staining for 2 hours and Hoechst 33258 (1/1000, Sigma) for 15 min. The samples were finally washed with PBS before visualization using Z-stacking and mapping "Tile scan" specifications of confocal microscopy (Zeiss LSM 710). The confocal images were about 1 mm in size.

Myotube measurement

The influence of the biomaterials on myoblast differentiation, myotube length, orientation and total area occupied was measured using ImageJ (NIH, Bethesda, Maryland) and Cell ProfilerTM (Broad Institute) software19. Myotube length was defined as the line distance from one extremity of the myotube to the other. The total area occupied by differentiated cells was counted in 3-5 pictures, selecting an area of 2 mm x 2 mm for each sample. The percentage of cell alignment was defined based on the measurement of myotubes (n=100) aligning with ± 20°from the pattern.

RT-qPCR

Gene expression was studied using RT-qPCR (reverse transcription quantitative polymerase chain reaction) after 7 days of culture on the scaffolds. Briefly, samples were lysed with 350 µL of Trizol and centrifuged to extract the RNA (ribonucleic acid) according to the manufacturer's protocol (Qiagen, Germany). The RNA was retrotranscribed into DNA (deoxyribonucleic acid) 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-ΔCt method. The ΔCts were obtained from Ct normalized with the Rp2b gene levels in each sample and reactions were checked before the experiments (efficiency > 80 %, R2 > 0.99). The results were normalized with the data from the basic PCL electrospun construct, to highlight the intrinsic effect of the scaffolds' modifications on gene expression. The primers used are listed in the supplementary data (Table S3).

Statistical analysis

Statistical analysis and graph drawing were carried out using GraphPad Instat 3.10 and Prism v 6.0 (GraphPad Software, CA. USA). All data are represented as mean ± standard deviation from at least three independent cultures (n ≥ 3). Group comparisons were performed using the Mann-Whitney non-parametric two-tailed test and the Kruskal-Wallis non-parametric test with Dunn's multiple comparisons post-test. Significance is indicated on the graph by * p<0.05; ** p<0.01; and *** p<0.001.

Results

The surface area of the constructs (manufacturing process illustrated in Figure 1) was 6 cm 2 , for an average thickness of 91 µm (n=9). This manufacturing process led to four different types of scaffold: (I) electrospun poly-ε-caprolactone (PCL), (II) the same coated with gold nanoparticles (PCL-Au), (III) electrospun PCL with patterning of PEG hydrogel lines (PCL-PEG), and finally (IV) an electrospun PCL coated with gold nanoparticles and patterned with PEG hydrogel lines (PCL-Au-PEG).

Fabrication and characterization of the basic PCL scaffold

Our first objective was to produce a flat mat of partially aligned PCL fibers. A medium range drum rotation speed of about 1000 rpm was thus applied during the electrospinning process. SEM images (Figure 2a) of the resulting PCL matrices showed smooth fibers with an average diameter of 776 ± 250 nm (Figure 2b), and a preferred orientation between -20°and 20°for 70 % of them (Figure 2c,d). Wettability of the materials was assessed by the contact angle at each stage in the preparation for cell culture. First, the dry PCL electrospun sheet showed a contact angle (θ) of 130°, corresponding to hydrophobic properties. After 45 minutes of ethanol treatment, the angle was about 115°, the drop on the dry PCL scaffold retaining its shape with no change over time (data not shown).

Finally, on PCL incubated for 30 minutes in culture medium and dried, the drops were immediately absorbed, showing complete wetting (θ=0°) (Figure S1).

Coating with gold nanoparticles (PCL-Au)

During the reduction process of HAuCl4, we noticed that the white color of PCL nanofiber mats changed to purple, suggesting the formation of gold nanoparticles (Au NPs)20 (Fig-

ure S2

). Scaffolds were then washed several times to remove any unbound nanoparticles 3a). Their mean diameter was estimated at 15.65 ± 6.41 nm (Figure 3b). In addition, EDS spectrometer analysis of the Au NP solution showed a peak at 520 nm (Figure 3c), confirming that the nanoparticles' size was in the range of 15 to 20 nm. SEM and EDS were then used to assess the presence of the Au NPs on the electrospun fibers. SEM observation of the morphology showed that the Au NP coating did not obstruct the porous surface structure of the material. In magnified SEM images of PCL-Au, white blots, relatively uniformly distributed along the nanofibers, were clearly observed (Figure 3d). The EDS profile of these spots presented strong gold atom signals around 2.10, 2.30 and 9.70 keV (Figure 3e).

The contact angle of the dry PCL-Au sheets was approximately 130°, the same as for the nude PCL. After ethanol treatment, the measurement fell to 102.5°. We observed that the drop was totally absorbed by the substrate in less than two minutes after the deposit.

Finally, as with the PCL samples, the drops were immediately absorbed by dry PCL-Au incubated for 30 minutes in culture medium. Cell adhesion strength has been proven to vary logarithmically with an increased surface roughness for polymeric and non-polymeric materials. Analysis with a non-contact 3D surface profilometer (Sensofar®) showed that the addition of nanoparticles to the fibers had an impact on the fiber's roughness, with an increase in Sa (roughness average, arithmetical mean height) from 1.16±0.30 µm to 4.89±0.65 µm (Figure 3.4a and b). Although this parameter is often used to evaluate surface roughness, it is not enough to describe the complexity of a surface texture. The Sku (Kurtosis) characterizes the measurement of the sharpness of the roughness profile.

Here, Sku was slightly higher for the scaffold without coating (Sku >3). Ssk (skewness) centered around zero for both samples, suggesting that there is a similar proportion of peaks and valleys in the samples. Although surface topography with lower skewness (Ssk) and higher kurtosis (Sku) is known to exhibit better wettability, the variations in Sku and Ssk after the coating were not enough to significantly modify it.

Micropatterning of multiscale scaffolds (PCL-PEG and PCL-Au-PEG)

Two masks with linear patterns were selected to create PEG hydrogel lines (Figure 3.5a and c) on the previously produced scaffolds. They were spaced either 500 µm or 1000 µm apart, with a width of 50 or 100 µm, respectively (named 500:50 and 1000:100). Photolithography made correct PEG hydrogel line deposits possible and attached well to the electrospun fibers. SEM images (Figure 3.5b and e) demonstrated that the hydrogel microstructure, where deposited, fully covered the PCL structure, leaving no fibers exposed at the top surfaces of the micropatterns. No damage to the morphology of the fibers located in between the hydrogels was observed (Figure 5e). We noticed a difference by comparing the masked data with the corresponding polymeric replica obtained from the electrospun fibers. Profilometry measurements (Figure 3.5c and f) confirmed the SEM observations.

The PEG lines in both patterns had a height of about 40 µm, but their widths showed an average of 108 µm and 124 µm instead of the expected 50 µm and 100 µm, respectively.

This resulted in reduced mean spacing between two lines, of 377 µm and 921 µm for the 500:50 and 1000:100 patterns, respectively. However, this difference was significant enough to evaluate the effect of spacing on cell behavior. The Sensofar confocal analysis demonstrated that the sheet tends to bend between the PEG lines and this effect was more significant on the 1000:100 pattern, with a variation in height of 110.40 ± 9.9 µm whereas it was only 44.46 ± 16.17 µm for the 500:50 pattern.

Mechanical properties of the different scaffolds

Figure 3.6a shows the elastic moduli of the electrospun fibrous scaffolds before and after Au NP coating or hydrogel patterning. Based on the stress-strain curves, electrospun sheets coated or not with Au NPs display similar elastic moduli of 16 ±2.5 MPa and 19.5±3.0 MPa, respectively. After the addition of PEG hydrogel lines with a spacing of (500:50) on scaffolds, the mechanical properties slightly decreased to 14.8 ±3.1 MPa for PCL-PEG and 12.2 ±2.1 MPa for PCL-Au-PEG. Micro indentation was performed to access the local mechanical properties of the fibrous part of the different scaffolds (Figure 3.6b).

The probe was followed by microscopy to ensure its localization on the fibers, and not on the PEG patterns. Surprisingly, the local moduli indicated a rather stiff material compared to the elastic moduli. Regarding the influence of PEG, the results were the opposite of those obtained for tensile strength. The local elastic modulus increased from 190.4 ± 96.9 kPa for PCL-Au to 764.3 ± 88.7 kPa when PEG micropatterning was added. The same trend was observed for the PCL scaffold: the local modulus increased from 124.6 ± 32.4 kPa to 495.7 ± 71.8 kPa with the PEG. 

Results

Influence of material composition on adhesion, proliferation, and cell viability

Cell adhesion was investigated on (500.50) PCL-PEG and PCL-Au-PEG. SEM images (Figure 3.7a) show C2C12 cells attached and distributed on the scaffolds at 24h, which confirmed that both scaffolds could support the attachment and proliferation of myoblasts.

Cell proliferation assay revealed that the cells displayed the same behavior between D1 and D3 on the different materials, with threefold growth (Figure 3.7b). A significant difference appeared on D5 as compared with D1 and D3, with greater proliferation of cells on the material with gold nanoparticles. A Far Red assay was performed to investigate the viability of the C2C12 cells on the composite materials (Figure 3.7c). After 5 days it was evaluated that 13.2± 3 % and 20.8 ±5.5 % of the C2C12 cells were dead (red staining) on PCL-PEG and PCL-Au-PEG scaffolds, respectively. These tests indicate that neither substrate induced any cytotoxicity, above what would be expected under basal growth conditions. On these confocal observations, cell proliferation and changes in shape could also be followed from day 2 to day 5.

Cell differentiation

Finally, we evaluated the effects of spacing micropatterns (500:50 vs 1000:100) on the differentiation of C2C12 myoblasts into myotubes, as well as on their spatial orientation.

On day 7, cells were immunostained with myosin heavy chain (MHC), an indicator of myotube formation. Confocal microscopy images confirmed that under partial serum deprivation (2 % of horse serum) for 5 days, myoblasts fused into myotubes on the scaffolds (Figure3.8a and b). Moreover, confocal images of fluorescent stained F-actin on cells demonstrated that the actin assembly appeared perfectly oriented along the fibers and pattern structure for the PEG samples (500:50). In contrast, in some parts of the PEG sample (1000:100), on the apparent strata of cells, the actin could appear

disordered. Yet, it was interesting to observe that those cells that were not in direct contact with the PCL fibers, but lay on other cells tended to assemble and arrange into spiral-like patterns (Figure3.8a). In comparison, the cells in direct contact with PCL nanofibers formed elongated myotubes assembled according to fiber orientation into parallel patterns. Muscle-like cells were found to be arranged mostly in parallel with the patterned hydrogel. For the PCL-PEG (500:50), i.e., the narrow configuration, all angles formed by the myotubes with the direction of the PEG lines were found in the range -15°/ + 15°, with a mean value of -0.9°± 5. When the space between two PEG lines increased (PCL-PEG 1000:100), only 72 % of the angles were in this range, with a mean value of 7.35°± 21,95°(Figure3.8c). Analysis of the confocal images in Figure 8d showed that the length of the myotubes was not significantly higher with the wider spacing patterns.

Finally, myotubes that formed on PCL-PEG (500:50) covered 8 % more surface area than on the PCL-PEG (1000:100) (Figure3.8e).

Finally, we followed the main stages of myogenesis for these mammalians skeletal muscle cell precursors using RT-qPCR analysis (Figure3.9). Muscle gene expression varied depending on the type of scaffold. On PCL-Au-PEG, IGF-I expressed a two-fold increase compared to the PCL reference scaffold. MyoD XX fold reduce in the PCL-Au-PEG construct as PCL-PEG (500:50) and PCL, although the differences were not statistically significant. For myogenin, a 10-fold subexpression of the gene was observed in both 

Discussion

To date, many attempts have been made in tissue engineering to reconstruct skeletal muscle tissue in vitro. Current consensus states that controlling myoblast orientation is essential for achieving successful regulation and differentiation of skeletal muscle cells in vitro [START_REF] Wakelam | The fusion of myoblasts[END_REF][START_REF] Huang | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF]. Most studies have thus focused on designing appropriate scaffolds that mimic the structure of native tissue to support the formation of highly oriented and functional myofibers. Bioinspiration could be found at the nanoscale level (mimicking the size and orientation of the matrix fibers) or at the microscale level (guiding the direction of cell proliferation). However, other key aspects of bioengineering could not be neglected, such as the handling of the biohybrid construct, and the capacity to perform dynamic stretching to promote cell differentiation. This required the production of scaffolds with adequate mechanical resistance. The multiscale approach proposed in this study aims to satisfy all these requirements, through hydrogel micropatterning of sheets of a mat of electrospun nanofibers, which can be coated with gold nanoparticles. As the basic material, poly(e-caprolactone) (PCL) was selected. This polymer is FDA approved for its biocompatibility and the absence of inflammatory or cytotoxic [START_REF] Dennis | Excitability and isometric contractile properties of mammalian skeletal muscle constructs engineered in vitro[END_REF][START_REF] Ignatius | In vitro biocompatibility of bioresorbable polymers: poly(L, DL-lactide) and poly(L-lactide-co-glycolide)[END_REF]. The PCL electrospinning process was tuned to produce matrices with fiber diameters of around 700 nm, to be similar to individual myofibrils (1µm) [START_REF] Gunatillake | Biodegradable synthetic polymers for tissue engineering[END_REF], Joyce). Using a drum collector rotating with a tangential speed of 3.9 ms-1 resulted in 70 % parallel-aligned fibers. PCL is also known to be highly hydrophobic and can present poor cell attachment in vitro [START_REF] Leung | Determination of myofibrillar diameter by light diffractometry[END_REF]. Therefore, the fibers were coated with gold nanoparticles to increase the wettability of the scaffold and to potentially implement electrical conductivity properties. The coating method consisted in soaking the PCL sheets in chloroauric acid.

This easy handling method resulted in a relatively uniform distribution of the conductive particles. PCL-Au sheets also showed improved wettability when treated with ethanol for sterilization while the PCL alone remained hydrophobic to organic liquid (supplementary data) [START_REF] Zhang | The interaction between bone marrow stromal cells and RGD-modified three-dimensional porous polycaprolactone scaffolds[END_REF]. The gold nanoparticles could be functionalized with biological peptides or proteins such as collagen to improve the adhesion and proliferation of the cells on the polymeric electrospun mats [START_REF] Park | Structural Study of Citrate Layers on Gold Nanoparticles: Role of Intermolecular Interactions in Stabilizing Nanoparticles[END_REF]. However, functionalization was not necessary in the present study as we showed that myoblasts indifferently attached to the nanofibers, coated or not with gold nanoparticles. Once attached to the fiber surface, C2C12 myoblasts spread out and multiplied, forming layers of cells that followed the direction of the PCL fibers, confirming previous reports. Regarding substrate stiffness, the majority of electrospun matrices described in the literature show elastic moduli in the range of tens or hundreds of MPa [START_REF] Tang | Interaction of gold nanosurfaces/nanoparticles with collagen-like peptides[END_REF]. In this study, the elastic modulus of the electrospun scaffold was reduced to a range of 10-20 MPa, values that remain very high compared to the elasticity of native tissues ( 10-50 kPa) [START_REF] Ren | Polyelectrolyte Multilayer Films of Controlled Stiffness Modulate Myoblast Cell Differentiation[END_REF][START_REF] Ogneva | Transversal Stiffness and Young's Modulus of Single Fibers from Rat Soleus Muscle Probed by Atomic Force Microscopy[END_REF][START_REF] Discher | Tissue cells feel and respond to the stiffness of their substrate[END_REF][START_REF] Discher | Growth factors, matrices, and forces combine and control stem cells[END_REF]. It is nevertheless in the same range as other scaffolds dedicated to muscle tissue engineering and will favor handling and further application of constant stretching or more complex mechanical stimulation10,11.

Interestingly, the presence of PEG lines modified the mechanical properties of the scaffold, mostly at the microscale level, where an increase in the surface's elastic modulus, from about 150 kPa to approximatively 630 kPa was measured. It can be hypothesized that PEG residues were still present and cross-linked within the electrospun mat when exposed to surrounding UV light, thus trapping the fibers deep inside and modifying the properties of the material. The surface elasticity was still far from that of soft hydrogel matrices classically used for C2C12 proliferation and maturation. In the literature, stiffness between 1 and 45 kPa [START_REF] Yn | Assessing the elastic properties of skeletal muscle and tendon using shearwave ultrasound elastography and MyotonPRO[END_REF] is suggested as being close to normal muscle tissue elasticity. Previous work has reported an optimal material stiffness between 8 and 11 kPa, to support a proper maturation and the emergence of myotube's striation, resulting of an ultra-structural level organization [START_REF] Boontheekul | Regulating myoblast phenotype through controlled gel stiffness and degradation[END_REF]. Certain improvements could thus be proposed to reduce the mechanical properties of our scaffold. It has been shown

that by modifying the solvents used to dissolve the polymer prior to electrospinning, a modulus of 36 kPa, suitable for soft tissues, could be achieved [START_REF] Engler | Matrix elasticity directs stem cell lineage specification[END_REF]. As already stated, in the present study nanoscale and microscale levels were investigated simultaneously to facilitate the alignment of the cytoskeleton and the formation of myotubes.

As myofibers can reach a few hundred microns in diameter, a linear pattern with PEG hydrogel (40 µm height, 50 or 100 µm wide) spaced 500 to 1000 µm apart was developed.

The multiscale scaffolds designed were successful for myoblast adhesion, proliferation, and most importantly fusion and differentiation into myotubes. The patterns with 500 µm to 1000 µm spacing positively affected cell organization and alignment, when coupled with a nanofibrous structure. Most of the previous studies with micro-structured hydrogel implemented patterns that created interspaces from 5 to a few hundred microns (Lam et al., 2006a;[START_REF] Elamparithi | Electrospun polycaprolactone matrices with tensile properties suitable for soft tissue engineering[END_REF][START_REF] Altomare | Biodegradable microgrooved polymeric surfaces obtained by photolithography for skeletal muscle cell orientation and myotube development[END_REF]. A decrease in cell alignment for interspaces of more than 200 µm has been reported in the literature (Ahmed et al., 2010a;[START_REF] Patz | Twodimensional differential adherence and alignment of C2C12 myoblasts[END_REF]. Here, by coupling the nanopatterning from the fibers and the hydrogel micropatterning, the myoblasts jointly "sensed" the topographical barrier imposed by the micropattern and the nanofiber direction, and developed highly organized stress fibers along the pattern axis. In fact, several studies have demonstrated the complementarity and benefit of combining these different scales. Previous work has established a method to pattern multiple desired topographic surfaces on electrospun nanofibers via solventloaded agarose hydrogel stamps [START_REF] Aubin | Directed 3D cell alignment and elongation in microengineered hydrogels[END_REF]. In addition, through a hierarchical patterned topography of microgroove and nanopore structures hNSCs was successfully directing into neuronal differentiation [START_REF] Hu | Patterning electrospun nanofibers via agarose hydrogel stamps to spatially coordinate cell orientation in microfluidic device[END_REF]. In the same way, skeletal muscle cell behaviors on nano-and micro-alignment combined scaffolds with different angular combinations was monitoring [START_REF] Yang | Multiscale, Hierarchically Patterned Topography for Directing Human Neural Stem Cells into Functional Neurons[END_REF]. To go further than their morphological observations, we monitored the behavior of rils. Altogether, it can be estimated that our culture system was suitable for providing initial guidance and mechanical support for further use, such as investigating the effect of external stimulation. The effectiveness of electrical and mechanical stimulation on muscle cells has been established, with an increase in the formation of myotubes and their alignment, as well as improved contractile properties [START_REF] Gard | The synthesis and distribution of desmin and vimentin during myogenesis in vitro[END_REF][START_REF] Liao | Effect of Electromechanical Stimulation on the Maturation of Myotubes on Aligned Electrospun Fibers[END_REF]. Therefore, the combination of our multiscale material and stimulations could have a synergistic effect on the formation and maturation of myotubes. This could also lead to a gain in function in cell performances48.

Conclusion

In this study, we presented a simple and direct approach for controlling cellular alignment and elongation in a tissue engineered construct. We propose a hybrid method for manufacturing a multiscale scaffold. By using a simple photolithography process on the electrospun scaffold, we obtained an effective micropatterned polymeric surface. We performed an analysis of C2C12 cell behavior on two types of substrate, coated or not with gold nanoparticles and two ranges of patterning. Correct cell attachment and tissue formation were obtained in each substrate. Moreover, cell alignment was induced simultaneously by the nanofibers and linear micropatterning. The best results for differentiation parameters were observed on the scaffold coated with a micropatterning spacing of 500µm.

Immunofluorescence analysis indicated the formation of myotubes, corroborated by gene expression. This work has produced promising results that further studies could enhance by investigating the effect of different external stimuli, such electrical or mechanical stimulation (Rangarajan et al., 2014b).

Acknowledgements

The authors specially thank X X X 

Funding

Introduction

The process of skeletal muscle regeneration through tissue engineering has been subject

to extensive research over the last decade. The aim is the development of strategies to promote cells' proliferation and differentiation for further clinical applications, but also to better understand physiology, physiopathology or even development [START_REF] Witherick | Update on muscle disease[END_REF]. However, the design of an efficient biohybrid construct is particularly challenging due to the complex cellular organization and specific functions of the native tissue [START_REF] Shadrin | Striated muscle function, regeneration, and repair[END_REF]. Moreover, obtaining in vitro mature skeletal fibers is a complex process influenced by cells interactions, as well as the biomaterial and more generally by the chemical and physical environment. Under optimal differentiation conditions, single myoblasts fuse to form multinucleated and mature myotubes to synthesize contractile proteins such as myosin and α-actinin [START_REF] Sanger | Myofibrillogenesis in skeletal muscle cells[END_REF]. Mature skeletal fibers are characterized by sarcomeric structures and the ability to perform repetitive contraction [START_REF] Sweeney | Muscle Contraction[END_REF]. In order to engineer biomimetic skeletal muscle that resembles the highly anisotropic structure of native muscle fibers, numerous scaffolds with different shapes have been developed. The most commonly used techniques to produce them are hydrogel formation, 3D printing and electrospinning [START_REF] Beldjilali-Labro | Biomaterials in Tendon and Skeletal Muscle Tissue Engineering: Current Trends and Challenges[END_REF]. Natural extracellular matrix (ECM) derivatives such as collagen or polysaccharides have the advantage of generally being biocompatible and prime for enzymatic degradation and cells adherence. While synthetic polymer presents more flexible material properties [START_REF] Gibas | Review: Synthetic polymer hydrogels for biomedical applications[END_REF][START_REF] Catoira | Overview of natural hydrogels for regenerative medicine applications[END_REF]. Finally, biological-synthetic hybrid constructs can merge the properties and advantages of each of the components and overcome some of their limitations [START_REF] Klok | Biological-synthetic hybrid block copolymers: Combining the best from two worlds[END_REF]. Additionally, to enhance spatial alignment of myoblasts, some studies incorporate patterns at the nano-or micro-scale produced by soft lithography [START_REF] Patz | Twodimensional differential adherence and alignment of C2C12 myoblasts[END_REF][START_REF] Wang | Modulation of alignment and differentiation of skeletal myoblasts by submicron ridges/grooves surface structure[END_REF]. Based on this last approach, we designed a multi-scale scaffold of poly(ε-caprolactone) (PCL) electrospun nanofibers covered with linear micropatterns made with polyethylene glycol (PEG). It has already shown promising results regarding myotube formation and alignment. However, biomaterial strategies developed so far have been shown to be not sufficient enough to successfully engineer highly functional muscles. In this context, researchers also investigate the potential biological effect of electrical, mechanical, flow, or electromechanical stimuli on muscular cells to further enhance the development of skeletal myotubes (Rangarajan et al., 2014b;[START_REF] Qin | Mechanotransduction in musculoskeletal tissue regeneration: effects of fluid flow, loading, and cellular-molecular pathways[END_REF][START_REF] Handschin | External physical and biochemical stimulation to enhance skeletal muscle bioengineering[END_REF]. As mechanical stimulus, electrical stimulation draws lots of attention in muscle tissue engineering. Indeed, since skeletal muscle is stimulated in vivo by neuron activity, electrical stimulation appears to augment the development and maturation of the tissue in vitro. It induces the remodeling of the cellular environment, promoting myosin synthesis, myofibers formation and functional properties [START_REF] Ito | Induction of functional tissue-engineered skeletal muscle constructs by defined electrical stimulation[END_REF]. Concurrently, works have also shown that providing mechanical stimulation to skeletal muscle engineered tissue may support its maturation and development. Applying cyclic strain to the muscle tissue helps organizing muscle fibers into parallel arrangements which more appropriately mimic a functional unit of a native skeletal muscle [START_REF] Boonen | Effects of a combined mechanical stimulation protocol: Value for skeletal muscle tissue engineering[END_REF]. When optimized, these external cues are expected to synergistically and dynamically activate important intracellular signaling pathways. It thus leads to accelerate the development of skeletal tissue, and to stimulate somehow some mechanotransduction occurring during embryogenesis. Based on our previously developed scaffold, we propose to investigate whether the use of stimulation mimicking neuronal or mechanical activity during myogenesis can promote the proliferation, maturation and differentiation of C2C12 myoblastic cells, as well as influence the expression of myogenic transcription factors and myosin heavy chain (MHC).

Materials and Methods

Scaffold preparation

A solution of 10 wt% poly(ε-caprolactone) (PCL, MW = 80.000 Da, Sigma-Aldrich, St.

Louis, MO) in dichloromethane (DCM, Sigma-Aldrich)/N,N-dimethylformamide (DMF, Reagent Plus ≥99%, Sigma-Aldrich) (80:20 v/v) was prepared under stirring for 24 h before electrospinning. Polymer solutions were loaded in a 5 mL syringe equipped with a stainless-steel gauge needle (18G). Grounded aluminum foil was used as collector electrode. The distance between needle and aluminum collector was 15 cm. Solution was constantly fed using a syringe pump at 1.02 mL/h. Applied voltage was optimized to obtain good spinnability, with typical value of 15 kV. The resulting electrospun fibers were micropatterned with PEG hydrogel using photolithography (PEG-diacrylate (MW 575), Sigma-Aldrich). For the UV photo-crosslinking process, the liquid PEG was mixed with 1% w/v of photo-initiator (2-Hydroxy-2-methylpropiophenone, Darocur 1173, Sigma Aldrich). Then the mixture was dropped on electrospun scaffold by spin coating and exposed to a UV light source for 20s (Kloé UV-KUB 2, 365 nm, 40 mW/cm2) through a photomask. The patterned scaffold was washed carefully in the dark with distilled water to remove residual PEG precursor solution.

Cells

Murine C2C12 myoblasts cell line was used in this study (ATCC, CRL-1772). The growth media was Dulbecco's Modified Eagle's Medium high-glucose (HDMEM; Hyclone, USA) containing 10% fetal bovine serum (FBS, Gibco Invitrogen, USA), and 1% of penicillinstreptomycin (Gibco Invitrogen, USA). The cells were cultured onto a T-175 flask at 50 % of confluence in a CO2 incubator (5% CO2 atmosphere at 37 °C) and used for experiments before they reached 5 passages.

Cell seeding on scaffolds

The scaffolds were cut into rectangles measuring 40 by 10 mm, disinfected with ethanol 70% (Sigma-Aldrich, USA) for 45 min, washed three times with PBS (phosphate buffered saline, Gibco Invitrogen, USA) at pH 7.4 and incubated in growth media for 30 min before starting the cell culture experiment. After 48h, growth media was changed to differentiating media constituted of HDMEM supplemented with 2% horse serum (HS, Gibco Invitrogen, USA) and 1% of penicillin-streptomycin (Gibco Invitrogen, USA) to induce the differentiation. Each scaffold was plated with a density of 5.10 5 cells.cm -2 .

Experimental setup

Figure 4.1 shows the experimental setup, which includes a custom-built electronic circuit with electrodes and a generator and a CellScale MechanoCulture T6 (Waterloo, ON, Canada) bioreactor to apply the different stimuli on the cells construct.

Cell culture with electrical stimulation device

In order to impose electrical stimulation on the cell-seeded construct, a custom-made device was developed. The electrodes have been designed in an "L" shape and sized to fit a 6-well plate (fig. 4.1). They were laser cut from a carbon plate. A hole has been drilled in the upper part to allow the passage of a platinum wire (diameter 0,5mm 99,9% sigma Aldrich) which is connected to the generator. The electrodes are then held in place by a polydimethylsiloxane (PDMS) mold. The gap between both electrodes is fixed of 1.5 cm.

The electrodes inserted in the PDMS mold are then sterilized by autoclave. The freshly sterilized scaffold is placed in a 6-well plate. Then the cells are seeded and cultured for 48 hours in growth medium (HG-DMEM; 10% FBS). After this time the medium is changed to differentiation medium (HG-DMEM; 2% HS) and the electrodes are placed on the sheet. The custom-built electronic circuit was designed to deliver an output frequency electrical stimulation of 2 Hz for 2ms at 0,1mA for 1h during 5 or 10 days. These outputs were fed to a Bipolar field generator. Finally, the medium is changed after each stimulation.

Cell culture with mechanical stimulation

Mechanical stimuli were applied by imposing cyclic stretch. Each construct is placed in the CellScale MechanoCulture T6 (Waterloo, ON, Canada) bioreactor, consisting of an actuator and screw-driven clamp grips mounted inside a cell culture chamber capable of applying uniaxial stretching to 6 parallel samples. The chamber is sterilized by dry heat.

After two days of culture in a six-well plate in the growth medium, the samples are placed in the chamber and fixed between the clamps. The bioreactor is then filled with 150 mL of differentiating media to immerse the cells constructs. The cells sheets are subjected to 5% strain twice a day for 1h at 1Hz with 11h of rest between each cycle for 5 or 10 days.

The stretching device was set in a CO2 incubator to culture the scaffolds in a 5% CO2 atmosphere at 37°C.

Evaluation of cell morphology

Cell behavior was assessed through immunofluorescence after 7 days of culture on the scaffold. After washing with PBS, the samples were fixed in a 4 % PFA solution for 15 min at room 94 Chapter 4: Effect of mechanical or electrical stimulation temperature. Samples were then permeabilized with a 0.3% TritonX-100 solution for 10 min and blocked with a 3 % Bovine Serum Albumin solution (Sigma) for 30 min. Myosin, actin and nuclei staining of cells were performed using respectively, anti-Myosin Heavy Chain antibody (1/200, Neo Biotech) for 2h followed by secondary staining using Alexa 594 overnight at 4°C, Alexa Fluor 488 Phalloidin (1/200, Thermofisher) for 2 hours, and Hoechst 33492 (1/1000,

Results

Implementation of the stimulation's protocols

A wide range of protocols for electric pulse stimulation (EPS) or mechanical stretching of muscle cells in culture have been proposed over the years. However, to date no consensus has been reached. We thus tested four different EPS conditions, to establish one stimulation that could recapitulate plastic changes on the gene expression level. 2V causes significantly less cytotoxic effect on cells than other stimulation conditions. More so, when compared to static culture, there is no significant difference in viability. 

Effect of stimulation on C2C12 behavior on PCL based scaffolds

The influence of electrical or mechanical stimulation on cell proliferation on the different constructs is then examined. The formation of myotubes is observable under all conditions to a greater or lesser extent. Firstly, on simple PCL sheet alone Figure 4.3a, the results

showed that the cells with electrostimulation exhibited a different level of proliferation and differentiation as compared to those without stimulation or under stretching. On PCL sheet without stimulation,myotubes are oriented in a fan shape, with an orientation varying from -70°to 85°along the main axis. The application of stimulation appears effective to align the myotubes, with a focus around 10.06°± 9.26°from the axis under electrical stimulation and 24.4°± 11.64°under stretching (Figure 4.4). An increase in myotubes length could be observed from 351.36 ± 165.95 µm to 468 ± 280 µm with the electrical condition while, mechanical stimulations seem to reduce myotubes length formed with a mean of only 200.94 ± 149.71 µm (Figure 4). No difference was found in term of the myotubes area between the electrical stimulation and the culture in static, with mean around 13500 ±1500 µm2 (Figure 4.4). However, cells that have undergone mechanical stimulation are found to have an area 2,5-fold smaller. Accordingly, the number of nuclei per myotube also decrease with the mechanical stimulation and appear to be similar for the two other condition (Figure 4). Moreover, under mechanical stimulation, some cells expressing myosin heavy chain appear with a round shape, integrating several nuclei.

This provides a disorganized structure to the tissue ( Some clusters of non-oriented fibers exist, but on the other hand, very long myotubes up to 1 mm with significant number of nuclei up to 110 can be found in the conditions (Figure

4.4c).

Again, electrical stimulation is likely to offer the best improvement as compared to static and mechanical culture. 

RT-PCR analysis

The maturation and differentiation of C2C12 myoblasts cells, after 7 and 14 days of culture on electrospun mats under different conditions is evaluated by RT-PCR (Figure 

Discussion

Striated muscle tissue engineering has followed a long way since the very first attempts to culture and maintain muscle cells in vitro. Better control and sophisticated biomaterials prepared thanks to the progress in micro/nanotechnology, potentially combined with the use of electrical and mechanical stimulations, are promising approaches. In theory, these stimulations mimic natural skeletal muscle cells stimulation, to achieve cell differentiation and the generation of highly functional biomimetic muscle tissues. However, there is presently no consensus about an optimized muscle tissue engineering process. Thus, to continue to advance on an optimal skeletal muscle tissue engineering process, we investigated in the present work different strategies including scaffold topography, mechanical stimulation electrical stimulation, alone or combined to promote cell differentiation of a PCL based scaffold created by electrospinning. Our PCL-PEG constructs exhibit myotuberelated parameters, such as fusion index, myotube length, orientation angle similar to those obtained from highly oriented electrospun [START_REF] Ricotti | Proliferation and skeletal myotube formation capability of C2C12 and H9c2 cells on isotropic and anisotropic electrospun nanofibrous PHB scaffolds[END_REF], or other technique such as topographic guidance [START_REF] Kim | Extracellular matrix remodelling induced by alternating electrical and mechanical stimulations increases the contraction of engineered skeletal muscle tissues[END_REF] or 3D printing [START_REF] Costantini | Engineering Muscle Networks in 3D Gelatin Methacryloyl Hydrogels: Influence of Mechanical Stiffness and Geometrical Confinement[END_REF]. Our work has shown that mechanical and electrical stimuli favor the formation of myotubes and thus enhanced the length and index of fusion. In addition, they also promote the orientation of the myotubes in the direction of attachment between anchoring points, similarly as works using different stimulation parameters (Langelaan et al., 2011a;[START_REF] Ahadian | Interdigitated array of Pt electrodes for electrical stimulation and engineering of aligned muscle tissue[END_REF][START_REF] Tanaka | Alignment of Skeletal Muscle Cells Cultured in Collagen Gel by Mechanical and Electrical Stimulation[END_REF][START_REF] Handschin | External physical and biochemical stimulation to enhance skeletal muscle bioengineering[END_REF]. However, when the materials have a stiffness similar to that seen in the native tissue, the formation of cross-striations is then observed [START_REF] Boonen | Effects of a combined mechanical stimulation protocol: Value for skeletal muscle tissue engineering[END_REF]. For optimal tissue growth and maturation, different types of stimuli should be tested, and optimal operational parameters should be carefully selected. Such tissue engineering protocols necessitate an adequate follow-up to understand clearly the mechanisms of the effect involved. As an example, the schedule for applying the stimulation still need to be refined. In our work, the stimulation was initiated together with the shift from proliferation medium to the deprived serum medium that fosters cell differentiation in classical 2D culture. [START_REF] Langelaan | Advanced maturation by electrical stimulation: Differences in response between C2C12 and primary muscle progenitor cells[END_REF] suggested waiting for 2 days after this medium change to start the stimulation. The number and the type of cells could also influence the response to the stimuli. The differentiation of myoblasts into myotubes, in fact, depends on two critical and related events: interruption of proliferation [START_REF] Olson | Interplay between proliferation and differentiation within the myogenic lineage[END_REF]and end-to-end contacts between myoblasts [START_REF] Clark | Alignment of myoblasts on ultrafine gratings inhibits fusion in vitro[END_REF]. The high number of myoblasts could could thus be considered, in this case, as a favorable condition for a more sustained differentiation process. However, preliminary tests (supplementary data) shown that cells in contact with the biomaterial form myotubes and are rapidly covered by layer of non-differentiated myoblasts. The use of muscle progenitor cells could be an alternative although a strict purification protocol should be defined. Finally, the effect of concomitant mechanical and electrical stimulation should be evaluated, as it might be implemented for the final myotendinous junction [START_REF] Liao | Effect of Electromechanical Stimulation on the Maturation of Myotubes on Aligned Electrospun Fibers[END_REF]. To evaluate such advanced tissue engineering approaches, the understanding of potential synergistic or antagonistic effects of different biophysical stimuli on engineered muscle structure and function is requested.

Therefore, in this study, mRNA analyses were carried out to test the expression of genes broadly recognized as important for skeletal muscle development. Given the role of the MyoD family of myogenic regulatory factors (MRFs) in the transcriptional activation of the muscle program in vertebrates, we examined MyoD, myogenin expression. In addition to the transcription factors, proteinases, and extracellular matrix components are also known to play important roles in the regulation of myoblast differentiation. We evaluate the myogenesis process with the following scheme, where some genes' activities are clearly linked. Insulin-like growth factors (IGF-1/IGF-2) are essential for normal growth and development. They are among the major fetal growth hormones in mammals [START_REF] Agrogiannis | Insulinlike growth factors in embryonic and fetal growth and skeletal development (Review)[END_REF]. They positively regulate myogenic transcription factor MYOD1 function by facilitating the recruitment of transcriptional coactivators, thereby controlling muscle terminal differentiation. IGF-1 acts via a transmembrane tyrosine kinase receptor and exerts an anabolic effect on skeletal muscle [START_REF] Shavlakadze | A growth stimulus is needed for IGF-1 to induce skeletal muscle hypertrophy in vivo[END_REF]. In our case, IGF-I/IGF-II gene were expressed with varying levels throughout the different models, at the exception of PCL-PEG under electrical stimulation. Studies in cultured myotubes suggest that IGF-1 promotes muscle hypertrophy by activating PI3K/Akt signaling [START_REF] Chakravarthy | The Molecular Responses of Skeletal Muscle Satellite Cells to Continuous Expression of IGF-1: Implications for the Rescue of Induced Muscular Atrophy in Aged Rats[END_REF][START_REF] Rommel | Mediation of IGF-1-induced skeletal myotube hypertrophy by PI(3)K/Akt/mTOR and PI(3)K/Akt/GSK3 pathways[END_REF]. Indeed, in vivo infusion of IGF-1 into muscles of 10-week-old mice increases protein synthesis [START_REF] Bark | Increased protein synthesis after acute IGF-I or insulin infusion is localized to muscle in mice[END_REF] and the muscle-specific overexpression of IGF-1 results is muscle hypertrophy [START_REF] Barton | The ABCs of IGF-I isoforms: impact on muscle hypertrophy and implications for repair[END_REF]. This could support the conjoined expression of IGF-I/IGF-II and URB5 observed in our different conditions and constructs.

E3 ligase called UBR5, previously uncharacterized in skeletal muscle, is an epigenetically regulated gene hypomethylated after resistance exercise-induced muscle hypertrophy in humans. Previous study, have shown that the level of UBR5 gene expression was positively and strongly correlated with the increases in lean leg mass during periods of training and retraining [START_REF] Hughes | The role of UBR5 on Mitogenactivated protein kinase (MAPK) signalling and muscle mass regulation in mice[END_REF][START_REF] Seaborne | UBR5 is a novel E3 ubiquitin ligase involved in skeletal muscle hypertrophy and recovery from atrophy[END_REF]. As part of the MRF family, Myogenin and MyoD are proteins that bind to the regulatory region of several skeletal muscle genes and can activate their transcription differentiation (Brennan and [START_REF] Brennan | Myogenin resides in the nucleus and acquires high affinity for a conserved enhancer element on heterodimerization[END_REF][START_REF] Olson | Interplay between proliferation and differentiation within the myogenic lineage[END_REF]. MyoD [START_REF] Weintraub | Muscle-specific transcriptional activation by MyoD[END_REF] regulates muscle cell differentiation by inducing cell cycle arrest, a prerequisite for myogenic initiation. The protein is also involved in muscle regeneration. Indeed, it activates its own transcription which may stabilize commitment to myogenesis [START_REF] Sartorelli | Mechanisms underlying the transcriptional regulation of skeletal myogenesis[END_REF]. Myogenin transcripts start to increase at day 2-4 and peak by day 8 [START_REF] Brown | Myosin heavy chain mRNA isoforms are expressed in two distinct cohorts during C2C12 myogenesis[END_REF]. These results suggest a possible explanation as to why in all the constructs, at the exception of PCL-PEG under 7 days of static culture, MYH3 EMB is under-regulated, whereas the presence of myotubes is corroborated by immunostaining of the myosin heavy chain in confocal images. Finally, Desmin gene encodes a muscle-specific class III intermediate filament. This protein is essential for proper muscular structure and function. It plays a crucial role in maintaining the structure of sarcomeres, inter-connecting the Z-disks and forming the myofibrils, linking them not only to the sarcolemmal cytoskeleton, but also to the nucleus and mitochondria, thus providing strength for the muscle fiber during activity [START_REF] Hnia | Desmin in muscle and associated diseases: beyond the structural function[END_REF]. Desmin has also been postulated to play a critical role at different early steps of myogenesis both during myogenic commitment and differentiation.

Studies carried out with C2C12 cells demonstrated that myotube formation could be blocked by desmin antisense RNA in vitro ( [START_REF] Zheng | Alignment of collagen fiber in knitted silk scaffold for functional massive rotator cuff repair[END_REF]). Unexpectedly, in our study the RT-PCR analysis of the selected gene suggests that adding electrical stimulation on the micropatterned cell-seeded scaffold is likely to inhibit gene expression related to myogenesis. Electrical stimulation would thus be antagonist to cell maturation ensured by the aligned microstructures. However, these assays are not in agreement with the morphological observations, where anti-MHC antibodies clearly outline the presence of long and parallel myotubes. These observations may suggest that in this configuration, the analysis that was performed in the present study at 7 days and even more at 12 days takes place too late and is not able to report the early changes in gene expression. It would then be suggested to perform a kinetic study in the first days after cell seeding instead of initiating follow up at 7 days. In addition, it could be of particular interest to also investigate MRF4, another gene of the MRF family, and other gene illustrating contraction pathways (such as MCU coding for the calcium uniporter protein or Camkk1). For the morphology analysis, desmin and α-actinin and sarcomeric myosin should also be stained to illustrate the organization and formation of crossed-striation in the myotubes.

Conclusion

In this study, we evaluated the potential benefit of mechanical or electrical cyclic stimuli on the differentiation of C2C12 cells into myotubes, in combination or not with the micropatterning of the PCL electrospun scaffold. This study shows that mechanical or electrical stimulation positively impact myotubes' maturation and alignment on the different construct. Interestingly, electrical stimulation seems leading to better results as compared with mechanical stimulation. Therefore, the synergic effect of coupling both of those stimulations should be investigating in future work. As, the protocol of mechanical stimulation used in the present study was similar to those already developed for tendon tissue engineering. This in order to investigate the formation of the myotendinous junction by co-culturing both types of cells on the same sheet.

Chapter 5

Towards the reconstruction of the junctions in the musculo-skeletal system

Introduction

The challenge "Interfaces in the musculo-skeletal system", launched in 2015, aims at reconstructing the bone-tendon-muscle system, including each tissue as well as the bone/tendon interface and the tendon/muscle interface (see Figure 1 in General introduction).

Our general approach is first to reconstruct each tissue on the same type of support, i.e. electrospun PCL scaffold with specific topography or submitted to physical stresses.

Then, to follow how co-cultures take place and interact with one to another and how cells can rearrange themselves to form a continuous reconstructed tissue.

This part aimed at putting together the work performed by a previous PhD student, A. [START_REF] Garcia | Poly(ε-caprolactone)/Hydroxyapatite 3D Honeycomb Scaffolds for a Cellular Microenvironment Adapted to Maxillofacial Bone Reconstruction[END_REF], for bone and tendon tissue engineering , and Christopher Y.

Leon-Valdivieso, post-doctoral fellow with Dr F. Bedoui at Roberval laboratory, regarding the production of electrospun scaffold with different regions, and mine [START_REF] Leon-Valdivieso | Electrospinning of biomedically relevant multi-region scaffolds: From honeycomb to randomlyoriented microstructure[END_REF]. In parallel with the work on the myotendinous, as initially forecast for my PhD, I had the opportunity to invest myself on the first evaluation of a specific electrospun scaffold designed for the osteo-tendinous junction.

Here, we will thus present the first co-cultures of tendon and muscle cells and an alternative approach based on hydrogel. Finally, the multi-region scaffold for the bone/tendon junction is evaluated in a preliminary study for the culture of mesenchymal stem cells.

Towards the myotendinous reconstruction on electrospun scaffold

Concept

Co-culture systems have been used to the study of multiple tissue population interactions [START_REF] Dietze | Impairment of insulin signaling in human skeletal muscle cells by co-culture with human adipocytes[END_REF][START_REF] Mikos | Engineering complex tissues[END_REF] improving culture conditions [START_REF] Ekwueme | Cross-Talk Between Human Tenocytes and Bone Marrow Stromal Cells Potentiates Extracellular Matrix Remodeling In Vitro[END_REF][START_REF] Ostrovidov | Threedimensional co-culture of C2C12/PC12 cells improves skeletal muscle tissue formation and function[END_REF][START_REF] Hinds | Improved Tissue Culture Conditions for Engineered Skeletal Muscle Sheets[END_REF][START_REF] Kalman | Engineering human 3D micromuscles with co-culture of fibroblasts and myoblasts[END_REF] and material studies [START_REF] Agrawal | Biodegradable polymeric scaffolds for musculoskeletal tissue engineering[END_REF][START_REF] Bitar | Soluble phosphate glass fibres for repair of bone-ligament interface[END_REF][START_REF] Shim | Development of a hybrid scaffold with synthetic biomaterials and hydrogel using solid freeform fabrication technology[END_REF][START_REF] Ladd | Biomaterials Co-electrospun dual scaffolding system with potential for muscle e tendon junction tissue engineering[END_REF]. Engineered constructs require a cell source capable of forming the structures and processes associated with in vivo tissues, in addition current tissue engineered systems rely on other numbers of conditions such as substrate/scaffold or stimulation in order to allow the successful culture of various tissues. One of the factors of favorable culture is the nutrient medium in which the cells grow. In a multi-lineage system (muscle-tendon, tendon-bone), each cell type has different specific requirement for proliferation, maintenance. The basic conditions to facilitate proliferative and differentiative stages of skeletal muscle and tendon have been extensively studied separately and the results translated across to facilitate the creation of combined engineered models. Myogenic differentiation requires muscle progenitor cells, or myoblasts (MPCs, L6, C2C12), to exit the cell cycle. In vitro, this is generally met through a shift from foetal bovine serum to horse serum, which can also be combined with a reduction in serum content to induce cellular fusion [START_REF] Martin | Factors affecting the structure and maturation of human tissue engineered skeletal muscle[END_REF]. Similarly, the addition of ascorbic acid, bone morphogenetic proteins (BMP-12 and 14) with transforming growth factor beta (TGF-β) and vascular endothelial growth factor (VEGF) has been shown to induce/enhance tenogenic differentiation in BMSC cells [START_REF] Yin | Stepwise Differentiation of Mesenchymal Stem Cells Augments Tendon-Like Tissue Formation and Defect Repair In Vivo[END_REF][START_REF] Bottagisio | Different combinations of growth factors for the tenogenic differentiation of bone marrow mesenchymal stem cells in monolayer culture and in fibrin-based three-dimensional constructs[END_REF]. In this part, I firstly attempt to adjust the scaffold and the operating conditions to form the myotendinous junction. I plan to associate, for the tendon side, BMSC cultivated under stretching conditions and, for the muscle side, C2C12 possibly submitted to electrical stimulation. The purpose is to follow how both tissue-like structure will join and possibly form the myotendinous junction. To ensure that each tissue can develop, cells first need to be physically separated for differentiation, and then able to contact once the barrier is removed (Figure 5.1). First of all, it is necessary to compare the effects of these media combinations on each cell type to define a suitable protocol for muscle-tendon co-culture. Although these medium supplements have been shown to induce desirable characteristics in both myogenic and tenogenic cultures, their relative effects on each other has not yet been reported. To produce a co-culture of muscle-tendon tissues, an individual medium which allows for proliferation and differentiation of both cell types must first be identified.

Materials issues: how to temporary separate the compartments ?

The conditions were established to favor cell differentiation towards tendon and muscle fate separately. The common culture support is electrospun PCL with a semi-aligned orientation. On the "muscle" side, micropatterning could be added to faster myotubes formation. To make the barrier between tendon and muscle cells, I propose to deposit an alginate hydrogel line in the middle of the sheet, and to remove it at a specific schedule during the cell culture process. Alginate was chosen since it has been widely used in biomedical applications and can be easily un-gelled under conditions that are not toxic for the cells, i.e. using calcium chelating agents such as citrate. Finally, alginate does not possess cell adhesive properties, thus each cell type will be kept in a confined area (Figure 5.1).

For the preliminary assays, the scaffold is first impregnated with the gelation solution (CaCl 2 115 mM). Then, the viscous alginate solution (1.5%) is extruded with an ultrathin pipette cone (Figure 5.2), which explains some heterogeneity, in a direction perpendicular to the sample's length, and thus of the micropatterned PEG lines. Finally, the full support is immersed in the same gelation solution for 5 min. Bright microscopy and profilometry analysis show the presence of the alginate line, with a thickness of about 30 µm and a width of 745 µm. The PCL fibers as well as the PEG micropatterns clearly appear. For future works on musculo-tendinous junction, it is suggested to deposit this alginate line by laser photolithography using the Kloé Dilase 250®apparatus (accuracy ≈ 5 µm) (recently acquired by the laboratory).

Cellular issues for the co-culture

Cell trackers to follow each population

Although muscle cells and BMSCs have a distinct morphology, it is necessary to make a clear distinction between them when they are in a common environment. For this purpose, Commonly, when each cell type is cultivated separately, a different medium is used following the specificity of each cell type for an optimal cell culture. For the muscle cells, the optimal? medium is DMEM with high glucose content HG-DMEM. A change and reduction of serum content is used to enhance the fusion of the cells (from 10% FBS to 2 % HS). To induce a tenogenic differentiation of the stem cells, the ascorbic acid complement was added to the basic αEM enriched with 10 % FBS. In order to allow the successful culture of both tissues, a medium that can sustain the growth and differentiation of both cell types must first be identified. Therefore, six candidate media were evaluated for 7 days with the two cell types separately (Figure 5.3):

• M1 (HG-DMEM, 10% FBS, 1% PS),

• M2 (αEM, 10% FBS, 1% PS),

• M3 (HG-DMEM, 4 % FBS, 2 % HS, 1% PS),

• M4 (αEM, 4 % FBS, 2 % HS, 1% PS),

• M5 (50 % HG-DMEM, 50 αEM, 10% FBS, 1% PS),

• M6 (50 % HG-DMEM, 50 αEM, 4 % FBS, 2 % HS, 1% PS)

To assess the effects of each medium composition on each cell population during attachment and proliferation, each cell type was initially seeded onto a 12-well plate at 10.000 cells.cm -2 for C2C12 myoblast and 5000 cells.cm -2 for the BMSC. Observation of the C2C12s proliferative phase shows full confluency is reached after approximately day 3 after which cell fusion occurs (Figure 5.4). During this period, MTT quantitative measure of cell growth, of each culture condition were taken at 24h, 48h, 72h, 96h, and 5 days post seeding (Figure 5.5). For C2C12, M1 (HG-DMEM, 10% FBS, 1% PS) is the classical medium, exhibiting the best proliferation as well as myotubes formation. Overall, their behavior is not affected by the other media condition, at the exception for the media M5, where cell growth is the lowest, and M2 for which myotubes appear thinner and with a reduced number. For BMSC, the classical medium is M2 (αEM, 10% FBS, 1% PS). However, these cells'

proliferation is much more affected by the medium composition as compared with C2C12 cells, while the morphology (stellate spread shape) is not changed with the different media.

Considering the results regarding cell proliferation, M6 was chosen as co-culture media (50 % HG-DMEM, 50 αEM, 4 % FBS, 2 % HS, 1% PS). It corresponds to a 50:50 mixture of αEM and HG-DMEM supplemented with 4% FBS and 2% of HS. Further analysis using RT-PCR or Western blot should be performed to ensure that BMSC are not engaged in a non-adapted differentiation lineage. Another interesting assay, especially in the case of sequential co-culture would be to submit one cell type to the medium conditioned by the other cell type culture.

Preliminary investigations using slide channels

The selected culture medium (M6: 50 % HG-DMEM, 50 αEM, 4 % FBS, 2 % HS, 1% PS) is then used as a basis for the development and optimization of the BMSC/C2C12 co-culture on the different investigated supports.

Slide channels were firstly used to perform the first co-culture assays, without the presence of a physical barrier. This choice is motivated by the ability for visualization offered by this technique. Each cell type is seeded using a dedicated port (Figure 5.6).

10.000 and 5.000 cells are injected, respectively for C2C12 and BMSCs. These preliminary results are very encouraging. Indeed, they demonstrate that the co-culture is feasible. As already stated, more analyses are requested to follow the fate of BMSC.

In future work, to improve the culture at the musculo-tendinous junction area, I propose to seed the cells in a collagen solution rather than in culture medium to contain cells locally and prevent any blending. These assays would allow to follow up each population and potential markers describing the myotendinous junction. However, cell differentiation might be limited since neither physical stimulation, nor specific biomaterials can be implemented in such a device.

Conclusion

In this part, I manage to demonstrate the feasibility of direct co-culture of BMSC and C2C12 cells, establishing a common culture medium and possible ways to put them in contact. For time limitation, the co-culture using the specifically tuned scaffold has not been implemented yet, but all the key components are now available and characterized.

With the PCL scaffold, a specific limitation should be pointed out. Due to the nontransparent nature of the polymer, it is not possible to follow with time lapse the cell behavior and the specific area of the junction. Therefore, we investigate hereafter another type of biomaterial to avoid this limitation.

Co-culture in hydrogels for the musculo-tendinous junction:

a preliminary study

Concept

With the aim of visualizing in real time the co-culture, we propose to use hydrogels as culture support. In the bibliography study (chapter 1), hydrogels are indeed listed among the potential materials to cultivate both tendon and muscle cells [START_REF] Chattopadhyay | Tendon Regeneration with Tendon Hydrogel-Based Cell Delivery: A Comparison of Fibroblasts and Adipose-Derived Stem Cells[END_REF][START_REF] Ahmed | Biomaterials Myoblast morphology and organization on biochemically micro-patterned hydrogel coatings under cyclic mechanical strain[END_REF][START_REF] Pollot | Natural polymeric hydrogel evaluation for skeletal muscle tissue engineering[END_REF]. I suggest forming a core shell alginate tube with a cross section of max. 1mm in diameter to allow the exchange of nutrient to avoid the formation of necrotic core within the hydrogel. The extrusion process should allow to switch for one cell type to another in a single procedure. In the end, leading to a tube containing on one half C2C12 and on the other half BMSCs (Figure 5.8) (Merceron et al., 2015a;[START_REF] Ford | A macroporous hydrogel for the coculture of neural progenitor and endothelial cells to form functional vascular networks invivo[END_REF][START_REF] Hunt | An alginate hydrogel matrix for the localised delivery of a fibroblast/keratinocyte co-culture[END_REF][START_REF] Yang | An injectable doublenetwork hydrogel for the co-culture of vascular endothelial cells and bone marrow mesenchymal stem cells for simultaneously enhancing vascularization and osteogenesis[END_REF][START_REF] Cui | Multicellular Co-Culture in Three-Dimensional Gelatin Methacryloyl Hydrogels for Liver Tissue Engineering[END_REF].

First attempts with microfluidic device to produce the fiber

We manufactured in the lab microfluidic devices with 3 entry points from Eric Leclerc's design, one dedicated to cell seeding, and two for alginate solution in view of achieving a flow focusing system with cells entrapped in the alginate gel. Three different designs are proposed (Figure 25). Only design A was kept, as the size of the other channels could not support the passage of too viscous solution. During the production process, cells were mixed with a 2% gelatin solution before being injected in the middle port at a flow rate of 0,5 mL.min -1 . Alginate 1% solution was introduced by the two-external port at a flow of 0,2 mL.min -1 . Unfortunately, it appears that the solutions are not able to mix. Indeed, the two surrounding channels formed by alginate do not manage to merge, and thus the tube cannot be sealed. Therefore, the result obtain is that cells are escaping in the surrounding medium (Figure 5.10).

To optimize this type of system, it could be recommended to mix cells directly with alginate, as already performed by [START_REF] Zhao | Preparation of decellularized biphasic hierarchical myotendinous junction extracellular matrix for muscle regeneration[END_REF] and [START_REF] Jiang | Directing the Self-assembly of Tumour Spheroids by Bioprinting Cellular Heterogeneous Models within Alginate/Gelatin Hydrogels[END_REF], however, it was not our choice. We hypothesized that the core of the fiber should not contain alginate to offer the cells an environment where they can freely proliferate and differentiate.

Depending on this concentration, alginate may in opposite limit cells proliferation and not promote myotubes formation. Another option would be to extrude the cell-containing polymer with a co-axial needle. 

Second attempt with the co-axial needle

As already explained, the target for future works is to manufacture an alginate fiber with a core of cells, which was not possible in the present study. Thus, we decided to turn back to more classical option using a co-axial needle (Figure 5.11).

FIGURE 5.11: The encapsulation was performed with a home-made system based on a coaxial nozzle system, 1,5% alginate solution ( in green nozzle) and 3% collagen containing cells ( red nozzle) was rapidly extruded through a 24 G nozzle and the tube fell into a gelation bath (NaCl 154 mM, HEPES 10 mM and CaCl2 115 mM, pH 7.4). tubes produced were allowed to settle for 15 min in the gelation bath to ensure gel formation.

Production of alginate fiber with gelatin core

First, I attempt to implement the same parameters as those described above regarding the solutions, i.e. cells mixed with gelatin injected in the central needle, and alginate solution in the surrounding needle (Figure 5.12) with a flow rate of 0.8 ml.min -1 for the alginate and 0.65 ml.min -1 for the gelatin with the cells. At day 1, small aggregates of cells, either C2C12 or BMSCs, are formed in the gelatin core. They grow in number and in size as observed at day 3. The advantage of this culture method is the capacity to monitor identification by fluorescent dyes and proliferation over time, under fluorescence microscopy. However, we also observe that the resulting spheroids are not viable at day 3. Since gelatin did not polymerize, cells could not be anchored to the biomaterial resulting in the formation of aggregates. In the literature, successful culture of these cells appears to be achieved with high gelatin concentration or mostly with the presence of collagen and/or fibrin [START_REF] Bansai | Effect of Cyclic Stretch on Tissue Maturation in Myoblast-Laden Hydrogel Fibers[END_REF][START_REF] Ahn | Microfluidic spinning of fibrous alginate carrier having highly enhanced drug loading capability and delayed release profile[END_REF].

On a logistic point of view, the handling of the resulting fibers is difficult after 5 days of culture, the mechanical properties of the cell seeded scaffold being very weak.

Feasibility study with collagen

We thus implement the extrusion of cells within a 3% bovine collagen solution, keeping the 1.5% alginate solution in the surrounding needle. The cells do not aggregate in this configuration and still manage to proliferate, as shown on Figure 5.13. Moreover, Live/Dead assay demonstrate a very good cell viability at day 3. Mechanical tests have not been performed, but the fibers did appear more handleable.

These results are very encouraging. Co-culture assays can be envisaged, in static and further under external stimulation.

Conclusion

This new approach is completely different from the way followed initially in this PhD and even in the whole research program. Nevertheless, it should be continued, to guide us towards a final optimized biomaterial design. Indeed, as already stated, the culture in hydrogels allows to perform time lapse follow-up of the cells' distribution, proliferation and differentiation, and moreover to localize the site of potential formation of the junction.

The absence of visualization is really a drawback using the electrospun PCL scaffold. We suggest implementing this "culture in fiber" to identify the junction and define potential markers of interest. Once this established, a more complex and physically model could be advantageously investigated.

5.4

Behavior of the multi-region PCL based scaffold for the osteotendinous junction

Concept

To generate an osteo-tendinous junction, our concept is to produce a single PCL scaffold with areas whose specific topography should promote specialized cell differentiation according to the culture location. In the previous PhD work of A. Garcia Garcia, it was demonstrated that a honeycomb structure functionalized with hydroxyapatite nanoparticles guide C3H10 and BMSCs cells towards osteogenesis. In vivo, the osteo-tendinous junction can also be characterized by a gradient in term of extracellular matrix.

Material design and methods

Consequently, a biomimetic scaffold was designed and produced by Yusef Leon-Valdivieso during his postdoctoral stay (Figure 5.14). This multiscale structure is made of PCL only, with no hydroxyapatite on the honeycomb area. One can observe a gradient in the surface topography, starting from large honeycombs (800 µm) to small ones (100 µm), adjacent to an area of random fibers. Thus, I conduct the biological tests on the biohybrid construct. Cells were then stained for alkaline phosphatase and calcium (alizarin red), as markers of osteogenic differentiation and can be observed under bright field microscopy (Figure 5.16). Tenomodulin, as marker for tenogenic differentiation, is observed by immunostaining under confocal microscope. Pictures are taken of the three different areas of the sheets, as for the Live/Dead assay. After 7 days, one can observe that some cells express these osteogenic features while other are strained for tenomodulin, in the same area. After 14 days, cell proliferation still takes place as well as cell differentiation, since the colors appear qualitatively more pronounced. There is thus no effect of the surface topography on BMSCs differentiation. This result is not really surprising for several reasons: first, honeycombs produced here are much larger (4 times) than those previously shown to favor osteoblast differentiation [START_REF] Garcia | Poly(ε-caprolactone)/Hydroxyapatite 3D Honeycomb Scaffolds for a Cellular Microenvironment Adapted to Maxillofacial Bone Reconstruction[END_REF]. In addition, there was no hydroxyapatite functionalization for the "bone side". This clearly demonstrates that such NP are requested to promote osteogenic differentiation. On the "tendon" side, as no mechanical stimulation is performed, cells do not align. FIGURE 5.16: BMSC cells were cultured for 7 days to 14 days on the biohybrid construct. Phosphatase alkaline, alizarin red and tenomodulin staining were performed at day 7 and day 14.

Preliminary culture of BMSC under dynamic conditions

I thus performed the next preliminary investigations using the T6CellScale bioreactor, to submit the biohybrid construct to the same mechanical stretching described in chapter 3, i.e 5% strain applied during 1h with a 1Hz frequency, followed by 11h rest. After 7 days, cells cover the whole surface. I observe color staining regarding osteoinduction similar to that of the 14 days experiment under static conditions. However, tenomodulin expression was not found under confocal observation, in any of the areas, even in the random part where it is expected to be located (Figure 5.17).

The increase of osteoinduction is in agreement with literature analysis, as already performed in our group [START_REF] Baudequin | In vitro bone cell response to tensile mechanical solicitations: Is there an optimal protocol?[END_REF]. The apparent absence of tenocyte like cells is more surprising, compared to our previous results. It should be further analyzed, repeating the experiments and following the expression of type I collagen that is normally synthesized.

FIGURE 5.17: BMSC cells were cultured on the biohybrid construct for 5 days under mechanical stimulation. Phosphatase alkaline, alizarin red staining was performed at day 7.

Conclusion

The aim was to demonstrate that a material with a gradient in topography can be produced by electrospinning and seeded with cells. Some choices have been made to alleviate the production process, as compared to the honeycomb scaffolds produced in collaboration with the team of G. Schlatter at ICPEES by A. Garcia Garcia. Indeed, this process requests

to alternate electrospinning of PCL and electrospraying of hydroxyapatite nanoparticles.

Here, I demonstrate that the presence of large honeycomb alone is probably not efficient to drive cells towards clear osteogenic differentiation, since cells expressing tenomodulin are present in the same area. The addition of stretching favor osteogenic differentiation but not in a specific area and tendon differentiation seems to be hindered.

Starting from this promising approach, we suggest to go back to the production of a more adapted scaffold, still based on a PCL sheet, with the following requirements:

one area with honeycombs with diameter around 200 µm, one interface potentially with smaller honeycombs but also with a decreasing gradient in hydroxyapatite nanoparticles cover, and one area with aligned fibers with a diameter around 500 nm. This biohybrid scaffold could thus be operated in the bioreactor with mechanical stimulation, to manage to produce a biomimetic osteo-tendinous junction.

Chapter 6

Conclusion and perspectives

In this thesis project I particularly focused on the development of a 2.5D tissue engineered skeletal muscle and a co-culture platform to study the establishment of the myotendinous junction between the muscle and the tendon. My approach consisted on the development of a construct, able to take into account the biological and mechanical properties of each tissue by tissue engineering. To carry out this objective, the versatility of electrospinning appeared to be appealing to achieve the continuum between each subsystem. Rather than directly focusing on the interface between reconstructed tissues (muscle, tendon, and bone), I wanted to ensure that the future built-up continuum was achievable using electrospinning methods adapted and evaluated for each type of tissue. Moreover, for clinical perspectives, I also postulated that cell differentiation towards different lineages (here muscle and tendon) should be obtained without any differentiation factor (that are specific for each tissue), playing only on cell-materials interactions and mechanotransduction.

First, the development and characterization of a material for muscle tissue regeneration was achieved using a combination of semi-oriented PCL electrospun sheet and different design of PEG hydrogel micropatterning. This configuration was defined on purpose to create an environment that supports biological activity based on the structure-function premise to finally accentuate the cell differentiation. The proof of concept of this new scaffold was performed with the murine myoblasts cell line C2C12. I demonstrated the viability, the proliferation of cells in the 2.5D bioconstruct. Specific immunostaining of the myosin heavy chain protein (MyCH) showed an improvement of the differentiation of the myoblast into myotubes in the new construct, as well as a better alignment of this newly formed myotubes. Then, the potential effect of cyclic stretching or electrical stimulation on the cells construct was investigated. So far, the results obtained with both stimulations are promising with C2C12. A greater differentiation and alignment of the myotubes under the electrical stimulation was found as compared with cyclic stretching. Still, it is of interest to continue with mechanical stimulation as well, since Alejandro Garcia Garcia's, a previous PhD student working on the tendinous part, has given promising results with an alignment of the BMSC on a random scaffolding and the production of an extracellular matrix. Finally, during this PhD, I had the opportunity to explore several ways to investigate the development of the different junctions (see Chapter 5). For the myotendinous, I firstly developed a common medium to allow the culture of both C2C12

and BMSC cell lines: a combination of 50% high glucose DMEM (HG-DMEM) and 50%

αMEM supplemented with 4% FBS, and 2% horse serum. This medium has shown to promote the proliferation of myoblast and tendon cell like populations, while allowing C2C12 differentiation. The primary approach to investigate the development of the junction was to perform the co-culture on the electrospinning construct. However, as the electrospun scaffold is an opaque material, it was difficult to estimate the optimal culture time allowing cells to grow, differentiate and subsequently reach each other. Therefore, in parallel, I worked on a core shell hydrogel of alginate and collagen by way of co-axial nozzle technique. The result obtained is promising, as I demonstrated the viability and proliferation of each cells type. These observations suggest that a full tissue engineered musculotendinous junction is possible. As demonstrated in previous studies [START_REF] Garvin | Novel system for engineering bioartificial tendons and application of mechanical load[END_REF][START_REF] Sawadkar | Development of a surgically optimized graft insertion suture technique to accommodate a tissue-engineered tendon in vivo[END_REF], tendon as well as skeletal muscle formation in a collagen hydrogel is possible and culture of such a model in the same medium is achievable. For the enthesis junction, located between the tendon and the bone, we have pursued the work of a post-doctoral, Leon-Valdivieso, member of Roverval laboratory and supervised by Dr F. Bedoui. He was at the initiative of the design of the scaffold for the future biohybrid construct. Afterwards, previous works investigated first cellular assay for tendon tissue development. My first observation was that specific topography coupled with mechanical stimulation (passive cyclic stretching) was not able to differentiate the stem cells into clear lineage as tenogenic as well as osteogenic markers were expressed. Thus, following to these works on bone-tendon cells, the biohybrid models needed to be optimized, mainly concerning the size and structure of the honeycomb. Moreover, the addition of a gradient of hydroxyapatite could be of particular interest as present in the in vivo tissues.

Prior to the creation of a skeletal muscle and tendon co-culture platform, both models need to be optimised according to cellular characteristics and adjustments to best enhance the flexibility of the system. The skeletal muscle model requires a broad and precise analysis to determine and measure differentiation. However, measuring morphological characteristics of myotubes is a laborious and time-consuming task that requires a large number of images generated mainly by confocal microscopy. Alternatives, protein analysis or gene expression through qRT-PCR, following the timeline of expression of markers such as myogenin and MyoD1, MRF4 could be performed (Player et al. 2014;Smith et al. 2012;Mudera et al. 2010). Additionally, protein markers could be used to indicate the progression of the skeletal muscle model (such as sarcomeric protein or calcium signaling) [START_REF] Chemello | Microgenomic Analysis in Skeletal Muscle: Expression Signatures of Individual Fast and Slow Myofibers[END_REF].

To improve the in vitro follow-up of the skeletal muscle built up, we suggest, following the literature, to use C2C12s cells labeled with a green fluorescent protein (GFP) control virus allowing the real-time observation of fusion [START_REF] Millay | Myomaker is a membrane activator of myoblast fusion and muscle formation[END_REF]. Anti-Myogenin antibody could also be employed, as it only marks nuclei in fused cells. This would allow a non-invasive assessment of fusion but would still require a lengthy quantitative determination. Finally, characterization of the muscle fiber contraction is the only absolute assessment of skeletal muscle progression. Therefore, the measurement of the contractibility of the construct should be assess. Similarly, for tendon model, no specific marker of maturation exists, hence the use of multiple markers is necessary to create a timeline of tenogenic differentiation progress of the BMSC.

The work presented here, has enabled to take a new step towards the realization of the myotendinous junction, opening many doors to optimization and further studies. The biomaterials developed enables the use of external stimulation that, given the ability to differentiate and align cells, could meet multiple applications, for MTJ but also for the entire musculoskeletal system reconstruction. In the future, it could represent a reliable in vitro model to study the impact of different stimulations with protocols, closer to those used in human therapy. Moreover, it could be used as a physiological or pathological model to study how conjoint tissue are form and evolve, but also help understand more specific aspect such as the effect of sport, injury, recovery, aging on a global system.

Glossary

AuNPs Gold Nanoparticles.

bHLH Basic Helix-Loop-Helix.

BMBi Biomechanics & Bioengineering.

BSA Bovine Serum Albumin. PLGA Poly-Lactic-co-Glycolic Acid.

PS Penicillin-Streptomycin.

PU polyurethanes.

PVDF Polyfluorene de vinylidene RNA: Ribonucleic acid.

Robo Roundabout.

RTq PCR Reverse transcription quantitative polymerase chain reaction.

Sa Arithmetical mean height.

SCs Derived satellite cells.
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SEM Scanning electron microscopy.

Shh Sonic Hedgehog.

Sk-MSCs Skeletal muscle-derived multipotent stem cells.

Sku: Kurtosis.

SLRPs Small Leucine-Rich Proteoglycans.

SOT Self-Organized Tendon constructs.

Sp Height parameters peaks.

Sq Root mean square height.
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 1 FIGURE 1: Schematic representation of the Challenge "Interface".

FIGURE 1

 1 FIGURE 1.1: Schematic representation of neuromuscular junction of one motor neuron with one muscle fiber. In a motor unit the motor neuron branches to form neuromuscular junctions with several muscle fibers. ©Benjamin Cummings 2001.

  FIGURE 1.2: Skeletal muscle regeneration through satellite cells. When muscle fibers sustain damage, signals trigger dormant satellite cells to go into action. They replicate, forming one new dormant cell and one that proliferates. The proliferating satellite cells can either form a new fiber or patch the original.

FIGURE 1 . 3 :

 13 FIGURE 1.3: Organization of skeletal muscle. An entire skeletal muscle is enclosed within a dense connective tissue layer called the epimysium continuous with the tendon, binding it to bone. Each fascicle of muscle fibers is wrapped in another connective tissue layer called the perimysium. Individual muscle fibers (elongated multinuclear cells) are surrounded by a very delicate layer called the endomysium, which includes an external lamina produced by the muscle fiber (and enclosing the satellite cells) and ECM produced by fibroblasts. Each muscle fiber contains several parallel bundles called myofibrils. Each myofibril consists of a long series of sarcomeres which contain α-actinin, and myosin.

  FIGURE 1.4: Sarcomere organization in a myofibril. Adapted from Mesher AL: Junquiera's Basic Histology: Text and Atlas 12th Edition. (A) Diagram indicates that each muscle fiber contains several parallel bundles called myofibrils. (B) Each myofibril consists of a long series of sarcomeres which contain thick and thin filaments and are separated from one another by Zdiscs. (C) Thin filaments are actin filaments with one end bound to α-actinin, the major protein of the Z disc. Thick filaments are bundles of myosin, which span the entire A band and are bound to proteins of the M line and to the Z disc across the I bands (by a very large protein called titin, which has spring-like domains). (E) Myofibril structure. TEM (50.000 x). Longitudinal section and Transverse section through Aband. 1. Sarcomere; 2. Z line, 3: M line; 4: A band; 5: I band; 6: H band; 7: Myosin myofilaments (thick filaments); 8. Actin filaments (thin filaments); 9. Sarcoplasmic reticulum. (F) The molecular organization of the sarcomeres has bands of greater and lesser protein density, resulting in staining differences that produce the dark and light-staining bands seen by light microscopy and TEM.

FIGURE 1 . 5 :

 15 FIGURE 1.5: Characteristics of the Three Muscle Fiber Types. (A-D) Type I and type II muscle fibers. (A) Myosin APpase activity (400X). (B) immunodectection of fast myosin (Red). Confocale laser microscopy image. Nuclei counterstained with TO-PRO 3 (blue) (400X). (C) Immunodection of slow myosin (red) with DAB (brown) (400X). (D) Transmission electron microscopy image (3,000X). (E) Characteristics of the type I, type II (A, B, X) fibers in fast-twitch / slow-twitch fatigue-resistance, and fast-twitch fatigability in term of physical, anatomical and metabolic properties.Table Adapted from Bachmann (2016).

FIGURE 1 . 6 :

 16 FIGURE 1.6: Stages of skeletal myogenesis from the embryo to the adult. (A) Developmental sequence of muscle formation from the dermomyotome. The early myotome (left, yellow) is composed of primary myocytes, which are aligned along the anteroposterior axis and span each somatic compartment. During primary myogenesis (middle), Pax3+ progenitors (yellow cytoplasm, green nuclei) delimitate from the dorsal side of the dermomyotome and contribute to the formation of large primary myofibers (yellow). Some Pax3+ progenitors also migrate from the ventral lip to populate the body wall and limb buds (hypaxial domain). During secondary myogenesis (right), Pax7+ myogenic progenitors (red cytoplasm, brown nuclei) contribute to secondary (red) fiber formation, using the primary fibers as a scaffold and contributing to the growth of fetal muscles. During this phase, satellite cell precursors (purple cytoplasm, brown nuclei) localize under the basal lamina (dotted line) of the fibers where they can be found in adult muscles. Key processes associated with each stage are listed above. nt, neural tube; n, notochord; DM, dermomyotome; MTJ, myotendinous junction; NMJ, neuromuscular junction. (B) Differentiation of somitic progenitors toward skeletal muscles and adult satellite cells. Myogenic stem cells contribute to fetal myogenesis while maintaining a pool of progenitors, which eventually become located on mature myofibers in the satellite cell niche. For each step, markers for the intermediates and differentiated skeletal myofibers are shown. Additional markers are also shown in smaller font. Differentiation stages along the myogenic lineages are color-coded according to A. 'Myocytes' encompasses also myotubes and myofibers. Emb., embryonic. From[START_REF] Chal | Making muscle: skeletal myogenesis in vivo and in vitro[END_REF].

(

  ECM) components and its related structure. Mature tendon contains predominantly tenocytes/tenoblasts (Pankaj Sharma and Maffulli 2005), which account for around 90-95% of the cellular population. The other 5-10% include the chondrocyctes, synovial cells and the vascular cells. Tenocytes are terminally differentiated cells typically anchored to the collagen and located throughout the tendon tissue. Tenoblasts are immature tendon cells that give rise to tenocytes. Recently, a new cell type has been characterized in tendon tissue: the resident tendon stem/progenitor cells (TSPC). They only represent 1-4 % of tendon resident cells and exhibit the same characteristics as adult mesenchymal stem cell (MSC) (Bi et al. 2007).

FIGURE 1 . 8 :

 18 FIGURE 1.8: Development of axial and limb tendons during embryogenesis. Limb tendons are formed differently compared to axial tendons. Tendon limb progenitors are induced by ectodermal signals in the limbs and inhibited by BMP. Tendon progenitors position themselves between differentiating muscles and cartilage. Not only FGF but also TGFb can induce limb tendons. As in the axial tendon development, Scx and Mkx play a pivotal role giving the starting impulse for limb tendon formation. Early growth response 1 and 2 (Egr1/2) transcription factors act as molecular sensors for mechanical signals guiding the final steps of tendon maturation and production of collagen I, III, V, XIV, proteoglycans (decorin, fibromodulin, lumican), and tenomodulin. Axial tendon differentiation starts with upcoming FGF signaling from myotome. Signals from the sclerotome, for example, Sox9 (activated by SHH) have a negative effect on Scx induction blocking its expression. Moreover, TGFb signaling influences Scx and Mkx expression promoting axial tendon differentiation and the activation of extracellular matrix proteins such as collagen I, collagen XIV, tenomodulin, and others. Adapted from Delgado Caceres et al. (2018).

FIGURE 1 . 9 :

 19 FIGURE 1.9: Representation of Myotendinous junction. (A) Schematic presentation of the myotendinous junction (MTJ) localised between the muscle and the tendon, Adapted from Human Anatomy Pt 514 with Salem at University of Southern California. (B) Dense regular CT of Muscle-tendon junction, guinea pig, stained by Hematoxylin and eosin (H&E). (C) TEM observations of rat's muscle-tendon interface, which appears very folded with many long interdigitations. The muscle ultrastructure reveals a regular disposition of sarcomeres with aligned myofilaments and Z lines, both near the MTJ and far from Bars C 0.5 µm from (Curzi et al. 2019).

FIGURE 1 .

 1 FIGURE 1.10: Microscopic observation of MTJ. (A) photograpy of the muscle-tendon interface stained with picrosirius red under polarized light shows the junction between the muscle fibers and the tendon. (Source: Pablo Moncada-Larrotiz and Lisa Larkin, University of Michigan). (B) transmission electron micrograph (TEM) of the myotendinous junction shows the network of interdigitations between the muscle sarcolemma and the tendon ECM. (Larkin et al., 2006) Copyright ©2015 Elsevier Ltd. All rights reserved. Reproduced with permission.

FIGURE 1 . 4 .

 14 FIGURE 1.11: Schematic representation of the MTJ at the molecular level. Two types of linkage complexes are described: the dystrophin-associated protein complex (DAPC) and the protein complex containing the transmembrane α7 β1 integrin. Both complexes connect the sarcomeric actin to the tendinous extracellular matrix (ECM) via the basement membrane laminin α2, most likely assembled into the laminin 211 trimer. These complexes are enriched at the MTJ and correspond to the subsarcolemmal densities observable in the finger-like processes with transmission electron microscopy. Both systems are interconnected via the intracellular proteins α-actinin or desmin. From Csapo et al.(2020) CC BY.

  healing fails. Biohybrid constructs obtained after cells' seeding and culture in dedicated scaffolds have been considered as relevant tools for mimicking native tissue, leading to a better integration in vivo. They have been employed to perform advanced in vitro studies to model cell differentiation or regeneration processes. Tissue engineering relies on three pillars: cells, biomaterials, and environment, ensured by chemical or physical factors (Figure 2.1).

FIGURE 2

 2 FIGURE 2.1: : The three pillars of 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 :

 22 FIGURE 2.2: Mechanical properties of the native MTJ, muscle and tendon. In term of modulus, ultimate tensile strength (UTS) and strain at failure (SAF)(values obtained from literature.(Engler, Griffin, Sen, Bönnemann, Sweeney and Discher, 2004;[START_REF] Myers | The Influence of Strain Rate on the Passive and Stimulated Engineering Stress-Large Strain Behavior of the Rabbit Tibialis Anterior Muscle[END_REF][START_REF] Pollock | Relationship between body mass and biomechanical properties of limb tendons in adult mammals[END_REF][START_REF] Lieber | Skeletal Muscle Structure, Function, and Plasticity[END_REF][START_REF] Lima | Assessment of the mechanical properties of the muscle-tendon unit by supersonic shear wave imaging elastography: a review[END_REF] 

  The bio-ink contains C2C12 myoblasts on the PU side and NIH/3T3 cells on the stiffer PCL side. The interface is created by co-localizing the printing of PU and PCL leading to a 10% overlap. After the composite PU-PCL/C2C12-NIH/3T3 construct has been printed, the fibrin-based hydrogel bio-ink is cross-linked. The extruded fibers exhibit a diameter of about 300 µm. According to classic tensile tests, the final construct is 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 grow correctly on their respective surfaces and some interfacial features

FIGURE 2 . 3 :

 23 FIGURE 2.3: Co-electrospun dual scaffolding system with potential for muscle-tendon junction tissue engineering. (A) Image showing the three regions of the scaffold: PCL side, center, and PLLA side with the methylene blue dye in it. (B-D) SEM images from different regions of a scaffold showing fiber morphology and diameter (all images 4K×). (B) PCL side (549 ± 97.4 nm), (C) Center (504 ± 92.5 nm),(D) PLLA side (452 ± 40.3 nm). (B) Average parameters obtained from tensile testing to failure of each region and the whole scaffold. (A) Young's modulus. (B) Ultimate tensile strength. (C) Strain at failure. +,#, @ indicate statistical significance with p < 0.05. (C) (A,B) MTS assays demonstrating cytocompatibility of the scaffold regions. Data are expressed as percent viability which is the average absorbance normalized to the average absorbance of tissue culture control. (A)The scaffolds show no statistical difference in cell viability at 3 days and at 7 days there was a slight increase in percent viability in the scaffold groups, but this difference is likely due to experimental error. (B). For the fibroblasts, at both 3 and 7 days, no differences were found in viability between the scaffolds and tissue culture controls. (C-J) Confocal (C-F, all images 200×) and SEM (G-J, all images 300×) images of scaffolds seeded with C2C12 myoblasts or NIH3T3 fibroblasts. Adapted from[START_REF] Ladd | Biomaterials Co-electrospun dual scaffolding system with potential for muscle e tendon junction tissue engineering[END_REF] Copyright ©2010 Elsevier Ltd. Reproduced with permission. All rights reserve

FIGURE 2 . 4 :

 24 FIGURE 2.4: bioprinting of muscle-tendon unit (MTU) construct. (A): (A) MTU construct with cells (green: PU, red: PCL, blue: C2C12 cells, white: NIH/3T3 cells). (B) Gross image of MTU construct with PU side on top, PCL side on bottom, and 10% overlap area at interface in center. SEM images showing (C) PU side, (D) interface region, and (E) PCL side. (B): Tensile properties of the bioprinted MTU constructs. (A) When tensile force is applied, the PU side strains before the PCLside strains. (B) The stress-strain curves of the PU side, interface region, and PCL side. (C) Young's modulus, (D) ultimate tensilestrength, and (E) elongation at break of the bioprinted MTU constructs with different regions. (C): (A)-(C) Fluorescently-labeled dual-cell printed MTU constructs (green: DiO-labeled C2C12 cells; red: DiI-labeled NIH/3T3 cells; yellow: interface region between green and redfluorescence). (A) Constructs were imaged at (A) 1 d and (C) 7 d in cultureto show cell-cell interactions and movement. (B) Confocal microscopic image shows a 3D reconstruction of the interface region on1 d after printing. (D)-(G) Immunofluorescence of bioprinted MTU constructs after 7 d in culture. (D) and (E) On the PU side of theconstruct, C2C12 cells formed highly-aligned, multinucleated myotube structures (red, (D) desmin and (E) MHC; blue, DAPI). (F)At the interface region, depicted by the dotted line, differential expression between the two cell types is observed (red, desmin; green, c ollagen type I; blue, DAPI). (G) On the PCL side of the construct, NIH/3T3 cells secreted collagen type I (green, collagen I; blue DAPI). Adapted from (Merceron et al., 2015b) ©IOP Publishing. Reproduced with permission. All rights reserved.
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 25 FIGURE 2.5: Schematic representation of skeletal muscle cell mechanotransduction: chemical signals 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[START_REF] Zhang | Effect of cyclic stretch on beta1Dintegrin expression and activation of FAK and RhoA[END_REF][START_REF] Hara | Calcium influx through a possible coupling of cation channels impacts skeletal muscle satellite cell activation in response to mechanical stretch[END_REF][START_REF] Tatsumi | Release of hepatocyte growth factor from mechanically stretched skeletal muscle satellite cells and role of pH and nitric oxide[END_REF]. Electrical stimulation induces calcium release from the endoplasmic reticulum[START_REF] Adam | Signaling through PI3K/Akt mediates stretch and PDGF-BB-dependent DNA synthesis in bladder smooth muscle cells[END_REF]. Calcium can act by activating either ERK[START_REF] Hanke | Passive mechanical forces upregulate the fast myosin heavy chain IId/x via integrin and p38 MAP kinase activation in a primary muscle cell culture[END_REF] or calp, camk and calc[START_REF] Pavesi | Controlled electromechanical cell stimulation on-a-chip[END_REF][START_REF] Sørensen | Phosphorylation of fibroblast growth factor (FGF) receptor 1 at Ser777 by p38 mitogen-activated protein kinase regulates translocation of exogenous FGF1 to the cytosol and nucleus[END_REF][START_REF] Suzuki | Involvement of Ras and Ral in chemotactic migration of skeletal myoblasts[END_REF]. Mechanical stretching signals involve the transmembrane protein integrin and the calcium ion channel[START_REF] Walker | Dosedependent modulation of myogenesis by HGF: implications for c-Met expression and downstream signalling pathways[END_REF]. Activating integrin triggers the FAK signaling pathway. Electrical and mechanical stimulations are also likely to activate the JNK and p38 pathway. Other pathways may be involved, such as wnt/frizzled and notch. All these signaling pathwaysh up-regulate the expression of some of the genes responsible for skeletal muscle progenitor development

  Design to Reconstructed Tissues Response 2.4.1 Films and Hydrogel: Effect of Scaffold Structure and Mechanical Properties on Biological Response 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.

  [START_REF] Jun | The stimulation of myoblast differentiation by electrically conductive sub-micron fibers[END_REF] 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. McKeon-Fischer et al. (2011a) 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. Later, McKeon-Fischer et al. (2014) implanted

Step 3 :

 3 Preparation of (PEG) hydrogel micropatterns on PCL nanofibrous scaffolds The resulting electrospun fibers (with and without Au NPs) were micropatterned with PEG hydrogel using photolithography. PEG-diacrylate (MW 575) was purchased from Sigma-Aldrich. For the UV photo-crosslinking process, the liquid PEG was mixed with 1% w/v of photo-initiator (2-Hydroxy-2-methylpropiophenone, Darocur 1173, Sigma Aldrich). Then the mixture was dropped on electrospun scaffolds by spin coating (SPINCOATER model P6700) and exposed to a UV light source for 20s (Kloé UV-KUB 2, 365 nm, 40 mW/cm2) through a photomask. The patterned scaffold was washed carefully in the dark with distilled water to remove the PEG precursor solution.

FIGURE 3 .

 3 FIGURE 3.1: Schematic illustration showing the three steps in the manufacturing process: 1) electrospinning of PCL on drums at high velocity, 2) the nanoparticle coating process, including the successive addition of gold, citrate and ascorbic acid solutions to the scaffold immersed in milliQ water, 3) soft photolithography of polyethylene glycol (PEG) hydrogel, with 50 µm or 100 µm width line patterning and spaced 500 µm or 1000 µm.

FIGURE 3 .

 3 FIGURE 3.2: Characterization of electrospun fibers. (a) SEM images showing the electrospun fibers, (b) fiber size distribution (n= 100 fibers) and (c) analysis of fiber orientations according to the principal directions using Fourier transform (d) half polar smoothed curve of the orientation of the fibers from SEM image analysis (n=3).

FIGURE 3 . 3 :

 33 FIGURE 3.3: Characterization of the gold nanoparticles coated on the PCL scaffold. (a) TEM images of Au nanoparticles formed on the fibers, (presenting a size of 2.4 and 2.0 Å). (b) Particle size distribution from TEM image analysis (n= 30 particles) and (c) absorption spectrum of gold nanoparticle solutions using a spectrometer, with a peak of absorbance at a wavelength of 520 nm (n=3) (d) SEM images of electrospun fibers coated with Au NPs, (e) EDS spectrum showing the 3 peaks for Au elements at 2.10, 2.20 and 9,7 keV.

FIGURE 3 . 4 :

 34 FIGURE 3.4: Topography of the PCL scaffolds coated or not with gold nanoparticles. Sensofar Confocal profiler measurement of the surface of (a) PCL and (b) PCL coated with gold nanoparticles. The features used to evaluate the surface roughness of the material were height parameters (Sv), valleys and peaks (Sp), including arithmetical mean height (Sa), and root mean square height (Sq). Skewness (Ssk) represents the degree of symmetry of the surface heights about the mean plane, while kurtosis (Sku) indicates the randomness of height and the sharpness of the structures on the surface (n = 3 for each condition).

FIGURE 3 . 5 :

 35 FIGURE 3.5: Characterization of the micropatterning of the scaffolds. (a,d) images of the mask used for the photolithography of 50 µm and 100 µm PEG line. (b,e) SEM images of line micropatterns with a spacing of 500 µm and 1000 µm respectively, on an electrospun mat. (c,f) Sensofar optical profiler measurements of the surface topography, height and thickness of the hydrogel line. Scale bar of (a,b) represents 1 mm.

FIGURE 3 . 7 :

 37 FIGURE 3.7: Cell adhesion and proliferation on the scaffolds. (a) MEB images of C2C12 myoblasts adherent to the scaffolds coated or not with gold nanoparticles, 24h after cell seeding. Scale bar 20 µm; (b) MTS assay illustrating cell proliferation was followed at D2, D3 and D5 (n=6); (c) the viability was observed by confocal images with dead cells emitting in red fluorescence (Far Red), nuclei in blue fluorescence (Hoechst-33258) and F-actin in green fluorescence at 48h, 72h and 5 days. Scale bar represents 100 µm. (The data obtained for MTT were compared with the Mann-Whitney non-parametric statistical test: there was no statistical difference between the conditions PCL and PCL-Au.)

FIGURE 3 . 8 :

 38 FIGURE 3.8: Myotube morphology on the scaffolds. Confocal images of C2C12 cells after 7 days of culture on scaffolds coated or not with gold nanoparticles with a space of (a) 1 000 µm or (b) 500 µm between the hydrogel lines. Nuclei in blue fluorescence (Hoechst 33258), F-actin in green fluorescence and myotubes by anti-MHC antibodies in red fluorescence. Scale bar: 100 µm. Quantification of the (c) orientation (significance analyzed by Mann-Whitney non-parametric two-tailed test), (d) length and (e) total area occupied by the myotubes as a function of the space patterning (n = 50 myotubes).There was no statistical difference between the conditions for the orientation, length or area of the myotubes. p < 0.001. * indicates significant difference.

FIGURE 3 .

 3 FIGURE 3.9: RT-PCR analysis on bio-constructs. A one-week-old construct made of C2C12 cells on electrospun PCL with PEG hydrogel (500:50) and electrospun PCL coated with gold nanoparticles and PEG hydrogel (500:50) were cultured under static conditions. The constructs were analyzed for various muscle gene expressions: IGF-I, MyoD, Myogenin, MYH3 emb and Desmin by means of RT-PCR analysis. The mRNA levels of C2C12 on electrospun PCL were normalized to 1 and used as the control (n=2).

  cells through the expression of specific genomic markers. The expression of the myosin heavy chain, a mature muscle marker, demonstrated that the multiscale scaffold allowed differentiation of the C2C12 myoblasts into myotubes. Maximizing the formation of dense and cohesive myotubes promoted their fusion to form larger myofibers. The cell behavior observed in these experiments was corroborated by the increase in expression of various genes selected because they are known to play a part in myogenesis. Insulin-like growth factors (IGF) have growth-promoting activity during development and are also involved in tissue differentiation by positively regulating myogenic transcription factor MyoD[START_REF] Cha | Study of myoblast differentiation using multi-dimensional scaffolds consisting of nano and micropatterns[END_REF]. The increase in expression in both constructs of IGF-I and MyoD, apart from a decrease in MyoD expression for the construct containing the nanoparticles, reinforces the theory that specific scaffolds, adopting a biomimicry architecture, play an essential role regarding cell response. The MYH3 gene, which provides instructions for making a major contractile protein called embryonic skeletal muscle myosin heavy chain 3, is overexpressed on the combined scaffolds, which is corroborated by the confocal images of myosin protein. Desmin is only synthesized in fusing or multinucleated cells. However, it is often observed that the concentrations of desmin filaments correspond to the assembly of myofibrils, or the organization of myofibril bundles[START_REF] Em | Autocrine growth factor signaling by insulin-like growth factor-II mediates MyoD-stimulated myocyte maturation[END_REF]. Given the levels of expression of desmin close to baseline in our different materials, we can estimate that we are at an early stage of maturation where the myotubes have not yet formed myofib-

  This work was carried out and funded in the context of the Labex MS2T (Challenge Interfaces). It was supported by the French Government, through the program "Investments for the future" managed by the National Agency for Research (Reference ANR-11., Jellali R.,Brown A., Stewart C., Lerebours A., Farhat F., Dufresne M., Grosset J-F., Legallais C.

FIGURE 4 .

 4 FIGURE 4.1: the experimental setup for electrical and mechanical stimulation of skeletal myoblasts. (a) the electric stimulation system with carbon electrodes embedded in a PDMS mold connected to the generator by platinum wires. (b) the tensile bioreactor, CellScale MechanoCulture T6, allowing to have six samples stimulated in the same time. Overview of stimuli parameters applied (c) with a electrical stimulation of 2 Hz for 2 ms at 0,1 mA for 1h during 5 or 10 days (d) and a 5% strain mechanical stretching, twice a day for 1h at 1Hz with 11h of rest between each cycle for 5 or 10 days following up two days of static culture under growth media.

Figure 4 .

 4 2a, show that after 5 days of culture under biphasic or continuous field at 2V or 3V, biphasic field under

Figure 4 .

 4 2b, shows fluorescent images of C2C12 myotubes formed under electrical stimuli and static condition. Morphological differentiation could be observed. Indeed, the myotubes subjected to electrical stimulation are more elongated with an average length of 246 µm, it exhibits a greater number of nuclei per myotube 30±9 compared to static 16±11 at 7 days of culture. Finally, they appear to align in the direction of stimulation as seen in Figure 4.2b.

FIGURE 4 . 2 :

 42 FIGURE 4.2: Preliminary investigations for electrical stimulation: (A) Effect of applied current on cytotoxicity: MTT assay (n=3). The data obtained for MTT of the cells cultured with stimulation were compared to those of the control cells (whitout stimulation) with the Mann-Whitney nonparametric statistical test. The p-values are indicated for the tests, showing a significant difference between the conditions (*p < 0.05). (B) C2C12 response after 7 and 14 days of culture on PCL layer with and without electrical stimulation (1 hour/day, tension 2V, pulse duration 2ms, frequency 2Hz). (Confocal microscopy, G=10x20). Blue: nuclei; red: myosin; green: actin).

Figure 4 .

 4 4a). The presence of micropatterns especially with a theoretical spacing of 500 µm (PCL-PEG 500:50) show clearly the discrepancy in myotubes behavior under the 3 conditions (Figure4.3b). Without stimulation, the topography promotes myotubes' alignment with an orientation diagram centered on 0.38 ± 4.97°. Mechanical stimulation seems efficient in this configuration, with very long and thin myotubes. However, they appear to be sparsely distributed when compare to the other two condition, the number of nuclei can reach 50 per myotubes.Still, electrical stimulation appears more effective, with the fusion of myotubes forming large arrangement, corresponding to a further step in muscle maturation. Consequently, the number of nuclei is going up to 185 per myotubes, with a length of 426 ± 68.15 µm compare to 248 ± 20.95 µm with the mechanical condition and 185.60 ± 19.90 µm for the myotubes formed under static condition. The surface area of myotubes is also more than 2-fold wider than the myotubes grown without stimulation(Figure 4.4b). With more space between micropatterns (PCL-PEG 1000:100), myotubes' are able to align, thus when there is an upper layer of cells, the myotubes formed might be more disorganized (Figure4.3c).

FIGURE 4 . 3 :

 43 FIGURE 4.3: Confocal images of C2C12 cells after 7 days of culture on scaffold under statical, electrical, and mechanical stimulation with a space of (a) 1000 µm or (b) 500 µm between the hydrogel lines and (c) without hydrogel. Nuclei in blue fluorescence (Hoescht 33258), F-actin in green fluorescence and myotubes by anti-MHC antibodies in red fluorescence. Scale bar: 100 µm.

4. 5 )

 5 . The expression level of MRF genes MyoD, Myogenin, and other genes implied in muscle development such as IGF-I, IGF-II, URB5, MYST, MYH3, and Desmin is followed.PCL-PEG construct increases the expression of most of the genes when compared to the control PCL scaffold at day 7 when no stimulation is applied. MYH3, URB5 and MYST genes expression demonstrate a two-fold increase, while Myogenin and Desmin are expressed similarly as the baseline PCL (Figure4.5a). When the biohybrid PCL samples are exposed to electrical or mechanical stimulation, changes in gene expression profiles were observed (Figure4.5b). Only IGF-II and URB5, exhibit a higher expression compare to static PCL control, with a 2-fold increase for URB5 expression and a moderate increase in IGF-II expression. MYST gene is more than 2-fold expressed, but only under electrical stimulation. Uncommonly, the MRF gene family follow by MYH3 and Desmin are down regulated with both stimulations, with more or less important variations depending on the stimulation applied on the PCL construct. For MyoD the expression is of (0.87 ±

FIGURE 4 . 4 :

 44 FIGURE 4.4: Quantification of C2C12 myotubes, on (A) PCL, (B) PCL-PEG(500:50) and (C) PCL-PEG(1000:100) construct, through, orientation, length, number of nuclei and total area occupied by myotubes as function of the stimulation condition applied on the different scaffolds (n≥ 30 myotubes). Kruskal-Wallis non-parametric test with Dunn's multiple comparisons post-test was used for statistical analysis (p-value: * p < 0.05, ** p < 0.01, *** p < 0.001).
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 45 FIGURE 4.5: Expression of IGF-I, IGF-II, MyoD, MYH3 EMB, MYF4, Myogenin, MYST, URB5 and Desmin transcripts in PCL construct by RT-PCR analysis. The construct made of C2C12 cells on PCL electrospin or PCL electrospin with PEG hydrogel (500:50) were culture for (a,b) 7 days or (c,d) 12 days under (a,c) statically condition and (b,d) external stimulation (electrical or mechanical). The Results of the different genes are reported as -ΔCts between each miRNA and the endogenous control (small nucleolar RNA RP2B). The mRNA levels of C2C12 on PCL electrospin were normalized to 1 and used as control.

FIGURE 4 . 6 :

 46 FIGURE 4.6: Figure 6: Genomic signaling pathways involved in the control of skeletal muscle maturation.

  is a muscle-specific transcription factor that can induce myogenesis in a variety of cell types in tissue culture[START_REF] Hernández-Hernández | The Myogenic Regulatory Factors, Determinants of Muscle Development, Cell Identity and Regeneration[END_REF]. During terminal myoblast differentiation, it plays a role as a strong activator of transcription at loci with an open chromatin structure previously initiated by MyoD[START_REF] Du | Customized optimization of metabolic pathways by combinatorial transcriptional engineering[END_REF]. When the myoblasts are at their terminal differentiation level, Myogenin and MyoD are down-regulated by the innervation process, and more specifically the associated electrical stimuli[START_REF] Eftimie | Myogenin and MyoD join a family of skeletal muscle genes regulated by electrical activity[END_REF]. Their results could confirm our observations regarding the sub-regulation of the myogenin and MyoD genes in prolonged and stimulated cell cultures. Moreover, Recent studies have demonstrated that histone acetyltransferases HATs (MYST) provide a link between the signal transduction pathways that regulate muscle cell differentiation and the transcription factors that activate muscle genes directly. The association of HATs (MYST) with MyoD and MEF2 transcription factors which act cooperatively can control the activation of the muscle differentiation program[START_REF] Mckinsey | Control of muscle development by dueling HATs and HDACs[END_REF][START_REF] Mckinsey | Signaling chromatin to make muscle[END_REF][START_REF] Utley | The MYST family of histone acetyltransferases[END_REF][START_REF] Shibata | Double bromodomain protein BET-1 and MYST HATs establish and maintain stable cell fates in C. elegans[END_REF]. Therefore, we expected a correlation in the expression of the MYST and MyoD genes by RT-PCR and the immunostaining of MHC in confocal microscopy in our studies. However, we noticed that while MYST was globally expressed in all the conditions at exception of the PCL construct subject to 5 days of mechanical stimulation and PCL-PEG having undergone 10 days of electrical stimulation, MyoD were downregulated in all conditions, except for the PCL-PEG construct culture or 7 days in static. Ultimetly, developing skeletal muscles express unique myosin isoforms, including embryonic and neonatal myosin heavy chains (MHCs: MHC-emb and MHC-neo), coded by MYH3 and MYH8 genes, respectively. These myosin isoforms are transiently expressed during embryonic and fetal development and disappear shortly after birth when adult fast and slow myosin's become prevalent. The upregulation of these genes is apparently controlled by the activity of the myogenic regulatory factors MyoD and myogenin. MHCs gene activation during embryonic myogenesis is accompanied by parallel upregulation of myosin like chains (MLCs) and other contractile protein genes. The switch from developmental to adult fast MHCs takes place also in in vitro cultured muscle cells. It has been reported that C2C12, when induced to differentiate upon transfer to low serum medium, first express MHC-emb, MHC-neo, and MHC-slow transcripts, starting at day 1 and peaking at day 2-4 then decreasing, whereas MHC-2A, MHC-2X, and MHC-2B
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 51 FIGURE 5.1: Concept of dedicated scaffold to study the formation of the myotendinous junction: on the right side, BMSC in green color, with differentiation promoted by cyclic mechanical stretching; on the left side, myocytes in red color, to be differentiated into myotubes with electric or mechanical stimulation and/or micropatterning.

FIGURE 5 . 2 :

 52 FIGURE 5.2: Alginate line deposited on the electrospun PCL scaffold. (A) bright field microscopy, scale bar 500 µm. (B) confocal profilometry analysis of topographic image colored with the depth of the material. (C) profile of the measured depths.

  the fluorescent markers CMFDA(5-chloromethylfluorescein diacetate) CellTracker™are used to image BMSC with a green fluorochrome and C2C12 with a red one. These fluorescent dyes are designed to freely cross cell membranes and been transformed into reaction products impermeable to cell membranes. They are retained in living cells for several generations, allowing multigenerational monitoring of cell movement. For our experiments, the cells are suspended in serum-free culture medium at a density of 106 cells. mL -1 , to which 5µL of solution containing the markers per mL is added. The solution is incubated for 20 minutes at 37°C. It is then centrifuged at 1500 rpm for 5 minutes. The supernatant is removed, and the pellet is re-suspended in culture medium containing serum. These last two rinsing steps are repeated three times Co-culture conditions in multi-well plates: choice of a common culture medium

FIGURE 5 . 3 :

 53 FIGURE 5.3: Experimental step of culture media selection for C2C12 (A), BMSC (B), where each cell type is cultivated separately. (C) Composition of the six different media to investigate their potentials effects on proliferation rates and morphologies on both C2C12 murine MPCs and BMSC.

FIGURE 5 . 4 :

 54 FIGURE 5.4: C2C12 and BMSC cells proliferative timeline. Culture in six different growth media (M1, M2, M3, M4, M5, M6). Pictures by phase contrast microscopy at 3 and 7 days of culture. Initial seeding at 10.000/cm2 for C2C12 Cells and 5 000.cm -2 for BMSC cells. The pictures are acquired at X40 magnification for the C2C12s and x100 for the BMSCs.

FIGURE 5 . 5 :

 55 FIGURE 5.5: MTT assay illustrating (A) C2C12 and (B) BMSC cells proliferation in the six different media. The kinetics is followed every day for 5 days after seeding. M1 (HG-DMEM, 10% FBS, 1% PS), M2 (αEM, 10% FBS, 1% PS), M3 (HG-DMEM, 4 % FBS, 2 % HS, 1% PS), M4 (αEM, 4 % FBS, 2 % HS, 1% PS), M5 (50 % HG-DMEM, 50 αEM , 10% FBS, 1% PS), and M6 (50 % HG-DMEM, 50 αEM, 4 % FBS, 2 % HS, 1% PS).

FIGURE 5 .

 5 FIGURE 5.6: Schematic representation (A) of the channel slide "µ-Slide I 0.4" from Ibidi manufacturer with a growth area is of 2.5 cm 2 and a channel volume of 100µl. (B) Each cell type was seeding through the opposite reservoir.
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 57 FIGURE 5.7: Epifluorescence images of C2C12 in red fluorescent dye and BMSC in green fluorescent dye, cells were culture for 5 days in a channel slide "µ-Slide I 0.4". the contact area of both cells was observed.
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 58 FIGURE 5.8: Schematic representation of core shell structure expected from the following microchip and coaxial experimentation.

FIGURE 5 .

 5 FIGURE 5.9: photography of the 3 design of microchips with (A) a central channel of 500µm and side channels of 1 mm, (B) all channels have a width of 500µm (C) has a width of 100µm. All three designs have angles of 80°upwards and 30°towards the outlet.

FIGURE 5 .

 5 FIGURE 5.10: Schematic representation of the core shell of alginate and gelatin process from microfluidic device.

FIGURE 5 .

 5 FIGURE 5.12: core shell hydrogel obtained from co-axial nozzle device with alginate 1% and gelatin 2%, C2C12 stained with red fluorescent dye and BMSC stained with green fluorescent dye for 3 days, follow by a live and dead test on BMSC at day 3.

FIGURE 5 .

 5 FIGURE 5.13: Core shell hydrogel obtained from co-axial nozzle device with alginate 1,5% and 3% collagen I, C2C12 stained with red fluorescent dye and BMSC stained with green fluorescent dye for 3 days, follow by a live and dead test on BMSC at day 3.
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 5543 FIGURE 5.14: schematic representation of the biohybrid scaffold for the enthesis junction (bone-tendon junction) containing 3 parts, honeycomb topography with a porosity of 800µm, an interface area with a porosity about 100µm and a random fibers structure.

FIGURE 5 .

 5 FIGURE 5.15: viability test performed by a Live/dead assay on each part of the biohybrid scaffold with BMSC cells at day 5. (scale bar: 500 µm)
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Of the materials used, collagen(Hashimoto and Sato, 2012b;[START_REF] Pennisi | Uniaxial Cyclic Strain Drives Assembly and Differentiation of Skeletal Myocytes[END_REF][START_REF] Okano | Tissue engineering of skeletal muscle. Highly dense, highly oriented hybrid muscular tissues biomimicking native tissues[END_REF][START_REF] Takeda | In situ cross-linked electrospun fiber scaffold of collagen for fabricating cell-dense muscle tissue[END_REF][START_REF] Serena | Electrophysiologic stimulation improves myogenic potential of muscle precursor cells grown in a 3D collagen scaffold[END_REF][START_REF] Wang | Nanofiber Yarn/Hydrogel Core-Shell Scaffolds Mimicking Native Skeletal Muscle Tissue for Guiding 3D Myoblast Alignment, Elongation, and Differentiation[END_REF][START_REF] Shadrach | Stem cells for skeletal muscle repair[END_REF][START_REF] Perez-Ruiz | Control of Myf5 activation in adult skeletal myonuclei requires ERK signalling[END_REF], fibrin[START_REF] Boonen | Effects of a combined mechanical stimulation protocol: Value for skeletal muscle tissue engineering[END_REF][START_REF] Shin | Stimulated myoblast differentiation on graphene oxide-impregnated PLGA-collagen hybrid fibre matrices matrices[END_REF][START_REF] Cha | Study of myoblast differentiation using multi-dimensional scaffolds consisting of nano and micropatterns[END_REF][START_REF] Friday | Calcineurin activity is required for the initiation of skeletal muscle differentiation[END_REF][START_REF] Heher | A novel bioreactor for the generation of highly aligned 3D skeletal muscle-like constructs through orientation of fibrin via application of static strain[END_REF], gelatin[START_REF] Costantini | Engineering Muscle Networks in 3D Gelatin Methacryloyl Hydrogels: Influence of Mechanical Stiffness and Geometrical Confinement[END_REF][START_REF] Hosseini | Engineered contractile skeletal muscle tissue on a microgrooved methacrylated gelatin substrate[END_REF][START_REF] Ostrovidov | Myotube formation on gelatin nanofibers -Multi-walled carbon nanotubes hybrid scaffolds[END_REF][START_REF] Suh | Fabrication of Micromolded Gelatin Hydrogels for Long-Term Culture of Aligned Skeletal Myotubes[END_REF], alginate[START_REF] Baniasadi | Design, fabrication and characterization of oxidized alginate-gelatin hydrogels for muscle tissue engineering applications[END_REF][START_REF] Ansari | Muscle Tissue Engineering Using Gingival Mesenchymal Stem Cells Encapsulated in Alginate Hydrogels Containing Multiple Growth Factors[END_REF], and polymers, such as PLLA[START_REF] Altomare | Biodegradable microgrooved polymeric surfaces obtained by photolithography for skeletal muscle cell orientation and myotube development[END_REF], PDMS(Lam et al., 2006a;[START_REF] Fujita | Fabrication of scaffold-free contractile skeletal muscle tissue using magnetite-incorporated myogenic c2c12 cells[END_REF], or PEG[START_REF] Wang | Nanofiber Yarn/Hydrogel Core-Shell Scaffolds Mimicking Native Skeletal Muscle Tissue for Guiding 3D Myoblast Alignment, Elongation, and Differentiation[END_REF][START_REF] Salimath | Biofunctional hydrogels for skeletal muscle constructs[END_REF] 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[START_REF] Salahshoor | Multi-scale mechanical and transport properties of a hydrogel[END_REF][START_REF] Pollot | Natural polymeric hydrogel evaluation for skeletal muscle tissue engineering[END_REF], nanomaterials have often been added to the initial polymer. These include gold nanostructures(Choi et al., 2008a;[START_REF] Pardo-Yissar | Gold Nanoparticle/Hydrogel Composites with Solvent-Switchable Electronic Properties[END_REF], graphene[START_REF] Bajaj | Graphene-Based Patterning and Differentiation of C2C12 Myoblasts[END_REF][START_REF] Shin | Stimulated myoblast differentiation on graphene oxide-impregnated PLGA-collagen hybrid fibre matrices matrices[END_REF][START_REF] Ku | Myoblast differentiation on graphene oxide[END_REF], and carbon nanotubes[START_REF] Sirivisoot | Skeletal myotube formation enhanced by electrospun polyurethane carbon nanotube scaffolds[END_REF][START_REF] Ostrovidov | Myotube formation on gelatin nanofibers -Multi-walled carbon nanotubes hybrid scaffolds[END_REF] McKeon-Fischer et al., 2011b;[START_REF] Ramón-Azcón | Dielectrophoretically aligned carbon nanotubes to control electrical and mechanical properties of hydrogels to fabricate contractile muscle myofibers[END_REF][START_REF] Macdonald | Carbon nanotubes increase the electrical conductivity of fibroblast-seeded collagen hydrogels[END_REF]. 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(McKeon-Fischer and Freeman, 2011).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
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Sigma) for 15 minutes at room temperature. The samples were finally washed with PBS before visualization using Z-stacking and mapping "Tile scan" specification of confocal microscopy (Zeiss LSM 710). The confocal images recorded were about 1mm in length.

Myotubes measurement

The influences of the biomaterials on myoblast differentiation, myotube length, orientation and area occupied and nuclei per myotubes were measured using ImageJ (NIH, Bethesda, Maryland), and Cell Profiler software's. Myotube length was defined as the line distance from one extremity of the myotube to the other. Total area occupied by differentiated cells was counted in 2 images (1mm of length) of each sample. The percentage of cell alignment was defined based on the measurement of myotubes (n=50) aligning with ± 15°from the pattern.

RT-qPCR

Gene expression was studied using RT-qPCR (reverse transcription quantitative polymerase chain reaction) after 7 days of culture on the scaffolds. Briefly, samples were lysed with 350 µl of Trizol and centrifuged to extract the RNA (ribonucleic acid) according to the manufacturer's protocol (Qiagen, Germany). RNA pellets were resuspended in 30 µl of RNA storage solution (Ambion, Paisley, UK) and analysed (Nanodrop, ThermoFisher Scientific, Paisley, UK) for quantity (mean ± SDEV; 6671 ± 3986 ng) and an indication of quality (260/280 ratio of mean ± SDEV, 1.95 ± 0.09). The RNA was retrotranscribed into DNA (deoxyribonucleic acid) 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. The ΔCts were obtained from Ct normalized with the Rp2b gene levels in each sample and reactions were checked before the experiments (efficiency > 80%, R2 > 0.99). The results were normalized from the data of PCL electrospun construct, 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. The primers used are listed in supplementary data.

Statistical analysis

Statistical analysis and graph drawing were carried out using GraphPad's Instat 3.10 and Prism v 6.0 (GraphPad Software, CA. USA). All data are represented as mean ± standard deviation from at least three independent cultures (N ≥ 2). Group comparisons were performed by the Mann-Whitney non-parametrictwo-tailed test and the Kruskal-Wallis